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Abstract 

Purpose:  To explore the methane production potential and microbial community changes of combined anaerobic 
digestion of chicken manure and corn straw. Increase methane production, reduce the environmental pollution 
caused by the burning of livestock manure and straw, and provide some theoretical references for the construction 
and operation of actual biogas projects.

Methods:  Different proportions (3%, 5%, 10%) of corn straw were added to the anaerobic digestion systems of 
chicken manure in order to improve the C/N ratio and to evaluate the feasibility and potential synergistic effect on 
the co-digestion. The key point was to use 16S rDNA sequencing to analyze the relationship between the microbial 
diversity and the hydrolase activity during the anaerobic digestion.

Result:  The results showed that the volumetric gas production of methane in the 3% straw addition group was 
227.66 ml/gVS, which was 18% higher than the cumulative methane production in the pure chicken manure experi-
mental group. However, with the increase of straw concentration, methane production and the utilization rate of 
the raw materials continued to decrease. The change in activity of each hydrolase was in agreement with changes in 
hydrolytic acidifying bacteria, and the activity of the main hydrolase also increased with the addition of straw; the cor-
relation coefficient was 0.9943. Sequencing results showed that the dominant strains of methanogenic archaea were 
Methanosarcina, Methanosaeta, Methanobacterium, and Methanospirillum. Mainly for hydrogen-eating, acetic acid-
eating methanogens, its role is to use H2, methanol and acetic acid, and other substances to metabolize methane, 
and convert it into CH4 and CO2.

Conclusion:  The addition of a small amount of straw enhanced the production capacity of hydrogen-nutritive meth-
ane to some extent, and the species richness and evenness were also improved, reducing the pollution caused by 
livestock manure to the environment while controlling the pollution caused by straw burning.

Keywords:  Chicken manure, Anaerobic digestion, Methanogenic potential, Microbial diversity, Enzyme activity

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Open Access

Annals of Microbiology

*Correspondence:  fl_iceee@163.com

1 School of Energy and Environment, Shenyang Aerospace University, 
Shenyang 110136, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13213-022-01704-5&domain=pdf


Page 2 of 11Feng et al. Annals of Microbiology           (2022) 72:44 

Introduction
The growing population worldwide has led to the 
increasing scale of livestock farming and the large 
amount of solid organic waste generated. According 
to statistics in 2018, China produced about 3803 mil-
lion tons of livestock manure and 1155 million tons of 
straw (Kung and Mu 2019; Yu et  al. 2019), which will 
cause a series of environmental problems (including 
greenhouse gas emissions and water eutrophication) 
if these agricultural wastes are not treated in a timely 
manner. Anaerobic digestion is a clean and renewable 
energy technology that can effectively treat wastes 

such as livestock manure and agricultural straw (Ebner 
et al. 2016).

Single feedstock anaerobic fermentation limits methane 
production to a certain extent due to its low biodegrada-
bility. Mixed anaerobic fermentation can effectively dilute 
the concentration of harmful substances in the reactor and 
avoid their toxic effects on the microbial community. Sec-
ondly, the nutrients and trace elements in mixed anaerobic 
fermentation are more abundant, and the system stability 
is stronger. Fang et al. (2019) used the combined anaero-
bic fermentation of mushroom residues and sewage sludge 
to increase the yield of volatile fatty acids. Their results 
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showed that the best C/N ratio promoted hydrolysis and 
acidification, although it did not increase VFAs/SCOD. 
The fermentation system displayed a strong buffer capac-
ity, and the modified logistics model was used to obtain 
the fitting of the system. Böjti et  al. (2017) increased 
methane yield by 24% by extracting water from chicken 
manure to improve C/N and then co-fermenting it with 
corn silage and other feeds, and verified the sustainability 
of co-fermentation. Microbial community structure is an 
important factor to maintain the stable operation of anaer-
obic fermentation. By analyzing the changes of microbial 
community and the changes of hydrolytic enzyme activity 
during the mixed fermentation process, we can more accu-
rately grasp the reaction mechanism during the mixed fer-
mentation process and further understand the synergistic 
effects between microorganisms within each stage of the 
reaction. Li found that the mixed anaerobic fermentation 
of cow manure with kitchen waste was rich in microbial 
diversity, high in biodegradability, and rich in functional 
microbial taxa with strong volatile fatty acids conversion 
and methanogenic capacity, which could improve the 
methanogenic efficiency (Li et  al. 2015). Yan found pow-
der activated carbon also stimulates hydrolysis in anaero-
bic digestion of thermal hydrolysis pretreated sludge and 
enhances methanogenic activity and volatile solid removal 
rate (Yan et al. 2020).

During anaerobic fermentation with a single feedstock, 
the anaerobic fermentation process is highly susceptible 
to ammonia inhibition problems due to the relatively low 
C/N of livestock manure (Yusof et al. 2019). Therefore, by 
mixing livestock manure with corn stover with high C/N 
ratio for fermentation, the volatile fatty acid produced 
from corn stover degradation can balance the ammo-
nia concentration in the reactor and help to improve 
the methane production during anaerobic fermentation. 
The focus of this study is to explore the optimal ratio of 
chicken manure and straw co-fermentation to improve 
the methane production efficiency, and to analyze the 
mechanism of microbial diversity change and its syn-
ergistic effect by using the dynamic change process of 
molecular biology and the change of related hydrolytic 
enzyme activity, to reduce the pollution caused by live-
stock manure to the environment while controlling the 
pollution caused by straw burning, to increase the uti-
lization rate of agricultural waste, and to provide some 
theoretical reference for the construction and operation 
of actual biogas projects.

Materials and methods
Experimental materials
The chicken manure used in this experiment was obtained 
from a meat chicken farm located in Chaoyang, Liaoning 
Province, while the straw was obtained from a peasant 

household located in Shenbei, New District of Shenyang 
City. Before the experiment, the straw was pretreated, 
ground, and passed through a 60-mesh screen. This was 
done in order to increase the contact area and improve 
the efficiency of the anaerobic fermentation. The inocu-
lation sludge was obtained from the municipal sewage 
treatment plant located in the north of Shenyang. The 
experimental raw materials and the properties of the 
inoculation sludge are shown in Table 1.

Experimental design
Figure 1 displays the self-designed anaerobic reactor that 
was used for the sequencing batch anaerobic digestion 
experiments. The whole device mainly includes drainage 
collection equipment, gas collection equipment, anaero-
bic digestion reaction equipment, and constant tempera-
ture water bath with temperature control and connecting 
equipment. The original details are shown in Fig. 1. Each 
device was connected to form a through-type airtight 
equipment, where the effective volume of the reaction 
equipment, the gas collection equipment, and the drainage 
collection device was 1L. The air entrances were controlled 
to ensure an anaerobic environment.

In the present investigation, we used fresh chicken 
manure and crushed straw. The experimental design con-
sisted of four groups M1, M2, M3, and M4, in which M1 
was the control group (only chicken manure was added). 
The other three groups of M2–M4 were supplemented with 
corn stover which accounted for 3%, 5%, and 10% of total 
chicken manure mass, respectively. The amounts of each 
material used in these experiments are shown in Table 2. 
Experiments were performed in duplicate and the results 
were averaged. Materials were added to the sequencing 
batch reactor and volumes were adjusted to 1L using deion-
ized water. The reactor was placed in a water bath and tem-
perature was maintained at 37±0.2°C. Experiments were 
run for 50 days.

Analytical method
Biogas production was measured by drainage method, 
methane production was measured by methane gas 
analyzer GT 901 (Beijing Tiandi Shouhe Technology 

Table 1  Characteristics of chicken manure, corn stalk, and inoculum

-, untested

Parameter Chicken manure Corn stalk Inoculum

Total solid (%) 27.29 91.44 18.12

Volatile solid (%) 23.33 86.50 8.36

pH - - 6.41

Total carbon (%) 46.068 50.022 -

Total nitrogen (%) 4.728 0.877 -

C/N ratio 9.765 57.038 -
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Development Co. LTD., China), pH was measured by 
Remagnet PHS-2F pH meter (Shanghai Yidian Scien-
tific Instruments Co., Ltd., China), initial total solid 
and volatile solid of samples were measured by gravi-
metric method (GB/T28731-2012), chemical oxygen 
demand was measured by potassium dichromate oxida-
tion method (GB/T32208-2015), total ammonia nitrogen 
was measured by Nessler reagent spectrophotometry 
(HJ535-2009), and total volatile fatty acids were meas-
ured using a liquid chromatograph SPD-10A (Shimadzu, 
Japan). The enzyme activity was prepared by using ELISA 
detection kit (Shanghai Enzyme Link Biotechnology Co., 
Ltd., China) to prepare standard samples and samples to 
be tested, and then a microplate reader RaytoRT-6100 
(Shenzhen Redu Life Science Co., Ltd., China) was used 
to measure the absorbance and calculate the enzyme 
activity (Wei et al. 2019).

16S rDNA technology was used for the abundance and 
diversity of microbial flora. First, the DNA in the samples 
was extracted by CTAB method, and the purity and con-
centration of DNA were detected by agarose electropho-
resis. Then, using the DNA of the genome to be tested as 
a template, the 16SV4 region primer 515F and the specific 

primer 806R were selected for PCR bacterial amplifica-
tion, and the 16SV4+V5 region primer Arch519F and 
the specific primer Arch915R were selected for PCR 
archaeal amplification; the PCR products were detected 
and purified by electrophoresis using 2% agarose gel; and 
then, the library was constructed and sequenced by Ion 
S5TMXL. The high-throughput sequencing platform was 
Miseq PE300 (Illumina, USA).

Results and discussion
Daily gas production, pH, COD, and ammonia nitrogen
The performance of the anaerobic digestion system can 
be characterized by methane production, chemical oxy-
gen demand, and ammonia nitrogen (Fig. 2). The signifi-
cant advantage of anaerobic digestion is waste reduction 
and energy generation, so methane production can be 
used to evaluate the efficiency of anaerobic digestion, and 
other process parameters are used to evaluate the stabil-
ity of anaerobic digestion (Zhao et al. 2018). According to 
the results displayed in Fig. 2, the highest daily methane 
production occurred during the first day of the experi-
ments. Later, the whole reaction process displayed a long 
delay period. Methane production was recovered until 

Fig. 1  Experimental device used in the batch anaerobic digestion. ① Drainage collection equipment, ② gas collection equipment, ③ anaerobic 
digestion reaction equipment, ④–⑦ constant temperature water bath temperature controller, ⑧ sampling port, ⑨ timing automatic mixer, and 
⑩, ⑪ connecting equipment

Table 2  Materials and concentrations used in each experimental group

M1–M4 is the experimental group with different straw amounts (0%, 3%, 5%, 10%) added in chicken manure

Number Chicken manure (g) Corn stalk (g) Total mass(g) Straw ratio C/N Inoculum

M1 60 0 60.0 0% 10 200 g

M2 58.2 1.8 60.0 3% 11 200 g

M3 57.0 3.0 60.0 5% 12 200 g

M4 54.0 6.0 60.0 10% 13 200 g
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day 16, when the hydrolysis stage of the anaerobic fer-
mentation started. This may have occurred because the 
activity of the inoculated sludge was poor. It is likely that 
the 24-h acclimation was not enough to restore its activ-
ity. With progress reaction, all the experiments reached 
the methane production peak on day 25. Therefore, 
according to the results of the whole experiment, the 
fermentation process was divided into three stages. The 

first stage corresponds to the lag and adaptation period 
(1-20 days); the second stage corresponds to the growth 
and stable period (20–40 days); and the third stage the 
decay period (40–51 days). In the first stage, there was a 
lag period of about 10 days. The reason may be that the 
initial pH of the inoculated sludge was low, and the accli-
mation time of the microorganisms in the sludge was 
short, resulting in a certain acidification phenomenon. 

Fig. 2  Daily gas production, pH, COD, and NH4+-N change with time
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When the microorganisms entered the new environ-
mental system, the product inhibition became more and 
more serious. By adjusting the pH in time, the anaerobic 
digestion system gradually returned to normal, and the 
methane production gradually increased. By comparing 
the daily gas production of each group, it was determined 
that the maximum daily methane production for the 
samples containing 3% straw was 16.03 mL/gVS, followed 
by that containing pure chicken manure and 5% straw, 
which daily methane production was 13.75 mL/gVS and 
11.06 mL/gVS, respectively. Also, the samples containing 
10% straw displayed a highest daily methane production 
of 9.46 mL/gVS. Therefore, it can be concluded that the 
addition of a small amount of straw was able to adjust the 
Cmax N of the reaction system and promote the anaero-
bic fermentation of chicken manure to a certain extent 
(Zahan et  al. 2018a, b). Since large effective straw vol-
umes make difficult the cellulose and lignin degradation, 
the continuous addition of straw results in a reduction 
of the reaction rate of the whole anaerobic fermentation 
system.

Figure  2 also shows that a 3% straw resulted in the 
highest cumulative methane production. The volumet-
ric gas production was of 227.66 mL/gVS, followed by 
185.69 mL/gVS and 174.04 mL/gVS, which corresponded 
to straw concentrations of 0% and 5%, respectively. The 
lowest cumulative methane production was observed 
when straw content was 10%. In this case, the volumet-
ric gas production was only 128.58 mL/gVS. The concen-
tration of ammonia nitrogen was low at the beginning 
of the experiment and increased with time. The reason 
for this was that the hydrolysis rate required to produce 
ammonia nitrogen was higher than the consumption rate 
of ammonia nitrogen, which was stabilized around day 
ten. The concentration range of ammonia inhibition was 
3000–6000mg/L; the change trend of ammonia nitro-
gen content in each group was similar and maintained 
at a low level, indicating that different proportions of 
raw materials had little effect on ammonia nitrogen pro-
duction. Thus, no inhibition was observed. The chemi-
cal oxygen demand of each group showed an increasing 
trend in the first stage (lag period and adaptation period). 
As fermentation progressed, the gas production con-
tinuously increased. At this point, the degradation rate 
of small molecules in the organic matter was higher 
than that of macromolecules. Thus, the chemical oxy-
gen demand decreased during the growth period and the 
stable stage. When the reaction entered the third stage 
(decay period), the results indicated that the gas pro-
duction potential and fermentation rate were the fastest 
when straw concentration was 3%. At this point, the larg-
est consumption of organic matter occurred. Given the 
large amount of cellulose, lignin, and other substances in 

the group containing 10% straw, the hydrolysis rate was 
slow. This occurred because cellulose and lignin are dif-
ficult to degrade. Thus, chemical oxygen demand still 
showed a high level at the end of the experiment (Wang 
et al. 2017). In summary, a 3% straw concentration pro-
moted the anaerobic fermentation of chicken manure. 
Also, the addition of a small amount of straw can not 
only optimize the C/N rate in the reaction system, but 
also increase the porosity and reaction area. These results 
provide theoretical guidance and technical support for 
practical biogas engineering processes.

Determination of the correlation between VFAs and pH
Figure 3 presents the changes of volatile fatty acids and 
pH during anaerobic fermentation with different straw 
concentrations. According to our data, the change of vol-
atile fatty acids was related to the hydrolysis and acidifi-
cation rate during anaerobic fermentation, as well as the 
degradation efficiency of the selected methane-producing 
bacteria (Mahdy et al. 2020). It was also determined that 
during the first stage of the fermentation, pH showed low 
values. This probably occurred because the macromol-
ecules in the organic matter were mainly hydrolyzed and 
acidified during the lag and adaptation periods. When 
the macromolecular organic matter in the fermentation 
system is transformed into fatty acids, a large amount of 
free H+ is produced. This results in the decrease of pH. In 
addition, the content of volatile fatty acids continuously 
increases reaching a peak value. When the microorgan-
isms entered the growth and stable period, the utilization 
efficiency of volatile fatty acids and H+ by methanogenic 
bacteria was greater than that of organic matter. Metha-
nogenic bacteria gradually adapted to the environment 
and used the free H+ present in the system to synthesize 
methane, CO2, and volatile fatty acids. The content of 
methane, CO2, and volatile fatty acids decreased and the 
pH value increased. These results were similar to those 
reported by Yang et  al. (2017). Comparing the four dif-
ferent experiments, it was observed that at straw con-
centrations of 0%, 3%, 5%, and 10%, the highest volatile 
fatty acid concentrations occurred on days 16, 13, 16, and 
28, respectively. Peak volatile fatty acid concentrations 
were 4.61, 5.68, 7.34, and 5.23 mg/mL, which decreased 
to reach values of 2.29, 2.32, 1.91, and 3.21 mg/mL, 
respectively. It was also determined that, in the sample 
containing 10% straw, which is a high straw content, the 
hydrolytic acidification stage lasted a significant amount 
of time. In addition, in the middle and late stage of the 
experiment, the value of the hydrolysis rate was almost 
the same as that of the utilization efficiency of fatty acids 
and H+ by methanogenic bacteria. In this case, the vola-
tile fatty acid concentration was stable at about 3.21 mg/
mL. Data showed that addition of the straw improved the 



Page 7 of 11Feng et al. Annals of Microbiology           (2022) 72:44 	

utilization rate of the raw materials and improved the 
efficiency of the anaerobic digestion.

Changes in hydrolytic bacteria and hydrolase activity
Figure 4 displays changes of the main enzymes (amylase, 
protease, cellulase) and the genus level of the main hydro-
lytic acidification bacteria in a given hydrolysis stage. In 
this experiment, OTU clustering and species clustering 
analyses were carried out based on effective data. Four 
groups of experiments determined that 1717, 1778, 1754, 
and 1751 bacterial OTU, identified by OTU were further 
allocated to 30 different phyla, among which the main 
taxa were Firmicutes, Proteobacteria, Bacteroidetes, Spi-
rochaete, and Cloacimonetes. According to the data dis-
played in Fig. 4a, a positive correlation between amylase 
and flora abundance occurred. At the genus level, the 
main flora was unidentified_Spirochaetaceae, unidenti-
fied_Prevotellaceae, unidentified_Lentimicrobiaceae, Lac-
tobacillus, and Bacteroides. Unidentified_Spirochaetaceae 
belongs to Spirulina, a group of Gram-negative bacte-
ria with the effect of decomposing lignocellulosic sub-
stances. The increasing abundance of bacteria in the early 

stage of the experiment indicates that Spirochaetaceae 
bacteria accelerated the degradation of corn straw (Song 
et al. 2014). In addition, Unidentified_Prevotellaceae and 
Bacteroides belong to Bacteroides and are relatively rich 
members of the community in anaerobic environments. 
These microorganisms are able to decompose glucose 
and protein and play an important role in acid and acetic 
acid production. The changes in Bacteroides were associ-
ated with changes in short-chain fatty acids, and in the 
fourth group of experiments, the abundance of bacteria 
in the phylum Bacteroides increased significantly because 
the addition of a certain amount of corn stover promoted 
the hydrolysis and acidification of the substrate (Krause 
et al. 2008). Lactobacillus belongs to thick-walled bacte-
ria, which participates in the hydrolytic fermentation of 
organic compounds and uses various sugars to produce 
VFAs as the final fermentation products (Peng et  al. 
2018).

Figure  4b displays the relative microflora abundance 
and protease activity. Data indicated that the change 
of enzyme activity and relative abundance of micro-
flora increased at the beginning of the process and later 

Fig. 3  pH and VFAs concentrations in different ratios of co-fermentation biomass
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decreased. The active bacteria were Candidatus_Cloaci-
monas, Ruminiclostridium, Bacteroides, and Acidamino-
coccus. Figure  4c shows the change in cellulase activity 
and the main active bacteria. Cellulase, which is widely 
present in natural organisms, displayed a higher activ-
ity as compared to that of amylase and protease. The 
cellulose present in the system was decomposed into 
oligosaccharides and monosaccharides. Also, at the 
beginning of the process, the abundance of microflora 
increased later decrease. In this case, the main secretory 
flora was unidentified_Spirochaetaceae, Candidatus_
Cloacimonas, Megasphaera, Bacteroides, and unidenti-
fied_Clostridiales. Candidatus_Cloacimonas is the main 
bacterial species in anaerobic digestion. These bacteria 
produce cellulase, lipase, protease, and other extracel-
lular enzymes, which participates in hydrolysis and acid 
production. It has been reported that Clostridium is also 
involved in acetic acid production and synaptic oxidation 
(Niu et al. 2015; Theuerl et al. 2015). Ruminiclostridium 
and Bacteroides belong to Bacteroides, which are able to 
decompose sugars, amino acids, and other organic mat-
ter, and produce acid and gas (Jang et  al. 2014). Acid-
aminococcus mainly metabolizes amino acids, especially 
glutamic acid. The products of this process are acetic 
acid, butyric acid, and CO2 (Peng et  al. 2018). Megas-
phaera is able to ferment fructose and lactic acid, which 

are widely found in the rumen of cattle and sheep. Uni-
dentified_Clostridiales belongs to Clostridium, which 
usually decomposes sugars and proteins to produce 
mixed organic acids and alcohols (Nelson et al. 2011). By 
observing the changes of hydrolase activity and micro-
flora abundance in the four groups of experiments, it 
was determined that hydrolase increased at first and 
later decreased. This may have occurred because in the 
sequencing batch experiment, the content of starch, pro-
tein, and other organic matter was quantitative and con-
stantly consumed. The change of each hydrolase accords 
with the change law of microflora; according to the data 
presented in Fig.  4, the peak values of amylase activ-
ity in the four groups were 277.00, 318.73, 335.47, and 
309.28 IU/L. Peak values of protease activity were 106.81, 
101.03, 133.82, and 160.03 IU/L, respectively. The activ-
ity of cellulase is relatively higher than other enzymes 
because the reaction system contains a large amount of 
straw and cellulose is difficult to degrade. Peaks of cellu-
lase activity were 189.44, 238.70, 237.18, and 175.89 U/
mL. Comparing the relative microbial abundance and 
enzyme activity of the samples containing pure chicken 
manure with those containing small amounts of straw, 
it was determined that the presence of straw resulted in 
increased microbial abundance and hydrolase activity. 
The straw also increased the C/N ratio, which improved 

Fig. 4  Relationship between hydrolase and abundance of main secretory bacteria. a Changes of correlation between amylase and main hydrolytic 
bacteria. b Changes of correlation between protease and main hydrolytic bacteria. c Changes of correlation between cellulase and main hydrolytic 
bacteria
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the ability of the microorganisms to use the raw materi-
als and in turn improved the efficiency of the anaerobic 
digestion.

Diversity of archaeal flora
In these experiments, 32 samples were sequenced using 
the 16SrDNA technology. The sequences were clustered 
into OTU with 97% sequence similarity. The experi-
ments were based on valid data for OTUs clustering and 
species clustering analysis. The four groups of experi-
ments obtained 436 and 459. The OTUs of 456 and 450 
archaebacteria were all identified as belonging to the 
Euryarchaeota phylum. Among them, the dominant 
bacteria were Methanosarcina, Methanosaeta, Methano-
bacterium, Methanospirillum, Methanosphaera, Metha-
noculleus, Methanoregula, and Methanobrevibacter. 
Methanosarcina and Methanosaeta belong to Metha-
nosarcinales. As shown in Fig.  5, Methanosarcina was 
mainly used as the dominant strain at the end of the 
experiment, with a greater relative abundance at the end 
of the experiment, and Methanosaeta was used as the 
dominant strain at the beginning of the experiment, with 
a gradual decrease in relative abundance over time, both 

of which were the main contributors to methane produc-
tion. Methanosarcina is the only genus of methanogenic 
microorganisms that can utilize all methanogenic path-
ways. The genus is tolerant and can adapt to higher vola-
tile fatty acids (Luo and Angelidaki 2014). Methanosaeta 
is more sensitive to environmental changes compared to 
Methanosarcina and its number decreases with increas-
ing acetic acid concentration. Therefore, the relative 
abundance of Methanosaeta decreased significantly in 
the early stage and was consistent with the trend of pH 
and volatile fatty acids (Song et al. 2014).

Table  3 shows the alpha diversity for each group of 
bacteria and archaea present during the anaerobic 
digestion. In terms of indicators such as OTU, abun-
dance, uniformity, and diversity, the values of the 
parameters obtained for the bacterial community were 
higher than those obtained for the archaeal commu-
nity. These results were consistent with those previ-
ously reported by Ros et al. (2017). The Chao1 index can 
be used to estimate the index of the number of OTU 
contained in a given sample. The higher the index, the 
greater the diversity of the species (Ros et  al. 2017). 
Also, the Shannon index evaluates the richness and 

a b

c d
Fig. 5  Relative abundance of archaeal flora. a Changes of relative abundance of archaeal flora in pure chicken feces. b Changes of relative 
abundance of archaeal flora in 3% straw addition group. c Changes of relative abundance of archaeal flora in 5% straw addition group. d Changes of 
relative abundance of archaeal flora in 10% straw addition group
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consistency of species in a sample. In this case, a high 
value indicates an abundance of species in the envi-
ronment. It also indicates that the species are evenly 
distributed (Karakashev et  al. 2006). Additionally, the 
Simpson index refers to the probability that two OTU, 
randomly selected from a sample data belong to dif-
ferent species. Here, the greater the probability, the 
higher the species diversity of the sample, and vice versa 
(Ziganshina et al. 2015). This index can also evaluate the 
status and the role of the dominant species present in 
the community. Data presented in Table  3 shows that 
the number of OTU of Archaea was much lower than 
that of bacterial. With respect to Archaea, the results 
obtained for the Shannon index, the Simpson index, 
and the Chao1 index were lower than those for bacte-
ria. This indicates that the richness and evenness of bac-
terial species in the samples were higher than those of 
Archaea. Comparing the four groups of experiments, 
the data indicated that M2 (samples containing 3% 
straw) displayed a higher richness and evenness of the 
species. This result may indicate that the addition of a 
small amount of straw promotes the anaerobic digestion 
and improve the utilization rate of the raw materials.

Conclusion
Compared with the pure chicken manure group, the 3% 
straw addition group increased methane production by 
18%. In the hydrolysis stage, the hydrolase activity was 
directly proportional to the change of the main acting 
bacterial groups, and the hydrolase activity and flora 
abundance in samples containing straw concentrations of 
3% and 5% were higher than those containing either pure 
chicken manure or 10% straw. The dominant bacterial 
groups of methanogenic archaea are mainly Methano-
sarcina, Methanosaeta, Methanobacterium, and Metha-
nospirillum. The addition of a small amount of straw 
enhanced the production capacity of hydrogen-nutritive 

methane to some extent, and the species richness and 
evenness were also improved.
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