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Abstract

Background: Lignin intermediates resulting from lignocellulose degradation have been suspected to hinder
anaerobic mineralisation of organic materials to biogas. Phenyl acids like phenylacetate (PAA) are early detectable
intermediates during anaerobic digestion (AD) of aromatic compounds. Studying the phenyl acid formation dynamics
and concomitant microbial community shifts can help to understand the microbial interdependencies during AD of
aromatic compounds and may be beneficial to counteract disturbances.

Results: The length of the aliphatic side chain and chemical structure of the benzene side group(s) had an influence
on the methanogenic system. PAA, phenylpropionate (PPA), and phenylbutyrate (PBA) accumulations showed that
the respective lignin intermediate was degraded but that there were metabolic restrictions as the phenyl acids were
not effectively processed. Metagenomic analyses confirmed that mesophilic genera like Fastidiosipila or Syntropho-
monas and thermophilic genera like Lactobacillus, Bacillus, Geobacillus, and Tissierella are associated with phenyl acid
formation. Acetoclastic methanogenesis was prevalent in mesophilic samples at low and medium overload condi-
tions, whereas Methanoculleus spp. dominated at high overload conditions when methane production was restricted.
In medium carbon load reactors under thermophilic conditions, syntrophic acetate oxidation (SAO)-induced hydrog-
enotrophic methanogenesis was the most important process despite the fact that acetoclastic methanogenesis
would thermodynamically be more favourable. As acetoclastic methanogens were restricted at medium and high
overload conditions, syntrophic acetate oxidising bacteria and their hydrogenotrophic partners could step in for
acetate consumption.

Conclusions: PAA, PPA, and PBA were early indicators for upcoming process failures. Acetoclastic methanogens were
one of the first microorganisms to be impaired by aromatic compounds, and shifts to syntrophic acetate oxidation
coupled to hydrogenotrophic methanogenesis occurred in thermophilic reactors. Previously assumed associations of
specific meso- and thermophilic genera with anaerobic phenyl acid formation could be confirmed.
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Background

Bio-methane is considered a valuable, carbon—neutral

energy source, which is generated by gradual degradation

of complex organic substrates under anaerobic conditions

[1]. The fact that methane as end product of anaerobic
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than under aerobic conditions. As a consequence, a vari-
ety of anaerobic microorganisms depend on each other to
overcome thermodynamic restrictions [4]. These micro-
bial interdependencies, especially the obligatory mutual-
istic (syntrophic) co-operations, are still not sufficiently
understood despite their significance for maintaining
anaerobic systems [5]. The (final) degradation step is
mainly done by hydrogenotrophic (H,/CO,) or acetoclas-
tic (acetate) methanogens, which enable thermodynamic
efficiency by removal of excess reducing equivalents. A
low methanogenic activity can restrict upstream degra-
dation steps as metabolic intermediates accumulate and
reactions become endergonic [5].

The use of locally collected, organic (waste) materials,
which are not potential food sources, is highly desirable
in terms of an effective, sustainable, and ethically accepta-
ble energy management [6]. Over the last decades, chem-
ical, physical, and biological pre-treatment strategies
empowered the use of rather recalcitrant or otherwise
unsuitable organic wastes like lignocellulose or proteins
for biogas formation [7]. However, these new techniques
also led to an increasing input of potentially problematic
compounds [8] like hydrogen sulphide, anti-biotics [9],
or ammonium [10, 11]. Another underexplored group of
potential inhibitors are (monocyclic) aromatic substances
[12-14]. Despite their ubiquitous and abundant occur-
rence, the degradation of the nonpolar, six-carbon ring
structures (benzenes) is considered challenging, espe-
cially under anaerobic conditions [15]. Apart from some
exceptions in the animal kingdom, prokaryotes and fungi
are considered to be the only life forms capable of com-
pletely degrading benzene rings [16]. Hence, the accumu-
lation of aromatic compounds is an ever-present threat in
anoxic environments, especially under substrate overload
conditions [12, 17]. One group of monocyclic aromatic
compounds are phenyl acids that include phenylac-
etate (PAA), phenylpropionate (PPA), or phenylbutyrate
(PBA). Studies on PPA [18] and especially on PBA [19]
are very rare, even though they represent relevant inter-
mediates in the AD cascade prior to the anaerobic ring
cleavage. A cascade-like increase/decrease from PAA to
PPA to PBA could be observed when straw from grain
was anaerobically degraded under overload conditions.
It was concluded that an increase in PAA concentration
was an early indicator for overload conditions, whereas
an increase in PBA concentration indicated a switch from
using easier degradable substrates to more recalcitrant
(lignocellulosic) materials [19].

Previous studies also indicated that fermenting bac-
teria in general and the microbial phyla Firmicutes and
Proteobacteria in particular are responsible for aromatic
compound dynamics during AD [18, 20]. More recently,
genera like Acetomicrobium spp., Sedimentibacter spp.,
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Tepidanaerobacter spp., or Sporanaerobacter spp. were
shown to be important biomarkers for high phenyl acid
concentrations in batch reactors fed with aromatic amino
acids [21]. Whether these genera are directly or indirectly
associated with phenyl acid formation remains to be elu-
cidated. The thermodynamically difficult cleavage of the
benzene ring itself seemed to be more efficient at meso-
than at thermophilic temperatures—at least in batch
reactors [21]. However, the preceding study focused on
the degradation of aromatic amino acids (deriving from
proteinaceous materials); a closer look on the degrada-
tion of lignin intermediates in terms of phenyl acid for-
mation as well as microbial community dynamics is still
missing.

In the present study, mesophilic as well as thermo-
philic microbial communities were fed with lignin
intermediates under different overload conditions to
(i) initiate anaerobic phenyl acid formation during the
start-up phase of anaerobic lignin intermediate degrada-
tion, (ii) evaluate microbial community shifts during the
formation/degradation of phenyl acids, and (iii) link the
formation and/or degradation of PAA, PPA, and PBA to
specific taxa, metabolic pathways, and enzymes.

Results
Mesophilic reactors
Methane production, VFA concentrations, and pH
Cumulative methane production and acetate concentra-
tions are depicted in Fig. 1. For further results regarding
volatile fatty acid (VFA) concentrations and pH values,
please refer to Additional file 1: Table S1. With regard to
the mesophilic controls, which produced up to 85 NmL
methane (approx. 80% of the theoretical methane produc-
tion) within 28 days, no significant differences in biogas
production could be observed when the lignin intermedi-
ates were added under low carbon load (LCL) conditions.
The highest cumulative (cum) methane production after
28 days could be observed in syringic acid samples under
medium carbon load (MCL) conditions and in gallic acid
MCL samples (130£7.08 and 111 £+3.40 NmL CH, cum,
respectively), followed by syringic acid LCL and gallic
acid LCL samples (98.1£4.38 and 95.6 £6.41 NmL CH,
cum, respectively). Within the MCL samples, significant
differences in methane production could be observed
for different lignin intermediates: Coumaric acid MCL
samples produced significantly less methane (15.2+3.10
NmL CH,) than syringic acid samples within 28 days.
Hardly any methane was formed in samples under high
carbon load (HCL) conditions, irrespective of the added
lignin intermediate (Fig. 1).

A steep increase in acetate concentration could
be observed in gallic acid HCL samples from day
7 onwards and reached its maximum on day 21
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Fig.1 aCumulative methane production (NmL) in grey, concentrations of lignin intermediates (mM) in green (triangle), sum of phenyl acids (mM) in blue (diamond), and
acetate concentrations (mM) in red (circle) of mesophilic samples fed with gallic (upper row), syringic (middle row), and vanillic acid (lower row) under low (left column),
medium (middle column), and high (right column) overload conditions from day 0 to day 28. Marker points and boxes show median and percentiles (25-75%), respectively.
b Cumulative methane production (NmL) in grey, concentrations of lignin intermediates (mM) in green (triangle), sum of pheny! acids (mM) in blue (diamond),and acetate
concentrations (mMM) in red (circle) of mesophilic samples fed with ferulic (upper row) and coumaric acid (lower row) under low (left column), medium (middle column),and
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(90.2£8.59 mM acetate, Fig. 1a). Coumaric LCL sam-
ples also showed quite high acetate concentrations on
day 21 (60.7+£7.49 mM acetate, Fig. 1b). The acetate
concentration in the control samples (20.2 £ 1.75 mM)
peaked on day 14 and subsequently declined
afterwards.

All variants started with a pH of 7.0. The pH slightly
increased in the control samples up to 7.5 (day 28).
Except for coumaric acid MCL samples, which showed
a pH of 6.5 on day 28, all LCL and MCL samples exhib-
ited a pH of 7.0 at the end of the incubation period; the
lowest pH throughout the incubation period was 6.5 for
LCL and 6.0 for MCL samples. In HCL samples, the pH
decreased to 5.5 in gallic and ferulic acid samples, and
to 5.0 in syringic, vanillic, and coumaric acid samples
(Additional file 1: Table S1).

Lignin intermediates and phenyl acid concentrations

The concentrations of the respective lignin interme-
diates as well as methane production and phenyl acid
sum concentrations are shown in Fig. 1. For a detailed
depiction of each measured phenyl acid concentra-
tion, please refer to Additional file 1: Tables S2 and S3.
Under LCL conditions, all lignin intermediates were
degraded to smaller phenyl acids or non-aromatic mol-
ecules (Additional file 1: Tables S2 and S3, Fig. 1). Con-
siderable differences in the degradation rate could be
observed between the variants under MCL and HCL
conditions. Under MCL conditions, 92% of the syrin-
gic acid was degraded to smaller molecules, followed
by gallic acid (86%), coumaric acid (85%), vanillic acid
(71%), and ferulic acid (54%). Under HCL conditions,
a similar trend could be seen: the highest degradation
rate was found in gallic acid samples (44%), followed by
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Fig. 2 aTop: Shannon diversity index for mesophilic controls (1st column) and samples under LCL (2nd column), MCL (3rd column), and HCL
(4th column) conditions. Results of day 14 and 28 are presented in grey and black, respectively. Bottom: Boxplots show diversity results of controls
and LCL, MCL, and HCL samples of day 28. b NMDS analyses of mesophilic OTUs of the control as well as of the gallic-, syringic-, vanillic-, ferulic-,
and coumaric acid samples at low (LCL), medium (MCL), and high (HCL) overload conditions of day 0, 14, and 28. The samples were connected to
generate a minimal spanning tree. The x-axis is lengthened for better visualisation. The Shepard plot shows a stress value of 0.15

coumaric acid (34%), syringic acid (14%), vanillic (10%),
and ferulic acid samples (10%).

The highest phenyl acid (sum) concentrations could be
shown in coumaric HCL samples, especially from day 14
onwards. On day 28, a phenyl acid (sum) concentration
of 19.1£0.99 mM represented the climax (Fig. 1b). Cou-
maric acid samples under MCL conditions also showed
an increase in phenyl acid (sum) concentration over time
(8.66+0.46 mM on day 28), followed by vanillic HCL sam-
ples (5.35+£2.25 mM on day 14). In control samples, the
phenyl acid (sum) concentration ranged from 0.00 mM on
day 0 to 0.33+0.06 mM on day 14; these phenyl acids pre-
sumably derived from aromatic precursor remains, which
were introduced with the inoculum.

Microbial community composition

After subsampling, 1050 operational taxonomic units
(OTUs) remained for mesophilic samples. The removal of
OTUs with a total read abundance below 50 resulted in a
reduction to 343 OTUs. The most abundant phyla were
Bacteroidetes, Firmicutes, Chloroflexi, and Cloacimonetes.
The orders Bacteroidales, Clostridiales, Anaerolineales,
Cloacimonadales, Sphingobacteriales, Synergistales, Meth-
anosarcinales, Betaproteobacteriales, Syntrophobacterales,
Clostridia DTUO014, Spirochaetales, and Caldatribacteri-
ales dominated in mesophilic samples. A detailed, interac-
tive depiction of the microbial community composition of
each variant on day 0, 14, and 28 can be looked up in Addi-
tional file 1: Figure S2).

The alpha diversity of mesophilic samples was especially
high at HCL conditions compared with the controls, LCL,
and MCL samples of day 14 and 28 (Fig. 2a). As shown in
the non-metric multidimensional scaling (NMDS) ordina-
tion (Fig. 2b), all HCL samples of day 14 and 28, as well as
the controls of day 0 built a tight cluster, which was dis-
tinctly dissimilar from other samples/clusters. The next
most similar objects to this cluster were coumaric acid
MCL samples, followed by ferulic acid MCL samples of day
14 and 28, respectively. Moreover, control and LCL sam-
ples of day 14 and 28, as well as gallic and vanillic acid MCL
samples of day 28 were closely ordinated (Fig. 2b) indicat-
ing similar community compositions.

Regarding the microbial community composition,
the phylum Bacteroidetes significantly decreased from
the low (40.7 £12.0%), to the medium (26.3 +3.22%),
to the high phenyl acid group (PAG) (26.2+2.91%),

whereas Firmicutes gradually increased (p <0.05) from
the low (16.4+5.34%), to the medium (19.4+2.56%),
to the high PAG (24.7+£1.62%). The phylum Euryar-
chaeota also decreased with phenyl acid formation
(4.44+£1.93%, 3.14+£1.12%, and 2.75+£0.63% in the
low, medium, and high PAGs, respectively). On genus
level, the mean relative abundance of Anaerolineaceae
ADurb.Bin120 genus (7.51+1.80%), Fastidiosipila
spp. (7.32+£0.93%), and Candidatus Cloacimonas
(7.294+0.52%) were highest in the high PAG samples
(n=6), whereas Macellibacteroides spp. was the most
abundant genus in low PAG samples (19.5+14.6%),
as shown in Fig. 3a. Anaerolineaceae ADurb.Bin120
was dominating in all lignin intermediate variations
and was also a significant part of the core microbiome
of high PAG samples (Table 2). Fastidiosipila spp. was
also highly abundant at HCL conditions, especially in
ferulic and coumaric acid samples (Additional file 1:
Figure S1b). Moreover, Fastidiosipila spp. was a mem-
ber of the core microbiome and a linear discriminant
analysis effect size (LEfSe) biomarker for the high PAG
(Table 2). The genus Lactobacillus was highly abundant
in gallic and syringic acid HCL (and partly in vanillic
acid HCL), but not in ferulic or coumaric acid HCL
samples (Additional file 1: Figure S2).

In the control samples on day 0, which represent the
native mesophilic community, Methanosaeta spp. was
the most abundant methanogen (mean relative abun-
dance: 1.5%), followed by two genera of the order Meth-
anofastidiosales (0.8%), and Methanospirillum spp.
(0.7%). Irrespective of the lignin intermediate, Metha-
nosaeta spp. was the dominant methanogen in control
and LCL samples of day 14 and 28. In MCL samples,
a clear dominance of Methanosaeta spp. could not be
observed. For instance, in gallic and syringic acid MCL
samples, a mean relative abundance of 2% could be
shown for Methanosarcina spp. By contrast, Metha-
noculleus spp. was the dominating methanogen in
gallic acid and coumaric acid HCL samples on day 14
and 28 (1%) and was also a significant LEfSe biomarker
when high phenyl acid concentrations were observed
(Table 2). The relative abundances of methanogens of
the respective PAGs are depicted in Fig. 3b.
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Fig. 3 a Extended error bars showing mean sequence proportions (%) of mesophilic genera of the low (n=382) and of the high (n=6) PAG samples
of day 0, 14, and 28. Due to the high diversity, only genera showing significant differences and an effect size > 1 are depicted. b Relative sequence
abundances (%) of mesophilic methanogens of the low, medium, and high PAG. Bars and whiskers represent means and standard deviations,

respectively

Thermophilic communities

Methane production, VFA concentrations, and pH
Cumulative methane production and acetate concentra-
tions of thermophilic samples are depicted in Fig. 4. For
further results regarding VFA concentrations and pH
values, please refer to Additional file 1: Table S4. Gener-
ally, the cumulative methane production was significantly
lower in HCL than at all other variants. Moreover, the
difference in cumulative methane production was also
significant between LCL than MCL samples. The high-
est cumulative methane production could be observed
in ferulic acid LCL (121 £18.8 NmL CH, cum), syringic
acid LCL (109+15.1 NmL CH, cum), and in vanillic acid
LCL samples (100+3.41 NmL CH, cum). The control
showed a cumulative methane production of 95.94+19.9
NmL (approx. 86% of the theoretical methane produc-
tion). All other variants showed a lower methane produc-
tion than the control. No methane was produced in HCL
samples, irrespective of the substrate used.

Acetate accumulated in gallic HCL samples and
reached a final concentration of 66.84+27.5 mM. Gen-
erally, a relevant accumulation of acetate could only be
detected in gallic HCL samples, whereas the acetate con-
centrations stagnated or decreased in all other variants
over time (Fig. 4).

All variants started with a pH of 7.0. Similar to meso-
philic control samples, the pH slightly increased to 7.5
in thermophilic control samples from day 2 onwards. In
LCL samples, the pH remained at 7.0 (except for gallic
LCL samples on day 4: pH 6.5). In MCL samples, the pH
decreased to 6.5 in syringic and ferulic acid samples and
to 6.0 in gallic acid samples. The pH in vanillic and cou-
maric acid MCL samples remained at 7.0, whereas a pH
of 5.0 was observed in all HCL samples at the end of the
incubation period (Additional file 1: Table S4).

Lignin intermediates and phenyl acid concentrations

The concentrations of lignin intermediates as well as
phenyl acid sum concentrations are shown in Fig. 4. For
a detailed depiction of each measured phenyl acid con-
centration, please refer to Additional file 1: Tables S5
and S6. Under LCL conditions, lignin intermediates
were degraded to smaller phenyl acids or non-aromatic
compounds (Fig. 4, Additional file 1: Tables S5 and S6).
Significant differences could be observed regarding the

degradation rates of MCL and HCL variants: Under MCL
conditions, 35% of gallic and coumaric acid content was
degraded, followed by 11% of the syringic acid, 6% of the
vanillic acid, and 1% of the ferulic acid content. Under
HCL samples, 28% of the gallic acid, 25% of the coumaric
acid, 24% of the ferulic acid, 4% of the vanillic acid, and
2% of the syringic acid content was degraded within
28 days of incubation (Fig. 4).

Phenyl acids (sum) accumulated in coumaric HCL
samples from day 0 onwards and reached a concentra-
tion of 20.5+0.50 mM on day 28 (Fig. 4b). The second
highest phenyl acid (sum) concentration at the end of the
incubation period could be observed in ferulic acid HCL
samples (18.4+0.70 mM), followed by coumaric MCL
samples (8.74£0.18 mM), as shown in Fig. 4b. In the
control samples, phenyl acids reached a maximum sum
concentration of 0.42 mM on day 4.

Microbial community composition

A total of 856 OTUs remained for thermophilic samples
after subsampling. The removal of OTUs with a total
read abundance below 50 resulted in a reduction to 195
OTUs. Over all thermophilic samples, the most abundant
phyla were Firmicutes, Bacteroidetes, Thermotogae, Eur-
yarchaeota, Atribacteria, and Tenericutes. On order level,
Clostridiales, Bacteroidales, Thermoanaerobacterales,
Petrotogales, Sphingobacteriales, DTU014 (Clostridia),
Bacillales, MBAO3 (Clostridia), Methanomicrobiales,
Caldatribacteriales, an uncultured order of Firmicutes,
and Izimaplasmatales were most dominant. A detailed,
interactive depiction of the microbial community com-
position of each thermophilic variant on day 0, 14, and 28
can be looked up in Additional file 1: Figure S5.

The alpha diversity was relatively low in syringic and
vanillic HCL samples, whereas the microbial diversity
was exceptionally high in ferulic and coumaric HCL sam-
ples (Fig. 5a). As shown in Fig. 5b, LCL and MCL samples
of day 14 and 28 build a tight cluster, which is distinctly
dissimilar to other samples or clusters. The next most
similar variant to this cluster is the control on day 0. HCL
samples can be divided into 3 sub-clusters, whereby feru-
lic and coumaric acid HCL samples, syringic and vanil-
lic acid HCL samples, and gallic acid HCL samples build
respective sub-clusters. Gallic acid samples are the next
most similar variants to the controls on day 0 (Fig. 5b).
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Fig.4 a Cumulative methane production (NmL) in grey, the concentrations of lignin intermediates (mM) in green (triangle), phenyl acids (mM) in blue (diamond),
and acetate (mM) in red (circle) of thermophilic samples fed with gallic (upper row), syringic (middle row), and vanillic acid (lower row) under low (left column),
medium (middle column), and high (right column) overload conditions from day 0 to 28. Marker points and boxes show median and percentiles (25-75%),
respectively. b Cumulative methane production (NmL in grey), the concentrations of lignin intermediates (mM) in green (triangle), pheny! acids (mM) in blue
(diamond), and acetate (mM) in red (circle) of thermophilic samples fed with ferulic (upper row) and coumaric acid (lower row) under low (left column), medium
(middle column), and high (right column) overload conditions from day 0 to 28. Marker points and boxes show median and percentiles (25-75%), respectively
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Fig. 5 aTop: Shannon diversity index for thermophilic controls (1st column) as well as samples under LCL (2nd column), MCL (3rd column), and
HCL (4th column) conditions. Results of day 14 and day 28 are presented in grey and black, respectively. Bottom: Boxplots show diversity results of
controls and LCL, MCL, and HCL samples of day 28. b NMDS analyses of thermophilic OTUs of the control as well as of the gallic-, syringic-, vanillic-,
ferulic-, and coumaric acid samples at low (LCL), medium (MCL), and high (HCL) overload conditions of day 0 (control), 14, and 28. The samples are
connected to generate a minimal spanning tree. The x-axis is lengthened for better visualisation. The Shepard plot shows a stress value of 0.12

When specifically looking on phenyl acid formation,
the relative abundance of the phyla Atribacteria, Arma-
timonadetes, Gemmatimonadetes, Synergistetes, Hala-
naerobiaeota, Actinobacteria, and Proteobacteria was
significantly higher in the high PAG than in the other
PAGs; however, their abundance was relatively low
compared with phyla like Firmicutes (low: 64.1+£17.9%,
medium: 57.7% %+ 13.3%, and high: 72.7 +7.80%) and Bac-
teroidetes (low: 18.9+10.3%, medium: 21.8 4 3.34%, and
high: 13.14+4.05%). The relative abundance of the class

Bacilli was significantly higher in high PAG samples and
reached a relative abundance of 17.04+10.3% (Fig. 6a) and
is thus the second highest class in high PAG samples after
Clostridia (51.5+5.28%).

The genera Proteiniphilum (12.5+8.15%) and Cal-
dicoprobacter (10.6+£11.3%) were the most abundant
genera in low PAG samples, whereas Syntrophaceticus
spp. and MBAO3 genus (Clostridia) were the most abun-
dant genera over all high PAG samples (10.0 +5.29% and
9.25+3.29%, respectively). However, Proteiniphilum spp.




Page 11 of 23

(2021) 14:27

Prem et al. Biotechnol Biofuels

HCL

MCL

LCL

Control

4.0-

o o
aInseadq Ais1oA1( eyd[y

- Coumaric acid
-Ferulic acid

- Vanillic acid
-Syringic acid
- Gallic acid

- Control

- Coumaric acid
-Ferulic acid

- Vanillic acid

- Syringic acid
- Gallic acid

- Control

- Coumaric acid
-Ferulic acid

- Vanillic acid

- Syringic acid
- Gallic acid

- Control

- Coumaric acid
-Ferulic acid

- Vanillic acid

- Syringic acid
- Gallic acid

- Control

'
e}

| |
|
o ]

<

~

o

S

f=1

]

o

&

f=3

wy

Y

Il

%

L A

o

)

T

v

LTI T T A B T BT A B
<+ <+ [ae} Lag} [ag} Lagl [ag} (o] (o'} o (o'} o

oInsed]A] AsIoAI eydry

1.8

HCL

MCL

LCL

Control

¢ _HCL

C

28_ferulic _HCL

28_coumaric _LCL

0.104

0.054

§ gallic _LCL

Z 9jeuipioo)

-0.10 4

-0.15

-0.20-

Coordinate 1




Prem et al. Biotechnol Biofuels (2021) 14:27

Page 12 of 23

a
80
70
60 L HE low PAG
> - 1 medium PAG
§ 50 BN high PAG
= i
"g [
3 281 -
<
8 24
8
S 20 b T
2
o 16
2
3
< 12 F
&
8 -
4
0 7
& - 0. L2V 2 ¥ O @ .9 - Q- o] )
S S S S 585555555555
& o o £ S IS NS FFTEFS S S S &5 g
S 559958 % § S5 58EFSES S & S g
S 8§3 oo“®°°9m§~o\°~o@~o§<>\/§q
TS FS S«gé@&roﬁozmoooizo'oﬂo@
] .8 XL L IO L TS5 SO
Q. &5 FP S TTFSSFLsLIFTER
S8 TeSFSUIESEEESESSESE
< 5§38 YeEFgYs e
g /
5 § = 5 N
S T8 g
[25)
b
[ low M high 95% confidence intervals
|
|
Lactobacillush_ HH
|
Oxobacter? I KA
|
Clostridium_sensu_stricto_1 ? e}
|
MBAO3 genusi —e— '
|
Lachnospiraceae uncultured genus E : o
|
Proteiniphilum E | —o—
|
Macellibacteroides i L
|
Syntrophomonadaceae uncultured genus E_ —o—i |
|
Clostridiales_vadinBB60_group genus E | —o—
|
L | 1 1
0.0 12.4 -10 -5 0 5 10 15

Mean proportion (%)

Difference in mean proportions (%)
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Fig. 7 Relative sequence abundance of the two syntrophic acetate oxidising bacteria (SAOB) Syntrophaceticus spp. and Tepidanaerobacter spp. in
thermophilic controls as well as in thermophilic LCL (left), MCL (middle), and HCL (right) samples. Bars and whiskers represent mean and standard

was still a member of the core microbiome of high PAG
samples (Table 3). Compared with low PAG samples,
the genera Macellibacteroides, Lactobacillus, MBAO3
genus (Clostridia), and an uncultured genus of fam-
ily Syntrophomonadaceae were significantly increased
in the high PAG samples (Fig. 6b). The latter three
were also significant LEfSe biomarker for the high PAG
(Table 3). When looking on the respective intermedi-
ates, Syntrophaceticus spp. was also the most abundant
genus in coumaric HCL samples (13.7 £0.91%), whereas
Thermoanaerobacterium spp. was by far the most domi-
nant genus in vanillic and syringic acid HCL samples
(63.4+7.90% and 60.4+4.25%, respectively), as shown
in Additional file 1: Figures S5a and b. In gallic and fer-
ulic HCL samples, an uncultured genus of the family
Lachnospiraceae and MBAO3 genus (Clostridia) were
the most abundant microorganisms (20.5+5.98% and
10.4 £ 4.50%, respectively).

Syntrophaceticus spp. and Tepidanaerobacter spp.,
known syntrophic acetate oxidising bacteria (SAOBs),
were quite abundant in thermophilic samples (Fig. 7).
Especially in HCL samples, Syntrophaceticus spp. was
an important member of the respective microbiome and
reached a mean relative abundance ranging from 3 to
14%, while the relative abundance of Tepidanaerobacter
spp. ranged from 0.1 to 1.1% (Fig. 7).

Discussion

Mesophilic communities

In general, mesophilic samples showed a higher diver-
sity than thermophilic samples, as shown in Figs 2a and
5a and in a summarised form in Additional file 1: Figure
S7. This trend was also observed in previous studies [19,
22]. Functional and microbial redundancies, as often
observed in microbiologically diverse environments,
can lead to relatively high process robustness, but could
also indicate a stressed microbial community [23]. The

higher microbial diversity in mesophilic samples might
have been beneficial for degrading lignin intermediates
to methane, especially at MCL conditions (Figs. 1 and 4).
Under LCL conditions, all lignin intermediates were
degraded (Fig. 1); however, it can be assumed that deg-
radation products of the lignin intermediates were partly
stuck in upstream degradation steps. Methanosaeta spp.
was the dominating methanogen in mesophilic con-
trol and LCL samples, whereby the diversity of metha-
nogens was higher in the native sludge (control on day
0, Additional file 1: Figure S2). Methanosaeta spp. is an
acetoclastic methanogen with a high affinity towards
acetate (<1 mM) [4, 24], thus a typical methanogen in
(mesophilic) LCL systems like wastewater treatment
plants [25]. When acetate levels are high (>1 mM) and
the ammonium concentrations are low, Methanosarcina
spp., another acetoclastic methanogen, has an advantage
over Methanosaeta due to its high growth rates [4] and
its heavy-duty character [19, 26]. In the present study,
most strikingly, Methanosaeta spp. was able to dominate
in mesophilic control and LCL samples, even though ace-
tate concentrations were relatively high from the begin-
ning (about 20 mM). Studies reporting competitiveness
of Methanosaeta spp. at higher acetate levels are rare [27,
28]; therefore, the results of this study indicate that ace-
tate levels may not be necessarily decisive and that other
factors like aromatic compound concentrations might be
more crucial for which acetoclastic genus is prevailing.
At MCL conditions, methane formation was still or
even better functioning than at LCL conditions; moreo-
ver, each lignin intermediate had a different impact on
the overall methane production. At MCL conditions, an
input of gallic and syringic acid was shown to increase
biogas production in mesophilic samples (Fig. la),
whereas the methane production was successively lower
when ferulic and coumaric acid were added (Fig. 1b).
The toxicity of aromatic compounds (for acetoclastic
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Table 1 Overview of the intermediate variants used for the present study

Lignin intermediates Structure Lignin intermediate Overload group
mmol reactor™! mM
Control - 0 0 Control
Gallic acid OH 034 1 Low
HO
OH
HO
@)
336 10 Medium
16.8 50 High
Syringic acid \O 043 1 Low
HO
~ OH
O
O
432 10 Medium
216 50 High
Vanillic acid HO 038 1 Low
~ I j\ .OH
O
0]
3.84 10 Medium
19.2 50 High
Ferulic acid HO 048 1 Low
~ OH
O@\/\r(
O
4.80 10 Medium
240 50 High
Coumaric acid HO 043 1 Low
\©\/YOH
@)
432 10 Medium
216 50 High

The chemical structures were assessed via ChemDraw® JS. The lignin intermediate concentrations were chosen based on previous investigations [56, 77]

methanogens) was shown to increase with the hydropho-
bicity of the compound [29] and length of the aliphatic
side chain [30]. Ferulic and coumaric acid have a longer
side chain than the other lignin intermediates (Table 1);
therefore, the restricted methane production in ferulic,
and especially in coumaric acid MCL samples is plausible.
Moreover, polar compounds like carboxyl- and hydroxyl-
groups can counteract the overall toxicity [29, 30]. Gal-
lic acid has three hydroxyl- and one carboxyl-group

(Table 1), and represents the highest oxidised lignin
intermediate of the present study (based on Buswell-
Boyle calculations [31], the anaerobic degradation of gal-
lic acid theoretically results in a molar CH,:CO, ratio of
0.75, please also refer to its structure in Table 1). The AD
of gallic acid at MCL conditions led to the second high-
est methane formation in mesophilic samples. Syrin-
gic acid includes two methoxy-, one hydroxyl-, and one
carboxyl-group (Table 1), and led to the highest methane



Prem et al. Biotechnol Biofuels (2021) 14:27

Page 15 of 23

Table 2 Mesophilic core microbiome and LEfSe biomarker for the high PAG samples (n=6)

Core microbiome

LEfSe biomarker (LDA score > 4)

Anaerolineaceae uncultured genus
Lentimicrobiaceae genus
Bacteroidetes vadinHA17 genus
Clostridia DTUO14 genus
Candidatus Cloacimonas
Anaerolineaceae ADurb.Bin120 genus
Cloacimonadaceae W5 genus
Prolixibacteraceae uncultured genus
Fastidiosipila

Sedimentibacter

Syntrophomonas

Rikenellaceae BIvii28 wastewater-sludge group
Rikenellaceae RC9 gut group
Petrotogaceae AUTHM297 genus
Spirochaetaceae uncultured genus
Paludibacteraceae uncultured genus
Clostridia D8A-2 genus

Fastidiosipila

Candidatus Cloacimonas

Clostridia DTUO14 genus
Lentimicrobiaceae genus

Rikenellaceae Blvii28 wastewater-sludge group
Rikenellaceae RC9 gut group

Clostridia D8A-2 genus
Paludibacteraceae uncultured genus
Petrotogaceae AUTHM297 genus
Syntrophomonas

Kiritimatiellae WCHB1-41 genus
Erysipelotrichaceae UCG-004 genus
Pedosphaeraceae genus

Bacteroidales UCG-001 genus
Verrucomicrobiae LD1-PB3 genus
Methanoculleus

Gracilibacter

Bacteroidales M2PB4-65 termite group
Dysgonomonadaceae uncultured genus
Spirochaetaceae uncultured genus
Absconditabacteriales (SR1) genus

Only LEfSe biomarkers with a linear discriminant analysis (LDA) score of 4 or higher are depicted. Genera in bold were previously associated with phenyl acid

formation in a study using protein-rich substrates [21]

Table 3 Thermophilic core microbiome and LEfSe biomarker for the high PAG (n=9)

Core microbiome

LEfSe biomarker (LDA score > 4)

Proteiniphilum Lentimicrobiaceae genus Thermoactinomyces
Caldicoprobacter MBAO3 genus (Clostridia) Sporosarcina
Lentimicrobiaceae genus Bacillus D8A-2 genus (Clostridia)
Defluviitoga Syntrophaceticus Ureibacillus
Clostridia DTU014 genus Syntrophomonadaceae uncultured genus Erysipelothrix
Hydrogenispora Clostridia DTUO014 genus Firmicutes uncultured genus
Candidatus Caldatribacterium Candidatus Caldatribacterium Jeotgalibaca
Clostridia MBAO3 genus Geobacillus Acetomicrobium
Firmicutes uncultured genus Planifilum Lactobacillus

Tissierella Armatimonadetes genus

Only LEfSe biomarkers with an LDA score of 4 or higher are presented. Genera in bold were previously associated with phenyl acid formation in a study using protein-

rich substrates [21]

formation in mesophilic MCL samples after 28 days. In
previous studies, methoxy-groups were considered to
increase the toxicity of an aromatic compound towards
acetoclastic methanogens [30]. In the present study, how-
ever, the acetoclastic genus Methanosaeta was the most
abundant methanogen in mesophilic MCL samples when
at least one methoxy-group was attached to the lignin
intermediate. The assumption that methoxy-groups can
be beneficial for (mesophilic) acetoclastic methanogens
is in accordance with previous studies, which concluded
that O-demethylation is primarily done by acetogenic
(thus acetate providing) microorganisms [20, 32]. Aceto-
gens are a phylogenetically incoherent and highly diverse
group though [33], which makes it difficult to associate
acetogenesis with specific mesophilic genera. In gallic

and coumaric acid MCL samples, which contained no
methoxy-groups, Methanosaeta spp. was replaced by
Methanosarcina spp. and hydrogenotrophic methano-
gens, respectively (Additional file 1: Figure S2b). Not only
methanogenesis but also acetogenesis was functioning in
all MCL conditions as (i) acetate was provided to aceto-
clastic methanogens (Additional file 1: Figure S2) and (ii)
acetate accumulated in coumaric acid samples (Fig. 1);
however, first impairments were probably the case as
butyrate and i-butyrate accumulated (Additional file 1:
Table S1). The effect of pH in MCL samples is considered
marginally as the buffer capacity of the medium was suf-
ficient to keep the pH mostly at 7.0. Even when the pH
temporarily dropped to slightly acidic conditions (pH
6.0-6.5, Additional file 1: Table S1), a pure effect of pH
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due to the lignin intermediate addition is unlikely: While
methane formation was indeed restricted in ferulic and
coumaric acid MCL samples (Fig. 1), gallic, syringic, and
vanillic acid MCL even produced more methane than the
control (thus>85 NmL CH,).

HCL samples in general showed a relatively high micro-
bial diversity (Fig. 2a), which was comparable with the
microbial diversity in control samples on day 0 (Fig. 2b).
This indicates that specific microbial groups could not
be dominating in HCL samples due to the unfavourable
conditions; therefore, the mesophilic microbial compo-
sition and abundance did not considerably change in
HCL samples over time. High lignin intermediate addi-
tions indeed inhibited methane generation (Fig. 1) and
participating methanogens (Additional file 1: Figure
S2) due to multifactorial effects caused by the pH drop
(pH 5.0-5.5, Additional file 1: Table S1) and the struc-
tural characteristics of the respective lignin intermediate
(Table 1). Within the HCL samples, lignin intermediates
had different effects on the degradation phases prior to
methanogenesis: In gallic acid HCL samples, gallic acid
and phenyl acid concentrations decreased (at the end of
the incubation period), whereas acetate accumulated up
to a concentration of approx. 90 mM (Fig. 1a). Appar-
ently, inhibitory effects could only be observed at the
methanogenesis stage, while preceding stages were less
impacted. In all other HCL samples, acetate concentra-
tions remained low (Fig. 1). As acetoclastic methano-
gens and acetate oxidising bacteria were clearly inhibited
and i-butyrate/butyrate accumulated (Additional file 1:
Table S1, Figure S2), it can be assumed that not only
methanogenesis but also acetogenic processes were mal-
functioning in syringic, vanillic, ferulic, and coumaric
acid HCL samples. The slightly better conditions in gal-
lic acid HCL samples are further supported by the fact
that the orthology counts for the fatty acid metabolism
pathway (ko01212), carbon fixation pathways (ko00720),
and aromatic compound turnover pathways (ko00940,
ko01220, and ko00362) were higher in gallic than in other
HCL samples (Additional file 1: Figure S3). Phenyl acids
did not accumulate in syringic (two methoxy-groups) and
ferulic acid (one methoxy-group) HCL samples, while
phenyl acids (mainly PAA) accumulated in coumaric and
partly in gallic acid HCL samples (no methoxy-groups,
Fig. 1, Additional file 1: Tables S2, S3). In vanillic acid
HCL samples (one methoxy-group), phenyl acids also
accumulated but contained mainly PPA and PBA. These
are interesting dynamics, which show that the functional
groups of lignin intermediates also have an impact on
higher degradation phases; this has to be elucidated in
depth in future studies.
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An accumulation of mono-aromatic compounds
with quite long aliphatic side chains but otherwise no
attached functional groups (like PAA, PPA, and PBA)
might indicate that (i) the respective microbial commu-
nity is capable of cata- and/or anabolically use the lignin
intermediates, (ii) there is yet a metabolic bottle-neck
as the phenyl acids are not (effectively) processed [30].
Even though this still has to be validated, the results (of
the meso- and the thermophilic samples) support the
approach to monitor PAA, PPA, and PBA concentra-
tions to ensure process stability during biogas formation,
especially in the start-up phase [12, 13, 17, 19]. Many
microorganisms (biomarkers) for high phenyl acid for-
mation were fermentative bacteria and/or involved in
acidification and VFA production (Table 2 and Fig. 3a);
this indicates that phenyl acids were formed during the
acido- and acetogenesis phase. Fastidiosipila spp., for
instance, was both a LEfSe biomarker and a core mem-
ber of the mesophilic high PAG microbiome (Table 2
and Fig. 3a). In previous investigations, this genus was
associated with butyrate and acetate formation during
mesophilic AD [34]. Moreover, Fastidiosipila spp. posi-
tively correlated with concentrations of phenols, indoles,
and various VFAs in studies investigating pig slurry [35].
Two species of the genus Syntrophomonas (Table 2) were
shown to degrade butyrate in syntrophic associating with
hydrogenotrophic methanogens; however, the organisms
were not able to degrade branched fatty acids or benzoate
(36, 37].

Thermophilic communities

Surprisingly, the thermophilic microbial communities,
which are adapted to HCL conditions [19, 38], could cope
less with multifactorial effects caused by the respective
lignin intermediates than the mesophilic microbial com-
munities, which derived from an LCL system (Figs. 1, 4,
Additional file 1: Figures S2, S5). The microbial diversity
was generally lower in thermo- than in mesophilic com-
munities (Additional file 1: Figure S7). This could indicate
that the thermophilic community was very specialised,
with a low microbial redundancy. The microbial com-
munities were quite similar in LCL and MCL samples
(Fig. 5b), whereas HCL conditions led to specific changes
in the composition of microorganisms engaged in differ-
ent degradation phases. Moreover, the microbial com-
munity compositions did also change with the respective
lignin intermediate within the HCL group, as shown in
Fig. 5b. This is further supported by the alpha diversity
measurements at HCL conditions, which showed that
the microbial diversity in gallic, ferulic, and coumaric
acid fed reactors was high compared with the microbial
diversity in reactors fed with syringic or vanillic acid
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(Fig. 5a)—a trend that was (although to a lower extent)
also observed in mesophilic HCL samples (Fig. 2a).
Acetogenesis was functioning in thermophilic MCL
samples, but showed first impairments as i-butyrate and
butyrate accumulated (Fig. 4, Additional file 1: Table S4).
Propionate accumulated (Additional file 1: Table S4)
when phenyl acid concentrations increased in the first
days of incubation, but were also effectively degraded a
few days later, as shown in gallic acid HCL, vanillic acid
MCL, and (to a lesser extent) in ferulic acid MCL sam-
ples (Fig. 4, Additional file 1: Table S4). This association
(though less distinct) was also observed with meso-
philic ferulic acid MCL samples (Fig. 1, Additional file 1:
Table S1). Especially, gallic acid HCL samples showed
a steep increase in propionate concentration from day
21 (6.32+1.69 mM) to day 28 (34.2+£2.01 mM). These
results indicated that propionate is formed during phe-
nyl acid degradation; further investigations are needed
though to verify the results and to elucidate exact deg-
radation pathways. Methane formation in thermophilic
MCL samples was significantly lower than in mesophilic
equivalents (Figs. 1 and 4). The slightly acidic conditions
in gallic, syringic, and ferulic MCL samples (Additional
file 1: Table S4) could in part be responsible for the low
methane formation in those samples; however, in vanillic
and coumaric acid MCL samples, neutral conditions were
prevalent, but the methane formation was restricted,
as well. This shows that the low methane production in
MCL samples was mainly caused by the respective lignin
intermediate itself and less by secondary (pH) effects.
While Methanosarcina spp. was the dominant acetoclas-
tic methanogen in thermophilic control and LCL samples
(Additional file 1: Figure S5b), syntrophic acetate oxida-
tion (SAO)-induced hydrogenotrophic methanogenesis
was common in thermophilic MCL samples (except for
ferulic MCL on day 28, Fig. 7 and Additional file 1: Figure
S5b). This is in accordance with (i) the high relative abun-
dances of acetate producers like Defluviitoga spp. [39]
or Caldicoprobacter spp. [40] (Additional file 1: Figure
S5), thus with the assumption that acetogenesis was still
functioning in MCL samples and (ii) previous studies,
which concluded that SAO is energetically more favour-
able at thermo- than at mesophilic temperatures [41].
Acetoclastic methanogens in thermophilic systems seem
to be exceptionally susceptible towards phenyl acids;
however, Methanosarcina spp. was previously shown to
have an essential role in stabilising reactors at overload
conditions when ammonium concentrations were low
[19, 26, 42]. The susceptibility of acetoclastic methano-
gens towards ammonium or aromatic compound might
depend on multiple microbial, biochemical (e.g., pH,
CO,, H, partial pressure, and acetate concentrations),
and thermo-dynamical properties [41, 43, 44], and is thus
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controversially discussed [4, 13, 17, 19]. The results of
this study further indicate that SAOBs are less impacted
by aromatic compounds and thus can step in and oxi-
dise the acetate for the respective hydrogenotrophic
partner. Syntrophaceticus spp. and Tepidanaerobacter
spp. are two typical syntrophic acetate oxidising bacte-
ria in methanogenic systems [4, 10]. In previous studies,
the type of (proteinaceous) substrate determined which
of these two SAOBs was dominating [21]. In the pre-
sent study, the extent of the overload of the lignin inter-
mediates had a strong influence (Fig. 7): In control and
LCL samples on day 28, Tepidanaerobacter spp. was the
dominant SAOB. Under MCL conditions, both SAOBs
were competitive and also highly relevant for methane
formation. Astonishingly, Syntrophaceticus spp. was by
far the most dominant SAOB in HCL (and especially in
coumaric acid HCL) samples, even though acidic con-
ditions were prevalent (Additional file 1: Table S4) and
methane production was thus inhibited (Fig. 4 and Addi-
tional file 1: Figure S5b). These results show interesting
dynamics within the known SAOB member community;
however, it is not clear to what extent parameters like
aromatic compound, pH, ammonium [4, 10], and acetate
concentration, carbon overload, or syntrophic partners
have an influence on the prevalence of the respective
SAOB. Syntrophaceticus schinkii, the only described spe-
cies of this genus, is a mesophilic microorganism with
a pH growth range from 6.0 to 8.0 [45]. The prevalence
of Syntrophaceticus spp. in thermophilic samples under
acidic conditions indicates that this microorganism could
be another, yet unknown species of the very same genus.
Syntrophaceticus spp. most probably grew also on other
substrates like lactate or ethanol [45]. This is supported
by the fact that i) the use of other electron acceptors like
nitrate or sulphate during SAO is rather unlikely [45] as
the orthology counts for the nitrogen and sulphur metab-
olism were low throughout the present study (Additional
file 1: Figure S6) and ii) the abundance of the class Bacilli
in general and of the order Lactobacillales (Lactobacil-
lus spp. and Jeotgalibaca spp.) in particular was relatively
high in ferulic and coumaric HCL samples as well as in
high PAG samples (Fig. 6, Additional file 1: Figures S4b,
and S5b).

The relative abundance of Thermoanaerobacterium
spp. was astonishingly high (about 60%) in syringic and
vanillic acid HCL samples on day 14 as well as on day
28. The next abundant genera (and also members of the
class Clostridia) were Syntrophaceticus (45%), DTU014
(4%), and MBAO3 (3%), as shown in Additional file 1: Fig-
ures S4a and S5. H, concentrations in the headspace were
also high (6-9%) in syringic and vanillic HCL samples
from day 2 onwards, which might have been due to the
capability of Thermoanaerobacterium spp. to produce H,
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from various substrates even at low pH levels [46]. More-
over, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) enzyme analyses indicate that Thermoanaero-
bacterium spp. is also able to consume acetate via the
intermediate glycin, which is used as electron donor or
acceptor. This quite recently discovered strategy is used
by some bacteria to utilise acetate while circumventing
the carbonyl- and methyl cleavage of the conventional
Wood-Ljungdahl pathway [47]. The orthology counts for
the glycin dehydrogenase (subunit 1: K00282 and subu-
nit 2: K00283) were indeed high in syringic and vanillic
HCL samples (Additional file 1: Figure S8c), and could be
mainly associated with Thermoanaerobacterium thermo-
saccharolyticum. Apparently, syringic and vanillic acid
led to non-methanogenic, bacterial communities, which
were unique but highly restricted and only capable of
consuming easier degradable carbohydrates and VFAs
with acetate as central intermediate (Figs. 4, 5, Additional
file 1: Figures. S5, S8, Table S4). Phenyl acid concentra-
tions slightly increased in syringic and vanillic HCL sam-
ples at the end of the incubation (Fig. 4) though. A direct
involvement of Thermoanaerobacterium spp. in aromatic
compound dynamics could not be proven; however, the
restriction to syringic and vanillic acid HCL samples is
still noteworthy.

The genera Lactobacillus, Thermoactinomyces, Geoba-
cillus, Ureibacillus, and Bacillus spp., all members of the
class Bacilli, were significant biomarkers for high phenyl
acid formation (Table 3). Thermoactinomyces mirandus
is the first (and so far only) described anaerobic member
of the genus [48]. Lactobacillus spp. was associated with
phenyl acid formation before [21]; moreover, lactic acid
bacteria are known to produce PAA and phenyllactate
[49, 50]. Degradation of aromatic compounds by Bacil-
lus spp. was previously reported under aerobic condi-
tions [51, 52]; a turnover of phenyl acids by Bacillus spp.
is also plausible under anaerobic conditions as discussed
before [19]. An association of the genera Ureibacillus and
Geobacillus with phenyl acids dynamics (biomarkers,
Table 3) could also be shown previously [19, 21].

Conclusions

Even though coming from a low carbon load system,
the mesophilic sludge community could cope far bet-
ter with lignin intermediates than the thermophilic one,
especially at MCL conditions. Acetoclastic methanogens
were shown to be especially susceptible to aromatic com-
pound additions. HCL samples led to a complete inhibi-
tion of methanogenesis. Lignin intermediates also led to
an inhibition of acetogenic microorganisms, especially at
HCL conditions. Not only the load and the temperature
regime, but also the chemical structure (like the length
of the aliphatic side chain, methoxy-, hydroxy-groups)
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of the lignin intermediates had an influence on the over-
all digestion performance. The phenyl acids PAA, PPA,
and PBA accumulated when lignin intermediates were
metabolically utilised, but stuck in degradation phases
prior to methanogenesis. Previously identified asso-
ciations of genera like Fastidiosipila, Syntrophomonas
(mesophilic), or Bacillus, Lactobacillus, Geobacillus, and
Tissierella (thermophilic) with anaerobic phenyl acid
formation were reproduced; hence, these genera can be
seen as bioindicators for phenyl acid formation and/or
process failures. Although the impact of various lignin
intermediates on the generation of phenyl acids could
be established, the exact degradation pathways remain
elusive. Future work implementing pure cultures of
adequate model organisms or at least co-cultures with
a manageable number of microbial species, as well as
using multiomic approaches like metatranscriptomics
or metabolomics [53] could pave the way towards more
detailed studies of complex natural systems.

Methods

Experimental setup and sampling

The mesophilic inoculum was taken from a wastewater
treatment plant in Zirl (Austria), which is operated at a
temperature of 39 °C and was characterised by a volatile
solids (VS) concentration of 2.2240.04% in fresh mat-
ter and by a pH of 7.4 [25]. The thermophilic inoculum
derived from the outlet sampling port of a green- and
biowaste treating, full-scale digestion plant (Roppen,
Austria), which is characterised by an operation tempera-
ture of 53 °C, a DM content of 24.3 +2.80%, an OM con-
tent of 60.8+5.33% in dry matter, and a pH of 8.5 [54,
55]. Additional information regarding digester capaci-
ties, conditions, and characteristics can be looked up
elsewhere [12, 19, 25]. The respective sludge was filled
in plastic bottles (20L) and subsequently brought to the
laboratory. For liquid handling, the sludge was sieved and
diluted as described previously [19, 56] except that the
mesophilic sludge was diluted 1:2 (instead of 1:5). Head-
space exchange, removal of residual VFAs, and sludge
storage were done according earlier protocols [19].

To initiate phenyl acid formation in batch reactors,
five different lignin intermediates in three different con-
centrations (LCL, MCL, and HCL, Table 1) were each
mixed with an anaerobic medium and a mesophilic or
thermophilic inoculum. The respective lignin interme-
diate in the respective concentration was filled in trip-
licates into 120 mL serum flasks equipped with butyl
stoppers. A basic anaerobic medium-containing car-
boxymethylcellulose was prepared as described previ-
ously [19]. Subsequently, 48 mL of medium were filled
in each batch reactor. Gas-tight sealing, headspace gas
exchange, autoclaving, and inoculum addition (12 mL)
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were done as described before [12]. The mesophilic and
thermophilic reactors were incubated at 37 °C and 52 °C
for 28 days, respectively (2 treatments). A control con-
taining the anaerobic medium but no additional substrate
was also included and equally prepared and treated from
the medium addition thenceforward. In total, the use of
5 different lignin intermediates (variable 1) in three dif-
ferent concentrations (variable 2), the inoculation with
a meso- or thermophilic sludge (variable 3), the estab-
lishment of controls for each temperature regime, and
the preparation of each variant in triplicates, resulted
in studying 96 batch reactors. For biochemical analyses,
samples were taken on day 0, 2, 4, 7, 14, 21, and 28. The
pH of the samples was immediately measured with pH
indicator strips pH 5.0-10.0 (pH resolution: 0.5, Merck,
Germany). Thereafter, samples were frozen at —20 °C
until further use.

Biochemical analyses

Gas (CH,, CO,, and H,) concentration measurements
via GC-TCD and calculations were done as described
before [56, 57]. The VFA (acetate, propionate, i-butyrate,
and butyrate) and phenyl acid (PAA, PPA, 2-PBA, 3-PBA,
4-PBA, benzoate, hydroxybenzoate, and hydroxy-PAA)
concentrations were analysed using HPLC-UV/Vis
at 220 and 270 nm [12, 38]. The “phenyl acid (sum)”
parameter represents the calculated sum of all phenyl
acid concentrations of each sample (Figs. 1 and 4). The
gas over-pressure was measured with a GHM Greisinger
GDH 200 sensor and used to calculate biogas and meth-
ane production (NmL) as described previously [57].

DNA extraction, library preparations, and amplicon
sequencing

For DNA extraction, liquid samples were processed as
described earlier [19] using the Soil Extract II Kit DNA
(Macherey—Nagel) except that the procedure did not
include the addition of the enhancer solution. This was
done to avoid co-extraction of PCR-inhibitory (aromatic)
substances. The extracts were eluted in 30 pL of elution
buffer. The equality of the microbial community struc-
ture of start-up samples from day 0 (n=48) was checked
and confirmed according to previously established pro-
tocols [58, 59]. Thereafter, for each temperature regime,
sequencing analyses were done for controls of day 0
(which represent the microbial communities of all sam-
ples on day 0), as well as for samples of day 14 (n=48),
and 28 (n=48). The library for amplicon sequencing was
prepared in-house as described earlier [19]: The small
subunit rRNA gene primers 515f and 806r [60], tar-
geting the V4 region, were applied. The first PCR step
included the Illumina® adapter sequences. The quality of
the PCR products was checked with a 1.5% agarose gel.
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For attaching the Illumina® barcodes (second PCR step),
the PCR products were amplified for seven cycles. The
products of the second PCR were qualitatively checked
and fluorometrically quantified. Subsequently, 15 ng of
each PCR product were pooled, purified, and eluted in
50 uL Tris—HCI buffer. The final ready-to-load sample
pool showed a 260/280 absorbance ratio of 1.89 and was
subsequently sent to Microsynth AG in Switzerland for
sequencing.

Reads procession and OTU classification

In total, 99 mesophilic, 99 thermophilic, as well as 4
MOCK community samples were analysed. Raw sam-
ple reads were processed using the program mothur
version 1.39.5 and 1.42.1 [61]: a contig file was created
with the paired-end reads [9,680,593 sequences in total
(without MOCK), 48,892+ 12,467 sequences sample!].
Approximately 29% of the sequences were discarded
after sequence screening. Unique sequences were aligned
to the SILVA V132 database, which was processed as
described earlier [19]. Chimeric amplicons were removed
using the VSEARCH algorithm (v2.3.4) [62]. Sequences
were classified via the k-nearest neighbor (knn) algo-
rithm and subsequently binned to phylotypes based on
their taxonomy. After rarefaction analyses, samples were
normalised to 9554 reads per sample. The OTU matri-
ces prior to and after subsampling did not differ signifi-
cantly from each other (Mantel test; R=0.92, p<0.01,
N=9999).

The MOCK samples were co-processed with reactor
samples in 4 replicates to validate the sequencing pro-
cedure. Each community contained the ZymoBIOM-
ICS™ Microbial Community standard (Zymo, containing
eight bacterial and two yeast microorganisms) and
the archaeon Methanosarcina thermophila DSM 1825
(DSMZ, German Collection of Microorganisms and Cell
Cultures). The MOCK samples were checked via Micro-
soft® Excel® All microorganisms could be recovered
at genus level. The validity and reliability of the applied
strategies for DNA extraction, library preparation, and
data processing were thus proven.

The obtained raw OTU tables can be acquired from the
authors upon request. Quality-filtered sequences were
uploaded to GenBank® via BankIt.

Graphical and statistical analyses

After rarefaction analyses, meso- and thermophilic data
were analysed separately. For each temperature regime,
OTUs with a total abundance below 50 were excluded as
they would have made the data set too noisy. Phenyl acid
(sum) concentrations, measured throughout the experi-
ment, were grouped by k-means clustering (low PAG:
0-3.98 mM, medium PAG: 4.98-9.11 mM, and high
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PAG: 13.7-21.1 mM) via the program PAST® 3 [63]. In
mothur, the core microbiome and the LEfSe biomarkers
[64] of each PAG (low, medium, and high) were assessed
[59, 64]. The Mantel test and NMDS ordination (two-
dimensional), both using the Gower Similarity Index,
were conducted in PAST® 3. For NMDS analyses, the
respective Shepard plots and stress values were checked.
For statistical analyses, the Kruskal-Wallis H test (KW-
H) was conducted in Statistica'" 13 for diversity analyses
and in STAMP 2.1.3 [65] for extended error bar analyses
(including Welch’s post hoc test (95%) and Benjamini—
Hochberg corrections [66]). White’s non-parametric t
test (two-sided, 95% confidence interval calculated via
bootstrapping; Benjamini—Hochberg corrections) and the
Mann—Whitney U test were used for two independent
variables, and were conducted in STAMP 2.1.3 and Sta-
tistica™ 13, respectively. The significance cut-off was set
at a=0.05 for all analyses. Box plots and bar plots were
conducted in Statistica" 13 and SigmaPlot™ 14 (Systat®
Software Inc.), respectively. Extended error bar plots
were done with STAMP 2.1.3; an effect size>1 was cho-
sen for a better visualisation of genera showing remark-
able differences in their abundance among variants. The
diversity analyses (Shannon—Weaver index) were done
with R-4.0.0. [67] using the packages ggplot2 [68], phy-
loseq [69], and extrafont [70]. All R analyses were done in
RStudio® [71]. For an interactive visualisation of relative
sequence abundances of meso- and thermophilic sam-
ples, the tool KRONA was used [72]. The KRONA graphs
can be looked up in Additional file 1.

Prediction of metagenomic properties

Piphillin analyses [73] were conducted according to pre-
vious investigations [19]: Representative sequences and
the OTU table were uploaded to https://piphillin.secon
dgenome.com in February 2020. The KEGG database
[74] of October 2018 was applied. The analyses focused
on general biochemical pathways such as carbon fixation
pathways in prokaryotes (KEGG orthology ko00720),
nitrogen metabolism (KEGG orthology ko00910), sul-
phur metabolism (KEGG orthology ko00920), and meth-
ane metabolism (KEGG orthology ko00680), as well as
pathways regarding turnover of aromatic compounds
such as degradation of aromatic compounds (KEGG
orthology ko01220) and phenylpropanoid biosynthe-
sis (KEGG orthology ko00940). The focus lied also on
the enzyme glycin dehydrogenase (K00282 and K00283)
and on the ABC-2 type transport system ATP-binding
protein (K01990). The neighbour-joining clustering with
KEGG enzymes was done via PAST® 4 [63]. The heatmap
for the most abundant and most differently expressed
enzymes was created with R-4.0.0. [67] using the
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packages pheatmap [75], readxl [76], and extrafont [70].
The piphillin results can be looked up in Additional file 1.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513068-020-01855-0.

Additional file 1: Table S1. pH and concentrations of propionate,
i-butyrate, and butyrate of mesophilic control and lignin intermedi-

ate samples under low, medium, and high overload conditions on day
0,7, 14, and 28. Table S2. Concentrations of PAA, PPA, and PBA (sum)

of mesophilic control and lignin intermediate samples under low,
medium, and high overload conditions on day 0, 7, 14, and 28. Table S3.
Concentrations of benzoate, hydroxybenzoate, and hydroxy-PAA of
mesophilic control and lignin intermediate samples under low, medium,
and high overload conditions on day 0, 7, 14, and 28. Table S4. pH and
concentrations of propionate, i-butyrate, and butyrate of thermophilic
control and lignin intermediate samples under low, medium, and high
overload conditions on day 0, 7, 14, and 28. Table S5. Concentrations of
PAA, PPA, and PBA (sum) of thermophilic control and lignin intermediate
samples under low, medium, and high overload conditions on day 0, 7,
14, and 28. Table S6. Concentrations of benzoate, hydroxybenzoate, and
hydroxy-PAA of thermophilic control and lignin intermediate samples
under low, medium, and high overload conditions on day 0, 7, 14, and 28.
Figure S1a. Mean sequence proportions [%] of mesophilic genera of all
control and gallic, syringic, and vanillic acid samples. Figure S1b. Mean
sequence proportions [%] of mesophilic genera of all control and ferulic
acid and of all control and coumaric acid samples. Figure S2a. Interactive
visualisation of mesophilic taxa of the control and all lignin intermedi-
ate samples under low, medium, and high overload conditions on day
0and on day 14. Figure S2b. Interactive visualisation of mesophilic taxa
of the control and all lignin intermediate samples under low, medium,
and high overload conditions on day 0 and on day 28. Figure S3. KEGG
orthology counts of general pathways and of pathways relevant for AD
of aromatic compounds of all mesophilic samples of day 28. Figure S4a.
Mean sequence proportions [%] of thermophilic genera of all control and
gallic, syringic, and vanillic acid samples. Figure S4b. Mean sequence
proportions [%] of thermophilic genera of all control and ferulic acid and
of all control and coumaric acid samples. Figure S5a. Interactive visualisa-
tion of thermophilic taxa of the control and of all lignin intermediates
samples under low, medium, and high overload conditions on day 0 and
on day 14. Figure S5b. Interactive visualisation of thermophilic taxa of
the control and of all lignin intermediate samples under low, medium,
and high overload conditions on day 0 and on day 28. Figure S6. KEGG
orthology counts of general pathways and of pathways relevant for AD
of aromatic compounds of all thermophilic samples on day 28. Figure
S7. Shannon diversity index for meso- and thermophilic samples fed with
gallic, syringic, vanillic, ferulic, and coumaric acid. Figure S8a. Neighbour
joining clustering with KEGG enzyme results of thermophilic samples on
day 28. Figure S8b. Heatmap using KEGG orthology counts of the most
abundant and most differently expressed enzymes of thermophilic con-
trols and HCL samples of day 28. Figure S8c. KEGG orthology counts per
samples of the enzyme subunits K00282 (glycin dehydrogenase (gcvP)
subunit 1) and K00283 (gcvP subunit 2) as well of K01990 (ABC-2 type
transport system ATP-binding protein) of thermophilic controls and HCL
samples of day 28. Text S1. Piphillin results. (DOCX 7742 kb)

Abbreviations

AD: Anaerobic digestion; PAA: Phenylacetate; PPA: Phenylpropionate; PBA:
Phenylbutyrate; VFA: Volatile fatty acid; LCL: Low carbon load; cum: Cumula-
tive; MCL: Medium carbon load; HCL: High carbon load; OTU: Operational
taxonomic unit; NMDS: Non-metric multidimensional scaling; LEfSe: Linear
discriminant analysis effect size; PAG: Phenyl acid group; SAOB: Syntrophic
acetate oxidising bacterium; SAO: Syntrophic acetate oxidation; KEGG:
Kyoto Encyclopedia of Genes and Genomes; knn: K-nearest neighbor; Zymo:

™

ZymoBIOMICS ™ Microbial Community standard; DSMZ: German Collection


https://piphillin.secondgenome.com
https://piphillin.secondgenome.com
https://doi.org/10.1186/s13068-020-01855-0
https://doi.org/10.1186/s13068-020-01855-0

Prem et al. Biotechnol Biofuels (2021) 14:27

of Microorganisms and Cell Cultures; KW-H: Kruskal-Wallis H test; LDA: Linear
discriminant analysis.

Acknowledgements

Margaretha Buchner is greatly acknowledged for supporting the library prepa-
rations. We also thank Sieglinde Farbmacher for the batch reactor set up and
sampling as well as Rudolf Markt and Nina Lackner for their collegial support.

Authors’ contributions

Batch reactor set up and sampling was done by MM and AOW. Biochemical
analyses were conducted by EMP and AOW. The library for amplicon sequenc-
ing was created and checked by EMP and AOW. Reads procession, piphillin
analyses, and writing the manuscript draft were done by EMP. Graphical and
statistical analyses were done by MM and EMP. The funding was raised by
AOW. AOW, PI, and BS supervised the findings of the study. All the authors
gave critical feedback and helped shaping analyses and the manuscript. All
authors read and approved the final manuscript.

Funding

The study was supported by the Austrian Science Fund (FWF, Stand-Alone
project P29143) and the Universitat Innsbruck (Publikationsfonds). BS was in
part supported by the CEEPUS Freemover Grant and the LFUI-Guest Professor-
ship of the Universitat Innsbruck.

Availability of data and materials

Mesophilic and thermophilic sequences were uploaded to GenBank® via the
submission tool Banklt (BioProject ID for mesophilic samples: PRINA606421,
BioProject ID for thermophilic samples: PRINA606449). Raw OTU tables can be
acquired from the authors upon request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Microbiology, Universitit Innsbruck, Technikerstrae 25d,
6020 Innsbruck, Austria. 2 Department of Animal Science, Biotechnical Faculty,
University of Ljubljana, Jamnikarjeva 101, 1000 Ljubljana, Slovenia. * Institute
of Sanitary Engineering, Faculty of Civil and Geodetic Engineering, University
of Ljubljana, Jamova 2, 1000 Ljubljana, Slovenia. * Department of Automation,
Biocybernetics and Robotics, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana,
Slovenia.

Received: 17 August 2020 Accepted: 9 December 2020
Published online: 20 January 2021

References

1. Panwar NL, Kaushik SC, Kothari S. Role of renewable energy sources
in environmental protection: a review. Renew Sustain Energy Rev.
2011;15:1513-24.

2. Grbic-Galic D. Anaerobic production and transformation of aromatic
hydrocarbons and substitutes phenols by ferulic aciddegradin BESA-
inhibited methanogenic consortia. FEMS Microbiol Ecol. 1986;38:161-9.

3. Caudin JP, Beljebbar A, Sockalingum GD, Angiboust JF, Manfait M.
Coupling FT Raman and FT SERS microscopy with TLC plates for in situ
identification of chemical compounds. Spectrochim Acta Part A Mol
Biomol Spectrosc. 1995. https://doi.org/10.1016/0584-8539(95)01490-5.

4. Westerholm M, Moestedt J, Schnirer A. Biogas production through
syntrophic acetate oxidation and deliberate operating strategies for
improved digester performance. Appl Energy. 2016;179:124-35. https://
doi.org/10.1016/j.apenergy.2016.06.061.

5. Morris BEL, Henneberger R, Huber H, Moissl-Eichinger C. Microbial
syntrophy: interaction for the common good. FEMS Microbiol Rev.
2013;37:384-406. https://doi.org/10.1111/1574-6976.12019.

20.

21.

22.

23.

24.

Page 21 of 23

Zieminski K, Romanowska |, Kowalska M. Enzymatic pretreatment of
lignocellulosic wastes to improve biogas production. Waste Manag.
2012;32:1131-7. https://doi.org/10.1016/jwasman.2012.01.016.

Wagner AO, Lackner N, Mutschlechner M, Prem EM, Markt R, lllmer P.
Biological pretreatment strategies for second-generation lignocellulosic
resources to enhance biogas production. Energies. 2018;11:1797. https://
doi.org/10.3390/en11071797.

Jonsson LJ, Martin C. Pretreatment of lignocellulose: Formation of inhibi-
tory by-products and strategies for minimizing their effects. Bioresour
Technol. 2016;199:103-12. https://doi.org/10.1016/j.biortech.2015.10.009.
Drosg B, Braun R, Bochmann G, Al ST. 3—analysis and characterisation

of biogas feedstocks A2—Wellinger, Arthur. In: Wellinger A, Murphy

J, Baxter D, editors. The biogas handbook: science, production and
applications. Sawston: Woodhead Publishing; 2013. p. 52-84. https://doi.
0rg/10.1533/9780857097415.1.52.

Westerholm M, Roos S, Schnrer A. Tepidanaerobacter acetatoxydans

sp. Nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated
from two ammonium-enriched mesophilic methanogenic processes.
Syst Appl Microbiol. 2011;34:260-6. https://doi.org/10.1016/j.syapm
.2010.11.018.

. Fotidis IA, Karakashev D, Kotsopoulos TA, Martzopoulos GG, Angelidaki I.

Effect of ammonium and acetate on methanogenic pathway and metha-
nogenic community composition. FEMS Microbiol Ecol. 2013;83:38-48.
https://doi.org/10.1111/j.1574-6941.2012.01456.x.

Wagner AO, Prem EM, Markt R, Kaufmann R, llimer P. Formation of phe-
nylacetic acid and phenylpropionic acid under different overload condi-
tions during mesophilic and thermophilic anaerobic digestion. Biotech-
nol Biofuels. 2019;12:359. https://doi.org/10.1186/513068-019-1370-6.
Cabrol L, Urra J, Rosenkranz F, Kroff PA, Plugge CM, Lesty Y, Chamy R. Influ-
ence of phenylacetic acid pulses on anaerobic digestion performance
and archaeal community structure in WWTP sewage sludge digesters.
Water Sci Technol. 2015;71:1790. https://doi.org/10.2166/wst.2015.165.
lannotti EL, Mueller RE, Sievers DM, Georgacakis DG, Gerhardt KO.
Phenylacetic acid in an anaerobic swine manure digester. J Ind Microbiol.
1986;1:57-61. https://doi.org/10.1007/BF01569417.

Boll M, Fuchs G, Heider J. Anaerobic oxidation of aromatic compounds
and hydrocarbons. Curr Opin Chem Biol. 2002;6:604-11.

Boll M, Loffler C, Morris BEL, Kung JW. Anaerobic degradation of homocy-
clic aromatic compounds via arylcarboxyl-coenzyme A esters: organisms,
strategies and key enzymes. Environ Microbiol. 2014;16:612-27. https://
doi.org/10.1111/1462-2920.12328.

Hecht C, Griehl C. Investigation of the accumulation of aromatic com-
pounds during biogas production from kitchen waste. Bioresour Technol.
2009;100:654-8. https://doi.org/10.1016/j.biortech.2008.07.034.

Qiao J-T, Qiu Y-L, Yuan X-Z, Shi X-S, Xu X-H, Guo R-B. Molecular charac-
terization of bacterial and archaeal communities in a full-scale anaerobic
reactor treating corn straw. Bioresour Technol. 2013;143:512-8. https://
doi.org/10.1016/j.biortech.2013.06.014.

Prem EM, Markt R, Lackner N, llimer P, Wagner AO. Microbial and pheny!
acid dynamics during the start-up phase of anaerobic straw degradation
in meso- and thermophilic batch reactors. Microorganisms. 2019;7:657.
https://doi.org/10.3390/microorganisms7120657.

Kato S, Chino K, Kamimura N, Masai E, Yumoto |, Kamagata Y. Metha-
nogenic degradation of lignin-derived monoaromatic compounds by
microbial enrichments from rice paddy field soil. Sci Rep. 2015;5:14295.
https://doi.org/10.1038/srep14295.

Prem EM, Stres B, lllmer P, Wagner AO. Microbial community dynamics

in mesophilic and thermophilic batch reactors under methanogenic,
pheny! acid-forming conditions. Biotechnol Biofuels. 2020;13:1-17. https
://doi.org/10.1186/513068-020-01721-z.

SekiguchiY, Kamagata Y, Syutsubo K, Ohashi A, Harada H, Nakamura K.
Phylogenetic diversity of mesophilic and thermophilic granular sludges
determined by 165 rRNA gene analysis. Microbiology (Reading, Engl).
1998;144(Pt 9):2655-65. https://doi.org/10.1099/00221287-144-9-2655.
de Vrieze J, Christiaens MER, Walraedt D, Devooght A, ljaz UZ, Boon N.
Microbial community redundancy in anaerobic digestion drives process
recovery after salinity exposure. Water Res. 2017;111:109-17. https://doi.
org/10.1016/j.watres.2016.12.042.

Smith KS, Ingram-Smith C. Methanosaeta, the forgotten methano-

gen? Trends Microbiol. 2007;15:150-5. https://doi.org/10.1016/j.
tim.2007.02.002.


https://doi.org/10.1016/0584-8539(95)01490-5
https://doi.org/10.1016/j.apenergy.2016.06.061
https://doi.org/10.1016/j.apenergy.2016.06.061
https://doi.org/10.1111/1574-6976.12019
https://doi.org/10.1016/j.wasman.2012.01.016
https://doi.org/10.3390/en11071797
https://doi.org/10.3390/en11071797
https://doi.org/10.1016/j.biortech.2015.10.009
https://doi.org/10.1533/9780857097415.1.52
https://doi.org/10.1533/9780857097415.1.52
https://doi.org/10.1016/j.syapm.2010.11.018
https://doi.org/10.1016/j.syapm.2010.11.018
https://doi.org/10.1111/j.1574-6941.2012.01456.x
https://doi.org/10.1186/s13068-019-1370-6
https://doi.org/10.2166/wst.2015.165
https://doi.org/10.1007/BF01569417
https://doi.org/10.1111/1462-2920.12328
https://doi.org/10.1111/1462-2920.12328
https://doi.org/10.1016/j.biortech.2008.07.034
https://doi.org/10.1016/j.biortech.2013.06.014
https://doi.org/10.1016/j.biortech.2013.06.014
https://doi.org/10.3390/microorganisms7120657
https://doi.org/10.1038/srep14295
https://doi.org/10.1186/s13068-020-01721-z
https://doi.org/10.1186/s13068-020-01721-z
https://doi.org/10.1099/00221287-144-9-2655
https://doi.org/10.1016/j.watres.2016.12.042
https://doi.org/10.1016/j.watres.2016.12.042
https://doi.org/10.1016/j.tim.2007.02.002
https://doi.org/10.1016/j.tim.2007.02.002

Prem et al. Biotechnol Biofuels

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2021) 14:27

Walter A, Probst M, Franke-Whittle IH, Ebner C, Podmirseg SM, Etemadi-
Shalamzari M, et al. Microbiota in anaerobic digestion of sewage sludge
with and without co-substrates. Water Environ J. 2018. https://doi.
org/10.1111/wej.12392.

llimer P, Reitschuler C, Wagner AO, Schwarzenauer T, Lins P. Microbial suc-
cession during thermophilic digestion: The potential of Methanosarcina
sp. PLoS ONE. 2014;9:e86967.

Franke-Whittle IH, Walter A, Ebner C, Insam H. Investigation into the effect
of high concentrations of volatile fatty acids in anaerobic digestion on
methanogenic communities. Waste Manage. 2014;34:2080-9. https://doi.
org/10.1016/j.wasman.2014.07.020.

Chen Si, Cheng H, Liu J, Hazen TC, Huang V, He Q. Unexpected competi-
tiveness of Methanosaeta populations at elevated acetate concentrations
in methanogenic treatment of animal wastewater. Appl Microbiol Bio-
technol. 2017;101:1729-38. https://doi.org/10.1007/500253-016-7967-9.
Kayembe K. Inhibitory effects of phenolic monomers on methanogenesis
in anaerobic digestion. BMRJ. 2013;3:32-41. https://doi.org/10.9734/
BMRJ/2013/2291.

Sierra-Alvarez R, Lettinga G. The effect of aromatic structure on the inhibi-
tion of acetoclastic methanogenesis in granular sludge. Appl Microbiol
Biotechnol. 1991;34:544-50.

Boyle WC. Energy recovery from sanitary landfills—a review. In: Schlegel
HG, Barnea J, editors. Microbial energy conversion: The Proceedings

of a Seminar Sponsored by the UN Institute for Training and Research
(UNITAR) and the Ministry for Research and Technology of the Federal
Republic of Germany Held in Gottingen, October 1976. Burlington:
Elsevier Science; 1977. p. 119-138. doi:https://doi.org/10.1016/B978-0-08-
021791-8.50019-6.

Ryan P, Forbes C, Colleran E. Investigation of the diversity of homoace-
togenic bacteria in mesophilic and thermophilic anaerobic sludges

using the formyltetrahydrofolate synthetase gene. Water Sci Technol.
2008;57:675-80. https://doi.org/10.2166/wst.2008.059.

Schuchmann K, Muller V. Energetics and application of heterotrophy in
acetogenic bacteria. Appl Environ Microbiol. 2016;82:4056-69. https://
doi.org/10.1128/AEM.00882-16.

Moestedt J, Westerholm M, Isaksson S, Schntrer A. Inoculum source
determines acetate and lactate production during anaerobic digestion
of sewage sludge and food waste. Bioengineering. 2019. https://doi.
0rg/10.3390/bioengineering7010003.

Jang YN, Jung MW. Biochemical changes and biological origin of key
odor compound generations in pig slurry during indoor storage periods:
a pyrosequencing approach. Biomed Res Int. 2018,2018:3503658. https://
doi.org/10.1155/2018/3503658.

Zhang C, Liu X, Dong X. Syntrophomonas curvata sp. nov., an anaerobe
that degrades fatty acids in co-culture with methanogens. Int J Syst Evol
Microbiol. 2004;54:969-73. https://doi.org/10.1099/ij5.0.02903-0.

Zhang C, Liu X, Dong X. Syntrophomonas erecta sp. nov., a novel anaerobe
that syntrophically degrades short-chain fatty acids. Int J Syst Evol Micro-
biol. 2005;55:799-803. https://doi.org/10.1099/ijs.0.63372-0.

Wagner AO, Markt R, Puempel T, lllmer P, Insam H, Ebner C. Sample
preparation, preservation, and storage for volatile fatty acid quantifica-
tion in biogas plants. Eng Life Sci. 2017;17:132-9. https://doi.org/10.1002/
elsc.201600095.

Hania WB, Godbane R, Postec A, Hamdi M, Ollivier B, Fardeau M-L. Defluvii-
toga tunisiensis gen. nov., sp. nov., a thermophilic bacterium isolated from
a mesothermic and anaerobic whey digester. Int J Syst Evol Microbiol.
2012;62:1377-82. https://doi.org/10.1099/ij5.0.033720-0.
Bouanane-Darenfed A, Ben Hania W, Cayol J-L, Ollivier B, Fardeau M-L.
Reclassification of Acetomicrobium faecale as Caldicoprobacter faeca-

lis comb. nov. Int J Syst Evol Microbiol. 2015;65:3286-8. https://doi.
org/10.1099/ijsem.0.000409.

Dolfing J. Thermodynamic constraints on syntrophic acetate oxida-

tion. Appl Environ Microbiol. 2014;80:1539-41. https://doi.org/10.1128/
AEM.03312-13.

de Vrieze J, Hennebel T, Boon N, Verstraete W. Methanosarcina: the redis-
covered methanogen for heavy duty biomethanation. Biores Technol.
2012;112:1-9. https://doi.org/10.1016/j.biortech.2012.02.079.

Dolfing J, Larter SR, Head IM. Thermodynamic constraints on metha-
nogenic crude oil biodegradation. ISME J. 2008;2:442-52. https://doi.
0rg/10.1038/ismej.2007.111.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 22 of 23

Mayumi D, Dolfing J, Sakata S, Maeda H, Miyagawa Y, [karashi M, et al.
Carbon dioxide concentration dictates alternative methanogenic path-
ways in oil reservoirs. Nat Commun. 2013;4:1998. https://doi.org/10.1038/
ncomms2998.

Westerholm M, Roos S, Schnrrer A. Syntrophaceticus schinkii gen. nov., sp.
nov., an anaerobic, syntrophic acetate-oxidizing bacterium isolated from
a mesophilic anaerobic filter. FEMS Microbiol Lett. 2010;309:100-4. https
://doi.org/10.1111/j.1574-6968.2010.02023 X.

O-Thong S, Prasertsan P, Karakashev D, Angelidaki |. Thermophilic fermen-
tative hydrogen production by the newly isolated Thermoanaerobacte-
rium thermosaccharolyticum PSU-2. Int J Hydrog Energy. 2008,;33:1204-14.
https://doi.org/10.1016/j.ijhydene.2007.12.015.

Zhu X, Campanaro S, Treu L, Seshadri R, lvanova N, Kougias PG, et al.
Metabolic dependencies govern microbial syntrophies during metha-
nogenesis in an anaerobic digestion ecosystem. Microbiome. 2020;8:22.
https://doi.org/10.1186/540168-019-0780-9.

Mutschlechner M, Lackner N, Markt R, Salvenmoser W, Dunlap CA, Wag-
ner AQ. Proposal of Thermoactinomyces mirandus sp. nov.,, a filamentous,
anaerobic bacterium isolated from a biogas plant. Antonie Van Leeuwen-
hoek. 2020. https://doi.org/10.1007/510482-020-01497-0.

MuW,Yu'S, Zhu L, Jiang B, Zhang T. Production of 3-phenyllactic acid and
4-hydroxyphenyllactic acid by Pediococcus acidilactici DSM 20284 fermen-
tation. Eur Food Res Technol. 2012;235:581-5. https://doi.org/10.1007/
500217-012-1768-x.

Valerio F, Lavermicocca P, Pascale M, Visconti A. Production of phenyl-
lactic acid by lactic acid bacteria: an approach to the selection of strains
contributing to food quality and preservation. FEMS Microbiol Lett.
2004;233:289-95. https://doi.org/10.1111/j.1574-6968.2004.tb09494 x.
Zheng Z, Ma C, Gao C, Li F, Qin J, Zhang H, et al. Efficient conversion of
phenylpyruvic acid to phenyllactic acid by using whole cells of Bacillus
coagulans SDM. PLoS ONE. 2011;6:¢19030. https://doi.org/10.1371/journ
al.pone.0019030.

Atashgahi S, Hornung B, van der Waals MJ, da Rocha UN, Hugenholtz F,
Nijsse B, et al. A benzene-degrading nitrate-reducing microbial consor-
tium displays aerobic and anaerobic benzene degradation pathways. Sci
Rep. 2018;8:4490. https://doi.org/10.1038/541598-018-22617-x.

Stres B, Kronegger L. Shift in the paradigm towards next-generation
microbiology. FEMS Microbiol Lett. 2019. https://doi.org/10.1093/femsle/
fnz159.

llimer P, Gstraunthaler G. Effect of seasonal changes in quantities of
biowaste on full scale anaerobic digester performance. Waste Manag.
2009;29:162-7. https://doi.org/10.1016/j.wasman.2008.02.005.

llimer P, Schwarzenauer T, Malin C, Wagner AO, Miller LM, Gstraunthaler
G. Process parameters within a 750,000 litre anaerobic digester during a
year of disturbed fermenter performance. Waste Manag. 2009;29:1838-
43, https://doi.org/10.1016/j.wasman.2009.02.003.

Wagner AO, Hohlbrugger P, Lins P, llimer P. Effects of different nitrogen
sources on the biogas production—a lab-scale investigation. Microbiol
Res. 2012;167:630-6. https://doi.org/10.1016/j.micres.2011.11.007.
Wagner AO, Markt R, Mutschlechner M, Lackner N, Prem EM, Praeg N,
llimer P. Medium preparation for the cultivation of microorganisms
under strictly anaerobic/anoxic conditions. JoVE. 2019. https://doi.
org/10.3791/60155.

Wagner AQ, Lins P, Malin C, Reitschuler C, llimer P. Impact of protein-,
lipid- and cellulose-containing complex substrates on biogas produc-
tion and microbial communities in batch experiments. Sci Total Environ.
2013;458-460:256-66. https://doi.org/10.1016/j.scitotenv.2013.04.034.
Reitschuler C, Lins P, Wagner AQ, Ilimer P. Cultivation of moonmilk-born
non-extremophilic Thaum and Euryarchaeota in mixed culture. Anaer-
obe. 2014;29:73-9. https://doi.org/10.1016/j.anaerobe.2013.10.002.
Apprill A, McNally S, Parsons R, Weber L. Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bacterio-
plankton. Aquat Microb Ecol. 2015;75:129-37. https://doi.org/10.3354/
ame01753.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al.
Introducing mothur: open-source, platform-independent, community-
supported software for describing and comparing microbial communi-
ties. Appl Environ Microbiol. 2009;75:7537-41.

Rognes T, Flouri T, Nichols B, Quince C, Mahé F. VSEARCH: a versatile open
source tool for metagenomics. PeerJ. 2016,4:e2584-e2584. https://doi.
org/10.7717/peerj.2584.


https://doi.org/10.1111/wej.12392
https://doi.org/10.1111/wej.12392
https://doi.org/10.1016/j.wasman.2014.07.020
https://doi.org/10.1016/j.wasman.2014.07.020
https://doi.org/10.1007/s00253-016-7967-9
https://doi.org/10.9734/BMRJ/2013/2291
https://doi.org/10.9734/BMRJ/2013/2291
https://doi.org/10.1016/B978-0-08-021791-8.50019-6
https://doi.org/10.1016/B978-0-08-021791-8.50019-6
https://doi.org/10.2166/wst.2008.059
https://doi.org/10.1128/AEM.00882-16
https://doi.org/10.1128/AEM.00882-16
https://doi.org/10.3390/bioengineering7010003
https://doi.org/10.3390/bioengineering7010003
https://doi.org/10.1155/2018/3503658
https://doi.org/10.1155/2018/3503658
https://doi.org/10.1099/ijs.0.02903-0
https://doi.org/10.1099/ijs.0.63372-0
https://doi.org/10.1002/elsc.201600095
https://doi.org/10.1002/elsc.201600095
https://doi.org/10.1099/ijs.0.033720-0
https://doi.org/10.1099/ijsem.0.000409
https://doi.org/10.1099/ijsem.0.000409
https://doi.org/10.1128/AEM.03312-13
https://doi.org/10.1128/AEM.03312-13
https://doi.org/10.1016/j.biortech.2012.02.079
https://doi.org/10.1038/ismej.2007.111
https://doi.org/10.1038/ismej.2007.111
https://doi.org/10.1038/ncomms2998
https://doi.org/10.1038/ncomms2998
https://doi.org/10.1111/j.1574-6968.2010.02023.x
https://doi.org/10.1111/j.1574-6968.2010.02023.x
https://doi.org/10.1016/j.ijhydene.2007.12.015
https://doi.org/10.1186/s40168-019-0780-9
https://doi.org/10.1007/s10482-020-01497-0
https://doi.org/10.1007/s00217-012-1768-x
https://doi.org/10.1007/s00217-012-1768-x
https://doi.org/10.1111/j.1574-6968.2004.tb09494.x
https://doi.org/10.1371/journal.pone.0019030
https://doi.org/10.1371/journal.pone.0019030
https://doi.org/10.1038/s41598-018-22617-x
https://doi.org/10.1093/femsle/fnz159
https://doi.org/10.1093/femsle/fnz159
https://doi.org/10.1016/j.wasman.2008.02.005
https://doi.org/10.1016/j.wasman.2009.02.003
https://doi.org/10.1016/j.micres.2011.11.007
https://doi.org/10.3791/60155
https://doi.org/10.3791/60155
https://doi.org/10.1016/j.scitotenv.2013.04.034
https://doi.org/10.1016/j.anaerobe.2013.10.002
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584

Prem et al. Biotechnol Biofuels (2021) 14:27

63.

64.

65.

66.

67.

68.

69.

70.
71.

Hammer O, Harper D, Ryan P. PAST: paleontological statistics software
package for education and data analysis. Palaesontol Electron. 2001;4:9.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Hutten-
hower C. Metagenomic biomarker discovery and explanation. Genome
Biol. 2011;12:1-8.

Parks DH, Tyson GW, Hugenholtz P, Beiko RG. STAMP: statistical analysis of
taxonomic and functional profiles. Bioinformatics. 2014;30:3123-4. https
://doi.org/10.1093/bioinformatics/btu494.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Roy Stat Soc Ser B (Meth-
odol). 1995;57:289-300. https://doi.org/10.1111/j.2517-6161.1995.tb020
31X

R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2017.

Wickham H. ggplot2: elegant graphics for data analysis. New York:
Springer; 2009.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS ONE.
2013;8:€61217. https://doi.org/10.1371/journal.pone.0061217.

Chang W. extrafont: tools for using fonts. R package version 0.17.; 2014.
RStudio Team. RStudio: integrated development environment for R.
Boston; 2015.

Page 23 of 23

72. Ondov BD, Bergman NH, Phillippy AM. Interactive metagenomic
visualization in a Web browser. BMC Bioinform. 2011;12:377. https://doi.
org/10.1186/1471-2105-12-385.

73. Iwai S, Weinmaier T, Schmidt BL, Albertson DG, Poloso NJ, Dabbagh K,
DeSantis TZ. Piphillin: improved prediction of metagenomic content by
direct inference from human microbiomes. PLoS ONE. 2016;11:e0166104.
https://doi.org/10.1371/journal.pone.0166104.

74. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M. KEGG as a
reference resource for gene and protein annotation. Nucleic Acids Res.
2016;44:D457-62. https://doi.org/10.1093/nar/gkv1070.

75. Kolde R. pheatmap: Pretty Heatmaps. R package version 1.0.12,; 2019.

76. Wickham H, Bryan J. readxl: Read Excel Files. R package version 1.3.1,
2019.

77. Griehl C, Hecht C, Streuber S, GanB Y, Kremp H. Bestimmung von Pheny-
lessigsdure zur Friherkennung von Prozessstdrungen in Biogasanlagen.
Chem Ing Tec. 2010;82:2223-9. https://doi.org/10.1002/cite.200900064.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/1471-2105-12-385
https://doi.org/10.1186/1471-2105-12-385
https://doi.org/10.1371/journal.pone.0166104
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1002/cite.200900064

	Lignin intermediates lead to phenyl acid formation and microbial community shifts in meso- and thermophilic batch reactors
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Mesophilic reactors
	Methane production, VFA concentrations, and pH
	Lignin intermediates and phenyl acid concentrations
	Microbial community composition

	Thermophilic communities
	Methane production, VFA concentrations, and pH
	Lignin intermediates and phenyl acid concentrations
	Microbial community composition


	Discussion
	Mesophilic communities
	Thermophilic communities

	Conclusions
	Methods
	Experimental setup and sampling
	Biochemical analyses
	DNA extraction, library preparations, and amplicon sequencing
	Reads procession and OTU classification
	Graphical and statistical analyses
	Prediction of metagenomic properties

	Acknowledgements
	References




