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Abstract
JUNCAO, as energy grass, was used in mesophilic anaerobic digestion (MAD) to produce methane, which
has a huge market potential in biomass energy. This study was to investigate the characteristics of MAD
of Arundo donax cv. Lvzhou No.1 (Lvzhou No.1) and Pennisetum giganteum z.x.lin (P. giganteum) (the
growth cycle of 5 months), explore the relationship between microbial community structure and its
function during MAD process. The results showed that the cumulative biogas production of Lvzhou No.1
and P. giganteum reached up to 370.37 mL/g VS and 313.04 mL/g VS, respectively. And the maximum
methane concentration of both reached 75%. The volatile fatty acid (VFA) showed a trend of increasing at
�rst then decreasing. Microbiota analysis based on high-throughput sequencing technology showed that
the same micro�ora could differentiate into different micro�ora due to different fermentation materials.
Firmicutes, Bacteroidetes and Proteobacteria were the dominant bacterial phyla with two predominant
genera of Unidenti�ed_Clostridiales and Romboutsia. In addition, Euryarchaeota and Methanosaeta were
the dominant archaeal phyla and genus, respectively. Spearman correlation analysis showed that the
production of acidic substances in this system was mainly the reaction effect of bacteria, and the
methanogenic function was mainly associated with the dominant �ora of archaea. In conclusion, this
study would provide new evidence for MAD of JUNCAO as new energy resources, which would pave the
way for large-scale MAD of energy plants in the future.

Highlights
It is �rst time to study the potential of mesophilic anaerobic digestion of JUNCAO.

Biogas production capacity was achieved at 370.37 mL/g VS and 313.04 mL/g VS of Arundo donax
cv. Lvzhou No.1 and Pennisetum giganteum z.x.lin, respectively.

Production of acidic substances was mainly the reaction effect of bacteria.

Methanogenic function was mainly associated with the dominant �ora of archaea.

1. Introduction
Energy is a necessity for economic development and social life. However, the shortage of traditional
energy and the ecological environment pollution caused by it, the increasing price of oil and the shortage
of power supply are all important reasons that restrict the development of various countries [1]. Therefore,
the development and application of renewable new energy is extremely urgent [2]. As an environment-
friendly clean energy, biogas can be widely used in social life and can effectively alleviate the problem of
energy shortage. The raw materials for biogas production are abundant, which can be derived from
various organic matters, they were degraded by a variety of microorganisms to produce a mixture of
combustible gas under anaerobic conditions, that is biogas [3]. The main component of biogas is
methane, which can be decomposed into C and H. Therefore, biogas is also called a natural and
pollution-free biomass energy, and plays a pivotal role in global economic development [4–5].
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Traditional raw materials for biogas production are widely available, such as straw, fallen leaves, animal
manure, and living garbage, but their limit output cannot enough for the large-scale production of biogas.
Crop straw has low nutrient content and low methane rate, which will increase economic costs. In recent
years, kinds of energy crops were found to be a good choice to replace the traditional raw materials [6–8].
As perennial energy crops are simple to plant and can be harvested for many years. They have the
characteristics of high biomass yield, rapid growth and high nutrient content, which can greatly reduce
the economic cost. In northern China, the extreme cold temperature can be as low as -30 ℃ in winter, and
in southern China, the continuous high temperature can reach 40 ℃ in summer. Therefore, it is necessary
to develop energy crops with cold resistance, high temperature resistance and drought resistance, which
is of great signi�cance to biogas fermentation industry of China.

JUNCAO is one kind of energy crops, such as Arundo donax cv. Lvzhou No.1 (Lvzhou No.1) and
Pennisetum giganteum z.x.lin (P. giganteum). Lvzhou No.1 is a kind of perennial plant belong to
Gramineae with thick and erect straw, which has rapid growth rate with well-developed root system. More
importantly, Lvzhou No.1 can grow normally at -20 ℃, which solves the problem of overwintering energy
grass planting in the plateau and the cold northern region [9–10]. P. giganteum, a perennial erect tufted
plant of the Gramineae, usually grows in tropical and subtropical regions, which has the characteristics of
high yield and excellent adversity acclimation [11–12]. Both Lvzhou No.1 and P. giganteum have been
regarded as good new material sources for the industrial production of biogas, but they have not been
fully studied at present.

Anaerobic digestion could be carried out at a certain temperature range (psychrophilic, mesophilic,
thermophilic or hyperthermophilic), but most anaerobic digesters are reacted in the mesophilic and
thermophilic range because of a balance between energy and e�ciency [13–14]. Therefore, compared to
thermophilic anaerobic digestion (TAD), mesophilic anaerobic digestion (MAD) has the advantages of
high stability and low disposal costs [15–16]. MAD is more economic and feasible, can be widely used in
industry [17].

Some materials of JUNCAO were mainly degraded by fermentation micro�ora of methanogenic system in
MAD to produce volatile fatty acid (VFA), methane, hydrogen sul�de, methane and others. At present, a
large number of studies have discovered the important role of microorganisms in anaerobic digestion
through high-throughput sequencing technology. Zhang et al. [16] and Chen et al. [18] found that the
diversity of bacterial communities in mesophilic digesters was greater than that in thermophilic digesters,
Firmicutes and Bacteroidetes represent the two most dominant phyla within the bacterial community.
While Wang et al. [19] analyzed the most abundant phylum of bacterial and fungal were Bacteroidetes
and Ascomycota, respectively. Zhu et al. [20] studied the recovery of biogas from sewage sludge and
paper waste, the results showed that 'Attibacteria' (OP9) became the dominant bacterial phyla at the last
stage, Methanosarcina and Methanothermobacter were the dominant archaeal phyla, they all occupied
the main status in methanogenic activity. None of the above studies explained the relationship between
microbial community structure and function was not studied. In order to further understand the network
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relationship between anaerobic fermentation micro�ora and methanogenesis, it is necessary to conduct
in-depth analysis both of them.

In the biogas production of biomass energy, in order to reduce the cost of planting raw materials and
energy consumption of biogas production, to make up for the short plate of biogas production from
energy plants in harsh environment, it is of importance to study the MAD system of superior energy
plants. Therefore, the purpose of this study was to develop Lvzhou No. 1 and P. giganteum as the raw
materials, and to explore the changes of the microbial community during the MAD process, as well as the
relationship between community structure and its function. Our results could better discover the biogas
production process of JUNCAO in MAD reactor, and lay the foundation for the large-scale MAD research
of new energy plants in the future.

2. Materials And Methods

2.1 Mesophilic anaerobic digestion
Lvzhou No. 1 (5-month growth cycle) and P. giganteum (5-month growth cycle) were obtained from the
plantation base of The National Engineering Research Center of JUNCAO Technology as the raw
materials of MAD. The original culture which was obtained from Nanping No. 1 Ranch was inoculated
into Lvzhou No. 1 in a 10-L biogas digester, and then enriched for three successive generation acclimation
to obtain the starter culture. For MAD, the starter culture was inoculated in “Lvzhou No. 1” (or P.
giganteum) and was cultured in nine 10-L biogas digesters for 30d at thermostatic incubator at 37°C.

2.2 Sample collection
During the MAD process, 10mL of the mixture of biogas slurry and biogas residue was collected every
day, and centrifuged (GL-12B, Shanghai Anting Scienti�c Instrument Factory, Shanghai, China) at 5000
rpm for 5 min. Then the resulting supernatant was collected and stored at -20 ℃ for further analysis. In
addition, starter culture (SC), the mixture of biogas slurry and biogas residue on day 1, 5 and 10 were
aseptically collected, then the samples were centrifuged at 12,000 rpm for 10 min at 4 ℃, and the pellets
were stored at − 80 ℃ before further analysis. The samples collected of Lvzhou No. 1(or P. giganteum) on
day 1, 5 and 10 were labeled as LD1 (PD1), LD5 (PD5) and LD10 (PD10).

2.3 Determination of Biogas Production, Methane
Concentration
The biogas yields were measured by vacuum method of drainage. The methane concentration in biogas
was determined by a biogas analysis meter (BX568, Henan Hanwei Electronics Co., Ltd.).

2.4 Determination of VFA Content and pH
The pH was measured by pH meter (Mettler Toledo, FiveEasy Plus, Switzerland). The method for the
determination of VFA content in biogas slurry is referred to in the Principles and Applications of
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Anaerobic Biotechnology [21].

2.5 Microbial total DNA Extraction
Total community DNA was extracted from the pellets using the CTAB method [22]. The concentration and
purity of extracted DNA were measured by a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher,
Wilmington, MA, USA), then they were checked by 2% agarose gel electrophoresis and diluted to 1 ng/µL
with sterile water. The extracted DNA was stored at -80°C for further analysis.

2.6 Illumina sequencing of microbial communities
The primers 515F (5'-GTG CCA GCM GCC GCG GTA A-3') and 806R (5'-GGA CTA CHV GGG TWT CTA AT-
3') were used to amplify the V4 region of bacterial 16S rRNA genes. The V4 regions of archaeal 16S rRNA
gene were ampli�ed with primers 5'-CAG YMG CCR CGG KAA HAC C-3' and 5'-GGA CTA CNS GGG TMT
CTA AT-3'. All the libraries were constructed by lon Plus Fragment Library Kit 48 rxns library (Thermo
Fisher Scienti�c company), and were quali�ed by Qubit quanti�cation. And then the sequencing was
conducted by the Ion S5TM platform (Bejing Novogene Technology Co., Ltd. Beijing).

2.7 Bioinformatic analysis
Final clean reads were processed from raw reads by Cutadapt (V1.9.1) [23], and were clustered by Uparse
software (Uparse v7.0.1001) to obtain OTUs (Operational Taxonomic Units) [24]. Then, microbial
annotation of OTUs sequences was carried out by using Mothur method and the SSSurrNA database [25]
of SILVA132 [26]. In addition, QIIME software was used to complete the integration of species information
classi�cation and generate a complete OTUs table. R software (Version 2.15.3) was used to draw the
dilution curve. The Spearman correlation value of microbiota and environmental factors were calculated
in R software with the corr. test function of Psych package, then the PheatMap package was used for
visualization [27].

2.8 Statistical analysis
Statistical analysis was applied to investigate correlation by GraphPad Prism 8 software. All data were
displayed as the mean ± standard deviation (SD).

3. Results

3.1 Changes in Various Components During Mesophilic
Anaerobic Digestion
With the 30-day anaerobic digestion process, the biogas production stage of Lvzhou No. 1 and P.
giganteum concentrated at the �rst 10 and 15 days, followed by a signi�cant decline of daily biogas
production, respectively (Fig. 1a). What’s more, the cumulative biogas production of Lvzhou No. 1 and P.
giganteum showed steeper increasing trends with �nal production amount of 370.37ml/g VS and 313.04
mL/g VS at Day 30, respectively (Fig. 1b). On the �rst day of fermentation, the methane concentration of
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Lvzhou No. 1 and P. giganteum were only about 40% and 26%, respectively. As the fermentation time
progressed, the methane concentration of both gradually increased to 70% (10-day) and 75% (30-day)
and remained nearly constant at the later stage of fermentation (Fig. 1c). As for pH, the value of grasses
decreased at �rst and then gradually increased in the �rst 5 days. Since then, their pH values have
�uctuated slightly, but the overall range remains between 7 and 7.5. Within the �rst 10 days of
fermentation, the VFA content of Lvzhou No. 1 and P. giganteums showed a trend of roughly increasing
�rstly and then decreasing, and reached the production peak on the �rst day (1372.40 mg/L) and second
day (1061.18 mg/L), respectively (Fig. 1e).

3.2 Diversity of the Microbial Communities
As shown in Table 1, raw reads of the bacteria and archaea were 76,000 to 87,000 and 82,000 to 97,000.
Goods coverage of all bacteria and archaea were 0.998 and 0.999, respectively. According to the
combination of Shannon and Simpson indexes and other indexes (Tables 2 and 3), the species richness
and evenness of bacteria in two grasses were higher than that of archaea. Moreover, the dilution curve
gradually �attened when the sequencing amount was over 20000, indicating that the sequencing amount
was reasonable (Fig. 2).

3.3 Structure of the Microbial Communities
As shown in Fig. 3a, under mesophilic condition, the bacterial communities of two grasses are composed
mainly by the phyla Firmicutes, Bacteroidetes, Proteobacteria and Cloacimonetes. Firmicutes was the
dominant (38.39%) phylum in SC, and its relative abundance increased remarkably in LD1 (48.45%) and
PD1 (51.40%), but decreased apparently in the later stage (LD10 29.29% and PD10 35.91%).
Bacteroidetes was another dominant phylum, whose relative abundance increased from 10.43% (SC) to
37.57% (LD5) and 35.03% (PD5) with the progress of fermentation, then their relative abundance
gradually decreased in the later. Proteobacteria are abundant (19.73%) in SC sample, but relatively low
(LD10 4.0% and PD10 4.9%) in the later stage. The relative abundance of Cloacimonetes remained
relatively low (0.39%-6.05%) throughout the fermentation process. At the genus level (Fig. 3b),
Unidenti�ed_Clostridiales predominated (11.5%) in SC sample, which increased �rstly (LD5 19.2% and
PD5 15.9%) and then declined gradually (LD10 3.2% and PD10 5.5%) within the fermentation process.
The abundance of Romboutsia was highest 11.2% in SC, but decreased to 4.4% (LD10) and 4.3% (PD10).
Rumino�libacter and Sedimentibacter were found to have a same trend, their relative abundance was low
in SC sample, but gradually increased after entering the MAD system.

As shown in Fig. 4a, Euryarchaeota was a very important and dominant phyla of Archaea. As for Lvzhou
No. 1, Euryarchaeota had a higher relative abundance (71.2%) of SC, consecutively decreased from 43.6%
(LD1) to 29.1% (LD5), and increased slowly later. As for P. giganteums, an increasing trend was found for
the relative abundance of Euryarchaeota within 10 days, with highest amount of 40.7% (PD10), which
indicated that Euryarchaeota maybe more active in the later fermentation period. At the genus level,
Methanosaeta was the dominant genus, occupying for almost 69.2% in SC sample. As for Lvzhou No. 1,
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the relative abundance of Methanosaeta decreased to 27.1% (LD5) and slightly increased to 36.2%
(LD10). As for P. giganteums, Methanosaeta has a gradually increase trend from 26.3–39.0% (from Day1
to Day 10). In addition, we can also see the presence of other methanogens with low relative abundance,
such as Methanosarcina, Methanomassiliicoccus, Methanobacterium, Methanoculleus, etc.

3.4 Correlation analysis between microbes and
environmental factors
Figure 5a shows the relationship between bacterial communities and environmental factors (daily biogas
production, daily methane production, pH and VFA). Daily biogas production (BC) had a correlation with
Desulfomicrobium, and daily methane production (MC) was positively related to Desulfomicrobium and
Lentimicrobium. pH had a positive correlation with Bacteroides, Roseimarinus and Wolinella, but was
negatively correlated with Unidenti�ed_clostridiales and Rumino�libacter. VFA was positively correlated
with Rumino�libacter. Also, the relationship between archaeal communities and environmental factors is
shown in Fig. 5b. pH had a positive relation with Proteiniphilum, Methanosarcina, Anaerocella, Longilinea,
Unidenti�ed_Christensenellaceae and Anaerolinea, but negative relation with Sphaerochaeta and
Methanoculleus. VFA was found to be positively related to Sphaerochaeta, Methanoculleus and
Unidenti�ed_Rikenellaceae, while negatively correlated with Anaerolinea and Unidenti�ed_Cloacimonetes.

4. Discussion
Cumulative biogas production of MAD increased steadily over time, which the daily biogas production
remained at a relatively high level within 15 days (Fig. 1a), corresponding with increases up to
370.37ml/g VS and 313.04 mL/g VS of Lvzhou No. 1 and P. giganteum on the 30th days (Fig. 1b),
respectively. Over the same period of 10 days, the biogas production (312.7 mL/g VS) of Lvzhou No. 1 in
TAD reactor studied by Lei [28] was higher than that of our study (296.32 mL/g VS), but our biogas
production was obviously higher than Lei's by the time of 30 days. What’s more, we also found that the
biogas production �uctuated greatly in Lei's TAD process, so we guessed that its stability was not good
enough. In the case of equal biogas production, our study of MAD has the advantages of good stability
and low energy consumption. In terms of comprehensive economic e�ciency, our MAD system was
found to be feasible. What’s more, compared with previous studies on biogas production of MAD using
traditional materials, the fermentation system of our study has higher biogas production [29–31]. This
indicates that Lvzhou No. 1 and P. giganteum as promising energy grasses are more conducive to biogas
production than traditional materials in MAD system.

MAD is actually a process in which organic materials were degraded by microorganisms to produce
biogas. During the initial period of anaerobic digestion, macromolecular organic matter was consumed
by active microbial communities; that is, complex organic matter such as carbohydrates, proteins and
lipids were hydrolyzed into monosaccharides, amino acids and long-chain fatty acids, then these small
molecules were acidi�ed by fermentation bacteria into a mixture of VFA and other secondary products
[32–33]. The VFA was relatively high on the �rst 10 days of fermentation, and the dynamic trend of pH
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value was inversely proportional to VFA. The VFA reached the peak on the second for Lvzhou No. 1 and
third day for P. giganteum, respectively (Fig. 1e), the pH value reached its lowest value at this point
(Fig. 1d). At the same time, the VFA was further converted by acetogenic bacteria into acetic acid, CO and
H2, which provided direct substrates for the methanogens to produce CH4, H2S, CO2 and other mixed
biogas [34]. This was consistent with the result of 3.1, which con�rmed that methanogens were relatively
active in the �rst ten days of fermentation, and biogas production increased when VFA was decomposed
by fermentation. The nutrients in the system were gradually consumed by bacteria during the anaerobic
digestion process, resulting in a gradual decrease of VFA and a stable value of pH. In the absence of
nutrients, methanogens were gradually inactivated to produce less biogas (Fig. 1a and Fig. 1b). Similar
results were also reported by Huang, Ohemeng-Ntiamoah and Zhu [20, 35–36].

The bacterial groups at the phyla level for all samples of Lvzhou No. 1 and P. giganteum are referred to in
Fig. 3. It was observed that Firmicutes and Bacteroidetes were predominant, followed by Proteobacteria,
similar results were also previously reported [37–38]. Firmicutes and Bacteroidetes were found to be the
main bacteria in anaerobic digestion [39–41]. The relative abundance of Firmicutes obviously increased
from day 0 to day 1, this was caused by the increase in Clostridia-class species, such as
Unidenti�ed_Clostridiales and Romboutsia. Moreover, Clostridia-class species belong to Firmicutes
phylum, and are responsible for the degradation of various substrates (sugars and proteins) as well as
the production of VFAs [42]. According to Spearman correlation, Unidenti�ed_Clostridiales had a strong
negative correlation with pH, which also indicated that Clostridium was an important bacterium in MAD.

As Bacteroidetes, the abundances of Lentimicrobium, Bacteroides and Roseimarinus were acetogenic
bacteria that degrade large carbohydrate molecules to produce acid, which likely support the growth of
methanogens [43–46]. Our result suggests that Lentimicrobium, Bacteroides and Roseimarinus had a
higher abundance in the early and middle period of MAD. This indicated that a higher relative abundance
of Bacteroidetes might result in a large number of organic acids to reduce pH and a high biogas
production rate, which was in strong accordance with the results observed in this study (Fig. 5).

Proteobacteria have been reported to be the most dominant group in propionate-, butyrate-, and acetate-
utilizing microbial communities in anaerobic digesters, and the high abundance of such group might lead
to higher VFA consumption and biogas production [47]. It was observed that the relative abundance of
Proteobacteria was higher in the �rst �ve days, which led to the decrease of VFA and the increase of
biogas production. In addition, this also well explains the decrease of VFA and biogas production in the
later fermentation period.

From Spearman correlation, Desulfomicrobium was positively correlated with BC and MC (Fig. 5a).
Desulfomicrobium, which uses sulfate or sulfonyl anion as terminal electron acceptor, sustains its own
growth through the energy generated by anaerobic respiration and its product is H2S. Simple organic
compounds (lactic acid, pyruvate, ethanol, formic acid, and hydrogen) act as electron donors for sulfate
respiration. The sulfate which uses lactic acid as an electron donor does not fully breathe resulting in the
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formation of acetate and CO2. In this study, Desulfomicrobium was found to exist in the early and middle
stages of biogas production (Fig. 3b), this was the main cause of H2S and CO2 in biogas [48].

The Euryarchaeota was the most dominant archaea phyla in MAD for all samples of Lvzhou No. 1 and P.
giganteum (Fig. 4a). Euryarchaeota mainly includes several bacterial genera (Methanogens,
Halobacterium sp., Hyperthermophiles) in ecological niches, while methanogens play an important role
as the dominant archaea in the biogas fermentation system [49]. During the methanogenesis process,
methanogens can use acetic acid (such as acetic acid, formic acid, H2/CO2, methanol) produced from the
hydrogen phase to produce CH4 [50–51]. Methanosaeta was predominant with a higher relative
abundance in the genus level (Fig. 4b). Methanosaeta may be the most important methanogenic
microorganism in nature, and they live in waste water, swamps and wetlands [52]. Our result was
consistent with the study about methanogenic archaea conducted by Gaspari M [53]. In conclusion,
methanogenic archaea played a very important role in MAD reactors.

5. Conclusion
In this study, we discussed the MAD performance of two kinds of energy grasses (Lvzhou No. 1 and P.
giganteum). The results showed that the biogas production of Lvzhou No. 1 and P. giganteum could
reached 370.37 mL/g VS and 313.04 mL/g VS within 30-day fermentation, respectively. And the methane
concentration of both could increase to 75%. The results suggested that two energy plants have good
development potential and the MAD condition is feasible, which is of great signi�cance to the production
of new biogas energy. Based on the dynamic relationship between the structure and function of biogas
microbial community in MAD reactor, the production of acidic substances in this system was mainly the
reaction effect of bacteria, and methanogenic function was mainly associated with the dominant �ora of
archaea. In a word, the results of this study revealed the dynamic changes of microbial community
structure and function of biogas production in MAD reactor, which created more possibilities for the
development of biogas technology.
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Due to technical limitations, tables are only available as a download in the Supplemental Files section.

Figures

Figure 1
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MAD of Lvzhou No. 1 and P. giganteum. (a) The daily biogas production amount of the medium
temperature fermentation of both grass; (b) The cumulative biogas production of the medium
temperature fermentation of both grass; (c) The concentration of methane produced by the medium
temperature fermentation of both grass; (d) pH value of medium temperature fermentation biogas slurry;
(e) Variation of VFA content in biogas slurry produced by medium temperature fermentation.

Figure 2

Rarefaction Curve of bacteria (a) and archaea (b). Notes: SC indicates bacteria of the starter culture,
LD1and PD1 indicate bacteria (or archaea) at the �rst day of fermentation, LD5 and PD5 indicate bacteria
(or archaea) on the 5th day of fermentation, LD10 and PD10 indicate bacteria (or archaea) on the 10th
day of fermentation.

Figure 3
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Histogram of the relative abundance of bacteria at the phylum and genus level. (a) Bacteria phylum. (b)
Bacteria genus. Notes: SC indicates bacteria of the starter culture, LD1and PD1 indicate bacteria at the
�rst day of fermentation, LD5 and PD5 indicate bacteria on the 5th day of fermentation, LD10 and PD10
indicate bacteria on the 10th day of fermentation.

Figure 4

Histogram of the relative abundance of archaea at the phylum and genus level. (a) Archaea phylum. (b)
Archaea genus. Notes: SC indicates archaea of the starter culture, LD1and PD1 indicate archaea at the
�rst day of fermentation, LD5 and PD5 indicate archaea on the 5th day of fermentation, LD10 and PD10
indicate archaea on the 10th day of fermentation.
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Figure 5

Heat map of Spearman correlation analysis at the genus level. (a) Bacteria, (b) Archaea. Note: BC stands
for daily biogas production; MC stands for daily methane production; VFA stands for volatile fatty acid;
(vertical for environmental factor information, horizontal for species information, the corresponding value
in the middle heat map is the Spearman correlation coe�cient r, which is between -1 and 1. r <0 is a
negative correlation and r> 0 is a positive correlation. The mark * indicates the signi�cance test p value
<0.05.)

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

GraphicalAbstract.pdf

Table.pdf

https://assets.researchsquare.com/files/rs-921298/v1/495a371bd9c9a9e069cb70f6.pdf
https://assets.researchsquare.com/files/rs-921298/v1/15a69853510a50d9a2110691.pdf

