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Abstract: Anaerobic digestion is considered a beneficial treatment for biogas production (BP). To im-
prove the performance of this bioprocess, the addition of well-selected inocula could be an interesting
approach that affects the overall efficiency of the BP. In this study, the reactor performance and energy
analysis of liquid-state anaerobic digestion of cattle manure (CM) at high solids concentration (TS%)
(94.87%) with six different inocula—two cellulosic (C.I1, C.I2), one lipidic (Li.I), two lactic (La.I1,
La.I2), and one saccharidic (Sacc.I)—were investigated. The results showed that inocula improved the
biogas production and yield during anaerobic digestion of CM by 109%, 86%, and 52.4%, respectively,
when the cellulosic (C.I1), lipidic (Li.I), and lactic (La.I1) inocula were added, compared with the
substrate production alone at a substrate/inoculum (S/I) ratio of 5:3 (v/v). The addition of inocula in
an appropriate range is useful for the performance of the anaerobic digestion process. In our study,
the 16S rRNA sequencing approach was followed to investigate microbial community structure and
diversity in the substrate CM and the three inocula that showed a significant improvement in biogas
production (C.I1, Li.I, and La.I). The most abundant bacterial populations were found to be Firmicutes,
Bacteroidetes, Proteobacteria, and Actinobacteria, with different abundance percentages. Interestingly,
C.I1, which resulted in the highest biogas production, showed the dominance of Cyanobacteria (53.44%)
belonging mainly to the class Nostocophycidae. This study highlighted the role of inocula in improving
biogas production from cattle manure (CM) thanks to their microbial diversity.

Keywords: anaerobic digestion; biogas production; microbial inoculum; cattle manure; 16S rRNA
sequencing

1. Introduction

Renewable energy technologies have become one of the world’s priorities for the
development of a new green energy source [1]. The valorization of bio-waste is a promising
method for producing energy (e.g., biogas) from various types of biomass, such as ani-
mal manure and agricultural and food waste, via a complex microbiological process [2,3].
Anaerobic digestion (AD) is one of the best bioprocesses for producing clean energy from
various types of solid waste. The four phases of organic matter degradation by AD are hy-
drolysis, acidogenesis, acetogenesis, and methanogenesis [4–6]. Under anaerobic digestion
conditions, serial multi-stage biological operations are performed for the decomposition
and stabilization of organic matter with the participation of different groups of anaerobic
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microorganisms. Various types of organic waste can be converted into a renewable en-
ergy source known as biogas, a mixture containing mainly methane (CH4: 50–70%) and
carbon dioxide (CO2: 30–50%) [7]. Biogas is an energy source that can be used directly
as a replacement for natural gas, to produce heat and electricity through cogeneration, or
as fuel for vehicles [8,9]. The raw materials for biogas can be obtained from agricultural
wastes such as cattle manure (CM). This latter is widely used as a substrate in anaerobic
digestion because of its richness in microorganisms with high methanogenic potential,
which can enhance the process and the biogas yield of AD [10,11]. The application of mi-
crobial inocula in anaerobic digestion could be a good approach to accelerate the anaerobic
digestion of CM through the activity of microorganisms involved in biogas generation. The
inoculum can enrich the substrate with an additional community of microorganisms. They
can also provide some sources of nutrients when added to the substrate, as they are made
from different organic matter sources that can be degraded by microorganisms and can
improve the stability of the AD process [3,12]. The type of organic waste digested with the
addition of inocula could be the key factor in improving and accelerating the hydrolysis
step due to the presence of several taxa that can start the AD process. Furthermore, the
microbial community composition changes and varies with the addition of inocula to the
substrate [13]. Therefore, the addition of inoculum can influence several parameters in
the course of AD processes. The important parameter is the dynamics of the microbial
community during the process, the interactions between the microbiomes, and the effect
of physicochemical and biochemical factors. Therefore, the reason for adding inoculum
to the digester was to stabilize the process and improve biogas production. Similarly, the
composition of the microbial community also changes with the nature of the inoculum [14].
The key to achieving successful exploitation of anaerobic digestion as biological treatment
facilities lies in a thorough understanding and elucidation of the microbial communities
that catalyze the conversion of organic compounds to alternative energy [15]. Oxford
Nanopore Technology (ONT) is one of the most promising next-generation sequencing
(NGS) technologies that has been developed. Compared to conventional sequencing meth-
ods, it allowed for high-throughput DNA sequencing [16]. Consistently, a large number
of bacterial species are usually found in anaerobic digestion systems. In particular, the
Firmicutes (Clostridium and Bacilli) and the phylum Bacteroidetes (Bacteroides) [17] are com-
monly present. In addition, other species belonging to the phyla Chloroflexi, Proteobacteria,
Spirochaetes, and Actinobacteria have also been detected with differences in their abundance
but generally with a lower frequency than the Firmicutes and Bacteroidetes [18,19]. This study
aimed to screen the best inocula for biogas production using cattle manure as substrate and
characterize the microbial community of the suitable inocula using a 16S rRNA amplicon
sequencing approach.

2. Materials and Methods
2.1. Substrate and Inocula

Fresh manure used in this study was taken directly from a dairy cow house on a cattle
farm in Skhirat, Rabat city, Morocco. The substrate and the inoculum were subjected to pre-
treatment by being ground with an electric mixer to facilitate the process. The maximum
particle size did not exceed 2 mm. Six different types of inocula were prepared according
to Table 1 and obtained by the pre-AD step to stimulate the microbial communities of the
inocula. This step consisted of anaerobic storage at 35 ◦C for 10 days, with glucose addition
every 24 h for 8 days and a rest time during the last two days [20]. The inocula were then
stored at 4 ◦C.
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Table 1. Composition of the inoculum used for anaerobic digestion.

Inoc Cellulosic
Inoculum1 (C.I1)

Cellulosic
Inoculum2 (C.I2)

Lipidic
Inoculum (Li.I)

Lactic Inoculum1
(La.I1)

Lactic Inoculum2
(La.I2)

Saccharidicinoculum
(Sacc.I)

Composition
(in % w/w)

30% Leaf litter
40% Wheat straw

10% Milk
10% Glucose
10% Water

40% Wheat straw
40% rice straw

20% corn stover

10%vegetabl
peels

11% Coffee
grounds

5% Yoghurt
30% Leaves and

branches of plants
44% Olive

pomace

10% Glucose
90% Lactoserum

5% Yeast
25% Flour

70% natural yeast
100% molasses

2.2. Anaerobic Digestion Batches Set-Up

In this study, AD assays were performed on cattle manure alone (control) and with
the addition of inocula in batch mode at a lab scale. The biochemical methane potential
(BMP) was used in these experiments, adapted from the EN 1173 standards [18] (Scheme 1).
Experiments were performed in 1-L digestion reactors with a working volume of 0.8 L for
each experiment.
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Scheme 1. Experimental design of the biochemical methane potential (BMP).

To ensure homogenous mixing, the raw materials (CM and added inocula) were stirred
for 10 min. The seven experiments were performed simultaneously, with the CM substrate
as the control and the other reactors containing the CM substrate and six different types
of inocula that were combined separately. The initial volatile solid (VS) concentration for
the batch digestion of CM was adjusted to 366.6 g VS L−1 and the corresponding S:I ratio
was set to 5:3, which was the most efficient ratio according to our preliminary assays. In
these assays, we used three different ratios of inoculum per substrate (1:4, 3:5, and 5:6), and
the VS:TS ratios were also calculated for each experiment. The digesters were sealed with
rubber septa, and the airspaces were flushed with nitrogen gas (purity: N40) for 5 min to
provide anaerobic conditions within each digester. These experiments were performed
in triplicates following the VDI 4630 standards [19]. The reactors were shaken using a
magnetic stirrer at 150 rpm and incubated at 37 ± 0.5 ◦C under mesophilic conditions [14].
The final operational volume was 800 mL.
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2.3. Biochemical Characterization of Substrate and Inocula

Total lipids were extracted according to the methods of Bligh and Dyer [20]. This
method involved homogenizing samples with a mixture of water/methanol (≥99.8%)/
chloroform (99–99.4%) at a ratio of 1:1:2 (v/v/v), separately. Dilution with chloroform
and water separates the homogenate into two phases, and the organic phase containing
chloroform was recovered. The solvent was evaporated by nitrogen gas (purity: N40), and
the lipids were weighted. Total sugar was extracted by adding 10 mg of the dry sample
to 2 mL of sulfuric acid with a purity of 95–97%. The mixture was then heated to 90 ◦C
for 120 min and placed in an ultrasound bath model (Branson, Ultrasonic Bath1510, US
Ultrasonics. LLC, Amelia, OH, USA), and sonicated at 40 kHz for 15 min. The total sugar
was determined using the phenol-sulfuric acid method [21]. The concentration of total
sugar for each sample was determined using the standard curve prepared with known
glucose concentrations. A modified version of the method described in [22] to extract the
proteins. This method involved measuring the change in absorbance (measured at 595 nm)
and the change in color of Comassie blue (G-250) after its reaction with amino acids. Known
concentrations of bovine serum albumin (BSA) were used as the standard [23].

2.4. Analytical Methods

Samples were taken by inserting a syringe into the digester and pipetting a quantity
of the mixture through the rubber tubing to avoid opening the batch digester. Total solids
(TS) and volatile solids (VS) were measured according to standard method 2540 G [24,25]
The pH was determined using a pH meter (SevenCompact S220-Basic, Metler Toledo,
Kowloon, Hong Kong) with a combination glass electrode, calibrated in buffers at pH 2,
4, 7, and 10. For the analysis, the fermentation mixture was removed from each reactor
and promptly filtered with 0.5 µm syringe filters. Chemical oxygen demand (COD) and
biological oxygen demand over 5 days (BOD5) were measured using methods described
in “Standard methods for the examination of water and wastewater”, published jointly by
APHA, AWWA, and WEF [26]. We calculated the COD and BOD5 efficiencies following
the formula:

COD Efficiency =

[
CODf − CODi

CODi

]
× 100

Total organic nitrogen, calcium, and total phosphorus were determined using the
Continuous Flow Analyzer (CFA) (SKALAR San++, Breda, The Netherlands). COT was
measured according to the standard NF X 31-109 method. Bacterial community analy-
sis was carried out using an amplicon sequencing approach based on next-generation
sequencing (NGS) to investigate the bacterial communities in the best-performing inocula.
Three samples of inocula (C.I1, Li.I, and La.I1), which showed maximum production of
biogas along with the substrate CM (the control), were chosen for this analysis. Briefly,
the samples were centrifuged at 10,000 rpm for 10 min, and the pellet was used for DNA
extraction using the PowerSoil kit (DNeasy PowerSoil, Qiagen, Hilden, Germany). The
obtained DNA was purified using the AMPure XP beads protocol and quantified by the
Qubit 4 Fluorometer. The extracted DNA was amplified using 16S rDNA primers, and
each sample was barcoded. Amplicons were purified using the AMPure XP beads pro-
tocol and quantified by a Qubit 4 fluorometer. The library of 16S rDNA amplicons was
prepared via the SQK-RAB204 kit. The sequencing experiments were launched for 24 h
and monitored in real-time using MinIon from the Oxford Nanopore Technology (ONT).
The raw sequencing data were basecalled and demultiplexed by MinKNOW software
(version 22.12.7), and the analysis of taxonomic profiles was performed by the EPI2ME
web server (https://epi2me.nanoporetech.com accessed on 12 January 2023). Graphs
presenting bacterial composition and abundances were generated using GraphPad Prism
9.0.0 software. Further data analysis was performed using QIIME2 software [27] to eval-
uate the diversity and construct principal coordinate analysis (PCoA) plots using the
Emperor tool [28].

https://epi2me.nanoporetech.com
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2.5. Data Analysis

BMP experiments were performed in triplicate, and data are expressed as the mean
standard deviation. One-way ANOVA was used to evaluate the statistical significance of
experimental results with a p ≤ 0.05. All statistical analyses and graphs were generated
using GraphPad Prism 9.0.0 software.

3. Results
3.1. Characterization of the Raw Substrate and Used Inocula
3.1.1. Total Solids and Volatile Solids

The parameters measured for inoculum characterization were pH, total solids (TS),
volatile solids (VS), lipids, proteins, and sugar contents. In our study, the VS contents
of inocula were different according to the type of inoculum. The minimum value of
14.25 ± 1.08% was observed in Li.I, whereas the highest value of 62.25 ± 4.58% was ob-
tained for the lactic type La.I1 (Table 2). As a parameter, volatile solids (VS) measure
biodegradation, which shows directly the metabolic state of microbial groups in the anaer-
obic reactors [29]. Compared to the inoculum, the cattle manure (CM) substrate showed
higher VS and TS contents, with 89.43 ± 5.17 and 94.87%, respectively. These values seem
similar to those published by [30], who indicated a VS percentage of CM of up to 79.20%.
The VS/TS ratio is a crucial indicator for assessing the organic content of the substrate [31].
A previous study highlighted a high VS/TS ratio for cattle manure (CM) with 76% of
TS [32], which is in accordance with our results that showed a very high VS/TS ratio for
this substrate, up to 94.26% of TS (Table 2). On the other hand, the VS/TS ratio of the
inoculum varies from 59.5% (Sacc.I) to 88.36% (C.I1) (Table 2). VS and TS degradations
are consistent with a better nutrient balance for microbial activities, which leads to a high
degradation of organic matter [33]. Generally, substrates having a significant quantity of
organic matter show a positive effect on BP [31,34]. Nevertheless, a previous study showed
that the inoculum with high lignin content was inefficient to be converted into biogas by the
anaerobic digestion process [35]. Based on these assumptions, the comparison of different
inocula made from organic compounds aimed to identify the best inoculum that has the
best methanogenic potential for biogas production.

Table 2. Physicochemical and biochemical parameters of inocula and substrate samples.

Parameter C.I1 C.I2 Li.I La.I1 La.I2 Sacc.I Substrate (CM)

pH 6.15 ± 0.03 d 6.52 ± 0.02 c 7.08 ± 0.06 a 7.12 ± 0.02 a 4.62 ± 0.11 e 6.81 ± 0.06 b 7.19 ± 0.01 a

Total Solids (%wet basis) 41.70 ± 0.2 cd 26.16 ± 0.97 ef 19.33 ± 2.28 f 76.12 ± 3.30 b 33.89 ± 1.93 de 44.33 ± 4.6 c 94.87 ± 5.25 a

Volatiles Solids (%wet basis) 36.85 ± 1.53 c 22.27 ± 1.73 de 14.25 ± 1.08 e 62.25 ± 4.58 b 24.85 ± 3.66 d 26.38 ± 1.16 d 89.43 ± 5.17 a

VS/TS (% TS) 88.36 85.12 73.71 81.77 73.32 59.5 94.26
Total lipid % 20.26 ± 1.39 bc 13.66 ± 1.49 d 35.05 ± 2.93 a 24.08 ± 0.57 b 12.9 ± 0.98 5.04 ± 0.6 e 16.11 ± 1.78 cd

Total sugar % 7.12 ± 0.61 ab 4.06 ± 0.5 cd 2.21 ± 0.68 d 5.75 ± 1.16 bc 7.27 ± 0.56 ab 8.15 ± 0.66 a 4.16 ± 0.01 cd

Total protein % 4.44 ± 1.34 c 14 ± 1.81 a 6.08 ± 1.6 bc 5.17 ± 1.37 c 4.59 ± 0.84 c 2.33 ± 0.62 c 10.01 ± 1.49 ab

P (mg·g−1) 12.72 ± 1.05 b 15.70 ± 0.16 a 8.75 ± 1.28 c 6.75 ± 0.27 c 7.75 ± 0.23 c 11.1 ± 0.73 b 11.13 ± 0.42 c

Ca (mg·g−1) 0.4 ± 0.00 c 0.4 ± 0.19 c 5.48 ± 0.20 a 0.84 ± 0.15 c 4.38 ± 0.32 b 0.51 ± 0.14 c 4.63 ± 0.39 b

Particle size (mm) 2 ≤2 ≤3 1–1.5 - - 1–1.5

The values indicated by different letters are statistically significant (p ≤ 0.05). The significations were made
according to the application of different inocula for the same parameter.

3.1.2. Biochemical Characterization

The biochemical analysis results of various inocula used for the AD process are
presented in Table 2. The contents of carbohydrates, lipids, and proteins varied according
to the nature of the inoculum used. The lipidic inoculum (Li.I), mainly produced from
olive pomace, contained up to 35.05% lipids, while the cellulosic inoculum contained up
to 8.15% carbohydrates. Depending on their composition, the inocula provide nutrients
and support microbial populations that positively impact biogas production and maintain
the stability of the AD process [3]. A positive relationship was found between BMP and
lipid content because lipids have a very high biogas potential. Therefore, lipidic inocula
represent a ready and easily biodegradable source of nutrition, besides their capability
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to ensure the digestibility of the soluble material for micro-organisms, which guarantees
their survival [36,37].

3.2. Monitoring of the BMP Experiments

To monitor AD, the following parameters were analyzed during BMP experiments: pH,
COD, BOD5, TOC, and TON. The results are presented in Table 3. The efficiency of organic
matter degradation is presented by COD and BOD5 efficiency. The results showed that
efficiency decreased during anaerobic digestion in almost all digesters, which explained
the degradation of the substrate’s organic load and its consumption by microorganisms
involved in BP. Thus, a significant decrease in COD efficiency was observed mainly in C1.I,
with 77.28% (Table 3). This decrease could be explained by the degree of degradation of this
organic matter [38]. The biodegradability index (BI), calculated by the COD/BOD5 ratio,
initially ranged between 1.05 and 2.64 for lipidic (Li.I) and lactic (La.I1) inocula, respectively
(Table 3). Suhartini et al. [33] showed that this ratio should range between 1.92 and 2.05.
Indeed, a low value of COD/BOD5 implies the presence of a high content of biodegradable
material suitable for biological treatment. However, the saccharidic inoculum (Sacc.I)
showed a higher final BI ratio of 4.16. Consequently, the experiment, including saccharidic
inoculum made from molasses and CM, was not adequately digested by microorgan-
isms. The average values of the COD/BOD5 ratio for the different digestion experiments
were ≤3, which is the maximum limit of biodegradability [39]. The C/N values presented
in Table 3 reflect the ratio between carbon and nitrogen content in the materials. The
substrate CM alone showed the highest C/N ratio of 39.64, which means it is rich in or-
ganic carbon. For BMP experiments with inocula addition, the minimum and maximum
C/N ratios were for Sacc.I and C.I1 inocula with 19.5 and 33.94, respectively. For optimal
BP, the microbial communities need a suitable C/N ratio for their metabolism, which is
generally ≥20 [40–42]. The total carbon content was measured for the maximum C/N ratio
experiment involving C1.I was 52.18% (Table 3). This high total carbon content with low
nitrogen could explain the suitability of this inoculum with CM for biological activity. On
the other hand, when the C/N ratio is higher than the appropriate range, VFA accumulation
occurs and leads to a pH decrease and subsequent inhibition or even failure of the AD
system [3,43]. Consequently, a mixture of wastes poor in nitrogen with others rich in carbon
allows for obtaining adequate ratios [44–46].

Table 3. Anaerobic digestion parameters monitoring of BMP experiments for CM substrate and with
the addition of different inocula.

Parameter C.I1 C.I2 Li.I La.I1 La.I2 Sacc.I Substrate (CM)

Initial pH 6.87 ± 0.31 b 7.12 ± 0.08 ab 6.13 ± 0.45 c 6.81 ± 0.00 b 7.23 ± 0.04 ab 7.48 ± 0.04 a 7.11 ± 0.18 ab

Final pH 6.50 ± 0.00 a 6.16 ± 0.01 bcd 6 ± 0.00 d 5.17 ± 0.05 e 6.32 ± 0.11 b 6.12 ± 0.00 cd 6.18 ± 0.03 bc

Total Carbon (TC) % 52.18 ± 2.02 c 67.04 ± 1.92 b 18.58 ± 0.66 e 36.32 ± 3.2 d 66.37 ± 1.92 b 22.62 ± 1.78 e 76.95 ± 2.57 a

Total Nitrogen (TN) % 1.537 ± 0.04 cd 3.199 ± 0.2 a 2.444 ± 0.11 b 1.609 ± 0.1 cd 2.106 ± 0.32 bc 1.160 ± 0.27 d 1.941 ± 0.38 bc

C/N 33.94 20.95 7.60 22.57 31.51 19.5 39.64
COD efficiency (%) 77.28 39.23 15.07 68.23 64.81 14.97 43.05
BOD5 efficiency 96.45 4 26 33.33 51.85 33.33 41.17
Initial COD/BOD5 1.144 1.933 1.05 2.368 2.517 2.412 1.09
Final COD/BOD5 1.35 1.182 1.213 1.128 1.839 4.16 2.64
Temperature ◦C 37 37 37 37 37 37 37

The values indicated by different letters are statistically significant (p ≤ 0.05). The significations were made
according to the application of different inocula for the same parameter.

3.3. Daily Monitoring of pH Variation during BMP Experiments

pH monitoring results from different BMP experiments using the six inocula for over
20 days showed a common tendency (Figure 1). The pH values started between 6 and 7.5,
which can be considered neutral conditions, and then decreased in all experiments during
the first 5 to 11 days. In fact, the pH decrease was more pronounced in the experiment with
cellulosic inoculum C.I1, which reached 4.5. The pH values then increased for almost all
the reactors, which can be due to the degradation of acids and the generation of biogas, and
remained stable until the end of the digestion period [47,48]. pH is an important parameter
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in BP since it directly affects the anaerobic digester’s performance and stability [49]. Mi-
croorganisms are very sensitive to pH because each group of bacteria requires a different
pH range for their growth [50]. Leung et al. [51] have shown that the pH requirement for
acidogenic and acetogenic bacteria is >5.0 and 6.2, respectively, for acceptable enzymatic
activity. Similarly, methanogenic bacteria show better performance at pH values between
6.8–7.2. It is reported that biogas production is more efficient with a pH > 5.5 [52].

Energies 2023, 16, x FOR PEER REVIEW 7 of 16 
 

 

3.3. Daily Monitoring of pH Variation during BMP Experiments 
pH monitoring results from different BMP experiments using the six inocula for over 

20 days showed a common tendency (Figure 1). The pH values started between 6 and 7.5, 
which can be considered neutral conditions, and then decreased in all experiments during 
the first 5 to 11 days. In fact, the pH decrease was more pronounced in the experiment 
with cellulosic inoculum C.I1, which reached 4.5. The pH values then increased for almost 
all the reactors, which can be due to the degradation of acids and the generation of biogas, 
and remained stable until the end of the digestion period [47,48]. pH is an important pa-
rameter in BP since it directly affects the anaerobic digester's performance and stability 
[49]. Microorganisms are very sensitive to pH because each group of bacteria requires a 
different pH range for their growth [50]. Leung et al. [51] have shown that the pH require-
ment for acidogenic and acetogenic bacteria is >5.0 and 6.2, respectively, for acceptable 
enzymatic activity. Similarly, methanogenic bacteria show better performance at pH val-
ues between 6.8–7.2. It is reported that biogas production is more efficient with a pH > 5.5 
[52]. 

 
Figure 1. pH variation during anaerobic digestion. 

3.4. Biogas Production in Different BMP Experiments 
3.4.1. Daily Monitoring of Biogas Production 

BMP assays were conducted in this study to determine the maximum biogas yield of 
the substrate in AD reactors. Additionally, BMP was used to measure the daily biogas 
yield (DBY) from the AD of cattle manure (CM) and with various inocula assessed in the 
study over 25 days. To assess the actual effect of the inoculum on the biogas production 
of the feedstock (CM), the biogas volume results presented in Figure 2 were derived by 
subtracting the total production (inoculum + CM) from the production volume of the in-
oculum alone and expressed as L·Kg−1 VS. The obtained results showed that DBY could 
be divided into four main phases: (i) the exponential phase of continuous daily produc-
tion; (ii) the phase of production decrease in almost all experiments from the 10th to the 
14th day; (iii) the phase of boosting biogas production to reach maximum values before 
substrate exhaustion; and (iv) the end of the production phase. The maximum values of 
daily biogas production of CM without any addition of inoculum were 5.81 L·Kg−1 VS on 
the 17th day. High quantities of DBY were obtained in LI, C.I1, and Sacc.I inocula with 

Figure 1. pH variation during anaerobic digestion.

3.4. Biogas Production in Different BMP Experiments
3.4.1. Daily Monitoring of Biogas Production

BMP assays were conducted in this study to determine the maximum biogas yield
of the substrate in AD reactors. Additionally, BMP was used to measure the daily biogas
yield (DBY) from the AD of cattle manure (CM) and with various inocula assessed in the
study over 25 days. To assess the actual effect of the inoculum on the biogas production
of the feedstock (CM), the biogas volume results presented in Figure 2 were derived by
subtracting the total production (inoculum + CM) from the production volume of the
inoculum alone and expressed as L·Kg−1 VS. The obtained results showed that DBY could
be divided into four main phases: (i) the exponential phase of continuous daily production;
(ii) the phase of production decrease in almost all experiments from the 10th to the 14th day;
(iii) the phase of boosting biogas production to reach maximum values before substrate
exhaustion; and (iv) the end of the production phase. The maximum values of daily biogas
production of CM without any addition of inoculum were 5.81 L·Kg−1 VS on the 17th
day. High quantities of DBY were obtained in LI, C.I1, and Sacc.I inocula with 9.8, 9.71,
and 9.7 L·Kg−1 VS, respectively. Finding a positive relationship between BMP and lipid
content confirms that the presence of LI.1 inoculum rich in lipidic matter in the digester
had a very strong effect on the biogas potential [53]. The obtained results also showed an
association between the highest and lowest VS/TS ratios and maximum and minimum
biogas production, respectively. This indicates a positive correlation between VS/TS ratios
and the volume of biogas produced. The highest daily gas production volumes were
obtained in experiments with the cellulosic inoculum, which could contain sufficiently
active and adapted consortiums, explaining the biodegradability of this material [33,54].
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Fluctuations in production at the beginning of the process were observed in almost
all trials and were explained by the emission of volatile fatty acids [4,44]. The drop in
COD in the digester over time (Table 3) indicated a reduction in organic load, which led
to microbial decomposition and consumption of organic waste, resulting in high BP. The
results indicated that a strong reduction in COD (Table 3) leads to a better BP.

3.4.2. Cumulative Biogas Yield of Different BMP Experiments

In this study, the cumulative biogas yield (CBY) of different BMP assays using multiple
types of inocula and CM was determined (Figure 3). Even though CM is considered the
most active type of substrate since it contains a high number of active acetogenic and
methanogenic bacteria [55,56], the results revealed a minimum cumulative production of
63.47 ± 4.52 L·Kg−1 VS of biogas over 25 days for the CM alone compared with other
digestion experiments. The highest CBY was observed in the digesters where the inocula
C.I1, Li.I, and La.I1 were added to CM with cumulative production of 132.74 ± 5.14,
120.75 ± 6.23, and 95.65 ± 8.45 L·Kg−1 VS of biogas, respectively. Lower yields of
89.4 ± 1.98, 75.47 ± 2.11, and 58.98 ± 1.23 L·Kg−1 VS of biogas were obtained in the
experiments with the inocula C.I2, La.I2, and Sacc.I, respectively (Figure 3).

Furthermore, biogas yield using the C.I1 inoculum was 2.09 times higher than that
of CM assays alone. Figure 3 shows that the first phase of BP in the laboratory digesters
was exponential with rapid biogas production, which was due to the conversion of volatile
fatty acids by acetoclastic methanogenesis to CO2 and CH4 [57]. The second phase is
a stabilization step, where the BP yield was very slow for 4–6 days in most digestion
experiments. After this stabilization step, the BP restarted and reached maximum values
(phase iii) before the total process ended. The reduction of BP during this phase may be
due to the reduction in TS, which leads to a decrease in microbial activity [48].
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3.5. 16S rRNA Sequencing Analysis of Bacterial Compositions

In this study, 16S rRNA metagenomic analysis was performed on the CM substrate
and on the three best inocula experiments that showed maximum BP. MinION sequencing
experiments produced more than 7.0 Gb of reads from the four analyzed samples. The
composition at the phylum level is presented in Figure 4. The classification analysis revealed
that about 98.64% of the sequences were attributed to bacteria, while 1.34% were archaea
using the WIMP workflow and Qiime2 analysis. Bacteroidetes, Firmicutes, Proteobacteria,
and Actinobacteria were identified as the main bacterial phyla in all samples. These results
are in accordance with those obtained in some previous studies. However, the relative
abundances of these phyla in each sample were different. The data from the CM sample
revealed two dominant phyla: Firmicutes and Bacteroidetes. However, in the used inocula,
Firmicutes were found to be dominant in Li.I and La.I1, while Proteobacteria were dominant
in C.I1, and Spirochaetes were the least abundant phylum in the analyzed samples (Figure 4).
A slight relative abundance of Chloroflexi (0.18%) in Li.I inoculum was noticed, which was
specific to this type of inoculum. The fundamental role of these phyla is essential to start
the AD process [58], and they are also involved in the hydrogenesis phase, which represents
the first degradation of organic matter [36,59]. Firmicutes are well-known fermenters and
syntrophic bacteria that can degrade various substrates [60,61]. The relative abundances of
Firmicutes were 8.29, 23.50, 69.74, and 47.75% in the three inocula (C.I1), (Li.I), (La.I1), and
CM, respectively. Although C.I1 revealed a lower frequency of Firmicutes abundance with
an absence of the Clostridia class, for other inocula, these phyla engage in the hydrolysis of
plant fibers [62,63].
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The bacterial composition was completely different in all samples at the family level
(Figure 5). Three families of Firmicutes were identified in all inocula and even in the organic
waste (CM), namely Streptococcaceae, Lactobacillaceae, and Peptostreptococcaceae. Bacteroidetes
is a very diverse phylum, presenting different relative abundances of 0.17%, 3.48%, 1.69%,
and 19.13% in C.I1, Li.I, La1.I, and CM, respectively. The relative abundances of Bacteroidetes
were higher in the CM (19.13%), while their lowest abundances were observed in the
C.I1 inoculum (0.17%). These results are in accordance with previous studies [64,65].
This class is considered a very influential group, able to perform metabolic activities
such as polysaccharide and protein hydrolysis, fermentation of sugars, and production
of volatile fatty acids [60,66]. Members of this phylum also participate in the hydrolysis
and acidogenesis phases, producing CO2 and H2 in the AD process [67]. The monomers
resulting from hydrolysis and the dissolved compounds serve as substrates for these
families of fermentative bacteria. This degrades them mainly into low molecular weight
acids such as volatile fatty acids (VFAs) such as propionate, butyrate, valerate, etc. [68].

According to the results, two examples can indicate the difference in bacterial cocktails
found in the three inocula: first, Cyanobacteria represented more than 50% of the C.I1 in-
oculum, and second, the richness of Lactobacillaceae was observed in the La.I1 inoculum.
Using the Jaccard distance matrix, the beta diversity analysis presented in Figure 6 showed
that there were statistically different types of bacteria in each sample. Consequently, the
performance differences of adding these inocula to the CM in terms of anaerobic digestion
and BP could be explained by this diverse bacterial composition, with some unique taxa
specified for some inocula. This study clearly showed that the use of inocula in AD had an
important role in the process performance because of its bacterial community contribution.
Previous studies also showed that inocula affected the BP from organic wastes in batch
experiments [32,58]. Our study showed that the bacterial community recovered in inocula
was different from that found in the CM substrate (Figure 6). This indicates the contribution
of adding inocula to the anaerobic digestion of organic wastes. The bacterial composition
of inoculum C.I1 specifically showed the occurrence of cyanobacteria with the highest
relative abundance, belonging mainly to the class Nostocophycidae with 38.40%. The specific
occurrence of this taxon in this inoculum may be involved in the increase in BP. However,
further studies are needed to understand the role of this phylum in anaerobic digestion.
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Figure 5. Graphs showing the abundances of bacterial communities at the family level in cattle
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data using Nanopore workflow. The square represents the whole percentage (100%) and the cycle
represents 1%, which indicates the total of cycles in each color and provides information on the
percentage of the family.
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4. Conclusions

This study demonstrates that adding inocula to the anaerobic digestion (AD) process
of cattle manure has a significant impact on its performance. The C.I1 inoculum, which
had a cellulosic composition and was compatible with the type of agricultural waste
used, exhibited the best methanogenic potential and allowed the production of significant
quantities of biogas, reaching 132.74 ± 5.14 L·kg−1 VS within 25 days. The bacterial
community profiles characterized by a culture-independent approach using a nanopore 16S
rDNA sequencing workflow indicated differences in the bacterial load that characterized
each inoculum and substrate. The most abundant bacterial phyla in the samples were
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. The analysis of C.I1 revealed
specific abundances of Cyanobacteria, and the role of the latter on the performance of this
inoculum in the AD process needs further investigation.

Further studies are required to validate these results in the scale-up of the optimization
of the biogas plant. This study has established the application of a culture-independent
approach based on sequencing to characterize the bacterial taxa delivered by different
inocula to the digesters. However, additional research is required to comprehend the
metabolic rate and time-dependent resilience of these taxa. To satisfy this requirement,
future studies should examine digesters at the laboratory scale to monitor the variation in
bacterial community abundances during the AD process.
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