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Abstract
Purpose  The anaerobic digestion of the organic fraction of municipal solid waste (OFMSW) is a treatment biologically 
optimizable. The analysis of the microbial balance within the digester allows not only to describe and improve the efficiency 
of the system but also to foresee potential variations after biochemical interventions. This work aims to highlight methano-
genic population variations in two similar parallel digesters to identify bio-indicators for digestion performance after the 
inclusion of an additive.
Methods  The analysed industrial case study involved the two parallel, pilot-scale, bio-digesters of ACEA Pinerolese Indus-
triale. They had analogous design and fed by the same OFMSW except for an additive inclusion. The analyses by qRT-PCR, 
on both bio-digesters, have been performed to determine an impact of the additive on the growth and metabolic activity of 
total methanogens, Methanosarcina spp., Methanocorpuscolum spp., and Methanospirillus spp.
Results  Collected data showed that the addition of biopolymers extracted from compost produced both total methanogens and 
Methanosarcina decrease (7.67 vs. 7.48 and 6.05 vs. 5.69 Log gene copies/mL sludge respectively, T-test p < 0.01) affecting 
slightly the methane yield (-8%). Methanosarcina was the highest expressed methanogen; however, the results suggested the 
involvement of a highly complex and heterogeneous methanogen community.
Conclusions  Total methanogens and active Methanosarcina modulations are able to highlight major bio-methane produc-
tion even if their shift is slight. Globally only 3–4% of the present and 12–13% of the active methanogens were described. 
However, biological approach can supply a proxy of production performance of the digester also concerning the feeding 
peculiarities.
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Statement of Novelty

The process of anaerobic digestion of OFMSW, as a green 
biotechnology, is a strategic field to focus on, because it 
represents a valid treatment of a risky matrix and a source of 
renewable energy. However, such a process is also character-
ized by criticalities in the digestion efficiency management. 
Additives with both vegetal and animal origin were proposed 
to improve digestion process. In this work, the determina-
tion of the variations of the methanogenic population, by 
biomolecular method, is exploited to identify bioindicators 
of digestion efficacy when a compost-derived additive was 
included. Significant results were produced highlighting the 
opportunity for  biological control integration into the treat-
ment management.

Introduction

The organic fraction of municipal solid waste (OFMSW) 
produced annually in the European Union is estimated 
approximately between 118 and 138 million tonnes (about 
50% of the total amount of municipal solid waste) [1]. 
Therefore, owing to the content of carbohydrates, proteins, 
and lipids, OFMSW represents an important feedstock for 
the biofuel production from waste, through the anaerobic 
digestion (AD) process. Biogas either can be a fuel resource, 
for the combined heat and power units, or a starting product 

to upgrade into biomethane, in total accordance with the 
European perspective [2].

Following intensive negotiations, the EU institutions 
reached an agreement in June 2018 on a new Renewable 
Energy Directive for the next decade. The new legislation 
includes a legally binding EU-wide target of 32% for renew-
able energy by 2030, with an upward review clause in 2023, 
as well as sector-specific objectives, including an annual 
increase of 1.3% for renewable energy in the heating sector 
and the end target of 14% renewables in the transport sector 
by 2030 [2]. Biogas and biomethane must reach 65–80% 
greenhouse gas savings relative to the fossil fuel compara-
tors, making the AD process increasingly appealing [3].

The AD of the OFMSW is a green biotechnology pro-
spectively strengthening with the knowledge improvement 
on the biological dynamics of the process [4]. Efficient man-
agement includes a real control of the digester microbiota 
variation during the time, taking into account the character-
istics of the feeding composition. The digester microbiota 
works under synergic interplay among different microbial 
groups, including hydrolytic, acidogenic, acetogenic, and 
methanogenic microorganisms [5, 6].

Various literature evidence showed a strict interaction 
among microbial communities following specific meta-
bolic favourable pathways [7, 8]. For example, recently in 
thermophilic AD was observed that the bio-augmented M. 
thermophilus stimulated the growth of syntrophic acetate 
oxidizing bacterium Thermacetogenium phaeum, immedi-
ately after bioaugmentation [9].
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Moreover, to find and maintain the digester’s optimal 
microbial equilibrium, the literature suggested a wide range 
of intervention. Up today bioaugmentation—the addition in 
bioreactors of stress resistant or efficient biogas generating 
microbial [10]—seems to be the more useful strategies to 
improve AD process [11, 12]. Basak et al. reported a fast 
recovery of an overloaded-failed anaerobic digester with 
the addition of a selected microbial consortium that con-
tain among others acetoclastics methanogenic species [12]. 
The simultaneous presence of hydrolytic microorganisms 
(predominant genera is generally Clostridium) with acido-
gens (predominant phylum Proteobacteria) favouring fast 
organic waste hydrolysis with a consequent higher volatile 
fatty acids (VFAs) production. This could be a hazard point 
for the final step of the methanogenesis, in fact, a high level 
of VFAs can lead to a marked pH decrease inhibiting metha-
nogen metabolism and reducing the methane yield [13, 14].

Augmentation strategies include also the addiction of 
material derived both from animal and/or vegetal matrix 
(soluble bio-based substances, SBO); the augmentation 
effect could be achieved for the effect of a substrate compo-
sition shift and/or an induced chemical/microbial shift [10].

From a technical point of view, the cultural methods for 
the analysis of the microbial dynamics inside the digester are 
not practical due to the strict anaerobic condition. Alterna-
tive methods are being developed using biomolecular meth-
ods, including PCR and its variants, and the next-generation 
sequencing [15].

The biomolecular management of the AD of OFMSW 
shows a very interesting tool for biological intervention 
strategies, assessing the impact on the process of the inclu-
sion of organic by-product coming from animal and/or veg-
etal waste treatment, under a circular economy perspective.

This work aims to identify methanogen bio-indicators 
of digestion efficacy following the inclusion of an additive, 
produced starting from compost, in one of two analogous 
parallel bio-digesters.

Materials and Methods

ACEA is a modern multi-utility company, which currently 
processes 60,000 t y−1 of organic fraction of municipal solid 
waste (OFMSW), serving roughly 1 million inhabitants. 
The digester section where the thermophilic reaction takes 
place at 55 ± 1 °C, is composed of two parallel bio-digesters 
(Reactor A and Reactor B). Each bioreactor has around 2500 
m3 working volume, for a total capacity of 5000 m3 for the 
digester section. The same pre-treated OFMSW was the 
feeding of the two parallel reactors (A and B). During the 
pre-treatment process bags containing OFMSW – 92.22% 
of composting material and 7.78% of inorganic materials 
as plastics, diapers or pad - are shredded and inert materials 

are separated by a disc with 50 mm openings [16]. Digest-
ers’ parameters are 34% dried total solids (TS), the 14 days 
of hydraulic retention time (HRT) and the organic load rate 
(OLR) is 6.5 kg m3/die. The Table 1 showed the main pro-
cess parameters for the two parallel anaerobic digesters.

The reactor B was addicted with a SBO produced starting 
from compost by an alkaline hydrolysis [16]. Several tests 
were previously carried out to assess the effects of amount 
of the addicted biopolymers on the AD, both considering 
different origin of such SBO (for example compost and/or 
post-AD sludge or/and home gardening and/or park trim-
ming residues). While no effect was observed at different 
SBO concentration (until to 0.20% /v) for the biogas yield, 
a significant impact was observed for the ammonia reduc-
tion [16].

The biopolymer addition was included only into the Reac-
tor B in the following way:

Preliminary phase: no addition; Phase 1: 11 m3 of solu-
tion enriched in compost biopolymers was added in one 
day, reaching a biopolymer concentration in Reactor B of 
0.042% (w/v). Phase 2: 1 m3/d of solution enriched in com-
post biopolymers was added for 28 days, reaching a final 
biopolymer concentration in Reactor B of 0.059% (w/v). 
Phase 3: 2 m3/d of solution enriched in compost biopolymers 
was added for 28 days, reaching a final biopolymer concen-
tration in Reactor B of 0.091% (w/v).

Reactor A was the control reactor (no addition during 
all the phases) and it was fed with the same pre-treated 
OFMSW of the interventional reactor (B).

Finally, 85 samples (50 mL of sludge) were collected 
from both the reactors on the recirculation piping as shown 
in Table 2. The samples reached the laboratory within few 
hours (< 3 h) after sampling.

DNA and RNA Extractions and Analysis

In the environmental microbiology laboratory  (DPHP), 
the samples were quickly homogenized and, starting from 
0.250 g of each sludge sample, the DNA was extracted using 
the kit PowerSoil DNA Isolation Kit, Qiagen (Cat N./ID: 

Table 1   Physics-chemical parameters of the digester A and B during 
the biopolymer addition period (only for the reactor B)

pH Acidity/alkalinity 
ratio

Reactor A Reactor B Reactor A Reactor B

Phase 1 (5/29−5/30, 
2019)

8.275 8.300 0.198 0.201

Phase 2 (10/22−11/5, 
2020)

8.160 8.200 0.126 0.140

Phase 3 (12/3–12/17, 
2020)

8.180 8.260 0.150 0.172
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47016) while, starting from 0.100 g of sludge from each 
sample unit, the RNA was extracted using the kit GenElute 
Total RNA Purification, SIGMA Aldrich (RNB350), follow-
ing the manufacture’s instructions.

The concentration of the extracted DNA and RNA was 
quantified by a spectrophotometric evaluation using a micro-
plate NanoQuant Plate (TECAN Trading AG, Switzerland) 
and a multimode reader TECAN Infinite 200 PRO integrated 
with the software i-Control (version 1.11.10). The quality of 
the extracts was tested by gel-electrophoresis.

The DNA extracts were stored at − 20 °C until quanti-
tative Real Time Polymerase Chain Reaction (qRT-PCR) 
analysis, while RNA extracts were stored at − 80 °C until 
the retro-transcription into cDNA. The concentration into 
the extracts was on average 45.55 ± 16.27 µg/µL for the DNA 
and 30.22 ± 10.37 µg/µL for the RNA. Such concentrations 
are suitable for the following biomolecular analysis.

The retro-transcription of the RNA was conducted using 
a T100 thermo-cycler (Bio-rad) starting from 2 µl of the 
RNA extract and using the kit iScript Reverse Transcription 
Supermix (Bio-rad) following the instruction and the sug-
gested thermal protocol.

qRT-PCR was conducted on all the samples for the quan-
tification of the total methanogens and Methanosarcina 
spp. both starting from DNA and RNA accounting for 170 
and 165 determinations respectively; while, Methanocor-
puscolum spp. and Methanospirillus spp. were evaluated on 
a limited number of samples (30) to assess their presence 
and concentration in such kind of AD system.

The Real-time qPCR was conducted using a CFX Touch 
Real-Time PCR Detection System (Bio-Rad-Hercules, CA) 
and CFX Maestro Software 1.1, following the method pre-
viously described and amplifying the mcrA gene, codifying 
for the α subunit of the methyl coenzyme M reductase (a 
methanogen functional gene) [17]. Methanosarcina spp., 

Methanocorpuscolum spp., and Methanospirillus spp. were 
determined following a similar method and including a spe-
cific probe as previously described [18].

Statistics

Statistical analyses were performed using the IBM SPSS 
Statistics, 27 (IBM Corp.). We applied: (1) a log transfor-
mation of non-normally distributed data, (2) the Spearman’s 
correlation to assess relationships between variables; (3) 
T-test to compare means or a paired T-test when possible, (4) 
an ANOVA for multivariate analysis, in which we assumed 
an equal variance, followed by a Tukey post hoc test for mul-
tiple comparisons. The mean differences and correlations 
were considered significant if p < 0.05 and highly significant 
if p < 0.01.

Results and Discussion

Table 3 shows an overview of the results obtained consid-
ering all the samples included in this work. The extracted 
DNA mean quantity is significantly higher than RNA 
(45.55 ± 16.27 vs. 30.22 ± 10.37 µg/µL, T-test p < 0.01). 
Such difference remains significant also subdividing the data 
for the two digesters (T-test, p > 0.05).

The DNA and RNA quantities extracted into the two 
different digesters are similar showing the stability and the 
comparability of the active biomass into the two anaerobic 
reactors. Moreover, there is no significant difference in the 
extraction efficiency among the subsequent sampling ses-
sions, showing quite stable systems.

The estimated presence of methanogen is equal to 
8.58 ± 0.54 Log gene copies/mL sludge that is a comparable 

Table 2   Description of 
the collected samples and 
biopolymer concentration in 
Reactor A and B

Reactor A 
samples

Reactor B 
samples

Biopolymers concentration 
in Reactor B (% w/v)

Biopolymers concentra-
tion in Reactor A (% w/v)

Preliminary phase 10 10 0 0
Phase 1 5 10 0.042 0
Phase 2 15 15 0.059 0
Phase 3 10 10 0.091 0

Table 3   Descriptive analysis 
of the nucleic acids (DNA 
and RNA) extraction and 
methanogen determinations 
starting from the collected 
samples (for each mL of sludge)

Num Min Max Mean S.D.

Extracted nucleic acid (µg/mL) 170 8.18 81.15 37.89 15.63
Metanigeni totali (Log gene copies/mL) 170 4.8 9.8 7.7 1.2
Methanosarcina spp.(Log gene copies/mL) 165 3.1 8.4 6.0 1.5
Methanocorpuscolum spp. (Log gene copies/mL) 30 3.0 7.0 4.7 1.6
Methanospirillum spp.(Log gene copies/mL) 30 2.0 3.0 2.7 0.4
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data with the literature considering the same feeding and 
similar volatile solids concentration [19, 20].

From a biological point of view, the analysis starting from 
different macromolecules such as DNA or RNA has a differ-
ent biological meaning (Fig. 1). In literature, under different 
environmental conditions, abundance of mcrA transcripts 
changed while mcrA copy number remained almost the 
same, suggesting that only certain members of the methano-
genic community were metabolically active and responsible 
for methane production [21]. Gene-expression—by the pro-
duction of transcripts - is the process by which gene infor-
mation is used for the synthesis of a functional gene product 
(typically a protein and/or an enzyme). Transcriptomic can 
not only determine the presence of an organism but also 
establish how the microorganism is adapting to the digester’s 
environmental changes [22]. Gene expression is common 
in all the cells; in prokaryotic and archaea cells, both tran-
scription and translation occur within the cytoplasm, lacking 
of a defined nucleus. The RNA extraction from complex 
samples, as sludge, presents higher technical difficulties due 
to the reduced stability of such macromolecule respect the 
DNA. This is also confirmed by the significant difference 
observed for both reactors (A and B) in the total methanogen 
concentration evaluated comparing DNA and RNA. On the 
other hand, as showed on Fig. 1, a significant shift of the 

expressed Methanosarcina spp. can be observed during the 
phase 3 in both two digesters, independently by the SBO 
addiction. This was probably due to other influencing factors 
on the reactors.

As reported in the Fig. 1, starting from the RNA extract 
an effective involvement of the methyl coenzyme M reduc-
tase is similar into the two biodigesters. On the other hand, 
the ratio between the expression and presence of the same 
gene in the two biodigesters showed a slight inhibition into 
the reactor B, where the SBO additive was added (83% reac-
tor A vs. 73% reactor B) especially in the last phase with 
higher additive dose (115% reactor A vs. 98% reactor B).

The results (Fig. 2) showed a methanogen functional 
activities 2 Log lower than their total presence (T-test, 
p < 0.01) while the same difference for the Methanosar-
cina is lower (0.23 Log), confirming the key role of such 
methanogen group, as observed in the literature in combina-
tion to Methanoculleus, into the AD of OFMSW [23, 24]. 
For Methanosarcina DNA and RNA concentration are not 
correlated (p > 0.05), suggesting a hyper-activation of this 
methanogenic species in the digesters.

Methanogens belonging to the genera Methanocor-
puscolum seem to be present but very low active while 
methanogens belonging to Methanospirillum seem to be 
absent or weakly present.

Fig. 1   Grey part: scheme of the DNA and its transcript (mRNA) 
biological significant in the methanogen analysis. Blank part: error 
bars of the methanogen determinations for the two parallel digesters 

(Reactor A and the addited Reactor B) during the phase 3 (last addi-
tion), subdivided in DNA and the cDNA results
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A paired T-test between the total methanogens into the 
biodigesters, considering the two parallel systems com-
pletely similar except the addictive treatment, shows a sig-
nificant difference (p = 0.002), where the reactor B with 
additive is lower than the blank reactor A (7.48 vs. 7.67 
Log gene copies/mL sludge). Moreover, a significantly 
lower functionality of Methanosarcina was observed 5.69 
vs. 6.05 Log gene copies/mL sludge. Such difference is 
coherent with a difference in the methane production by the 
biodigester. The additive seems to produce both a decre-
ment of the methane production (− 8% CH4 volume) and of 
the methanogens, especially at the higher addition doses. 
Previous studies showed as humic acids are hampering the 
performance of anaerobic digesters, and similar SBO (con-
sisting of a mixture of humic compounds) was favourable 
for the NH3 reduction but was inhibiting for methanogen 
metabolisms [25].

Conclusions

The sampling methodology, including several biological 
and technical replicates, produces a robust data set able to 
descript the microbial dynamics into the two biodigesters. 
The difference observed was of minor entities but signifi-
cant just for the methods and replicate applied. The two 
systems were stable and comparable in terms of extracted 
DNA, RNA, and methanogens dynamics. However, total 

methanogens and the Methanosarcina activity can be 
assumed as a possible indicator of major biomethane pro-
duction even if their modulation was very slight between 
the two systems, while both Methanocorpuscolum and 
Methanospirullim were not so relevant in such systems, 
in fact no significant modulation were observed. Using the 
selected targets, only 3–4% of the present (target methano-
gen genera/total methanogens, DNA analysis) and 12–13% 
(target methanogen genera/total methanogens, RNA anal-
ysis) of the active methanogens are described, then this 
method is suitable to compare different systems but not for 
the exhaustive knowledge of the methanogen microbiota 
into the digester. In the future, the reduction of the costs 
for NGS methods and the reference genome’s implementa-
tion for the environmental methanogens could guarantee 
the application also for such kind of samples and a wider 
characterization of biomethane producer microbial.
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