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Aromatic compounds like phenyl acids (PA) can accumulate during anaerobic 
digestion (AD) of organic wastes due to an increased entry of lignocellulose, 
secondary plant metabolites or proteins, and thermodynamic challenges in 
degrading the benzene ring. The effects of aromatic compounds can be various 
– from being highly toxic to be  stimulating for methanogenesis – depending 
on many parameters like inoculum or molecular characteristics of the aromatic 
compound. To contribute to a better understanding of the consequences of PA 
exposure during AD, the aim was to evaluate the effects of 10 mM PA on microbial 
communities degrading different, degradation phase–specific substrates in 
thermophilic batch reactors within 28  days: Microcrystalline cellulose (MCC, 
promoting hydrolytic to methanogenic microorganisms), butyrate or propionate 
(promoting syntrophic volatile fatty acid (VFA) oxidisers to methanogens), or 
acetate (promoting syntrophic acetate oxidisers to methanogens). Methane 
production, VFA concentrations and pH were evaluated, and microbial 
communities and extracellular polymeric substances (EPS) were assessed. The 
toxicity of PA depended on the type of substrate which in turn determined the (i) 
microbial diversity and composition and (ii) EPS quantity and quality. Compared 
with the respective controls, methane production in MCC reactors was less 
impaired by PA than in butyrate, propionate and acetate reactors which showed 
reductions in methane production of up to 93%. In contrast to the controls, acetate 
concentrations were high in all PA reactors at the end of incubation thus acetate 
was a bottle-neck intermediate in those reactors. Considerable differences in 
EPS quantity and quality could be  found among substrates but not among PA 
variants of each substrate. Methanosarcina spp. was the dominant methanogen in 
VFA reactors without PA exposure and was inhibited when PA were present. VFA 
oxidisers and Methanothermobacter spp. were abundant in VFA assays with PA 
exposure as well as in all MCC reactors. As MCC assays showed higher methane 
yields, a higher microbial diversity and a higher EPS quantity and quality than 
VFA reactors when exposed to PA, we conclude that EPS in MCC reactors might 
have been beneficial for absorbing/neutralising phenyl acids and keeping (more 
susceptible) microorganisms shielded in granules or biofilms.
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1. Introduction

According to the Climate Target Plan of the European Union 
(EU), a greenhouse gas reduction of 55% is necessary by 2030 to 
become climate-neutral by 2050. In this regard, biogas has come into 
focus as regional, sustainable and carbon-neutral energy source to 
reduce fossil-fuel combustion thus net carbon release into the 
atmosphere. Biogas production out of organic waste materials coming 
from municipalities (Angelidaki et al., 2006), agricultural facilities 
(O’Connor et al., 2020), wastewater treatment plants (Silvestre et al., 
2015), slaughterhouses (Cuetos et al., 2010) or food industries (Pazera 
et al., 2015) is of special interest as their use does not influence food 
prices, prevents the expansion of monocultures and supports the 
infrastructure in remote areas. On this basis, various pre-treatment 
techniques aim at increasing the bioavailability of recalcitrant organic 
(waste) material for biogas production (Wagner et al., 2018; Khan and 
Ahring, 2019).

One obstacle of using (pre-treated) organic wastes for biogas 
production is the increased entry of potentially inhibitory molecules 
like ammonia (Angelidaki and Ahring, 1993; Bender and Conrad, 
1994; Müller et al., 2016; Zilio et al., 2020) or aromatic compounds 
(Sierra-Alvarez and Lettinga, 1991; Hernandez and Edyvean, 2008; 
Hecht and Griehl, 2009; Prem et  al., 2021). Accumulations of 
aromatic compounds are exceptionally difficult to manage as the 
cleavage of benzene rings is thermodynamically challenging under 
anaerobic conditions (e.g., Kuntze et al., 2008; Carmona et al., 2009; 
Fuchs et al., 2011; Kuntze et al., 2011; Appel et al., 2021). The most 
relevant sources of aromatic compounds in organic wastes are lignin, 
the second most abundant polymer in nature after cellulose (Glasser, 
2019) and also found in non-woody plants in form of lignocellulose 
(Howard et al., 2003), secondary plant metabolites like flavonoids 
(Fuchs et al., 2011; Salas et al., 2011; Wikandari et al., 2015) and 
aromatic amino acids found in animal or plant proteins (Iannotti 
et  al., 1986; Hecht and Griehl, 2009; Wagner et  al., 2019b). All 
aromatic compounds contain at least one benzene ring which can 
create weak intermolecular N-H ∙∙∙ π or O-H ∙∙∙ π bonds (Perutz, 
1993; Ottiger et  al., 2009). Due to their hydrophobic character, 
aromatic compounds can pass the cell membrane and cause 
intracellular dysfunctions, DNA mutations and physiological 
restrictions (Macgregor and Jurd, 1978; Sierra-Alvarez and Lettinga, 
1991; Biharee et al., 2020). Despite these characteristics, the effects 
of aromatic compounds on AD microorganisms are not yet fully 
understood insofar as different substrates, inocula, loading rates, 
reactor types, feeding modi etc. were used in previous investigations. 
Hecht and Griehl, for instance, showed that phenylacetic acid (PAA) 
is an important intermediate during AD of kitchen waste and early 
indicator for process impairments. 0.73 mM PAA had stimulating 
effects on microorganisms coming from a swine manure treating 
biogas plant during AD of kitchen waste but led to reduced biogas 
production when the sludge derived from a reactor solely fermenting 
kitchen waste (Hecht and Griehl, 2009). Cabrol et al. (2015) showed 
negative effects of PAA pulses on the archaeal community structure 
and methanogenesis. However, in both studies, no direct effects of 
PAA could be  found on methanogens (Hecht and Griehl, 2009; 
Cabrol et al., 2015). In meso- and thermophilic batch reactors, the 
AD of aromatic substrates led to the formation of PAA, 
phenylpropionic acid (PPA) and phenylbutyric acid (PBA) and had 

negative effects on methanogenesis and – in part – also on acetate 
degradation. Syntrophic acetate oxidation coupled to 
hydrogenotrophic methanogenesis played an important role and 
replaced acetoclastic methanogenesis in most cases (Prem et al., 
2020, 2021). Contrarily, humic acids (8 g L−1) inhibited hydrolytic 
bacteria and hydrogenotrophic methanogens during mesophilic AD 
of cellulose and xylan but did not affect acetoclastic methanogens; 
however, humic acid composition varied, and the authors concluded 
that effects might be situation-dependent (Azman et al., 2017).

Microorganisms can prevent or recover from unfavorable 
conditions via many different strategies like rapid adaptions of the 
lipid composition of the cell membrane (Siliakus et  al., 2017). 
Another approach is the formation of biofilms, flocs and granules 
which have also become interesting for biotechnological purposes 
in general and under anaerobic conditions in particular (Park and 
Novak, 2009; Edel et al., 2019; Trego et al., 2020). Under certain 
conditions, microorganisms can excrete extracellular polymer 
substances (EPS) which facilitate the formation of such cell 
structures (Flemming, 2016). EPS mainly comprise of proteins, 
polysaccharides, and humic and nucleic acids (Ma et  al., 2019). 
Biofilms and flocs can function as physical barrier and protect 
microorganisms from inhibitory substances or dehydration 
(Henriques and Love, 2007; Edel et  al., 2019; Hu et  al., 2019), 
promote extracellular electron transfer (EET) (Xiao et al., 2017) for 
e.g., anode-respiring bacteria (Rittmann, 2018), function as nutrient 
storage (Zhang and Bishop, 2003) and natural retentostat, reduce the 
recalcitrance of substrates (Chávez et al., 2008; Rittmann, 2018) and 
enable highly structured zones and nutrient gradients thus niches 
within the biofilm (Flemming, 2016; Edel et  al., 2019). Previous 
studies could show that inhibitory substances such as poly aluminum 
chloride (Chen et al., 2018), perchlorate (Liu et al., 2019) or urea 
formaldehyde resin (Yang et al., 2022) can promote aggregate and 
EPS formation during AD. Benzenes could be absorbed by EPS in 
soils, sediments and ground water (Huang et al., 2022). To our best 
knowledge, EPS formation and their role during AD of aromatic 
compounds has not been thoroughly studied so far. Regarding the 
attempts to promote biogas production (from lignin- or protein-rich 
waste materials) and to overcome its obstacles, further research on 
EPS formation is therefore inevitable. However, the quality and 
quantity of EPS also strongly depends on the involved 
microorganisms, available substrates as well as on various process 
parameters (Edel et al., 2019) which exacerbate a comprehensive 
understanding of their characteristics and importance for 
biotechnological purposes like biogas production. In regard to the 
different conclusions on effects of aromatic compounds on AD 
microorganisms, a closer look on the role of EPS is pending in 
general and might be an additional puzzle piece in understanding 
the microbial dynamics during AD of aromatic compounds.

Consequently, to better understand the impact of phenyl acid 
during (thermophilic) AD, the aims of the present study were to (i) 
promote microorganisms of certain degradation phases, from 
hydrolysis to methanogenesis by feeding degradation phase- specific 
substrates (ranging from complex cellulose to acetate), (ii) assess the 
effects of phenyl acids (PA) on the respective microbial community, 
and iii) evaluate the overall community structure via 16S rRNA 
amplicon sequencing and the EPS quality via excitation-emission 
matrices (EEM) for each substrate and PA variant.
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2. Materials and methods

2.1. Batch reactor setup and experimental 
design

The inoculum (press water sludge) originated from a thermophilic, 
organic fraction of the municipal solid waste (OFMSW) reactor 
(Wagner et  al., 2014). Back at the laboratory, the sludge was 
immediately incubated at 55°C for 1 month to remove degradable 
residuals. 120 ml batch reactors (Figure  1) were filled with 75 ml 
sludge (1:8 diluted) and with different substrates depending on the 
targeted AD stages and microorganisms to be  promoted: 
Microcrystalline cellulose (hydrolysis - methanogenesis), butyrate and 
propionate (syntrophic VFA oxidisers - methanogenesis) and acetate 
(syntrophic acetate oxidation (SAO) and/or (acetoclastic) 
methanogenesis) were added to the reactors in concentrations that 
equal a chemical oxygen demand of 0.4 [gO2] for each substrate and 
reactor according to the Buswell-Boyle equation (Buswell and Mueller, 
1952; Achinas and Euverink, 2016). Additionally, phenyl acids were 
added in five different variations: (i) controls (no phenyl acid 
addition), (ii) 10 mM phenylacetic acid (PAA), (iii) 10 mM 
3-phenylpropionic acid (PPA), (iv) 10 mM 3-phenylbutyric acid 
(PBA) or (v) 10 mM PAA-PPA-PBA mix (1:1:1, thereon called 
“PA-mix”). All variations were analyzed in triplicates; hence 60 batch 
reactors were used in total (Figure 1). Prior incubation, reactors were 
flushed with N2 and immediately sealed with butyl-rubber stoppers 
and aluminum caps. The reactors were incubated at 55°C for 28 days. 
Gas analyzes (CH4, CO2 and H2) took place at 8 time points (on day 0, 
3, 5, 7, 10, 14, 21 and 28). Liquid samples for VFA, pH and 
metagenomic analyzes were taken on day 0, 14, 21 and 28. EPS 
analyzes via excitation-emission matrices were done with samples of 
day 21. 16S rRNA amplicon sequencing were conducted for day 0 
(represented by butyrate control samples) and 28 (all samples).

2.2. General biochemical analyzes

A GC-TCD (Shimadzu, Japan) was used for CH4, CO2 and H2 
analyzes (Wagner et al., 2012). Gas-overpressure was assessed via a 
GHM Greisinger GDH 200 sensor and used to calculate biogas and 
methane production (NmL) as described previously (Wagner et al., 
2019a). Concentrations of volatile fatty acids (VFA: acetate, propionate 
and butyrate) and of phenyl acids (PAA, PPA and PBA) were analyzed 
via HPLC-UV/VIS (Shimadzu, Japan) at 220 and 270 nm (Wagner 
et al., 2017, 2019b). The pH was assessed with pH indicator strips pH 
5.0–10.0 (pH resolution: 0.5, Merck, Germany).

2.3. Excitation/emission matrix 
spectroscopy of EPS

EPS extraction based on previously established protocols (Guo 
et  al., 2014; Sun J. et  al., 2016) with following modifications: first 
centrifugation step was done at 20000 g, the second step at 12000 g, 
and the third and fourth step at 5000 g. Heat treatment was done with 
a Bioer Mixing Block MB-102 dry bath at a speed of 300 rpm for 
15 min. Thereafter, the samples were centrifuged again at 8000 g for 
10 min; each supernatant was transferred into a fresh tube and stored 
at −20°C. Fluorescence-based EEM analyzes were done with a Hitachi 
F-4500 fluorescence spectrophotometer at 25°C. A 3D-wavelength 
scan was conducted with excitation wavelengths ranging from 200 to 
400 nm in 10 nm steps and emission wavelengths from 200 to 600 nm 
in 5 nm steps. According to Sun J. et al. (2016), specific excitation-
emission wavelength profiles can be attributed to certain areas within 
the EEM matrix: Class I  includes tyrosine-like proteins (EX 
200–250 nm/EM 200–330 nm), Class II tryptophan-like proteins (EX 
200–250 nm/EM 330–380), class III fulvic acid-like organics (EX 
200–250 nm/EM 380–500 nm), class IV soluble, microbial by-products 
(EX 250–280 nm/EM 200–380 nm) and class V includes humic acid- 
like organics (EX 250–400 nm/EM 380–500 nm).

2.4. DNA extraction

After the removal of the liquid phase for VFA and phenyl acid 
analyses, each sample pellet was resuspended in 600 μl phosphate 
buffer (Prem et  al., 2019) and transferred into bead tubes. After 
another centrifugation step at 11,000 g for 10 min, the supernatants 
were removed. DNA was extracted with the NucleoSpin® Soil DNA 
extraction kit (Macherey-Nagel, Germany). After adding 700 μl of lysis 
buffer SL-1 and 50 μl enhancer, cell lysis took place with a FastPrep®-24 
(RRID:SCR_018599, MP Biomedicals) at 5 m/s for 30 s. Consequent 
steps were done according to the manufacturer’s protocol with 
50–100 μl of elution buffer. DNA quantity and quality were checked 
with a NanoDrop™ 2000c (RRID:SCR_020309, Thermo Scientific™) 
spectrophotometer.

2.5. dPCR analyses

For absolute quantifications of prokaryotic reads, digital PCR 
(dPCR) was performed with a QIAcuity One 5plex System (Qiagen: 
RRID:SCR_008539, Netherlands), QIAcuity 8.5 k 96-well Nanoplate, 

FIGURE 1

Batch reactors were set up with different substrates to promote 
specific AD phases: all stages (MCC), heterotrophic acetate 
production to methanogenesis (butyrate and propionate) and (SAO- 
coupled and/or acetoclastic) methanogenesis (acetate). For each 
substrate, five different PA variants were included in three parallels: 
Reactors were exposed to either 10 mM PAA, PPA, PBA, PA-mix or 
0 mM phenyl acids (controls). Biochemical analyzes (methane 
production, pH, EPS) as well as amplicon sequencing were done with 
all reactors.
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QIAcuity EvaGreen PCR Kit (QIAGEN, Germany) and Qiacuity 
Software Suite. Cycling conditions and PCR mix preparation with the 
primer pair 515f / 806r targeting the V4 SSU rRNA gene (Apprill et al., 
2015) were according to the manufacturer’s protocols.

2.6. Library preparation and 
high-throughput amplicon sequencing

The library was prepared in-house. Both PCR steps were 
performed according to previous protocols (Prem et al., 2019) with 
following modifications: 25 μl PCR mix contained 12.5 μl NEBNext® 
High-Fidelity 2x PCR Master Mix (New England Biolabs, 
United States), 1.25 μl forward (515-f), 1.25 μl reverse primer (806-r), 
9 μl PCR-free water and 1 μl template (5 ng sample−1). Thermocycling 
conditions were as recommended by the manufacturer with 30 cycles 
(2nd PCR: 7 cycles) of denaturation at 98°C for 10 s, annealing at 57°C 
for 25 s and elongation for 30 s. PCR mix aliquoting, template addition, 
primer addition (2nd PCR step) and sample pooling was done with a 
Biomek 4,000 Automation Workstation (RRID:SCR_019618, 
Beckman Coulter, United States). Size selection was performed with 
a ProNex® Size-Selective Purification System (Promega, 
United States). PCR clean-up was performed with the Monarch PCR 
& DNA Clean-up Kit (NEB, United States). The final sample pool 
contained 15 ng μL−1, with an 260/280 absorbance ratio of 1.62. The 
sample was subsequently sent to Microsynth AG (Switzerland). After 
another clean-up step at the facility, sequencing was done with a 
MiSeq™ device (RRID:SCR_016379, Illumina®, United States). The 
ZymoBIOMICS™ Microbial Community DNA Standard II Log 
Distribution (Zymo Research, United  States) was included for 
checking the PCR procedure, sequencing and reads procession.

2.7. Database preparation and in-silico 
reads procession

The SILVA (RRID:SCR_006423) V138.1 database was downloaded 
from the SILVA database homepage1 and further processed with 
UBUNTU 20.04.2 LTS as operating system. The database was loaded 
into ARB (RRID:SCR_000515) version arb-6.0.6 (Westram et  al., 
2011) for removal of low-quality reads and chimeras. In mothur 
(RRID:SCR_011947) v.1.45.1 (Schloss et al., 2009), the database was 
cut to position 11 k to 26 k according to the Escherichia coli alignment 
coordinates in SILVA 138.1. Filtering of unique sequences without 
regard to their alignment and removal of redundant sequences were 
done in ARB and mothur v.1.45.1, respectively.

The sequencing library contained samples of several studies (in 
total: 157 samples). However, after sequencing, the samples of each 
study were analyzed separately. In this case, 63 batch reactor samples 
and 2 Mock samples were metagenomically analyzed. Reads 
procession was done according to earlier protocols (Prem et al., 2019) 
with following changes: Mothur version 1.46.1 (Schloss et al., 2009) 
was used for all following metagenomic analyzes if not indicated 
otherwise. 1,926,976 sequences remained after the quality check. After 

1 https://arb-silva.de

rarefaction analyses, samples were normalized to 7,879 reads per 
sample. The OTU tables prior and after subsampling positively 
correlated (R = 0.89, p < 0.01, Mantel-test).

2.8. Statistics and graphical presentation

The significance cut-off was set at α = 0.05. Data in the text show 
mean + SD if not indicated otherwise. For statistical analyses, methane, 
VFA, pH and EEM data were log10(x + 1) and sequencing results were 
box-cox(x + 1) transformed, if not indicated otherwise. After checking 
homogeneity of variance and normal distribution of residuals for each 
analysis, one-way ANOVA and the Bonferroni post-hoc test were used 
for statistical analyzes on day 28. If the requirements for parametric 
analyzes were not met, Kruskal-Wallis ANOVA with multiple 
comparisons of mean ranks for all groups was applied. Statistical 
analyzes of biochemical data (Figures 2–5) were done in Statistica™ 
13 (RRID:SCR_014213, StatSoft, Inc., United  States). PAST 
(RRID:SCR_019129) version 4.09 (Hammer et al., 2001) was used for 
the Mantel test. The core microbiome and LEfSe biomarkers (class: 
substrate, subclass: phenyl acid variant) were determined via mothur 
1.46.1 (Schloss et al., 2009). Radar charts for LEfSe biomarkers were 
done in SigmaPlot™ 14 (RRID:SCR_003210, Systat® Software Inc.). 
Heat trees (main text and Supplementary material) were done in 
RStudio© (RRID:SCR_000432) 2022.02.3 + 492 with R version 4.2.1 
using the Wilcoxon test and Benjamini-Hochberg correction with 
following packages: metacoder (Foster et  al., 2017), phyloseq 
(McMurdie and Holmes, 2013), extrafont (Chang, 2014) and ggplot2 
(Wickham, 2009). Diversity analyzes (Shannon-Weaver index) were 
done as described before (Prem et al., 2021). Redundancy analyzes 
(RDA) ordination with OTUs and EEM data were also done in R with 
vegan (Oksanen et al., 2014), phyloseq, dplyr (Wickham et al., 2015) 
and extrafont. OTU and EEM data were Hellinger transformed 
(Legendre and Gallagher, 2001) prior RDA ordination took place with 
the Bray-Curtis distance. The heatmap, showing the most abundant 
taxa (>1,000 reads) over all samples, was done in R version 4.2.2 with 
the packages readxl (Wickham and Bryan, 2019), pheatmap (Kolde, 
2019) and extrafont. Hierarchical clustering was used for 
defining clusters.

3. Results

A comprehensive list of H2, CO2, VFA and PA concentrations as 
well as pH values of all assays can be looked up in Supplementary Tables 
S1–S4.

3.1. General metagenomic results

Over all batch reactors on day 28, Firmicutes and Clostridia were 
the dominant phylum and class, respectively (Figure  6; 
Supplementary Figure S2), and the genera Hydrogenispora, Firmicutes 
incertae sedis DTU014, Limnochordia MBA03, Dethiobacteraceae 
uncultured, Acetomicrobium, Firmicutes D8A_2 and Candidatus 
Caldatribacterium represented the core microbiome. Generally, 
microbial diversity (Shannon-H) was highest in MCC reactors – 
irrespective of the phenyl acid variant (Figure 6). The higher diversity 
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in MCC reactors is also apparent in Figure 7; therefore, their microbial 
communities clustered apart from VFA reactors (Figure 8). Within 
VFA assays, propionate reactors clustered apart from butyrate and 
acetate reactors (Figure  7). The two prevalent methanogens were 
Methanothermobacter spp. and Methanosarcina spp., whereby the 
latter was the dominant methanogen in VFA control reactors and in 
one acetate reactor exposed to PAA (Figure 7). In all other reactors of 
day 28, Methanothermobacter spp. was the prevalent methanogen. 
Within the VFA assays, Lentimicrobium spp. was abundant in controls 
and in one acetate PAA reactor but not in other VFA assays exposed 
to PA (Figure 7).

3.2. Substrate microcrystalline cellulose

At the end of the incubation (day 28), methane production was 
highest in controls (130 ± 0.64 Nml CH4) followed by PA-mix 
(119 ± 1.57 Nml CH4), PAA (115 ± 4.77 Nml CH4), PPA (112 ± 3.72 
Nml CH4) and PBA reactors (98.7 ± 2.54 Nml CH4) as shown in 
Figure 2. An increase of acetate, propionate and butyrate concentration 
could be  observed in all assays, whereby kinetic differences were 
apparent, and acetate was only used up in controls at the end of 
incubation (Figure 2). On day 28, the highest acetate concentrations 
were observed in PBA reactors (16.7 ± 0.72 mM). Propionate 
concentrations increased steadily but moderately in all variants, with 
the highest concentrations in PAA, PA-mix and control assays 
(Figure  2). Butyrate dynamics were similar to acetate results, but 
concentrations were low in all variants on day 28 (Figure  2). All 
reactors showed a pH around neutral, ranging from pH 6.50 to 8.50, 

throughout the incubation period (Supplementary Table S1). On day 
28, the pH was 7.25 in PA variants and 7.50 in controls.

Additional core microorganisms for MCC reactors were 
Syntrophaceticus spp., Methanothermobacter spp., Ruminiclostridium 
spp., Izemoplasmatales genus, Tepidimicrobium spp., Haloplasma spp., 
Firmicutes TTA-B61 genus, Clostridium sensu strict 7 genus and 
Defluviitalea ssp. No significant differences in genus proportions could 
be observed between controls (no PA addition) and PA reactors on 
day 28 (Figures 7, 8; Supplementary Figure S3). Absolute sequencing 
reads mL−1 batch reactor sludge ranged from 1.32 ∙ 107 ± 2.81 ∙ 106 
(Controls on day 0) to 1.40 ∙ 108 ± 1.22 ∙ 108 (PAA reactors on day 28); 
differences among variants were not significant. LEfSe biomarkers for 
MCC reactors (LDA score ≥ 4) were Haloplasma spp., Clostridium 
sensu stricto 7 genus, Thermacetogeniaceae uncultured genus, 
Firmicutes TTA-B61 genus, Tepidimicrobium spp., Defluviitalea spp., 
Izemoplasmatales genus and Thermacetogenium spp. (Figures 7, 9). All 
biomarkers for MCC reactors can be looked up in Figure 9. In all 
variants of day 28, Methanothermobacter spp. was the dominant 
methanogenic group and Syntrophaceticus spp. was one of the most 
dominant taxa (Figure 7; Supplementary Figure S3).

3.3. Substrate butyrate

Cumulative methane production on day 28 (Figure  3) was the 
highest in controls (166 ± 4.33 Nml CH4), followed by PBA (85.5 ± 7.84 
Nml CH4), PA-mix (73.7 ± 16.2 Nml CH4), PPA (72.1 ± 11.7 Nml CH4) 
and PAA reactors (46.1 ± 17.0 Nml CH4). The differences between 
controls and PAA assays were significant. Butyrate was completely 

FIGURE 2

Box-plots showing cumulative methane production (top, left), butyrate (top, right), propionate (bottom, left) and acetate concentrations (bottom, right) 
of MCC reactors exposed to different phenyl acids during 28 days of incubation. Boxes show median and 25–75% confidence intervals. Lowercase 
letters (ANOVA, Bonferroni post-hoc test) and stars (Kruskal-Wallis ANOVA, multiple comparisons) indicate significant differences among PA variants on 
day 28.
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FIGURE 3

Box-plots showing cumulative methane production (top), butyrate (middle) and acetate (bottom) concentrations of butyrate reactors exposed to 
different phenyl acids during 28 days of incubation. Boxes show median and 25–75% confidence intervals. Stars indicate significant differences 
(Kruskal-Wallis ANOVA, multiple comparisons) among PA variants on day 28.

degraded in control as well as PA reactors on 28, whereby butyrate 
degradation was time-delayed in PA reactors as seen on day 14 
(Figure  3). While acetate concentrations were very low in control 
reactors throughout the incubation, acetate accumulated in all PA 
reactors from day 7 to 21 – with the highest concentrations 
(53.1 ± 1.73 mM) in PAA variants on day 21. The differences between 
controls and PAA reactors were significant. Propionate concentrations 
were low (< 0.2 mM) in all variants throughout the experiment 
(Supplementary Table S2). The pH values of all reactors were slightly 
alkalic, ranging from pH 8.00 to 8.25 on day 28 (Supplementary Table S2).

While Methanosarcina spp. was the dominant methanogen in 
most control reactors, Methanothermobacter spp. was the prevailing 
methanogenic genus in PA reactors on day 28 (Figure  7; 
Supplementary Figure S5). Syntrophaceticus spp., Firmicutes DTU014 
genus, Limnochordia MBA03 genus were one of the most abundant 
genera (Supplementary Figure S5). Absolute sequencing reads mL−1 
batch reactor sludge ranged from 9.37 ∙ 104 (PA-mix variant) to 6.34 ∙ 
108 (PBA variant) on day 28. Limnochordia genus was the only LEfSe 
biomarker with an LDA score > 3 for reactors fed with butyrate 
(Figure  9). Within the acetate-butyrate cluster (Figure  7), the 
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abundance of Syntrophomonas spp. and Herbinix spp., for instance, 
was more abundant in butyrate than acetate PA assays.

3.4. Substrate propionate

Compared with the controls, methane production in PA 
reactors was delayed by 2 weeks and slowly started on day 21. On 

day 28, cumulative methane production was highest in controls 
(150 ± 2.14 Nml CH4), significantly lower amounts were measured 
in PBA (23.3 ± 5.22 Nml CH4), PA-mix (10.4 ± 3.24 Nml CH4), 
PPA (10.3 ± 4.17 Nml CH4) and PAA reactors (9.89 ± 3.76 Nml 
CH4) as shown in Figure 4. Propionate was completely degraded 
in controls on day 28, whereas propionate concentrations were 
significantly higher in PA reactors; the lowest propionate 
concentration – after MCC – was observed in PBA reactors with 

FIGURE 4

Box-plots showing cumulative methane production (top), propionate (middle) and acetate (bottom) concentrations of propionate reactors exposed to 
different phenyl acids during 28 days of incubation. Boxes show median and 25–75% confidence intervals. Lowercase letters indicate significant 
differences (ANOVA, Bonferroni post-hoc test) among PA variants on day 28.
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29.5 ± 3.55 mM (Figure  4). Acetate accumulated in controls 
(21.8 ± 0.97 mM) until day 14 and was completely degraded on day 
28. In PA reactors, acetate accumulation was observed on day 21 
and 28, with PBA reactors showing significantly higher acetate 

concentrations (14.8 ± 2.99 mM) than other PA variants on day 28 
(Figure 4). All reactors showed slightly alkalic conditions, ranging 
from pH 7.50 to 9.00, throughout the incubation period 
(Supplementary Table S3).

FIGURE 5

Box-plots showing cumulative methane production (left) and acetate concentrations (right) of acetate reactors exposed to different phenyl acids 
during 28 days of incubation. Boxes show median and 25–75% confidence intervals. Lowercase letters indicate significant differences (ANOVA, 
Bonferroni post-hoc test) among PA variants on day 28.

FIGURE 6

Heat tree (left) showing microbial diversity and abundance (OTU count) over all samples. Shannon diversity indices (top, right) for MCC, acetate (Acet), 
propionate (Prop) and butyrate (But) reactors. Colors indicate the respective PA variation–from controls (“Cont,” violet), to PA-mix (“Mix,” yellow).
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Propionate reactors had the same additional core microbiome as 
reactors fed with butyrate: Halocella spp., Defluviitoga spp. and 
Limnochordia spp. Moreover, Halocella spp., Hydrogenispora spp., 
Acetomicrobium spp., Defluviitoga spp. and Dethiobacteraceae 
uncultured genus were biomarkers (LDA score ≥ 4) for propionate 
reactors (Figure 9). Absolute sequencing reads mL−1 batch reactor 
sludge ranged from 2.48 ∙ 105 (PAA variant) to 5.39 ∙ 108 (PA-mix 
variant) on day 28. Compared with MCC, butyrate and acetate assays, 
the abundance of Syntrophaceticus spp., Methanothermobacter spp. 
was low in all propionate reactors (Figure 7; Supplementary Figure S7). 
Genera like Pelotomaculum or Ureibacillus were more abundant in 
propionate PA than in control and other assays (Figure 7) and were 
also significant biomarkers (LDA <4) of propionate reactors (Figure 9).

3.5. Substrate acetate

Controls significantly produced more methane than PA assays: 
Within 28 days, controls produced 154 ± 1.00 Nml, PBA 56.8 ± 3.14 
Nml, PA-mix 48.0 ± 18.8 Nml, PPA 39.4 ± 26.8 Nml and PAA reactors 
34.7 ± 6.37 Nml CH4 (Figure  5). The substrate acetate was low in 
controls from day 14 on (0.31 ± 0.28 mM), whereas acetate 
concentrations were significantly higher in PA reactors, ranging from 
36.1 ± 1.04 mM in PBA to 49.3 ± 12.4 mM in PPA reactors on day 28 
(Figure 5). Propionate and butyrate formations were not observed. All 

reactors showed slightly alkalic conditions, ranging from pH 8.00 to 
9.00, throughout the incubation period (Supplementary Table S4).

Hallocella spp. and Defluviitoga spp. were additional core 
microorganism for acetate reactors. Absolute sequencing reads mL−1 
batch reactor sludge ranged from 1.39 ∙ 106 (PPA variant) to 4.50 ∙ 108 
(controls) on day 28. The only LEfSe biomarker with an LDA score ≥ 4 
was Limnochordia MBA03 genus for acetate reactors, followed by 
Limnochordia M55-D21 genus (LDA score > 3) (Figure  9). Like 
butyrate reactors, Methanosarcina spp. was the most abundant 
methanogen in controls, whereas the relative abundances of 
Methanothermobacter spp. together with potential syntrophic partners 
like Syntrophaceticus spp. was higher in PA reactors on day 28 
(Figure  7; Supplementary Figure S9). An uncultured genus of 
Proteinivoracales was more abundant in acetate (controls as well as PA) 
reactors than in other assays (Figure 7).

3.6. Metagenomic differences among 
substrate variants (MCC, butyrate, 
propionate, acetate) when exposed to PAA, 
PPA and PBA

When specifically looking at differences among substrates when 
exposed to PA-mix (including PAA, PPA and PBA), the class 
Clostridia, especially the orders Oscillospirales (family 

FIGURE 7

Heatmap of sequence abundance. Microbial taxa with an abundance >1,000 sequences per genus were depicted. Read count was log10(x + 1) 
transformed.
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Hungateiclostridiaceae), Clostridiales (Clostridium sensu stricto 7 in 
particular), as well as the genera Caldicoprobacter, Haloplasma, 
Izemoplasmatales genus, Thermacetogenium, Thermacetogeniaceae 
uncultured genus, Defluviitalea, Lutispora, Tepidanaerobacter, 
Tepidimicrobium, Symbiobacterium, Firmicutes TTA-B61 genus and 
Negativicutes uncultured genus were significant for MCC as substrate, 
whereas classes like Dethiobacteria, Limnochordia, Firmicutes D8A-2 
or Halanaerobiaeota were significant when VFAs (acetate, propionate 
or butyrate) were the main substrates. For a complete depiction of 
microbial diversity and the significance of genera at different PA 
variations, please refer to Figures 6, 7; Supplementary Figures S1, S2.

3.7. Excitation-emission matrices 
spectroscopy of EPS in MCC, butyrate, 
propionate and acetate assays

Quantitative and qualitative differences were detected among 
variants: Generally, MCC reactors showed higher absolute 
fluorescence values than acetate, propionate and butyrate reactors 
(Figure 10; Supplementary Figures S4, S6, S8, S10); this was especially 
the case for propionate assays (Figure 10; Supplementary Figure S8). 

Class I  (tyrosin-like proteins) and class IV (soluble microbial 
by-products) EPS tended to be more dominant in MCC reactors than 
in VFA assays. Furthermore, the fluorescence spectrum (Ex 200 to 
250 nm / EM 500–600 nm) also showed higher fluorescence values 
(Figure 10). RDA ordination confirmed these differences as MCC 
reactors clustered apart from VFA assays, whereby the choice of 
substrate (MCC or VFA) explained more of the differences in EEM 
than PA exposure (yes / no, Figure 8).

4. Discussion

PA exposure let to severe losses in methane production at the end 
of the incubation when VFAs (acetate, propionate and butyrate) were 
digested. In acetate reactors, phenyl acid exposure (10 mM) let to a 
loss in methane production of 63% (PBA), 69% (PA-mix), 74% (PPA) 
and 77% (PAA) compared with the controls (Figure 5). In propionate 
and butyrate reactors, methane production was reduced by 84% (PBA) 
and 93% (PAA, PPA, PA-mix, Figure  4), and 48% (PBA), 56% 
(PA-mix), 57% (PPA) and 72% (PAA, Figure 3) compared with the 
controls, respectively. In MCC reactors, the loss in methane 
production was less drastic compared with the controls: 9% (PA-mix), 
12% (PAA), 14% (PPA) and 24% (PBA) as shown in Figure 2. VFA 
data were in accordance with the methane production results: In 
controls, the respective VFA substrate was used up at the end of the 
incubation, whereas the exposure to PA led to a significantly delayed 
degradation of the respective substrate, especially in propionate and 
acetate reactors. However, the microbial community seemed to adapt 
to the PA exposure in those reactors and methane production started 
time-delayed (Figures 4, 5). This is further supported by the fact that 
PA were not degraded (Supplementary Tables S1–S4) within 28 days 
thus microorganisms were not exposed to lower concentrations of PA 
at the end of incubation. The incubation ended on day 28 but further 
studies on the adaptability of microorganisms to PA exposure are of 
interest. In contrast to propionate and acetate reactors, butyrate was 
fully degraded in all variants from day 21 on; however, acetate 
concentrations accumulated until day 21 and were still high on day 28 
(Figure 3). Propionate degradation started very late (between day 21 
and 28) in PA reactors, and acetate started to accumulate (Figure 4). 
During syntrophic butyrate and propionate oxidation, acetate is an 
important intermediate and its concentrations should remain very low 
due to thermodynamic reasons (Hao et al., 2020). In AD systems, 
acetoclastic methanogens and/or SAO–bacteria (with a 
hydrogenotrophic partner) are potential syntrophic partners and are 
important for a rapid acetate turnover (Stams and Plugge, 2009; Worm 
et al., 2014; Hao et al., 2020). Acetate degradation in acetate reactors 
was also inhibited for the first 14 days when PA were present, and 
concentrations slowly started to decrease (Figure 5). Therefore, the 
biochemical results strongly indicate that VFA and especially 
propionate and acetate turnover were delayed / inhibited in VFA 
reactors when exposed to 10 mM PA.

The chosen PA concentration of 10 mM was considered suitable 
as earlier studies showed AD impairments at 3.6 mM PAA (Sabra 
et  al., 2015), 5 mM PAA (Ziels et  al., 2018), or 6.5 mM p-cresol 
(Rétfalvi et al., 2013). Moreover, 0.7 mM PAA had stimulating as well 
as inhibitory effects during AD depending on the origin of the 
inoculum (Hecht and Griehl, 2009). The effects of 5 mM PAA 
depended on the substrate (primary/secondary sludge of a wastewater 

FIGURE 8

RDA ordination plot of OTUs (top) of MCC, butyrate, propionate and 
acetate reactors with (“yes”) or without PA addition (“no”). RDA 
ordination plot of EEM (bottom) of MCC, butyrate, propionate and 
acetate reactors with (“yes”) or without PA addition (“no”).
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treatment plant) in another study (Cabrol et  al., 2015). The here 
presented findings confirm that the substrate fed to (thermophilic) 
communities is crucial when assessing the susceptibility to aromatic 
compounds. Regarding the influence of the inoculum, further studies 
with other inocula would be informative. A concentration of 10 mM 
is also practice-oriented: For example, AD of phenylalanine led to 
PAA concentrations ranging from 0 to 6 to 23 mM (Wagner et al., 
2019b). About 1.8 mM PAA (together with other aromatic 
compounds) were formed during AD of kitchen waste (Hecht and 
Griehl, 2009), 1.2 mM p-cresol and 0.4 mM PPA during AD of corn 
straw (Qiao et al., 2013), and 12 mM PBA during AD of wheat straw 
(Prem et al., 2019).

The microbial diversity was significantly higher in MCC than in 
VFA fed reactors (Figure  6). This is plausible as hydrolytic and 
fermentative bacteria are needed for the degradation of polymers (e.g., 
MCC). A variety of intermediates are produced at this stage which in 
turn support the growth of other microorganisms (Figure 7). Many 
organisms significant for MCC reactors (with and without PA addition, 
Figures 7, 9) are indeed engaged in hydrolytic and acidogenic processes: 
For example, Haloplasma spp. (H. contractile) is a nitrate/nitrite 
reducing and lactate producing bacterium with unique morphological 
properties (Antunes et  al., 2008). Like Haloplasma (contractile), 
Izemoplasmatales genus has no peptidoglycan cell wall (Wang et al., 
2020) and belongs to the class Bacilli (Figure  9) according to the 
Genome Taxonomy Database (Parks et al., 2022). Tepidimicrobium spp. 
is a hydrolytic and acidogenic bacterium, which was an important 
genus during AD of lignocellulose (Prem et al., 2019) and aromatic 
amino acids (Prem et al., 2020). Defluviitalea spp. is also a thermophilic 
anaerobe and produces butyrate or acetate during fermentation (Jabari 

et al., 2012; Ma et al., 2017). Further potential acetate producers were 
e.g., Caldicoprobacter spp. (Bouanane-Darenfed et  al., 2015) or 
Lutispora spp. (Shiratori et al., 2008). SAO-coupled hydrogenotrophic 
methanogenesis was the major methanogenic pathway in all MCC 
reactors as abundances of (potential) SAO-bacteria like 
Syntrophaceticus spp. (Westerholm et al., 2010), Thermacetogenium spp. 
(Mosbæk et  al., 2016; Dyksma et  al., 2020), Thermacetogeniaceae 
uncultured genus, Tepidanaerobacter spp. (Westerholm et al., 2011) or 
Firmicutes incertae sedis DTU014 genus, (Perman et al., 2022), and of 
the hydrogenotrophic methanogen Methanothermobacter spp. (Kaster 
et al., 2011) were high in those reactors (Figure 7).

PA addition in VFA reactors not only led to a decreased methane 
production but also to a change in methanogenic pathway: 
Methanosarcina spp. was the dominant methanogenic genus in most 
controls (Figure  7) probably due to high VFA concentrations 
(Figures  3–5) and the high activity of the acetate kinase (ACK)/
phosphate acetyltransferase (PTA) complex of Methanosarcina sp. 
(Berger et al., 2012). However, when exposed to PA, Methanosarcina 
spp. was clearly inhibited in acetate and propionate PA reactors and to 
a lesser extent also in butyrate PA reactors (Figure 7). Typical VFA 
oxidisers in butyrate reactors were Syntrophomonas spp. (butyrate 
oxidiser, Zhang et al., 2004, 2005) and Syntrophaceticus spp. (also 
abundant in acetate reactors) which probably cooperated with 
Methanothermobacter spp. In propionate reactors, the late start of 
methane production (Figure 4) was also reflected in a lower abundance 
of Methanothermobacter spp. (Figure 7). Moreover, biochemical as 
well as sequencing data showed that PBA had a lesser effect on 
syntrophic propionate oxidation (e.g., Pelotomaculum spp., 
Methanothermobacter spp.) than other PA variants, and acetate 

FIGURE 9

Radar chart showing all LEfSe biomarkers and their linear discriminant analysis (LDA) scores over all PA variants of each substrate variation – from 
acetate (violet) to MCC (yellow).
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accumulations were highest in these reactors (Figure  4). 
Pelotomaculum spp. was also quite abundant in PAA reactors of the 
MCC assay (Figure 7). Previous studies showed that SAO- coupled 
hydrogenotrophic methanogenesis is a competitive pathway at 
thermophilic temperatures and at moderate acetate concentrations 
(Dolfing, 2014) and is more resistant to potential inhibitors like 
ammonia (e.g., Müller et al., 2016) or (moderate concentrations of) 
phenyl acids (e.g., Prem et al., 2021, 2023).

Generally, microbial diversity was higher in VFA reactors when 
PA were present (Figure 6) probably because the community was 
stressed and otherwise very active microorganisms could not 
dominate at these unfavorable conditions – a trend which was also 
seen in previous studies on AD of aromatic compounds (e.g., Prem 
et al., 2020). However, biochemical as well as sequencing data did not 
allow general conclusions about the differences in toxicity among PA 
variants (PAA, PPA, PBA, PA-mix) (Figures  2–5, 7). Like 
Methanosarcina spp., Lentimicrobium spp. was abundant in VFA 

control reactors but not in VFA assays exposed to PA (Figure 7). This 
genus belongs to the phylum Bacteroidetes. Interestingly, the only 
described species is L. saccharophilum which is mesophile and cannot 
degrade acetate, propionate and butyrate (Sun L. et al., 2016). Another 
susceptible organism to PA was Pseudomonas spp. which was 
significant for VFA reactors without PA addition 
(Supplementary Figure S1). In previous investigations, Pseudomonas 
spp. was one of the most abundant bacteria during thermophilic AD 
of organic waste (Kabaivanova et al., 2022), a key-player for a stable 
AD of carbohydrates (Buettner et al., 2019) and able to exploit VFAs 
(Jie et al., 2014).

The inclusion of hydrolytic and fermentative bacteria during AD 
of MCC might explain the higher quantity (higher fluorescence 
intensity) and broader spectrum of EPS compared with VFA reactors 
(Figure  10). Classes like Clostridia, Bacilli, Thermacetogenia or 
Negativicutes (Figures 6, 7) where relevant in MCC reactors; however, 
it is not clear which taxa were important for biofilm/granule formation 

FIGURE 10

Excitation-emission matrices of MCC, butyrate, propionate and acetate reactors (columns) with the respective PA variations (PAA, PPA, PBA, PA-mix, 
controls; rows). Average fluorescence data were log10(x + 1) transformed and range from 0 (dark violet) to 3 (yellow). I–V show areas typical for specific 
EPS types–this caption counts for all matrices.
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and whether hydrolytic and acidogenic bacteria directly needed the 
protective barrier themselves or needed EPS for other purposes like 
nutrient storage (Zhang and Bishop, 2003). The type of substrate 
(MCC - VFA) had more influence on EPS formation than PA 
addition - this was also the case for the microbial community analyzes 
(Figure 8). EPS mainly contain polymers like polysaccharides, proteins 
and humic acids, and enclose cells in a matrix by electrostatic and 
hydrophobic interactions (Henriques and Love, 2007). EPS contain 
charged functional side groups and thus enable ligation to other 
charged molecules (Li et al., 2022). PAA (pKa = 4.31), PPA (pKa = 4.66) 
and PBA (pKa = 4.67) are mainly dissociated in water at neutral to 
slightly alkalic pH (Supplementary Tables S1–S4); therefore, phenyl 
acids could have been effectively bound to EPS. As the effects of PA 
were less severe in MCC reactors (Figure 2), we hypothesize that 
phenyl acids were more effectively absorbed/neutralized by EPS in 
MCC than in VFA reactors. It is also possible that EPS better facilitated 
granule and biofilm formation thus more susceptible microorganisms 
were physically protected from inhibitory compounds. In both cases, 
further studies are essential. Furthermore, syntrophic VFA oxidation 
coupled hydrogenotrophic methanogenesis is an important pathway 
at elevated PA concentrations during AD, as shown above and in 
previous investigations (e.g., Prem et  al., 2021). This process is 
thermodynamically challenging thus many VFA oxidisers depend on 
syntrophic partners in near proximity to maintain direct interspecies 
electron or H2/formate transfer for feasible reactions (e.g., McInerney 
et al., 2009; Walker et al., 2020; Westerholm et al., 2021). This further 
supports that EPS are essential not only to neutralize inhibitory 
substances like PA but also to keep microorganism in near proximity 
in form of highly structural granules (Trego et al., 2020) or biofilms 
(Hu et al., 2019), and to facilitate the transition of electrons (Xiao 
et al., 2017). Our results on biochemical and molecular biological data 
combined with data on EPS quality and quantity are preliminary but 
pose interesting questions for further research - not only on the effects 
of aromatic compounds on AD communities but also on the overall 
structure and interdependence of involved microorganisms.

In conclusion, we could show that the toxicity of PA during AD 
depended on the type of substrate (MCC, butyrate, propionate and 
acetate) which in turn determined the (i) microbial diversity and 
composition and (ii) EPS quantity and quality. In VFA assays, where 
the substrate spectrum was narrower than in MCC reactors, PA led to 
drastic losses in methane production and to acetate accumulations 
compared to the controls. In MCC reactors, the effects of PA were not 
as severe as in VFA assays probable due to a higher microbial diversity 
and higher EPS quantity. Syntrophic VFA oxidation coupled 
hydrogenotrophic methanogenesis was the dominant methanogenic 
process in all MCC as well as in VFA reactors exposed to 
PA. Acetoclastic methanogenesis was only prevalent in VFA assays 
without PA exposure. This again confirms that acetate is a bottle-neck 
intermediate during AD especially under unfavorable conditions 
(Westerholm et al., 2016; Prem et al., 2020, 2021; Singh et al., 2021). 
As phenyl acids were not degraded in any variant within 28 days, and 
as EPS quality and quantity was higher in reactors including all 
degradation phases (substrate MCC), we hypothesize that EPS played 
an important role in absorbing/neutralizing phenyl acids and in 
forming biofilms and granules to physically protect more susceptible 
microorganisms. These are interesting data which could be the basis 
for further research on (i) why Methanosarcina spp. was more 
susceptible to phenyl acids and (ii) how EPS as protective agents can 

improve the AD of aromatic compounds and other potentially 
inhibitory substances.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

EP, RM, and AW designed the study. AS and AW set up the 
reactors. AS, EP, and AW conducted sampling and biochemical 
analyses. EP and RM did EEM spectroscopy and dPCR analyses. EP 
created and checked the library for amplicon sequencing, did read 
processing as well as statistical and graphical analyses. AW and EP 
raised funds. AW supervised the findings of the study. All authors 
helped shaping the analyzes and manuscript, read the final manuscript 
and agreed to be accountable for the content of the work.

Funding

The stand-alone projects Phenylodigest (P 29143) and Phenylomicrobe 
(P 33838) of the Austrian Science Fund (FWF) as well as the Tyrolean 
Science Fund (TWF, PhenylopH) financially supported this study.

Acknowledgments

The authors thank Mathias Wunderer for his collegial support, 
Katharina Haberditz for preparing VFA samples and Thomas Pümpel 
for providing the fluorescence spectrophotometer.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1087043/
full#supplementary-material

https://doi.org/10.3389/fmicb.2023.1087043
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1087043/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1087043/full#supplementary-material


Prem et al. 10.3389/fmicb.2023.1087043

Frontiers in Microbiology 14 frontiersin.org

References
Achinas, S., and Euverink, G. J. W. (2016). Theoretical analysis of biogas potential 

prediction from agricultural waste. Resour. Effic. Technol. 2, 143–147. doi: 10.1016/j.
reffit.2016.08.001

Angelidaki, I., and Ahring, B. K. (1993). Thermophilic anaerobic digestion of livestock 
waste: the effect of ammonia: the effect of ammonia. Appl. Microbiol. Biotechnol. 38, 
560–564. doi: 10.1007/BF00242955

Angelidaki, I., Chen, X., Cui, J., Kaparaju, P., and Ellegaard, L. (2006). Thermophilic 
anaerobic digestion of source-sorted organic fraction of household municipal solid 
waste: start-up procedure for continuously stirred tank reactor. Water Res. 40, 
2621–2628. doi: 10.1016/j.watres.2006.05.015

Antunes, A., Rainey, F. A., Wanner, G., Taborda, M., Pätzold, J., Nobre, M. F., et al. 
(2008). A new lineage of halophilic, wall-less, contractile bacteria from a brine-filled 
deep of the red sea. J. Bacteriol. 190, 3580–3587. doi: 10.1128/JB.01860-07

Appel, L., Willistein, M., Dahl, C., Ermler, U., and Boll, M. (2021). Functional diversity 
of prokaryotic HdrA(BC) modules: role in flavin-based electron bifurcation processes 
and beyond. Biochim. Biophys. Acta Bioenerg. 1862:148379. doi: 10.1016/j.
bbabio.2021.148379

Apprill, A., McNally, S., Parsons, R., and Weber, L. (2015). Minor revision to V4 region 
SSU rRNA 806R gene primer greatly increases detection of SAR11 bacterioplankton. 
Aquat. Microb. Ecol. 75, 129–137. doi: 10.3354/ame01753

Azman, S., Khadem, A. F., Plugge, C. M., Stams, A. J. M., Bec, S., and Zeeman, G. 
(2017). Effect of humic acid on anaerobic digestion of cellulose and xylan in completely 
stirred tank reactors: inhibitory effect, mitigation of the inhibition and the dynamics of 
the microbial communities. Appl. Microbiol. Biotechnol. 101, 889–901. doi: 10.1007/
s00253-016-8010-x

Bender, M., and Conrad, R. (1994). Microbial oxidation of methane, ammonium and 
carbon monoxide, and turnover of nitrous oxide and nitric oxide in soils. Biogeochemistry 
27, 97–112. doi: 10.1007/BF00002813

Berger, S., Welte, C., and Deppenmeier, U. (2012). Acetate activation in Methanosaeta 
thermophila: characterization of the key enzymes pyrophosphatase and acetyl-CoA 
synthetase. Archaea 2012:315153. doi: 10.1155/2012/315153

Biharee, A., Sharma, A., Kumar, A., and Jaitak, V. (2020). Antimicrobial flavonoids as 
a potential substitute for overcoming antimicrobial resistance. Fitoterapia 146:104720. 
doi: 10.1016/j.fitote.2020.104720

Bouanane-Darenfed, A., Ben Hania, W., Cayol, J.-L., Ollivier, B., and Fardeau, M.-L. 
(2015). Reclassification of Acetomicrobium faecale as Caldicoprobacter faecalis comb. nov. 
Int. J. Syst. Evol. Microbiol. 65, 3286–3288. doi: 10.1099/ijsem.0.000409

Buettner, C., Bergen, M.Von, Jehmlich, N., and Noll, M. (2019). Pseudomonas spp. are 
key players in agricultural biogas substrate degradation. Sci. Rep. 9,:12871. doi: 10.1038/
s41598-019-49313-8

Buswell, A. M., and Mueller, H. F. (1952). Mechanism of methane fermentation. Ind. 
Eng. Chem. 44, 550–552. doi: 10.1021/ie50507a033

Cabrol, L., Urra, J., Rosenkranz, F., Kroff, P. A., Plugge, C. M., Lesty, Y., et al. (2015). 
Influence of phenylacetic acid pulses on anaerobic digestion performance and archaeal 
community structure in WWTP sewage sludge digesters. Water Sci. Technol. 71, 
1790–1799. doi: 10.2166/wst.2015.165

Carmona, M., Zamarro, M. T., Blázquez, B., Durante-Rodríguez, G., Juárez, J. F., 
Valderrama, J. A., et al. (2009). Anaerobic catabolism of aromatic compounds: a genetic 
and genomic view. Microbiol. Mol. Biol. Rev. 73, 71–133. doi: 10.1128/MMBR.00021-08

Chang, W.. (2014). Extrafont: Tools for Using Fonts. R Package Version, No. 0.17.

Chávez, J. A. M., Balagurusamy, N., and Rodríguez-Martínez, J. (2008). Testing the 
efficiency of biofilms formed on natural substratum, Coyonoxtle (Opuntia imbricata), 
for the anaerobic degradation of aromatic compounds. Eng. Life Sci. 8, 425–430. doi: 
10.1002/elsc.200800055

Chen, Y., Wu, Y., Wang, D., Li, H., Wang, Q., Liu, Y., et al. (2018). Understanding the 
mechanisms of how poly aluminium chloride inhibits short-chain fatty acids production 
from anaerobic fermentation of waste activated sludge. Chem. Eng. J. 334, 1351–1360. 
doi: 10.1016/j.cej.2017.11.064

Cuetos, M. J., Gómez, X., Otero, M., and Morán, A. (2010). Anaerobic digestion and 
co-digestion of slaughterhouse waste (SHW): influence of heat and pressure pre-
treatment in biogas yield. Waste Manag. 30, 1780–1789. doi: 10.1016/j.
wasman.2010.01.034

Dolfing, J. (2014). Thermodynamic constraints on syntrophic acetate oxidation. Appl. 
Environ. Microbiol. 80, 1539–1541. doi: 10.1128/AEM.03312-13

Dyksma, S., Jansen, L., and Gallert, C. (2020). Syntrophic acetate oxidation replaces 
acetoclastic methanogenesis during thermophilic digestion of biowaste. Microbiome 
8:105. doi: 10.1186/s40168-020-00862-5

Edel, M., Horn, H., and Gescher, J. (2019). Biofilm systems as tools in biotechnological 
production. Appl. Microbiol. Biotechnol. 103, 5095–5103. doi: 10.1007/
s00253-019-09869-x

Flemming, H.-C. (2016). EPS–then and now. Microorganisms 4:41. doi: 10.3390/
microorganisms4040041

Foster, Z. S. L., Sharpton, T. J., and Grünwald, N. J. (2017). Metacoder: an R package 
for visualization and manipulation of community taxonomic diversity data. PLoS 
Comput. Biol. 13:e1005404. doi: 10.1371/journal.pcbi.1005404

Fuchs, G., Boll, M., and Heider, J. (2011). Microbial degradation of aromatic 
compounds - from one strategy to four. Nat. Rev. Microbiol. 9, 803–816. doi: 10.1038/
nrmicro2652

Glasser, W. G. (2019). About making lignin great again-some lessons from the Past. 
Front. Chem. 7:565. doi: 10.3389/fchem.2019.00565

Guo, L., Lu, M., Li, Q., Zhang, J., Zong, Y., and She, Z. (2014). Three-dimensional 
fluorescence excitation–emission matrix (EEM) spectroscopy with regional integration 
analysis for assessing waste sludge hydrolysis treated with multi-enzyme and 
thermophilic bacteria. Bioresour. Technol. 171, 22–28. doi: 10.1016/j.biortech.2014.08.025

Hammer, O., Harper, D., and Ryan, P. (2001). PAST: paleontological statistics software 
package for education and data analysis. Palaeontol. Electron. 4:9.

Hao, L., Michaelsen, T. Y., Singleton, C. M., Dottorini, G., Kirkegaard, R. H., 
Albertsen, M., et al. (2020). Novel syntrophic bacteria in full-scale anaerobic digesters 
revealed by genome-centric metatranscriptomics. ISME J. 14, 906–918. doi: 10.1038/
s41396-019-0571-0

Hecht, C., and Griehl, C. (2009). Investigation of the accumulation of aromatic 
compounds during biogas production from kitchen waste. Bioresour. Technol. 100, 
654–658. doi: 10.1016/j.biortech.2008.07.034

Henriques, I. D. S., and Love, N. G. (2007). The role of extracellular polymeric 
substances in the toxicity response of activated sludge bacteria to chemical toxins. Water 
Res. 41, 4177–4185. doi: 10.1016/j.watres.2007.05.001

Hernandez, J. E., and Edyvean, R. G. J. (2008). Inhibition of biogas production and 
biodegradability by substituted phenolic compounds in anaerobic sludge. J. Hazard. 
Mater. 160, 20–28. doi: 10.1016/j.jhazmat.2008.02.075

Howard, R. L., Abotsi, E., van Jansen, R. E. L., and Howard, S. (2003). Lignocellulose 
biotechnology: issues of bioconversion and enzyme production: issues of bioconversion 
and enzyme production. Afr. J. Biotechnol. 2, 602–619. doi: 10.5897/AJB2003.000-1115

Hu, Q., Zhou, N., Rene, E. R., Wu, D., Sun, D., and Qiu, B. (2019). Stimulation of 
anaerobic biofilm development in the presence of low concentrations of toxic aromatic 
pollutants. Bioresour. Technol. 281, 26–30. doi: 10.1016/j.biortech.2019.02.076

Huang, L., Jin, Y., Zhou, D., Liu, L., Huang, S., Zhao, Y., et al. (2022). A review of the 
role of extracellular polymeric substances (EPS) in wastewater treatment systems. Int. J. 
Environ. Res. Public Health 19:12191. doi: 10.3390/ijerph191912191

Iannotti, E. L., Mueller, R. E., Sievers, D. M., Georgacakis, D. G., and Gerhardt, K. O. 
(1986). Phenylacetic acid in an anaerobic swine manure digester. J. Ind. Microbiol. 1, 
57–61. doi: 10.1007/BF01569417

Jabari, L., Gannoun, H., Cayol, J.-L., Hamdi, M., Fauque, G., Ollivier, B., et al. (2012). 
Characterization of Defluviitalea saccharophila gen. Nov., sp. nov., a thermophilic 
bacterium isolated from an upflow anaerobic filter treating abattoir wastewaters, and 
proposal of Defluviitaleaceae fam. Nov. Int. J. Syst. Evol. Microbiol. 62, 550–555. doi: 
10.1099/ijs.0.030700-0

Jie, W., Peng, Y., Ren, N., and Li, B. (2014). Volatile fatty acids (VFAs) accumulation 
and microbial community structure of excess sludge (ES) at different pHs. Bioresour. 
Technol. 152, 124–129. doi: 10.1016/j.biortech.2013.11.011

Kabaivanova, L., Petrova, P., Hubenov, V., and Simeonov, I. (2022). Biogas production 
potential of thermophilic anaerobic biodegradation of organic waste by a microbial 
consortium identified with metagenomics. Life 12:702. doi: 10.3390/life12050702

Kaster, A.-K., Goenrich, M., Seedorf, H., Liesegang, H., Wollherr, A., Gottschalk, G., 
et al. (2011). More than 200 genes required for methane formation from H₂ and CO₂ 
and energy conservation are present in Methanothermobacter marburgensis and 
Methanothermobacter thermautotrophicus. Archaea 2011:973848. doi: 
10.1155/2011/973848

Khan, M. U., and Ahring, B. K. (2019). Lignin degradation under anaerobic digestion: 
influence of lignin modifications  - a review. Biomass Bioenergy 128:105325. doi: 
10.1016/j.biombioe.2019.105325

Kolde, R.. (2019). Pheatmap: Pretty Heatmaps. R Package Version, No. 1.0.12.

Kuntze, K., Shinoda, Y., Moutakki, H., McInerney, M. J., Vogt, C., Richnow, H.-H., 
et al. (2008). 6-Oxocyclohex-1-ene-1-carbonyl-coenzyme a hydrolases from obligately 
anaerobic bacteria: characterization and identification of its gene as a functional marker 
for aromatic compounds degrading anaerobes. Environ. Microbiol. 10, 1547–1556. doi: 
10.1111/j.1462-2920.2008.01570.x

Kuntze, K., Vogt, C., Richnow, H.-H., and Boll, M. (2011). Combined application of 
PCR-based functional assays for the detection of aromatic-compound-degrading 
anaerobes. Appl. Environ. Microbiol. 77, 5056–5061. doi: 10.1128/AEM.00335-11

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful transformations for 
ordination of species data. Oecologia 129, 271–280. doi: 10.1007/s004420100716

Li, H., Chang, F., Li, Z., and Cui, F. (2022). The role of extracellular polymeric 
substances in the toxicity response of anaerobic granule sludge to different metal oxide 
nanoparticles. Int. J. Environ. Res. Public Health 19:5371. doi: 10.3390/ijerph19095371

https://doi.org/10.3389/fmicb.2023.1087043
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.reffit.2016.08.001
https://doi.org/10.1016/j.reffit.2016.08.001
https://doi.org/10.1007/BF00242955
https://doi.org/10.1016/j.watres.2006.05.015
https://doi.org/10.1128/JB.01860-07
https://doi.org/10.1016/j.bbabio.2021.148379
https://doi.org/10.1016/j.bbabio.2021.148379
https://doi.org/10.3354/ame01753
https://doi.org/10.1007/s00253-016-8010-x
https://doi.org/10.1007/s00253-016-8010-x
https://doi.org/10.1007/BF00002813
https://doi.org/10.1155/2012/315153
https://doi.org/10.1016/j.fitote.2020.104720
https://doi.org/10.1099/ijsem.0.000409
https://doi.org/10.1038/s41598-019-49313-8
https://doi.org/10.1038/s41598-019-49313-8
https://doi.org/10.1021/ie50507a033
https://doi.org/10.2166/wst.2015.165
https://doi.org/10.1128/MMBR.00021-08
https://doi.org/10.1002/elsc.200800055
https://doi.org/10.1016/j.cej.2017.11.064
https://doi.org/10.1016/j.wasman.2010.01.034
https://doi.org/10.1016/j.wasman.2010.01.034
https://doi.org/10.1128/AEM.03312-13
https://doi.org/10.1186/s40168-020-00862-5
https://doi.org/10.1007/s00253-019-09869-x
https://doi.org/10.1007/s00253-019-09869-x
https://doi.org/10.3390/microorganisms4040041
https://doi.org/10.3390/microorganisms4040041
https://doi.org/10.1371/journal.pcbi.1005404
https://doi.org/10.1038/nrmicro2652
https://doi.org/10.1038/nrmicro2652
https://doi.org/10.3389/fchem.2019.00565
https://doi.org/10.1016/j.biortech.2014.08.025
https://doi.org/10.1038/s41396-019-0571-0
https://doi.org/10.1038/s41396-019-0571-0
https://doi.org/10.1016/j.biortech.2008.07.034
https://doi.org/10.1016/j.watres.2007.05.001
https://doi.org/10.1016/j.jhazmat.2008.02.075
https://doi.org/10.5897/AJB2003.000-1115
https://doi.org/10.1016/j.biortech.2019.02.076
https://doi.org/10.3390/ijerph191912191
https://doi.org/10.1007/BF01569417
https://doi.org/10.1099/ijs.0.030700-0
https://doi.org/10.1016/j.biortech.2013.11.011
https://doi.org/10.3390/life12050702
https://doi.org/10.1155/2011/973848
https://doi.org/10.1016/j.biombioe.2019.105325
https://doi.org/10.1111/j.1462-2920.2008.01570.x
https://doi.org/10.1128/AEM.00335-11
https://doi.org/10.1007/s004420100716
https://doi.org/10.3390/ijerph19095371


Prem et al. 10.3389/fmicb.2023.1087043

Frontiers in Microbiology 15 frontiersin.org

Liu, W., Lian, J., Guo, J., Zhang, C., Guo, Y., Niu, Y., et al. (2019). Perchlorate reduction 
by anaerobic granular sludge under different operation strategies: performance, 
extracellular polymeric substances and microbial community. Bioresour. Technol. Rep. 
8:100312. doi: 10.1016/j.biteb.2019.100312

Ma, H. T., Guo, C. Y., Wu, M., Liu, H., Wang, Z. W., and Wang, S. F. (2019). Use of 
extracellular polymer substance as an additive to improve biogas yield and digestion 
performance. Energy Fuel 33, 12628–12636. doi: 10.1021/acs.energyfuels.9b02433

Ma, S., Huang, Y., Wang, C., Fan, H., Dai, L., Zhou, Z., et al. (2017). Defluviitalea 
raffinosedens sp. nov., a thermophilic, anaerobic, saccharolytic bacterium isolated from 
an anaerobic batch digester treating animal manure and rice straw. Int. J. Syst. Evol. 
Microbiol. 67, 1607–1612. doi: 10.1099/ijsem.0.001664

Macgregor, J. T., and Jurd, L. (1978). Mutagenicity of plant flavonoids: structural 
requirements for mutagenic activity in Salmonella Typhimurium. Mutat. Res. 54, 
297–309. doi: 10.1016/0165-1161(78)90020-1

McInerney, M. J., Sieber, J. R., and Gunsalus, R. P. (2009). Syntrophy in anaerobic 
global carbon cycles. Curr. Opin. Biotechnol 20, 623–632. doi: 10.1016/j.
copbio.2009.10.001

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

Mosbæk, F., Kjeldal, H., Mulat, D. G., Albertsen, M., Ward, A. J., Feilberg, A., et al. 
(2016). Identification of syntrophic acetate-oxidizing bacteria in anaerobic digesters by 
combined protein-based stable isotope probing and metagenomics. ISME J. 10, 
2405–2418. doi: 10.1038/ismej.2016.39

Müller, B., Sun, L., Westerholm, M., and Schnürer, A. (2016). Bacterial community 
composition and fhs profiles of low- and high-ammonia biogas digesters reveal novel 
syntrophic acetate-oxidising bacteria. Biotechnol. Biofuels 9:48. doi: 10.1186/
s13068-016-0454-9

O’Connor, S., Ehimen, E., Pillai, S. C., Lyons, G., and Bartlett, J. (2020). Economic and 
environmental analysis of small-scale anaerobic digestion plants on Irish dairy farms. 
Energies 13:637. doi: 10.3390/en13030637

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., et al. 
(2014). Vegan: Community Ecology Package: R Package Version, No. 2.6–2.

Ottiger, P., Pfaffen, C., Leist, R., Leutwyler, S., Bachorz, R. A., and Klopper, W. (2009). 
Strong N−H···π Hydrogen Bonding in Amide−Benzene Interactions. J. Phys. Chem. B 
113, 2937–2943. doi: 10.1021/jp8110474

Park, C., and Novak, J. T. (2009). Characterization of lectins and bacterial Adhesins 
in activated sludge flocs. Water Environ. Res. 81, 755–764. doi: 
10.2175/106143008X370421

Parks, D. H., Chuvochina, M., Rinke, C., Mussig, A. J., Chaumeil, P.-A., and 
Hugenholtz, P. (2022). GTDB: an ongoing census of bacterial and archaeal diversity 
through a phylogenetically consistent, rank normalized and complete genome-based 
taxonomy. Nucleic Acids Res. 50, D785–D794. doi: 10.1093/nar/gkab776

Pazera, A., Slezak, R., Krzystek, L., Ledakowicz, S., Bochmann, G., Gabauer, W., et al. 
(2015). Biogas in Europe: food and beverage (FAB) waste potential for biogas 
production. Energy Fuel 29, 4011–4021. doi: 10.1021/ef502812s

Perman, E., Schnürer, A., Björn, A., and Moestedt, J. (2022). Serial anaerobic digestion 
improves protein degradation and biogas production from mixed food waste. Biomass 
and Bioenergy 161:106478. doi: 10.1016/j.biombioe.2022.106478

Perutz, M. F. (1993). The role of aromatic rings as hydrogen-bond acceptors in 
molecular recognition. Philos. Trans. R. Soc. Lond. A 345, 105–112. doi: 10.1098/
rsta.1993.0122

Prem, E. M., Duschl, S. F., and Wagner, A. O. (2023). Effects of increasing phenyl acid 
concentrations on the AD process of a multiple-biogas-reactor system. Biomass 
Bioenergy 168:106686. doi: 10.1016/j.biombioe.2022.106686

Prem, E. M., Markt, R., Lackner, N., Illmer, P., and Wagner, A. O. (2019). Microbial 
and phenyl acid dynamics during the start-up phase of anaerobic straw degradation in 
Meso- and thermophilic batch reactors. Microorganisms 7:657. doi: 10.3390/
microorganisms7120657

Prem, E. M., Mutschlechner, M., Stres, B., Illmer, P., and Wagner, A. O. (2021). Lignin 
intermediates lead to phenyl acid formation and microbial community shifts in meso- 
and thermophilic batch reactors. Biotechnol. Biofuels 14:27. doi: 10.1186/
s13068-020-01855-0

Prem, E. M., Stres, B., Illmer, P., and Wagner, A. O. (2020). Microbial community 
dynamics in mesophilic and thermophilic batch reactors under methanogenic, phenyl 
acid-forming conditions. Biotechnol. Biofuels 13, 81–17. doi: 10.1186/
s13068-020-01721-z

Qiao, J.-T., Qiu, Y.-L., Yuan, X.-Z., Shi, X.-S., Xu, X.-H., and Guo, R.-B. (2013). 
Molecular characterization of bacterial and archaeal communities in a full-scale 
anaerobic reactor treating corn straw. Bioresour. Technol. 143, 512–518. doi: 10.1016/j.
biortech.2013.06.014

Rétfalvi, T., Tukacs-Hájos, A., and Szabó, P. (2013). Effects of artificial overdosing of 
p-cresol and phenylacetic acid on the anaerobic fermentation of sugar beet pulp. Int. 
Biodeterior. Biodegradation 83, 112–118. doi: 10.1016/j.ibiod.2013.05.011

Rittmann, B. E. (2018). Biofilms, active substrata, and me. Water Res. 132, 135–145. 
doi: 10.1016/j.watres.2017.12.043

Sabra, W., Roeske, I., Sahm, K., Antranikian, G., and Zeng, A.-P. (2015). High 
temperature biogas reactors to treat stillage from an industrial bioethanol process: 
metabolic and microbial characterization. Eng. Life Sci. 15, 743–750. doi: 10.1002/
elsc.201500040

Salas, M. P., Céliz, G., Geronazzo, H., Daz, M., and Resnik, S. L. (2011). Antifungal 
activity of natural and enzymatically-modified flavonoids isolated from citrus species. 
Food Chem. 124, 1411–1415. doi: 10.1016/j.foodchem.2010.07.100

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., 
et al. (2009). Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Appl. 
Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.01541-09

Shiratori, H., Ohiwa, H., Ikeno, H., Ayame, S., Kataoka, N., Miya, A., et al. (2008). 
Lutispora thermophila gen. Nov., sp. nov., a thermophilic, spore-forming bacterium 
isolated from a thermophilic methanogenic bioreactor digesting municipal solid wastes. 
Int. J. Syst. Evol. Microbiol. 58, 964–969. doi: 10.1099/ijs.0.65490-0

Sierra-Alvarez, R., and Lettinga, G. (1991). The effect of aromatic structure on the 
inhibition of acetoclastic methanogenesis in granular sludge. Appl. Microbiol. Biotechnol. 
34, 544–550. doi: 10.1007/BF00180586

Siliakus, M. F., van der Oost, J., and Kengen, S. W. M. (2017). Adaptations of archaeal 
and bacterial membranes to variations in temperature, pH and pressure. Extremophiles 
21, 651–670. doi: 10.1007/s00792-017-0939-x

Silvestre, G., Fernández, B., and Bonmatí, A. (2015). Significance of anaerobic 
digestion as a source of clean energy in wastewater treatment plants. Energy Convers. 
Manag. 101, 255–262. doi: 10.1016/j.enconman.2015.05.033

Singh, A., Moestedt, J., Berg, A., and Schnürer, A. (2021). Microbiological surveillance 
of biogas plants: targeting Acetogenic community. Front. Microbiol. 12:700256. doi: 
10.3389/fmicb.2021.700256

Stams, A. J. M., and Plugge, C. M. (2009). Electron transfer in syntrophic communities 
of anaerobic bacteria and archaea. Nat. Rev. Microbiol. 7, 568–577. doi: 10.1038/
nrmicro2166

Sun, J., Guo, L., Li, Q., Zhao, Y., Gao, M., She, Z., et al. (2016). Three-dimensional 
fluorescence excitation–emission matrix (EEM) spectroscopy with regional integration 
analysis for assessing waste sludge hydrolysis at different pretreated temperatures. 
Environ. Sci. Pollut. Res. Int. 23, 24061–24067. doi: 10.1007/s11356-016-7610-4

Sun, L., Toyonaga, M., Ohashi, A., Tourlousse, D. M., Matsuura, N., Meng, X.-Y., et al. 
(2016). Lentimicrobium saccharophilum gen. Nov., sp. nov., a strictly anaerobic bacterium 
representing a new family in the phylum Bacteroidetes, and proposal of Lentimicrobiaceae 
fam. Nov. Int. J. Syst. Evol. Microbiol. 66, 2635–2642. doi: 10.1099/ijsem.0.001103

Trego, A. C., O’Sullivan, S., Quince, C., Mills, S., Ijaz, U. Z., and Collins, G. (2020). 
Size shapes the active microbiome of methanogenic granules, corroborating a biofilm 
life cycle. MSystems 5, e00323–e00320. doi: 10.1128/mSystems.00323-20

Wagner, A. O., Hohlbrugger, P., Lins, P., and Illmer, P. (2012). Effects of different 
nitrogen sources on the biogas production – a lab-scale investigation. Microbiol. Res. 
167, 630–636. doi: 10.1016/j.micres.2011.11.007

Wagner, A. O., Lackner, N., Mutschlechner, M., Prem, E. M., Markt, R., and 
Illmer, P. (2018). Biological pretreatment strategies for second-generation 
lignocellulosic resources to enhance biogas production. Energies 11:1797. doi: 
10.3390/en11071797

Wagner, A. O., Malin, C., Lins, P., Gstraunthaler, G., and Illmer, P. (2014). Reactor 
performance of a 750 m3 anaerobic digestion plant: varied substrate input conditions 
impacting methanogenic community. Anaerobe 29, 29–33. doi: 10.1016/j.
anaerobe.2014.03.012

Wagner, A. O., Markt, R., Mutschlechner, M., Lackner, N., Prem, E. M., Praeg, N., et al. 
(2019a). Medium preparation for the cultivation of microorganisms under strictly 
anaerobic/anoxic conditions. J. Vis. Exp. 150:e60155. doi: 10.3791/60155

Wagner, A. O., Markt, R., Puempel, T., Illmer, P., Insam, H., and Ebner, C. (2017). 
Sample preparation, preservation, and storage for volatile fatty acid quantification in 
biogas plants. Eng. Life Sci. 17, 132–139. doi: 10.1002/elsc.201600095

Wagner, A. O., Prem, E. M., Markt, R., Kaufmann, R., and Illmer, P. (2019b). 
Formation of phenylacetic acid and phenylpropionic acid under different overload 
conditions during mesophilic and thermophilic anaerobic digestion. Biotechnol. Biofuels 
12:26. doi: 10.1186/s13068-019-1370-6

Walker, D. J. F., Nevin, K. P., Holmes, D. E., Rotaru, A.-E., Ward, J. E., Woodard, T. L., 
et al. (2020). Syntrophus conductive pili demonstrate that common hydrogen-donating 
syntrophs can have a direct electron transfer option. ISME J. 14, 837–846. doi: 10.1038/
s41396-019-0575-9

Wang, Y., Huang, J.-M., Zhou, Y.-L., Almeida, A., Finn, R. D., Danchin, A., et al. 
(2020). Phylogenomics of expanding uncultured environmental Tenericutes provides 
insights into their pathogenicity and evolutionary relationship with bacilli. BMC 
Genomics 21:408. doi: 10.1186/s12864-020-06807-4

Westerholm, M., Calusinska, M., and Dolfing, J. (2021). Syntrophic propionate-
oxidizing bacteria in methanogenic systems. FEMS Microbiol. Rev. 46:fuab057. doi: 
10.1093/femsre/fuab057

Westerholm, M., Moestedt, J., and Schnürer, A. (2016). Biogas production through 
syntrophic acetate oxidation and deliberate operating strategies for improved digester 
performance. Appl. Energy 179, 124–135. doi: 10.1016/j.apenergy.2016.06.061

https://doi.org/10.3389/fmicb.2023.1087043
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.biteb.2019.100312
https://doi.org/10.1021/acs.energyfuels.9b02433
https://doi.org/10.1099/ijsem.0.001664
https://doi.org/10.1016/0165-1161(78)90020-1
https://doi.org/10.1016/j.copbio.2009.10.001
https://doi.org/10.1016/j.copbio.2009.10.001
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/ismej.2016.39
https://doi.org/10.1186/s13068-016-0454-9
https://doi.org/10.1186/s13068-016-0454-9
https://doi.org/10.3390/en13030637
https://doi.org/10.1021/jp8110474
https://doi.org/10.2175/106143008X370421
https://doi.org/10.1093/nar/gkab776
https://doi.org/10.1021/ef502812s
https://doi.org/10.1016/j.biombioe.2022.106478
https://doi.org/10.1098/rsta.1993.0122
https://doi.org/10.1098/rsta.1993.0122
https://doi.org/10.1016/j.biombioe.2022.106686
https://doi.org/10.3390/microorganisms7120657
https://doi.org/10.3390/microorganisms7120657
https://doi.org/10.1186/s13068-020-01855-0
https://doi.org/10.1186/s13068-020-01855-0
https://doi.org/10.1186/s13068-020-01721-z
https://doi.org/10.1186/s13068-020-01721-z
https://doi.org/10.1016/j.biortech.2013.06.014
https://doi.org/10.1016/j.biortech.2013.06.014
https://doi.org/10.1016/j.ibiod.2013.05.011
https://doi.org/10.1016/j.watres.2017.12.043
https://doi.org/10.1002/elsc.201500040
https://doi.org/10.1002/elsc.201500040
https://doi.org/10.1016/j.foodchem.2010.07.100
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1099/ijs.0.65490-0
https://doi.org/10.1007/BF00180586
https://doi.org/10.1007/s00792-017-0939-x
https://doi.org/10.1016/j.enconman.2015.05.033
https://doi.org/10.3389/fmicb.2021.700256
https://doi.org/10.1038/nrmicro2166
https://doi.org/10.1038/nrmicro2166
https://doi.org/10.1007/s11356-016-7610-4
https://doi.org/10.1099/ijsem.0.001103
https://doi.org/10.1128/mSystems.00323-20
https://doi.org/10.1016/j.micres.2011.11.007
https://doi.org/10.3390/en11071797
https://doi.org/10.1016/j.anaerobe.2014.03.012
https://doi.org/10.1016/j.anaerobe.2014.03.012
https://doi.org/10.3791/60155
https://doi.org/10.1002/elsc.201600095
https://doi.org/10.1186/s13068-019-1370-6
https://doi.org/10.1038/s41396-019-0575-9
https://doi.org/10.1038/s41396-019-0575-9
https://doi.org/10.1186/s12864-020-06807-4
https://doi.org/10.1093/femsre/fuab057
https://doi.org/10.1016/j.apenergy.2016.06.061


Prem et al. 10.3389/fmicb.2023.1087043

Frontiers in Microbiology 16 frontiersin.org

Westerholm, M., Roos, S., and Schnürer, A. (2010). Syntrophaceticus schinkii gen. Nov., sp. 
nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated from a mesophilic 
anaerobic filter. FEMS Microbiol. Lett. 309, 100–104. doi: 10.1111/j.1574-6968.2010.02023.x

Westerholm, M., Roos, S., and Schnürer, A. (2011). Tepidanaerobacter acetatoxydans 
sp. nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated from two 
ammonium-enriched mesophilic methanogenic processes. Syst. Appl. Microbiol. 34, 
260–266. doi: 10.1016/j.syapm.2010.11.018

Westram, R., Bader, K., Prüsse, E., Kumar, Y., Meier, H., Glöckner, F. O., et al. (2011). 
ARB: a software environment for sequence data. in BruijnF. J. de, Handbook of Molecular 
Microbial Ecology I: Metagenomics and Complementary Approaches. Hoboken, New 
Jersey, USA: John Wiley & Sons, 399–406.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis. New York: Springer-
Verlag.

Wickham, H., and Bryan, J. (2019). Readxl: Read Excel Files. R Package Version, No. 1:1.

Wickham, H., Francois, R., Henry, L., and Müller, K. (2015) Dplyr: A Grammar of 
Data Manipulation, R Package Version, No. 0.4 3.

Wikandari, R., Nguyen, H., Millati, R., Niklasson, C., and Taherzadeh, M. J. (2015). 
Improvement of biogas production from orange peel waste by leaching of limonene. 
Biomed. Res. Int. 2015:494182. doi: 10.1155/2015/494182

Worm, P., Koehorst, J. J., Visser, M., Sedano-Núñez, V. T., Schaap, P. J., Plugge, C. M., 
et al. (2014). A genomic view on syntrophic versus non-syntrophic lifestyle in anaerobic 
fatty acid degrading communities. Biochim. Biophys. Acta 1837, 2004–2016. doi: 
10.1016/j.bbabio.2014.06.005

Xiao, Y., Zhang, E., Zhang, J., Dai, Y., Yang, Z., Christensen, H. E. M., et al. (2017). 
Extracellular polymeric substances are transient media for microbial extracellular 
electron transfer. Sci. Adv. 3:e1700623. doi: 10.1126/sciadv.1700623

Yang, X., Liu, H., Xu, Y., Liu, L., Zhu, Y., Jiang, K., et al. (2022). Effects of 
urea formaldehyde resin on the characteristics and microbial community of 
anaerobic granular sludge. J. Environ. Chem. Eng. 10:108614. doi: 10.1016/j.
jece.2022.108614

Zhang, X., and Bishop, P. L. (2003). Biodegradability of biofilm extracellular polymeric 
substances. Chemosphere 50, 63–69. doi: 10.1016/S0045-6535(02)00319-3

Zhang, C., Liu, X., and Dong, X. (2004). Syntrophomonas curvata sp. nov., an anaerobe 
that degrades fatty acids in co-culture with methanogens. Int. J. Syst. Evol. Microbiol. 54, 
969–973. doi: 10.1099/ijs.0.02903-0

Zhang, C., Liu, X., and Dong, X. (2005). Syntrophomonas erecta sp. nov., a novel 
anaerobe that syntrophically degrades short-chain fatty acids. Int. J. Syst. Evol. Microbiol. 
55, 799–803. doi: 10.1099/ijs.0.63372-0

Ziels, R. M., Svensson, B. H., Sundberg, C., Larsson, M., Karlsson, A., and Yekta, S. S. 
(2018). Microbial rRNA gene expression and co-occurrence profiles associate with 
biokinetics and elemental composition in full-scale anaerobic digesters. Microb. 
Biotechnol. 11, 694–709. doi: 10.1111/1751-7915.13264

Zilio, M., Orzi, V., Chiodini, M., Riva, C., Acutis, M., Boccasile, G., et al. (2020). 
Evaluation of ammonia and odour emissions from animal slurry and digestate 
storage in the Po Valley (Italy). Waste Manag. 103, 296–304. doi: 10.1016/j.
wasman.2019.12.038

https://doi.org/10.3389/fmicb.2023.1087043
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1574-6968.2010.02023.x
https://doi.org/10.1016/j.syapm.2010.11.018
https://doi.org/10.1155/2015/494182
https://doi.org/10.1016/j.bbabio.2014.06.005
https://doi.org/10.1126/sciadv.1700623
https://doi.org/10.1016/j.jece.2022.108614
https://doi.org/10.1016/j.jece.2022.108614
https://doi.org/10.1016/S0045-6535(02)00319-3
https://doi.org/10.1099/ijs.0.02903-0
https://doi.org/10.1099/ijs.0.63372-0
https://doi.org/10.1111/1751-7915.13264
https://doi.org/10.1016/j.wasman.2019.12.038
https://doi.org/10.1016/j.wasman.2019.12.038

	Effects of phenyl acids on different degradation phases during thermophilic anaerobic digestion
	1. Introduction
	2. Materials and methods
	2.1. Batch reactor setup and experimental design
	2.2. General biochemical analyzes
	2.3. Excitation/emission matrix spectroscopy of EPS
	2.4. DNA extraction
	2.5. dPCR analyses
	2.6. Library preparation and high-throughput amplicon sequencing
	2.7. Database preparation and in-silico reads procession
	2.8. Statistics and graphical presentation

	3. Results
	3.1. General metagenomic results
	3.2. Substrate microcrystalline cellulose
	3.3. Substrate butyrate
	3.4. Substrate propionate
	3.5. Substrate acetate
	3.6. Metagenomic differences among substrate variants (MCC, butyrate, propionate, acetate) when exposed to PAA, PPA and PBA
	3.7. Excitation-emission matrices spectroscopy of EPS in MCC, butyrate, propionate and acetate assays

	4. Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

