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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A novel combined approach with 
magnetite and Methanosarcina barkeri to 
improve AD systems. 

• Methane yield enhanced while effec-
tively reducing TVFA and H2S 
production. 

• qPCR monitoring for early microbial 
shift detection to ensure AD with 
prompt response. 

• Challenges with long-term persistence of 
bioaugmentation in complex microbial 
ecosystems.  
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A B S T R A C T   

Bioaugmentation has been recognized as a key strategy to improve the anaerobic digestion efficiency in organic 
waste treatment. Methanosarcina barkeri possesses direct interspecies electron transfer capability, a characteristic 
that allows it to outcompete other unwanted species such as sulfate-reducing bacteria. This study investigated the 
effects of bioaugmentation with Methanosarcina barkeri DSM800 on two continuous-stirred tank reactors fed with 
a sulfate-rich feedstock. One of the two reactors was supplemented with magnetite to facilitate direct interspecies 
electron transfer. Time series quantitative polymerase chain reactions were performed to evaluate the absolute 
abundance of crucial species, including the augmented Methanosarcina. Results showed increased and stabilized 
methane production of 22% and 21% in the reactor amended with magnetite and in the control reactor, 
respectively. Moreover, volatile fatty acids were almost completely consumed in the magnetite-supplemented 
reactor. The quantitative polymerase chain reaction was used to analyze the abundance of targeted species in 
response to bioaugmentation. Specifically, Methanosarcina barkeri was not retained in either reactor after one 
hydraulic retention time. Direct interspecies electron transfer-associated microorganisms showed opposite trends 
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in the two reactors, highlighting the different interactions with Methanosarcina barkeri in the presence and 
absence of magnetite. Sulfate-reducing bacteria following the dissimilatory sulfate reduction pathway exhibited 
an opposite behavior in the reactor amended with magnetite, in contrast to those employing the assimilatory 
sulfate reduction pathway. Overall, the study demonstrated that bioaugmentation with exogenous archaea can 
considerably alter the microbial community, but the introduced species is not able to establish itself in a stable 
microbiome. In addition, the strategy could be further tested to control H2S production in real-world waste 
treatment scenarios. Quantitative polymerase chain reaction proved to be a useful tool for monitoring changes in 
the absolute abundance of microorganisms in bioreactors, implementing effective monitoring and control stra-
tegies to improve overall system performance.   

1. Introduction 

Anaerobic digestion (AD) is an efficient process for organic waste 
treatment to produce renewable energy, which relies upon the inter-
dependent metabolic activity of a complex microbial community [1]. 
The four AD steps – hydrolysis, acidogenesis, acetogenesis, and meth-
anogenesis – are promoted by distinct functional microbial guilds, 
including hydrolytic and fermentative bacteria, acetogenic and syntro-
phic bacteria, and methanogenic archaea [2]. However, the methano-
genesis step is negatively impacted by the accumulation of some 
compounds including ammonia, and hydrogen sulfide. More specif-
ically, sulfate reduction can result in the accumulation of hydrogen 
sulfide, which can considerably inhibit the archaeal metabolic activity 
[3–5]. Acetotrophic and hydrogenotrophic sulfate reduction are ther-
modynamically more favorable than acetoclastic and hydrogenotrophic 
methanogenesis under indirect interspecies electron transfer (IHT) 
[6,7]:  

Hydrogenotrophic sulfate reduction:  
4H2 + SO4

2− + H+ → 4H2O + HS− (ΔG’o = − 192.0 kJ/mol) 
Hydrogenotrophic methanogenesis:  
4H2 + HCO3

− + H+ → 3H2O + CH4 (ΔG’o = − 175.4 kJ/mol) 
Acetoclastic methanogenesis:  
CH3COO− + H2O → CH4 + HCO3

− (ΔG’o = − 31.0 kJ/mol) 
Acetotrophic sulfate reduction:  
CH3COO− + SO4

2− → HS− + 2HCO3
− (ΔG’o = − 47.6 kJ/mol)  

This thermodynamic property results in the outcompetition of 
methanogens by sulfate-reducing bacteria (SRB), when sulfate accu-
mulates in the system. In recent years, different strategies have been 
suggested to overcome issues related to AD process instability, including 
the use of conductive materials (CMs) and bioaugmentation [8–12]. CMs 
provide an alternative route for interspecies energy exchange, known as 
direct interspecies electron transfer (DIET), which bypasses the need to 
rely solely on H2 and formate [13,14]. For this reason, CMs have been 
proposed as a solution to favor methanogens and alleviate the compe-
tition with SRBs under sulfate-rich conditions [12,15,16]. On the other 
hand, several bioaugmentation strategies have been developed to miti-
gate methanogenesis inhibition using both methanogenic archaea and 
bacteria [17–19]. In principle, the insufficient performance of a biore-
actor might be attributed to an unbalanced microbiome composition, 
including, for example, a limited amount or activity of specific micro-
organisms possessing a pivotal metabolic pathway needed to perform a 
required biochemical process. Bioaugmentation in lab-scale systems has 
been evaluated using mixed microbial consortia and pure archaeal 
cultures to increase their abundance and, therefore, favor methano-
genesis [8,11,18–21]. In most cases, the augmented microorganisms 
were acclimatized prior to their addition into the system [20]. More-
over, the enrichment of specific microbes in AD systems has been 
investigated using microorganisms other than methanogens. For 
example, photosynthetic bacteria have been applied to recover from 
VFA inhibition [22], and syntrophic acetate and propionate oxidizing 
consortia were used to recover from ammonia inhibition [11]. 
Combining bioaugmentation with a DIET-performing methanogen, such 
as Methanosarcina barkeri, in conjunction with CMs to stabilize the AD 
process operated at high sulfate levels represents a pioneering approach 

This strategy harnesses the synergistic effects of bioaugmentation and 
CMs to enhance the competitiveness of methanogens against SRBs. 
Notably, this innovative strategy offers a promising avenue for 
improving and stabilizing methane production efficiency and over-
coming the inhibitory effects of high sulfate levels. Although the effec-
tiveness of bioaugmentation strategies in improving the stability of AD 
processes has been demonstrated, there is a lack of standardized 
methods for evaluating the establishment and performance of the 
inoculated microorganisms [18,21]. Additionally, the need to evaluate 
how bioaugmentation alters the composition of the microbial commu-
nity poses a remarkable challenge. Due to these limitations, the bio-
augmentation strategy is still considered a procedure with unpredictable 
outcomes [23]. One of the main issues is that the introduced microbial 
strain(s) might be unable to grow and become active in the bioreactor. 
This inability could be attributed to several factors such as predation or 
competition with the indigenous microbiota, the presence of bacterio-
phages, or the failure to acclimate to the prevailing environmental 
conditions [25]. Under such dynamic and fluctuating circumstances, 
characterized by conditions like pH or organic load variations, starva-
tion periods, and suboptimal temperatures, the introduced microor-
ganisms are unlikely to colonize or exhibit population dominance 
[26–28]. Addressing this issue would facilitate the reliable and repro-
ducible application of bioaugmentation techniques, thereby promoting 
their widespread adoption and potential for impact. Among the different 
techniques that could be used for monitoring the bioaugmented micro-
organism, quantitative polymerase chain reaction (qPCR) might 
constitute a fast and reliable approach. Compared to other molecular 
biology techniques such as Next-Generation Sequencing (NGS), Fluo-
rescence In Situ Hybridization (FISH), and older techniques like Dena-
turing Gradient Gel Electrophoresis (DGGE), qPCR offers several 
advantages. It is a technique that stands out for its sensitivity, specificity, 
and real-time monitoring capabilities, allowing for accurate quantifi-
cation of target nucleic acids in a time-efficient manner compared to 
DGGE which has limited resolution and may not capture all genetic 
variants. Moreover, qPCR is cost-effective compared to NGS which, on 
the other hand, provides more comprehensive genetic information, and 
to FISH which, in contrast, offers spatial information and single-cell 
analysis. 

In this work, two continuous-stirred tank reactors (CSTRs) fed with a 
sulfate-rich feedstock - of which one supplemented with magnetite as 
CM and the other used as a control - [24], were subjected to bio-
augmentation with a pure strain of M. barkeri DSM800. The CSTRs were 
monitored for 45 days from the onset of bioaugmentation, and in this 
period samples were collected at three separate time intervals for further 
analyses. qPCR was performed to monitor the evolution of five microbial 
species: M. barkeri DSM800, two SRBs, and two bacterial species with 
potential for DIET performance. This study provides insight into the 
impact of bioaugmentation with M. barkeri DSM800 on microbial pop-
ulations in CSTRs treated with magnetite under sulfate-rich conditions 
and the effect of magnetite on DIET. Finally, the potential of qPCR in 
monitoring the bioaugmented archaeon and its impact on some key 
microorganisms was explored. 
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2. Materials and methods 

2.1. Lab-scale reactors monitoring 

The inoculum, biopulp, and reactors setup used in this study are 
described in [24]. Briefly, the two lab-scale CSTRs (R-ctrl and R-mag), 
each of 2.3 and 1.8 L total and working volume respectively, were 
operated under mesophilic conditions (37 ± 1 ◦C). The hydraulic 
retention time (HRT) was set to 23 days by a daily supply of 70 mL 
diluted biopulp, leading to a constant organic loading rate (OLR) of 2.30 
gVS/L-reactor.day. The experimental period was divided into four 
phases, the reactors were started and when the steady-state was reached 
– phase 1 - P1 (days 0–44) - sodium sulfate (Na2SO4 suitable for HPLC, 
LiChropur™, 99.0–101.0%, Sigma -Aldrich) was added as a single pulse 
in (phase 2 - P2 - days 45–68) to reach 0.6 g SO4

2− /L in both CSTRs. 
Subsequently, the CSTRs were fed with Na2SO4-rich biopulp to maintain 
the sulfate content at the desired value. In phase 3 (P3, days 69–109) the 
Na2SO4 level was increased to 1.2 g SO4

2− /L in both CSTRs and feed-
stocks. In phase 4 (P4, days 110–197), magnetite (Iron(II, III) oxide 
powder, <5 μm, 95%, Sigma-Aldrich) was added progressively only in 
R-mag to reach a final concentration of 10 g/L. In this work, the last 
phase P5 (days 198–237), involved the implementation of a bio-
augmentation strategy, as explained below. 

2.2. Bioaugmentation strategy 

A pure culture of Methanosarcina barkeri DSM800 was obtained from 
DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, 
Germany. Before the bioaugmentation experiment, the pure culture was 
cultivated in three phases, in batch bottles (250 and 100 mL total and 
working volume, respectively). In the first step, the Methanosarcina 
medium (no. 120) provided by DSMZ for Methanosarcina cultivation was 
used. The pure culture was sub-inoculated when the microorganism 
reached the late exponential phase. The volatile suspended solids (VSS) 
calculated at this point of the microbial growth reported a concentration 
value of 46 mg/L. The subsequent transfer was performed in an adap-
tation medium composed of 80% Methanosarcina medium (no. 120) and 
20% filter-sterilized digestate obtained from the two CSTRs; this step 
was performed to adapt M. barkeri to the composition of the medium in 
the reactors. The last transfer was performed using a medium compo-
sition of 60% Methanosarcina medium (no. 120) and 40% filter-sterilized 
digestate from the CSTRs. The bioaugmentation was performed with an 
inoculum corresponding to 20% of the reactors working volume and was 
carried out in three days during which the pumps were disconnected to 
avoid the washout of the microorganism. At operational days 198, 199, 
and 200, 120 mL of the adapted cultures in the late exponential phase 
were centrifuged for 10 min at 4500 rpm under N2 gas headspace. A 60 
mL volume of the supernatant was discarded and the pellet was resus-
pended in the remaining 60 mL of the supernatant to up-concentrate the 
inoculum. The 60 mL volume obtained for both adapted cultures was 
anaerobically collected with a syringe and transferred into the reactors. 

2.3. DNA extraction and cells count 

Samples of 15 mL were collected before (day 197), immediately after 
(day 201), and after one HRT from the bioaugmentation (day 223) for 
DNA extraction. Genomic DNA was isolated and purified using the 
DNeasy PowerSoil® (QIAGEN 181 GmbH, Hilden, Germany) following 
the manufacturer’s protocols with minor modifications [9]. Genomic 
DNA quantity was determined using Qubit fluorometer (Life Technolo-
gies, Carlsbad, CA). 

To estimate the number of cells present in 15 mL, the samples were 
mixed with 35 mL of phosphate buffer saline 1× (PBS, 137 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) containing 0.15% 
Tween-80 and kept into a shaking incubator (37 ± 1 ◦C, 115 rpm, KS 
4000 i control, IKA®-Werke GmbH & Co. KG, Germany). This step 

favored the release of microorganisms growing attached to the large 
particles [29]. Samples were centrifuged at 500 rpm for 10 min, the 
supernatant was collected and centrifuged at 1000 rpm for 10 min to 
pellet down and remove large particulate. The collected supernatant was 
filtered in three steps: at the beginning using filters having 40 μm pore 
size, subsequently with filters having 10 μm pore size, and finally, with 
filters having 5 μm pore size to remove smaller particles (5–40 μm) and 
recover the cells. In the final step, samples were centrifuged at 7000 rpm 
to collect the cells, while the supernatant containing volatile solids (VS) 
was discarded. The cells were resuspended in 15 mL PBS 1× and volatile 
suspended solids (VSS) were measured [30]. 

2.4. Segmented microscopy imaging 

A technology developed by ParticleTech Aps in Farum, Denmark was 
used for non-invasive analysis of particles and cells using microscopy 
imaging. The solution included a microscope imaging unit, a sampling 
unit, and software with segmentation and feature-extraction algorithms. 
The device is based on FluidScopeTM technology to scan particles and 
cells in a variable volume of liquid (from designed chips to multi-well 
plates) [31]. This technology captures a number of 6.25∘ tilted images 
that are then stacked to analyze the particles and cells. The equipment 
can be used for at-line, on-line, and off-line applications. In this study, 
off-line analysis was conducted, in which the sample was manually 
delivered into a microtiter plate. The samples were diluted 1:200 before 
the analysis. The plate was then placed in the microscope imaging unit 
to capture images that were later processed using the associated soft-
ware. The images were combined to obtain a best-focus microscopy 
image that ensured focus on the floating particles and cells. The best- 
focus microscopy images were obtained immediately after (day 201), 
and after one HRT (day 223) after the bioaugmentation to assess the 
enrichment of M. barkeri DSM800 in the CSTRs. 

2.5. Primers design, validation, and construction of the calibration curve 
for qPCR data 

From the previous sequencing data analysis [24], four metagenome- 
assembled genomes (MAGs) were selected for qPCR analysis, together 
with the bioaugmented M. barkeri DSM800. Specifically, the genes tar-
geted were: the gene encoding the adenylylsulfate reductase (aprA, EC 
1.8.99.2, dissimilatory sulfate reduction pathway) of Peptococcaceae sp. 
DTU26, a key regulatory point in sulfate assimilation and reduction; the 
gene codifying the sulfite reductase (sir, EC 1.8.7.1, assimilatory sulfate 
reduction pathway) of Prevotella sp. DTU28, which catalyzes the 
reduction of sulfite to H2S and water; the gene encoding menaquinone 
reductase, multi-heme cytochrome c subunit (qrcA gene) of Myxococcota 
sp. DTU66, and the gene encoding a type IV pilin protein (pilA) of 
Clostridiaceae sp. DTU102, which indicates its exoelectrogenic capacity 
[24]. The pilA gene was translated using BLASTx and subsequently 
aligned to the known pilA genes of Geobacter sulfurreducens and Geo-
bacter metallireducens using Clustal Omega [32,33]. Primer-BLAST was 
used to design the primers [34]. Two primer pairs were selected per each 
target and were validated through PCR amplification (Eppendorf Ther-
mocycler PCR MasterCycler 5332 Personal, Eppendorf, HA Germany) 
and gel electrophoresis (Consort E132 Mini Electrophoresis Power 
Supply, Consort, Turnhout, Belgium) to assess the performance. The 
primers were prioritized according to the results of the PCR in terms of 
target specificity to avoid the formation of non-specific target amplifi-
cation, primer-dimer formation to exclude the self-complementarity in 
the primers, reducing PCR efficiency, and amplicon size to ensure proper 
qPCR amplification in all reactions. The PCR reaction was carried out 
with Taq PCR Core Kit (QIAGEN GmbH, Hilden, Germany) using the 
manufacturer’s protocol for 25 cycles. The agarose gel (1% agarose) was 
prepared using 50 mL of Tris Acetate-EDTA Buffer 1× (MERCK, Rahway, 
NJ, USA), 0.5 g agarose (agarose BioReagent, for molecular biology, low 
EEO, Sigma Aldrich, USA), and 5 μL of SYBR® Green I nucleic acid gel 
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stain 10,000× (Merck, Rahway, NJ, USA). The gel electrophoresis was 
run for 20 min at 5 V/cm. The sequences and characteristics of the 
selected primers are reported in Table 1. 

The amplicons obtained from the PCR amplification were purified 
using the QUIAquick PCR Purification Kit (QIAGEN GmbH, Hilden, 
Germany) and quantified with Qubit fluorometer (Life Technologies, 
Carlsbad, CA, US). The purified amplicons were then used as standards 
to build the calibration curve and, for each, five dilutions were prepared 
(from 2′000 to 20′000’000 copies, with 10× multiplier). The qPCR re-
action was carried out with the PerfeCTa SYBR® Green FastMix 
(QuantaBio, Beverly, MA, US) following the manufacturer’s protocol, 
using AriaMx Real-time PCR System (Agilent Technologies Inc., Santa 
Clara, CA, US). All samples and standards were prepared in duplicate 
and analyzed with the “Replicates: Treated Collectively” function active. 

2.6. Absolute quantification 

The absolute quantification was performed by integrating two pre-
viously reported methods [35,36]. The procedure was made simpler by 
using the same threshold cycle for both standards and samples. The one- 
point calibration (OPC) method was selected to correct for quantitative 
PCR efficiency variations for microbial community samples [35]: 

N0 sample = N0 standard ×
ECT

standard

ECT
sample 

The method accounts for template-related variability of the effi-
ciency (E) by correcting for differences in E between the sample and 
standard. OPC involves the use of a standard that contains a specific and 
predetermined quantity of template copies known as N0 standard. Each 
standard point reaction mixture contained from 2⋅103 to 2⋅107 copies. 
N0 standard was calculated as interpolation of the power regression of the 
number of copies (as defined above) over the number of cycles (obtained 
from the analysis). As Estandard, the values calculated from the AriaMx 
software (v2.0) at the threshold cycle (CT) defined for both standards 
and samples were used. The amplification plot method was used to 
define the Esample [36]. In this method, a fluorescence midpoint (M) is 
defined as: 

M = Rnoise ×

̅̅̅̅̅̅̅̅̅̅
Rmax

Rnoise

√

where Rmax is the fluorescence maximum for each plot and Rnoise is the 
standard deviation of the first ten cycles that reflect the fluorescence 
background prior to amplification. Then, Esample is calculated as the 
slope defined through the linear regression of three to four points around 
M (with R2 > 0.99). All the calculations are reported in Supplementary 
file S1. 

2.7. Analytical methods 

The methods used to measure total solids (TS), volatile solids (VS), 
and volatile suspended solids (VSS) were performed following the 

procedure reported by the American Public Health Association (APHA) 
standard methods guidelines [30]. The composition of the biogas pro-
duced was analyzed using gas chromatography (GC-TRACE 1310, 
Thermo Fisher Scientific, US) equipped with a thermal conductivity 
detector (TCD) and Thermo (P/N 26004–6030) Column (30 m length, 
0.320 mm inner diameter, and film thickness 10 μm) with helium as 
carrier gas. Total volatile fatty acids (TVFA) concentrations were 
measured using gas chromatography (Agilent 7890A, Agilent Technol-
ogies, US) equipped with a flame ionization detector (FID) and SGE 
capillary column (30 m length, 0.53 mm inner diameter, film thickness 
1.00 μm) with helium as carrier gas. The injection volume was 1 μL, and 
every sample was analyzed in duplicate to ensure the precision and 
reproducibility of the measures. The injector temperature was kept at 
150 ◦C and the detector temperature was at 220 ◦C. The initial tem-
perature of the column oven was held at 45 ◦C for 3.5 min and then 
increased to 210 ◦C at a ramping rate of 15 ◦C/min, then held for 4 min 
at 210 ◦C. The pH trend was monitored using FiveEasy Plus Benchtop 
FP20 (Mettler Toledo, CH). H2S accumulation in the headspace of the 
reactors was measured with a Geotech BIOGAS 5000 portable gas 
monitor (QED Environmental Systems Ltd., UK). Specifically, 100 mL of 
biogas were collected from the headspace, diluted with 700 mL of N2 
into a gasbag, and the mixed gasses were passed into the instrument for 
measurement. 

3. Results and discussion 

3.1. Bioaugmentation and reactors performance 

Magnetite addition resulted in a 10% ± 1% (p < 0.05) increase in 
methane yield in the reactor with magnetite (R-mag), with an average of 
332 ± 19 mLCH4/gVS [24]. The bioaugmentation was performed with 
M. barkeri DSM800 and this process changed the performance of the 
CSTRs, particularly affecting the methane yield and reducing TVFA 
accumulation. The effect of M. barkeri DSM800 on the methane yield 
was remarkable and was already evident shortly after the bio-
augmentation, with an increased methane yield of nearly 20% in both 
reactors. The average methane yield values calculated from the day 
before the bioaugmentation (day 197) to the day after one HRT from the 
bioaugmentation (day 225) were 399 ± 21 mLCH4/gVS and 335 ± 30 
mLCH4/gVS in R-mag and R-ctrl, respectively. Notably, the steady-state 
at days 210–226, established after the addition of M. barkeri DSM800, 
was characterized by a stable methane yield of 407 ± 6 mLCH4/gVS and 
354 ± 2 mLCH4/gVS for R-mag and R-ctrl, respectively (Fig. 1a, Sup-
plementary file S3). Biochemical results evidenced the possible estab-
lishment of M. barkeri. In addition, the increase in methane yield could 
be attributed to the enhanced syntrophic interactions occurring between 
acetogens and methanogens; this could be due to the fact that magnetite 
can act as an electron sink facilitating interspecies electron transfer 
[14,37]. 

Previous experimental results revealed that magnetite addition 
resulted in a considerable decline in TVFA levels [24]. However, the 
introduction of M. barkeri DSM800 in R-mag led to a stronger reduction 

Table 1 
Characteristics of the primers used for qPCR. In the first column, the forward (F) and reverse (R) primer IDs are reported. In the other columns, additional charac-
teristics are reported including the melting temperature (Tm), the GC content (GC%), the self complementarity (Self compl.), and the self 3′-complementarity (Self 3′ 
compl.).  

Primer ID Sequence (5′ ➔ 3′) Template strand Length Start Stop Tm GC% Self compl. Self 3′ compl. Product length 

mcrA_F GCCGGTGTTGCCTGCT Plus 16 1285 1300 60.32 68.75 4.00 0.00 95 
mcrA_R CTGCCCCATGCTTCCTTGT Minus 19 1379 1361 60.30 57.89 4.00 0.00 
aprA_F GACTACCCGGAAATGGACGA Plus 20 16 35 59.18 55.00 4.00 0.00 

90 aprA_R GCGCTTTGCGCAGGTC Minus 16 105 90 59.81 68.75 6.00 0.00 
sir_F TGACACTGACGGGAAAGTGG Plus 20 501 520 59.89 55.00 4.00 2.00  

140 sir_R TGAGGACAGGTGAGGTAGCA Minus 20 640 621 59.89 55.00 2.00 0.00 
qrcA_F AACAAAAGGAGGGACTCGGC Plus 20 12 31 60.25 55.00 3.00 2.00 

79 
qrcA_R CATGCCTATCAACCCAGCCA Minus 20 90 71 60.11 55.00 4.00 0.00  
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in TVFA, ultimately resulting in a remarkably low accumulation of ac-
etate (~25 mg/L). Magnetite can compensate for the lack of the multi-
heme cytochrome OmcS by creating an interconnection between 
electrically conductive cells, favoring Methanosarcina barkeri meta-
bolism through direct electron transfer [14]. In contrast, after the bio-
augmentation, R-ctrl displayed unstable TVFA levels ranging from 350 
to 1500 mg/L, but without showing any coherent decline in concen-
tration (Fig. 1b, Supplementary file S3). This finding is in agreement 
with a previous study reporting no remarkable effect on TVFA reduction 
due to the addition of M. barkeri DSM800 in sequencing batch reactors 
(SBR) [38]. Taken together, these results suggested that the combination 
of magnetite with the bioaugmented methanogen synergistically 
enhanced the consumption of TVFA, a result that was impossible to 
achieve with only the addition of the archaea. These findings bear 
substantial implications for anaerobic digester management due to the 
adverse effects of elevated TVFA levels, including acidification in cases 
of low buffering capacity and, finally, reduced biogas production. TVFA 
accumulation can result in operational challenges, as well as decreased 
efficiency and profitability. The presence of magnetite enhanced 

electron transfer dynamics within the microbial community. Magnetite 
acted as an electron sink, promoting the formation of conductive net-
works that facilitated DIET between syntrophic partners, including 
Methanosarcina barkeri DSM800 and acetogenic bacteria. The enhanced 
electron transfer accelerated the rate of acetate conversion to methane, 
contributing to the observed reduction in TVFA accumulation and the 
corresponding increase in methane yield. Despite the fluctuation in 
TVFA accumulation, the pH remained stable in both CSTRs throughout 
the whole operation, with values ranging from 7.3 to 7.7 (Fig. 1c, 
Supplementary file S3). 

H2S measurements performed before and after bioaugmentation 
revealed that magnetite addition to R-mag caused a marked reduction in 
H2S levels [24], from an average of 5000 ± 200 ppm to 16 ± 8 ppm. 
After the bioaugmentation with M. barkeri DSM800, the H2S level in R- 
mag remained stable at 16 ± 8 ppm, whereas, in R-ctrl, H2S decreased to 
1336 ± 110 ppm (Fig. 1d, Supplementary file S3). Based on the mea-
surements of methane yield, these findings suggest that the presence of 
M. barkeri DSM800 in R-ctrl could displace SRBs through competitive 
exclusion, despite magnetite was not present. The bioaugmentation 

Fig. 1. Overall CSTRs performance before (P4) and after (P5) the bioaugmentation: Methane yield measurements (A), TVFA trend (B), pH drift (C), H2S concen-
tration (D). The (*) symbol marks the bioaugmentation (performed from day 197 to day 199). 
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facilitated the methanogen competition with SRB for the same carbon 
source (i.e. acetate). 

3.2. qPCR revealed the washout of M. barkeri after one HRT from the 
bioaugmentation 

Segmented microscopy observation of the samples after (Fig. 2 A, B) 
and one HRT after (Fig. 2 C, D) the bioaugmentation provided a quali-
tative glimpse of the presence of M. barkeri DSM800 (Fig. 2). Images 
obtained seven days after the bioaugmentation showed the presence of 
spherical-shaped clusters resembling the classical coccal morphology of 
M. barkeri DSM800. These clusters were clearly distinguishable from the 
rest of the sample, suggesting a successful bioaugmentation. The 
morphology of the clusters was consistent with the characteristics re-
ported in previous studies [39,40], suggesting that the augmented 
M. barkeri DSM800 was thriving in the anaerobic conditions of the 
CSTRs (Fig. 2 A, B). However, coccoidal morphologies were no longer 
visible after one HRT from the bioaugmentation (Fig. 2 C, D). This 
finding suggested the potential washout of the augmented 

microorganism from the systems. To confirm the presence and abun-
dance of M. barkeri DSM800 in the reactors, quantitative analysis using 
qPCR was performed before and after its addition into the reactors, to 
evaluate the difference in abundance after the bioaugmentation and 
after one HRT to estimate its potential retention or eventual washout. 
The results of the qPCR revealed a conspicuous increase in the abun-
dance of the archaea immediately after the bioaugmentation in both 
reactors (Fig. 5, Table 2). However, at the end of the bioaugmentation, 
different values were observed in the two reactors, which might be 
attributed to the presence of magnetite in R-mag. Magnetite could have 
provided an advantage for the initial establishment of the microbial 
culture, as previous studies demonstrated the ability of M. barkeri to 
perform DIET. Nonetheless, after one HRT from the bioaugmentation, 
the results revealed that the abundance of the methanogen drastically 
decreased in both reactors (Fig. 5, Table 2). The decrease in abundance 
was almost comparable to the values observed before the bio-
augmentation, suggesting that the augmented microorganism was not 
able to establish a stable population in the system. The inability of the 
augmented microorganism to establish a stable population may be 

Fig. 2. Segmented imaging microscopy of the collected samples after (A, B) and one HRT after (C, D) the bioaugmentation. The white circles (A, B) highlight the 
clusters resembling the typical coccal morphology of M. barkeri, clearly distinguishable from the rest of the sample. The clusters are no longer visible in the images 
collected after one HRT from the bioaugmentation. 
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attributed to the microbiome present in both reactors which out-
competed the augmented archaea for resources and niche space. To 
avoid washout, a potential strategy would be to further adapt the 
augmented microorganism to the environment present in the bio-
reactors. Initiating the growth of the microorganism in batch conditions 
using >40% sterilized digestate may lately facilitate the establishment 
of the microorganism in the reactors following bioaugmentation. 
Consequently, the microorganism retention could potentially be 
enhanced, contributing to the formation of a stable microbiome. Despite 
the washout of the augmented archaea observed after one HRT, the 
methane yield increased and remained stable after the inoculation with 
M. barkeri DSM800 in both reactors. These results are in accordance with 
previous studies reporting a stabilization of methane yield after the 
bioaugmentation with M. barkeri [38,41]. The process of bio-
augmentation potentially mitigated the stress induced by competition 
between methanogens and SRBs, which led to the displacement of SRBs 
and facilitated the proliferation of methanogens, including Methanosaeta 
spp., that were impeded by substrate competition. Thus, the combina-
tion of magnetite and bioaugmentation with M. barkeri DSM800 
appeared to synergistically enhance the AD process by reducing the 
adverse effects of SRBs and promoting the proliferation of methanogens. 
While magnetite can improve the stability of AD systems by promoting 
the overall microbial metabolism, M. barkeri DSM800 can enhance 
methane production and reduce H2S concentration by outcompeting 
SRBs. Eventually, qPCR was a powerful technique for absolute gene copy 
number quantification, offering high sensitivity, accuracy, and a wide 
dynamic range, though the limitations included the reliance on standard 

curves and potential amplification biases. While the precision of the 
standard curves can be adjusted by the operator experience and preci-
sion, amplification biases constitute an issue that should be further 
mathematically addressed when calculating absolute abundances. 

3.3. Effect of M. barkeri DSM800 addition on targeted species 

The initial MAGs selected for the analysis, their relative abundance, 
and the targeted gene are reported in Fig. 3. This method was used to 
investigate the fluctuations in the abundance of specific targeted MAGs. 
The raw data extracted from the qPCR analysis are reported in Fig. 4. 
Magnetite is a well-known conductive material, and is expected to 
stimulate the growth of microorganisms able to exploit DIET in R-mag. 
Indeed, the two MAGs previously identified as potential DIET per-
formers, are Myxococcota sp. DTU66, which showed the presence of the 
qrcA gene, and Clostridiaceae sp. DTU102, which had a pilA gene 
involved in electron transfer [42–44]. In particular, referring to pilA 
genes, two isoforms are known, a long form involved in bacterial 
motility and a short form involved in electron transfer [44]. It is worth 
mentioning that Vargas and colleagues defined the required, despite 
non-sufficient, conserved aminoacidic sequence to define a pilin as a 
protein involved in electron transfer [42]. The results of the multi- 
alignment confirmed that the motif is conserved in Clostridiaceae sp. 
DTU102, meaning that it might be potentially involved in DIET. Despite 
this result, metagenomics revealed that the pilA gene identified was not 
a single-copy gene and was excluded from the qPCR analysis as it would 
have made it difficult to properly quantify, comparing a multi-copy gene 
with single-copy genes [45]. Due to this limitation, the investigation was 
performed only with the qrcA gene of Myxococcota sp. DTU66. The 
quantification of this taxon revealed a similar trend to that of M. barkeri 
DSM800 in R-mag, with an increase in abundance after bio-
augmentation, followed by a decrease after one HRT (Fig. 5, Table 2). In 
contrast, Myxococcota sp. DTU66 revealed a 2-fold increase in R-ctrl 
after one HRT from the bioaugmentation, suggesting that it was able to 
thrive in the absence of magnetite and without interacting with the 
augmented M. barkeri DSM800. The particular behavior can be due to 
the fermentative metabolism of this species (Fig. 5, Table 2) [46]. 
Thereby, the results suggested that Myxococcota sp. DTU66 possessed 
the ability to exploit its DIET capabilities in R-ctrl, indicating that 
magnetite is not required for its growth and survival. This finding em-
phasizes the importance of investigating the ability of microorganisms 
to perform DIET in the absence of such materials. Data obtained from the 
previous study confirmed that most of the genes involved in the assim-
ilatory and dissimilatory sulfate reduction pathways were identified in 
Prevotella sp. DTU28 and Peptococcaceae sp. DTU26, respectively [24]. 

Table 2 
Absolute quantification calculated considering the estimated total number of 
cells. Operational day (Op. day) 197, 201, and 223 refers to the condition: 
“before the bioaugmentation” (day 197), “immediately after the bio-
augmentation” (day 201), “one HRT after the bioaugmentation” (day 223). All 
the calculations for baseline correction, efficiency of the sample, absolute 
quantification, and total number of copies present in the reactors are reported in 
Supplementary File S2.  

Op. 
day 

R-mag Rctrl  

aprA mcrA sir qrcA aprA mcrA sir qrcA 

197 2.89 ⋅ 
107 

1.83 ⋅ 
102 

1.03 ⋅ 
107 

1.01 ⋅ 
107 

3.38 ⋅ 
105 

3.00 ⋅ 
10− 1 

5.80 ⋅ 
103 

1.10 ⋅ 
108 

201 3.98 ⋅ 
107 

1.88 ⋅ 
105 

2.14 ⋅ 
105 

5.30 ⋅ 
107 

2.88 ⋅ 
104 

8.43 ⋅ 
104 

4.10 ⋅ 
104 

1.20 ⋅ 
108 

223 5.06 ⋅ 
107 

2.89 ⋅ 
103 

1.29 ⋅ 
101 

2.38 ⋅ 
107 

1.92 ⋅ 
103 

2.67 ⋅ 
103 

1.84 ⋅ 
102 

2.50 ⋅ 
108  

Fig. 3. Representation of the four targeted MAGs before the bioaugmentation. From left to right: Completeness (Compl.), contamination (Cont.), and relative 
abundance (RA) of the reconstructed genomes, targeted sequence is highlighted with the initial and final bases targeted by the primers, and gene acronym is reported. 
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The assimilatory sulfate reduction pathway is used by microorganisms 
to incorporate sulfate into organic molecules such as cysteine and 
methionine, and other sulfur-containing compounds. 

In contrast, the dissimilatory sulfate reduction pathway is an 
anaerobic respiratory process producing energy through the sulfate to 
sulfide reduction process, generating ATP and reducing equivalents such 
as NADH or hydrogen. The quantification of Peptococcaceae sp. DTU26 
showed that this taxon had a 1.5-fold increase in R-mag, while it 
decreased in R-ctrl (Fig. 5, Table 2). On the contrary, Prevotella sp. 
DTU28 was highly abundant in R-mag before the bioaugmentation, 
while it sharply decreased in both reactors after the bioaugmentation 
until the end of the experiment (Fig. 5, Table 2). This result confirms the 
previous findings which suggested the competition between acetoclastic 
methanogens and SRBs [24]. In the case of Peptococcaceae sp. DTU26, 
the presence of cytochrome c-encoding genes can potentially provide a 
competitive advantage to this taxon allowing it to survive and thrive by 
exploiting DIET and attenuating the competition with the augmented 
M. barkeri DSM800 in R-mag. Besides, in R-ctrl the increased abundance 
of M. barkeri DSM800 after the bioaugmentation may have outcompeted 

the SRB. Regarding Prevotella sp. DTU28, the increased abundance of the 
methanogen, combined with the incapability of performing DIET, might 
have constituted the reason for the marked reduction of this taxon in 
both reactors. Overall, the addition of Methanosarcina barkeri DSM800 
resulted in the depletion of specific resources such as CO2 and acetate, 
leading to notable shifts in microbial community composition within the 
AD system. This depletion likely influenced the competitive interactions 
among microbial taxa, driving changes in relative abundance and 
potentially fostering the emergence of new metabolic pathways. Hence, 
M. barkeri DSM800 not only had an impact on the targeted species but 
more globally influenced the whole microbial community; qPCR 
allowed to detect the long-term shift determined by M. barkeri even after 
the washout. Thus, the possibility of retaining the bioaugmented 
microorganism within the reactors could help predict the microbial 
community shift and obtain reproducible results. 

4. Conclusions and future perspectives 

Overall, the results of this study provide valuable insights into the 

Fig. 4. Amplification plots generated from the qPCR software. The four targeted genes were: the gene encoding the methyl coenzyme M reductase (mcrA – A), the 
adenylylsulfate reductase (aprA – B), the sulfite reductase (sir – C), and the menaquinone reductase (qrcA – D). The qPCR analysis was performed before the bio-
augmentation (BB), immediately after the bioaugmentation (AB), and one HRT after the bioaugmentation (HRT AB). Ligh and dark colors refer to control reactor (R- 
ctrl) and the magnetite-supplemented reactor (R-mag) respectively. 
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potential of combining different strategies to enhance the performance 
of AD processes. The findings suggested that magnetite addition and 
bioaugmentation with acetoclastic archaea such as M. barkeri DSM800 
can enhance methane yield while effectively reducing TVFA and H2S 
production. This process represents a sustainable solution for treating 
organic waste while concurrently producing biogas. Moreover, the study 
highlights the need for further research to optimize the implementation 
of these strategies in full-scale AD systems. Additionally, the rapid and 
reliable monitoring capabilities of qPCR demonstrated in this study 
present a promising avenue for early detection of microbial shifts 
following bioaugmentation, enabling timely interventions to maintain 
AD processes. Moreover, the study demonstrated the meaningful impact 
of M. barkeri DSM800 on the targeted species and the overall microbial 
community, as well as the long-term shift in the microbiome composi-
tion provoked by its addition, despite its eventual washout. Further-
more, the results underscore the challenges associated with the long- 
term persistence of augmented microorganisms in complex microbial 
ecosystems. Further research is needed to identify the factors impacting 
the stability and persistence of augmented microorganisms and to 

develop strategies to enhance their retention and effectiveness in such 
systems. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apenergy.2024.122940. 
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