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Abstract

Birch wood is a potential feedstock for biogas production in Northern Europe; however, the lignocellulosic matrix

is recalcitrant preventing efficient conversion to methane. To improve digestibility, birch wood was thermally pre-
treated using steam explosion at 220 °C for 10 min. The steam-exploded birch wood (SEBW) was co-digested with
cow manure for a period of 120 days in continuously fed CSTRs where the microbial community adapted to the SEBW
feedstock. Changes in the microbial community were tracked by stable carbon isotopes- and 16S r RNA analyses.

The results showed that the adapted microbial culture could increase methane production up to 365 mL/g VS day,
which is higher than previously reported methane production from pre-treated SEBW. This study also revealed that
the microbial adaptation significantly increased the tolerance of the microbial community against the inhibitors
furfural and HMF which were formed during pre-treatment of birch. The results of the microbial analysis indicated that
the relative amount of cellulosic hydrolytic microorganisms (e.g. Actinobacteriota and Fibrobacterota) increased and
replaced syntrophic acetate bacteria (e.g. Cloacimonadota, Dethiobacteraceae, and Syntrophomonadaceae) as a func-
tion of time. Moreover, the stable carbon isotope analysis indicated that the acetoclastic pathway became the main
route for methane production after long-term adaptation. The shift in methane production pathway and change in
microbial community shows that for anaerobic digestion of SEBW, the hydrolysis step is important. Although ace-
toclastic methanogens became dominant after 120 days, a potential route for methane production could also be a
direct electron transfer among Sedimentibacter and methanogen archaea.
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Introduction

Preventing climate change requires a transition from use
of fossil fuels to renewable energy sources in order to
reduce greenhouse gas emissions. Such a shift to renewa-
bles should happen before reaching an irreversible point
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capture and storage system [2, 3]. Lignocellulosic materi-
als account for approximately 50% of the biomass in the
world (about 181.5 billion tons per year) making them an
abundant source for biogas production [4, 5]. Generally,
lignocellulosic materials consist of cellulose (up to 55%),
hemicellulose (up to 35) and lignin (up to 40%) [6]. Even
though lignocellulosic materials are an available source
for biogas production, these biomasses are generally
recalcitrant and difficult to degrade by enzymatic activi-
ties of microorganisms in anaerobic digestion (AD) [7].
An appropriate pre-treatment method is needed to dis-
rupt the ordered structure of lignocellulosic materials.
Several pre-treatment methods have been investigated
in order to increase the biomethane (methane fraction of
biogas) yield of lignocellulosic materials. These methods
include thermal, chemical, biological, and enzymatic pre-
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Lignocellulosic materials have a low content of nutri-
ents (such as nitrogen), and this type of biomass cannot
alone sustain microbial growth in a continuous flow reac-
tor [21, 22]. Co-digestion of lignocellulosic materials with
nutrient-rich substrates (e.g., manure) not only dilutes
the possible inhibitory effect of pre-treated lignocellu-
losic substrates but also balances the carbon and nitro-
gen ratio. In this way, the organic loading rate (OLR) and
methane yield of a digester can be increased [22].

AD is a complex four-step anaerobic biological pro-
cess including hydrolysis, acidogenesis, acetogenesis and
methanogenesis where the methane is the final electron
sink in absence of inorganic oxidant such as nitrate, fer-
ric iron, or sulfate [23, 24]. In the last step, methane is
produced from a few intermediate substrates as follows:

CH3COO™ + H,0 — CHy + HCO4

treatment methods [8]. Biological pre-treatment typi- (1)
cally involves incubating the substrate aerobically with AG = —31kJ/mol

CH3COO™ +4H;0 — 2HCO; +4H, + HY  AG = +104 kJ/mol (2)

4H, + HCO3; + H" — CH4 + 3H,O AG = —135k]J/mol (3)

fungi that will partly delignify it. This is a low-tempera-
ture process with minimal production of any inhibitors.
The main barrier for commercial applications is that a
relative long treatment time is needed [9]. During enzy-
matic pre-treatment, commercial enzymes that degrade
polysaccharides and/or lignin are applied. However, the
relatively high cost of enzymes restricts industrial appli-
cations [10]. Other pretreatments involve application of
high temperatures and/or chemicals. Examples are alkali
[11] or acid pre-treatment [12], wet explosion and steam
pre-treatment [13]. Steam explosion is a method where
high temperature steam is used to penetrate the ligno-
cellulosic structure. After a specific residence time, the
substrate is released into atmospheric pressure, resulting
in an expansion of the steam which rip the fibers apart.
Steam explosion is known as an energy/cost-effective
method to pretreat lignocellulosic materials to reduce
cellulose’s crystallinity and increase the surface area for
enzymatic activities of different microorganisms in AD
[14-17]. However, steam explosion may also have some
negative impact on biomethane production. At high
temperatures, parts of the C; and Cg sugars in the bio-
mass may be converted to furfural and hydroxymethyl-
furfural (HMF), respectively, which may inhibit the AD
process [18, 19]. A clear advantage of stem explosion is
that no chemicals need to be added and that the process
has reached industrial scale, then often termed a thermal
hydrolysis process (THP) [20].

The energy efficiency of AD depends on several fac-
tors, including, but not limited to, the hydrolysis process
and a close partnership between syntrophic bacteria and
methane-producing archaea. Depending on the nature
of the substrate, one of the main AD steps can act as the
rate-limiting step [25]. Physicochemical parameters such
as CH, content in biogas, pH level, volatile fatty acid
(VFA), and ammonia concentration may provide infor-
mation regarding the overall performance and stability
of the AD; however, physicochemical parameters do not
directly inform about the microbial community structure
and possible changes in it.

During normal operational conditions, acetate deg-
radation (Eq. 1) is typically the main pathway for
biomethane production, and acetate consumers (e.g.,
Methanosaeta and Methanosarcina) typically contribute
to over 70% of the total methane production. However,
in stress conditions such as high ammonia concentra-
tion (reported from 1.4 to 14 g/L) [26] or high tem-
perature, an acetate oxidation reaction (Egs. 2 and 3),
known as syntrophic acetate oxidation, followed by
hydrogen consumption via hydrogenotrophic archaea
(e.g., Methanomicrobiales, Methanobacteriales, Metha-
nococcales, Methanoculleus and some family members
of Methanosarcina) can take over the biomethane pro-
duction process (the overall Gibbs energy of the acetate
oxidation route is AG=— 31 kJ/mol) [24, 26]. A close
partnership between acetate oxidizing bacteria and
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hydrogenotrophic archaea is needed to produce methane
from the syntrophic acetate oxidation pathway (Egs. 2
and 3) [26]. In addition to these two pathways, electrons
can be transferred from bacteria to archaea through
direct interspecies electron transfer (DIET). In DIET
(9H" +8e~+HCO,;~ - CH,+3H,0), instead of hydro-
gen (or formate), electrons move through biological wires
(e-pili) or conductive materials making it thermodynami-
cally more favorable [27].

The stability of the microbial community is a critical
factor in the methane production process and requires
high adaptability of the microbial community during
change in process conditions, especially for methano-
gens, due to a lack of functional redundancy [28]. At the
same time, the diversity of various bacteria can provide
stable hydrolysis, acidogenesis, and acetogenesis. In addi-
tion to advanced molecular biological techniques, stable
13C isotope analysis of the biogas can rapidly reflect sta-
bility/disruption of the microbial community, especially
methanogens, in laboratory- or full-scale biogas digest-
ers [29]. This is known that the ratio of *C and '*C in
the produced biogas may change depending on whether
methane has been produced through the acetoclastic or
hydrogenotrophic pathway. This is for example indicated
by change in §'3Ccyy, produced by CO, reduction where
the §13Ccy, is lower comparing to the §'3Ccy, produced
from acetate [30, 31]. Thus, carbon isotope ratio in the
biogas can be linked to the methane-producing pathway
and the microbial community composition [32].

Laukenmann et al. [31] developed a correlation
between microbial community and §'*Ccy, that could
predict the dominant methane-producing pathway [31].
Previous studies have linked the abundance of metha-
nogens and apparent fraction factors [33, 34]. Gener-
ally, an a.>1.065 represents a microbial community with
very high abundance of hydrogenotrophic methanogens
(CO, oxidation with H, is the main pathway for meth-
ane production), while an a.<1.025 indicates an aceto-
clastic-dominant pathway for methane production [35].
Culture adaptation can improve biogas production due to
achieving a more beneficial microbial community com-
position and a more robust process [9]. Adaptation of
the microbial community involves a gradual change of an
operational parameter, such as type of feedstock, organic
loading rate, temperature, and other factors [4]. A shift
in the nutrient composition added to a continuous flow
reactor will in most cases result a shift in the microbial
community.

Since the working volume of a reactor is always con-
stant, some microorganisms will leave the reactor from
the outlet due to the feeding. Growth and reproduction
among microorganisms constantly happen but at dif-
ferent speeds. The change of substrate loading, or the
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introduction of a new substrate may slow down or speed
up the development and replication of various organisms,
resulting in the washout or domination of different spe-
cies. Theoretically, 1 HRT exchanges the total volume of
a reactor, and it is typically recommended that 3 HRTs
should be applied to give the microbial community suf-
ficient time to adapt to the new conditions and reach a
new equilibrium.

To the authors’ best knowledge, culture adaptation for
improved biomethane production from steam-exploded
birch wood (SEBW) and cow manure (CM) has not been
investigated previously. This would potentially involve
improved tolerance of the microbial community against
inhibitory compounds in SEBW and optimization of
the methane production pathway. To investigate this,
changes in the microbial community during the adapta-
tion process were in this study monitored by 16S rRNA
gene sequencing. Moreover, the adapted culture was
tested for possible improvement in the tolerance against
potential inhibitors produced during the steam explosion
(e.g., furfural and HMF). Possible changes in the main
methane production pathways were monitored using the
12C/13C isotope ratio of the produced biogas. Finally, cor-
relations between changes in the methane production
pathway and the microbial community composition were
investigated.

Materials and methods

Raw material

Birch wood

The birchwood (Betula pubescens) was harvested in
Trendelag county in the west part of Norway. The birch-
wood was grounded to pieces (Al-Ko Compost grinder
Easy Crush MH 2810) to pieces of 15 to 30 mm. The
wood chips were kept at room temperature for 2 weeks to
reduce the moisture content (see Table 1 for composition
data).

Cow manure

Cow manure (CM) was collected from a livestock farm
belonging to the Norwegian University of Life Science
at As, Norway. The CM was diluted with tap water to a
final total solid content of 6% and volatile solid content
of 4.4%.

Inoculum

The microbial culture was a mixture of two differ-
ent inoculums with a ratio of 4:2. The first inoculum
was obtained from a full-scale continuous flow meso-
philic (40 °C) biogas plant (Biokraft, Trendelag, Nor-
way). The primary substrate for this reactor was fat- and
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Table 1 Physical and chemical characterization of the birch wood, steam-exploded birch wood, cow manure, and start-up inoculums

Sample Size TS% VS% Lignin? %? Glucose® Xylan® Arabinan® Galactan®
mm

Birch wood 15-30 81 709 20 364 16.5 1.1 15

Cow manure 16.6 12.5 26.8 27.2 16 57 -

Steam exploded <3 43 37.2 40.3 42 14.8 0.8 1.2

birch wood

Inoculum 1 - 4.7 367 - - - - -
Inoculum 2 - 6.7 54 - - - - -

See “Analysis” for details about the used analytical methods
?The lignin content presented based on the dry matter content
b Carbohydrates are presented as mass fraction in % (g/g Dry matter) x 100

protein-rich substrates (fish silage). The total solid (TS)
content of the inoculum was 4.7%, and the volatile solids
(VS) content of the inoculum was 3.67%, with a pH of 7.8.

The second inoculum (pH: 7.6) was collected from a
lab-scale CSTR. CM was the feedstock for this reactor
which was also operated at mesophilic conditions (38 °C).
The TS and VS of the inoculum were 6.7% and 5.3%,
respectively. Prior to the experiment, the inoculums were
incubated anaerobically at 40 °C for 10 days to reduce
endogenous biogas production.

Steam explosion pre-treatment

Steam explosion (SE) pre-treatment was performed as
described previously [15, 36] using an SE rig designed
by Cambi AS (Asker, Norway) and located at the Nor-
wegian University of Life Science in As, Norway. Briefly,
800 g of woodchips were loaded into the preheated 20 L

Table 2 Operational condition of the CSTR reactors

vessel. Steam was quickly added to reach a temperature
of 220 °C in the vessel and the woodchips were kept
at this temperature for 10 min. Then, the outlet valve
was opened, quickly pushing the pre-treated biomass
out of the vessel into an expansion tank and reduc-
ing pressure to atmospheric leading to a disruption in
the woodchip’s structure. The steam-exploded birch
wood (SEBW) was packed in vacuum bags and stored
at — 20 °C before further use. Table 1 shows the physi-
cal and chemical characteristics of inoculum and sub-
strates used in this study.

Digester operation

Two CSTR bioreactors (Dolly, Belach Bioteknik AS, Swe-
den) with 6 L working volume were operated at 40 °C for
120 days. The digesters were stirred using axial impel-
lers at 80-100 rpm. The start-up inoculum was a blend

RO R1

Day Day Day Day Day Day Day Day Day Day 36-65 Day66-95 Day95-120

0 1-5 6-35 36-65 66-95 95-120 O 1-5 6-35
SEBW (g/Day) 0 0 77 163 16.3 16.3 0 0 7.7 16.3 286 372
CM (mL/day) 0 72 100 150 150 150 0 24 100 150 200 200
OLR (g VS/L-day) 0 04 1 1.8 1.8 1.8 0 04 1 1.8 27 32
CN ratio - 1557 2634 3071 30.71 30.71 - 1557 2634 3071 3533 40.95
pH 7.6 82 7.6 7.38 747 742 7.72 8.24 761 74 733 7.01
NH, (g/L) 188 287 1.65 0.67 0.59 0.56 1.7 297 144 0.77 0.58 0.52
Acetic acid (mg/L) 186 281 524 451 407 166 296 315 267 614 714 841
Propionic acid (mg/L) 110 136 166 214 335 121 158 121 90 301 384 731
Iso-butyric (mg/L) n.d 58 104 37 173 65 59 69 87 93 311 489
Butyric (mg/L) n.d 41 85 104 398 236 n.d. 13 21 580 417 n.d.
Iso-valeric (mg/L) 8 14 14 2 4 0 5 6 18 40 52 n.d.
Valeric (mg/L) n.d. n.d. n.d. n.d. 2 n.d. n.d. n.d. n.d. 84 n.d. n.d.
Total VFA (mg/L) 304 531 892 808 1318 422 517 524 485 1712 1878 2061

The values have been provided as the average value measured over the feeding period

See "Analysis” for details about the used analytical methods
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of the first and second inocula, described in “Microbial
community analysis” (mixing ratio was 4 L:2 L, respec-
tively). The reactors were fed with liquid cow manure for
the first five days to increase the alkalinity of the CSTR
reactors and protect the process from being soured by
VEAs. Afterward, the digesters were fed every day with
mixture of CM and SEBW (Table 2), keeping the opera-
tion volume constant in the reactor by removing liquid
from the reactor equal to the inlet volume. These two
reactors operated in parallel to adapt the microbial com-
munity to the carbon-rich SEBW during the co-digestion
with CM. After reaching a stable condition, in one of the
reactors (R;) the organic loading rate (OLR) was kept
constant at 1.8 g VS/L-day for over 80 days to observe
and compare the microbial community dynamics dur-
ing the adaptation period. The OLR in the other reactor
(R,) was ramped up from 1.8 to 3.2 g VS/L-day to inves-
tigate the tolerance of the microbial community against
the overloading. The operational condition and OLR of
each reactor during the adaptation period are provided in
Table 2.

Biomethane potential

Maximum biogas production rate

The improvement of biogas production rate during the
adaptation period was investigated through a method
previously described by Ostgaard et al. [37]. Briefly,
40 mL (1.42-1.46 g VS) of effluent samples after each
HRT (day 6, 35, 65, 95 and 120) was directly transferred
to a 100 mL medical syringe with an on/off valve. 1 mL
CM mixed with 1 g SEBW (0.36-0.37 g VS) was added
to the syringes. Headspace air was removed to ensure
anaerobic condition. The syringes were incubated for
15 days at 40 °C, and each experiment was conducted in
triplicate and three control syringes without any added
substrate were provided for each sampling point. The
biogas production in the syringes was measured using
the volume gauge on the syringe. Daily sample from the
syringes was taken to analyze the gas composition by a
gas chromatograph (GC) (SRI 8610C, SRI Instruments,
USA). The biogas produced in the corresponding con-
trol syringes were subtracted to determine the methane
production from substrate conversion in each sampling
point.

Hydroxymethylfurfural and furfural mixture preparation

and BMP test

Initial (day 6) and final (day 120) inocula from R, were
employed to investigate the effect of culture adaptation
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on overload of inhibitory elements. Briefly, a 50% (wt %)
mixture of HMF and Furfural was used (i.e., 5 to 50 mM
furfural and 3.9 to 40 mM HMEF). Four different concen-
trations (i.e., 1, 2, 3, 4, and 10 g/L) of the mixture were
combined with 1 g VS of SEBW-CM mixture in batch
reactors. The mixtures were digested anaerobically in
medical flasks with a total volume of 500 mL and closed
with a rubber stopper and aluminum screw caps. Then,
the headspace (300 mL) was flushed with pure nitrogen
to ensure an anaerobic environment. AD of substrates
was conducted in triplicate and included the control
(only SEBW-CM). The AD was performed at 40 °C for
30 days in an Infors Minitron shaking incubator (Infors,
Bottmingen, Switzerland).

Analysis of microbial community structure

DNA extraction and quantification

Liquid samples were periodically (after each HRT) col-
lected from the reactors and stored in freezer. Micro-
bial community analysis was carried out by DNASense
ApS (Aalborg @st, Denmark). For DNA isolation, the
FastDNA spin kit for soil (MP Biomedicals, USA) was
employed. In short, 500 pL of sample was added to a lys-
ing matrix E tube including 480 pL sodium phosphate
buffer and 120 uL MT buffer. Bead beating to crush the
cells was conducted at 6 m/s for 4x40 s [38]. The ulti-
mate DNA purification was determined by Gel elec-
trophoresis using Tapestation 2200 and D1000/High
sensitivity D1000 screentapes (Agilent, USA). The DNA
concentration was determined using Qubit dsDNA HS/
BR Assay kit (Thermo Fisher Scientific, USA).

16s RNA gene amplicon sequencing

Amplificon libraries for bacteria/archaea 16S RNA gene
(i.e., region 4 abV4-C) were prepared based on illumine
protocol [39]. 10 ng of extracted DNA was used as tem-
plate for the PCR amplification of bacteria/archaea 16S
RNA variable gene region 4 (abV4-C) with primers of
515FB (GTGYCAGCMGCCGCGGTAA) and 806RB
(GGACTACNVGGGTWTCTAAT) [40]  designed
according to illumine [39]. After extracting the sequenc-
ing libraries from PCR, the results were quantified and
purified. The purified amplicons were pooled in equimo-
lar concentration and diluted to 2 nM and then paired-
end sequenced (2 X 300 bp) on a illumine MiSeq platform
(Illumina, San Diego, USA) following the standard guide-
lines for preparation and loading samples on MiSeq. In
other to overcome the complexity issue often observed
with amplificon samples, >10% PhiX control library was
spiked.
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Measurement of the stable isotope composition
of the biogas
Biogas samples for carbon isotope analyses were col-
lected in a 1 mL gas-tight syringe before feeding the reac-
tors (5 parallel samples from reactors) at each sampling
point for the 16S rRNA analyses. Through mixing zero-
air (20.9+0.2% O, in N,, Air liquid AS, Norway) with
0.2 mL of the collected gas, the methane (CH,) and car-
bon dioxide (CO,) concentrations were maintained below
1000 ppm. A Picarro G-2201 CH,/CO, isotope analyzer
(CA, USA) was employed to analyze the *C in samples.
Along with the samples, different ALPHAGAS"™ (Airgas,
Ca, USA) standard gases with known B¢ isotopes were
used to adjust the calibration curves in the isotope ana-
lyzer. For this purpose, 20 mL of gas sample was auto-
matically injected into the cavity ring-down spectroscopy
(CRDS) to detect the trace elements at 45 °C. Afterward,
the measured isotopes were adjusted by the calibration
gas to determine the '*C and '2C of the samples.

8'3C indicates the ratio between the rare and abundant
carbon isotopes and usually is expressed as follows:

sBC = H(BC/IZC) /(13C/12C) } - 1} x 1000 %o
sample standard

where § in the formula is expressed as part per million
(%o0). To assess variation of methane production pathway
during AD of SEBW and CM, the apparent carbon iso-
tope fraction (ac) was calculated as proposed by Whiti-
car et al. [34]:

ac = [(813C02 + 1000) / (813CH4 + 1000)}

Analysis

Volume of daily biogas production calculated using
a water displacement gas meter with 38 mL volume
over 24 h. The methane and carbon dioxide content of
biogas (vol %) measured every day by GA2000 Landfill
Gas Analyzer (Geotechnical Instruments Ltd., UK). The
concentration of TS, VS, and pH level were determined
according to International and European Organization
for Standardization (ISO 10390: 2005; ISO 11465: 1993;
NS-EN 15935: 2012”). For ammonium (NH,) concen-
tration analysis, the samples were collected weekly and
diluted 10 times. The NH, concentration was measured
using photometric 5.2-103 mg/L cell test (Merck group,
Germany) and Spectroquant® Prove 100 spectrophotom-
eter. The VFAs of the samples were analyzed by a Rezex
RFQ high-performance liquid chromatograph (HPLC)
(Phenomenex, Torrance, Ca, USA) equipped with
3000RC column and operated at 85 °C and UV detection
at 210 nm (Dionex, Sunnybale, CA, USA). Prior to analy-
ses of VFAs, the samples were diluted with sulphuric acid.
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For quantification, VFA standards were applied. Sugar
composition of BW and SEBW was determined based on
NREL/TP-510-42618 [41]. In brief, acid hydrolysis was
used to generate soluble sugars and acid-insoluble lignin
residues, where the latter was dried overnight at 105 °C
in and weighed to obtain the acid-insoluble lignin (Kla-
son lignin) content. The soluble sugars were analyzed by
high-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) (Dionex
ICS-6000, Dionex, Sunnyvale, CA, USA). Separation
of soluble sugars was achieved utilizing a 2X150 mm
Dionex CarboPac PA-210-Fast-4 pm column (Thermo
Scientific) connected to a 230 mm guard column of the
same type. The operational flow was 200 puL/min and the
sample loop volume was 0.4 pL. The columns were kept
at 30 °C.

Results and discussion

Improved biomethane production

CSTR experiments

Two anaerobic digesters were employed to investigate the
potential improvement of biomethane production from
SEBW during co-digestion with CM. The steam explo-
sion disrupted the birch wood’s structure, converting it
to a dark brown solid with few visible fibers. The results
of biomethane production from the CSTR reactors, oper-
ated for 120 days, are provided in Fig. 1.

Start-up inocula were fed a small amount of liquid CM
(0. 4 g VS) for five days, as indicated in Table 2. The lig-
uid CM was employed to activate the microorganisms
and increase the system’s alkalinity. This way, the reac-
tors were protected from possible soreness due to VFA
release from the degradation of lignocellulose in the first
week. After 5 days, the OLR of the reactors was increased
to 1 (g VS/L/day). During the experiment, the OLR of R,
was increased only one level from 1 to 1.82 (g VS/L/day),
while the OLR of R; was ramped in three levels from 1
to 3.12 (g VS/L/day). In the first week, the daily methane
production was reduced from over 80 to 50 (mL/g VS/
day). Minimum daily methane production was recorded
on day 6 due to high ammonium content in both reac-
tors resulting in elevated pH of over 7.9. The inhibiting
rate for ammonia concentration varies between 1.4 and
14 g/L, which can cause a maximum of 50% reduction in
methane production [26]. By changing feed to a carbon-
rich substrate (SEBW) and rising OLR to 1.8 (g VS/L/
day) on day 35, the concentration of VFAs increased
in the systems (over 0.8 g VFA/L) and balanced the pH
[42] while methane production extended to over 250
(mL/g VS/day).

The OLR in R, was kept constant from day 35. Conse-
quently, the methane production in R, was relatively sta-
ble at around 250+ 17 (mL/g VS/day) until day 95, when
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Fig. 1 Daily methane production and organic loading rate for RO and R1. Lines indicate methane production as a 2-day moving average (RO in

green and R1 in black)

the methane production in R, started to increase and
reached over 300 (mL/g VS/day). Improved daily meth-
ane production with constant OLR in R, (day 95 com-
pared to day 25) may suggest that a long-term adaptation
affects the microbial community through specializing
them in converting available substrates (e.g., different
types of carbohydrates) to methane in a shorter time. In
addition, there might be some changes in electron trans-
fer processes in the systems making it more stable for
methane production [43].

In contrast, the OLR of R; was increased twice, on days
65 and 95. As a result of an increase in OLR, the biom-
ethane production in R; reached a maximum amount of
over 365 (mL/ g VS/ day) when the OLR was 2.7 g VS/L/
day).

By increasing the OLR to 3.28 g VS/L/day, the biom-
ethane production in R; was reduced, and after day 105
had a downward trend. The lower biomethane produc-
tion rate was associated with a drop in pH due to VFA
accumulation in the same period (See Table 2), reflecting
disturbances in the metabolic pathways of the microbial
community. The maximum daily methane production
rate from SEBW and CM (365 mL/ g VS day) was 70%
compared to the maximum theoretical methane produc-
tion rate of SEBW—-CM mixture (522.3 mL/g VS) when
the OLR in R, was 2.7 (g VS/L/day) [44]. This biomethane
production rate in the CSTR reactor was much higher
than methane production (230-240 mL/g VS) reported
from anaerobic co-digestion of cow manure and steam-
exploded hardwood in continuous flow CSTR reactor
[45, 46]. The daily biomethane production rate from
SEBW and CM was even higher than previously reported
biomethane produced from enzymatic pre-treated SEBW

with enzyme cocktails in batch experiments [15]. This
suggests that the 2.7 (g VS/day) can be a suitable OLR
(Table 2). In the final step of the experiment, lower meth-
ane production rate was accompanied by accumulation
of VFAs (propionate) [42].

Batch AD

The maximum biomethane production rate of different
inocula was investigated using 40 mL of effluent inocu-
lums at the end of each feeding period (days 6, 35, 65,
95, and 120). The batch reactors (in triplicate) were fed
with 0.36-0.37 g VS of mixed SEBW and CM. The mix-
ture was digested for 15 days at 40 °C to compare the
kinetic biogas capacity of the digester microbial popu-
lation. As shown in the Fig. 2, the maximum biometh-
ane production rate of experiments with sludges from
R, significantly increased from 20.17 +4 (mL/g VS/day)
on day 6 to 60+0.6 by day 95 and remained approxi-
mately unchanged until the end of the experiment. The
maximum biomethane production rate of the samples
with sludges from R, increased from 22.4+4 on day 6 to
59.7+4 (mL/g VS/day) at day 95. However, the maximum
biomethane production rate in batch test using R, efflu-
ent on day 120 was reduced to 46+4.6 (mL/g VS/day)
(Fig. 2). The results indicate that after a long-term adap-
tation the microbial community have changed to increase
degradation kinetics in different sampling points, where
maximum biomethane production rate of the inoculums
from final days (e.g., 95 and 120) were significantly higher
than that in initial inoculum (Fig. 2).
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inocula

Adaptation effects on microbial community resistance
against inhibitors

Steam explosion of lignocellulosic materials, includ-
ing birch wood, can increase the concentration of Fur-
fural and HMF that act as inhibitors in AD [16, 19]. An
increase in OLR of SEBW increases the concentration
of inhibitors and may reduce the biomethane produc-
tion yield. It has been reported that methanogens such as
Methanococcus deltae, Methanococcus thermolitotrophi-
cus, Methanobacterium thermoautotrophicum, Methano-
sarcina barkeri and Methanococcus ruminantum will not
grow in the presence of 5-methyl- and 2-methylfurfurals.
However, it is observed bacteria such as Methanococcus
sp. strain B capable of growth on HMF and 2-methylfur-
fural as sole carbon source [47]. In a later study by Belat
et al,, it was reported that M. deltae grow in the presence
of various concentrations of furfural [48].

Initial (day 0) and final inoculum (day 120) from R,
were employed in the BMP test to assess the resist-
ance of the microbial community against an increase
in the concentration of inhibitors. SEBW—-CM mixture
(1 g VS) combined with different HMF—furfural mix-
ture concentrations and digested for 30 days at 40 °C
as described in “Hydroxymethylfurfural and furfural
mixture preparation and BMP test”. The biogas produc-
tion yield of various experiments using initial and final
inoculum is presented in Fig. 3. The accumulated meth-
ane production from controls (i.e., samples with only
SEBW-CM mixture) after 10 days using the final inoc-
ulum reached 240 (mL/g VS), which is almost 2.6-fold
higher than that in similar experiments using initial
inoculums (90 mL/g VS). The accumulative methane

from the control samples after 30 days was 270+ 10
and 329 mL/g VS for initial and final inoculum, respec-
tively. Experiments with the final inoculum, includ-
ing 1 and 2 g/L HMF-furfural mixture, yielded higher
biomethane than the initial inoculum’s control experi-
ment (i.e., 281 and 274 mL/g VS, respectively). Adding
1, 2, and 3 g/L of HMF—furfural mixture to experiment
with the initial inoculum significantly reduced the
methane production yield to 154, 72, and 65 mL/g VS.,
increasing the concentration of the inhibitor to 4 and
10 g/L caused a significant reduction in all experiments
using either of inoculums. The results show that add-
ing inhibitors beyond the microbial culture tolerance
(over 2 g/L) has inhibited the methane production in
all the samples; however, this effect for experiments
with final inoculum is not significant, especially when
the concentration of the inhibitors is up to 2 g/L. This
may suggest that the microbial culture adapted to not
only digestion of the feedstock but also the presence of
a higher concentration of inhibiting elements [48—50].
Several studies have reported that HMF has a nega-
tive effect on fermentative H2 production [51-53]. How-
ever, low concentrations of HMF have been reported
to contribute to hydrogen production in anaerobic fer-
mentation [54]. Studies have shown that when HMF
concentration was 0.60 g/L, no inhibition of H2 forma-
tion was observed and biogas production was maximal.
When the HMF concentration in the experimental reac-
tors exceeded 0.60 g/L, the H2 production was gradu-
ally inhibited. At HMF concentrations above 0.9 g/L,
not only the production of hydrogen was inhibited, but
it also impacted the biofilm structure and the microbial
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community dynamics [53]. HMF concentrations over
2 g HMF/L can completely stop the methane production
[55-57]. HMF concentrations over 2 g HMF/L can com-
pletely stop the methane production [55-57]. It has been
claimed that the furfural concentration below 1 g/L does
not have a significant effect on biogas production rate
[55]. This may suggest that the methane production rate
in a lower concentration of furfural and HMF mixture
is most probably inhibited due to the presence of HMF
rather than the furfural; however, this hypothesis should
be further investigated individually.

Microbial community analysis

Microbial sequence analysis showed a change in the
microbial community during the experimental period.
The relative abundance of different bacteria and archaea
is provided in Fig. 5. Over 90% of bacterial composition
in start-up inoculum consisted of Firmicutes (73.6%),
Bacteroidota (5,9%), Cloacimonadota (5%), Caldatrib-
acteriota (4.2%), and Proteobacteria (3,7%), which is in
agreement with other studies, reporting that in nearly
all methane-producing microbial reactor populations,
species from Firmicutes and Bacteroidetes are dominant
[58-60]. On day 6, bacterial community composition in
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R, and R, slightly changed to Firmicutes (82.3 and 81%),
Bacteroidota (6.3 and 8.1%), Caldatribacteriota (4.3 and
3.6%), and Acidobacteriota (2.1, 1.9%), respectively. On
day 120, when the culture was adapted to SEBW and CM,
the bacterial community composition in R, and R, had
significantly changed compared to the start-up inoculum.
In R, and R, the relative abundance of Firmicutes (42.2,
41.2%) species was notably reduced compared to the ini-
tial inoculum. At the same time, the relative abundance
of different species in Ry, including Bacteroidota (22%),
Cloacimonadota (10.7%), Fibrobacterota (6.5%), Acido-
bacteriota (5.5%), Caldatribacteriota (3%) and Synergis-
tota (3%) gradually increased during the adaption period
reaching to its maximum on day 120. Reactor R, experi-
enced similar changes during the adaption period when
relative abundance of Cloacimonadota (15.9%), Bacte-
roidota (15.2%), Fibrobacterota (6.3%), Acidobacteriota
(5.5%), Caldatribacteriota (4.4%) and Synergistota (3.7%)
were changed as a function OLR.

Methanobacterium (86.2%), Methanosarcina (12.2%),
Methanoculleus (0.8%) and Methanothrix (0.2%) were
the most abundant methanogenic archaea in the start-up
inoculum, highly dominated by hydrogenotrophic meth-
anogens. This is in accordance with the parameters in
the biogas plant where the inoculum was sourced, which
were operated at high nitrogen levels typically related
to hydrogenotrophic methanogenesis and syntrophic
acetate oxidation (SAO). Especially Methanoculleus is
known to work in syntropy with SAO bacteria to gener-
ate methane. Methanothrix, however, is mainly an ace-
toclastic genus, and the presence of this methanogenic
group illuminates the fact that in most reactors’ meth-
ane is formed from both hydrogen and acetate, although
dominated by one of the reaction pathways. Initially,
on day 6, the relative abundance of Methanobacterium
increased to 98.7 and 98.5% in R, and R,, respectively,
while the other methanogens had minimum abundance
in the culture. From day 6 on, Methanobacterium abun-
dance was reduced, and on day 120 this genus reached a
minimum of 24.3 and 32.9% in R, and R, respectively. In
contrast, the relative abundance of Methanosarcina and
Methanoculleus increased to 74.1 and 0.7% in R, These
values for R, were 64.7 and 1.1%, which is significantly
higher than that on samples from day 6 (0.1 and 0.2%, for
Methanosarcina and Methanoculleus, respectively). The
members of the genus Methanosarcina are composed of
both acetoclastic and hydrogenotrophic methanogens. In
general, the results indicate that the dominating reaction
pathway for methane production changed from hydrog-
enotrophic to acetoclastic as the operational parameters
including substrate chemical properties was changed
(Fig. 4).
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Figure 5 presents a heatmap of the 42 most abundant
bacterial families sorted from most significant relative
abundance reduction (on top) to largest relative abun-
dance increases on day 120. The predominant species
among all the bacterial communities was Firmicutes.
During the adaptation period, the relative abundance of
several family members belonging to Firmicutes, Bac-
teroidota, Cloacimonadota, Fibrobacterota, Acidobac-
teriota, Caldatribacteriota, and Synergistota changed.
From that, the relative abundance of W27 belonging to
Cloacimonadota phylum, Clostridia_Family XI, Guggen-
heimella, Dethiobacteraceae, Syntrophomonadaceae,
uncultured Firmicutes species (from Limnochordia and
D8A-2 class) and Hungateiclostridiaceae was reduced by
100, 99, 98, 96, 65—-90, 60—80 and 30-50%, respectively,
as stated in Fig. 5.

Even though methane production from acetate is ther-
modynamically more favorable compared to hydrogeno-
trophic methanogenesis pathway, under high ammonia
conditions the acetate oxidation pathway can be the main
methane production pathway [26]. The start-up inocu-
lum contained fat- and protein-degrading microorgan-
ism. Methane produced during the first week, when the
pH was high and Methanobacterium was the dominant
archaea, might be linked to an active syntrophic acetate
oxidation pathway. Along with hydrogenotrophic meth-
anogens, the relative abundance of Firmicutes in both
reactors was over 80%. Over 90% of Firmicutes consti-
tuted of most abundant families were members of uncul-
tured bacteria from Limnochordia and D8A-2 class,
Hungateiclostridiaceae, family members of Clostridia
class (Family_XI), Dethiobacteraceae, Guggenheimella,
Syntrophomonadaceae, and Caldicoprobacter, [61-63]
most of them related to SAO.

In a recent study, a genetic analysis of 20 biogas plants
indicated that the family members of Limnochordia can
be a potential syntrophic partner of acetate/hydrogen
consumers at elevated nitrogen concentrations [64, 65].
Members of Hungateiclostridiaceae (e.g., Ruminiclostrid-
ium) are hydrolytic bacteria producing extracellular cel-
lulosomes to depolymerize cellulose and polysaccharides
[66]. Relative abundance of Hungateiclostridiaceae was
reduced during the adaptation period as a result of a
reduction in relevant abundance of Firmicutes, yet Hun-
gateiclostridiaceae family members were the most abun-
dant families within the Firmicutes phylum on day 120
[67]. This suggests that the Hungateiclostridiaceae play an
essential role in hydrolysis of lignocellulosic feedstocks.
Members of Clostridiales Family XI are present in anaer-
obic digesters accomplishing diverse metabolic functions
including hydrothermal hydrolysis of amino acids at high
ammonia conditions [68, 69]. Syntrophomonadaceae
and Dethiobacteraceae are previously reported to have
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a potential role as syntrophic acetate oxidizing bacteria
(SAOB) in elevated ammonia concentration [70-72]. It is
even more likely to have an active syntrophic acetate oxi-
dation (SAO) associated with Syntrophomonadaceae and
Dethiobacteraceae when the concentration of hydrog-
enotrophic methanogens is high [73]. The family mem-
bers of Dethiobacteraceae can contribute to a complete
3-oxidation pathway, potentially including fatty acid
decomposition in the very initial inoculum which was
adapted for fat- and protein-rich substrates [61]. The high
relative abundance of Dethiobacteraceae and Methano-
bacterium in the initial inoculum and ammonia saturated
samples on day 6 may suggest that the SAO was initially
the pathway for methane production. In contrast, at the

® Methanobacterium

Day Day Day Day Day
6 35 65 95 120

R1

end of the experiment, a shift in the methane production
pathway occurred in the system and acetoclastic metha-
nogenesis became the dominant pathway for degrada-
tion of lignocellulosic materials. Guggenheimella is also
a mesophilic fermenter capable of hydrolysis of organic
compounds, including petroleum hydrocarbons to pro-
pionate, butyrate and acetate as well as small amount of
isovalerate, isobutyrate [74—76].

After 120 days of adaptation, the relative abundance
of different bacterial families changed as a function of
change in OLR as well as the nature of the feedstocks.
Comparing the relative abundance of different microbial
families in the initial inoculum and samples from day 120
in R, and R, the relative abundance of family members
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Phylum Family mg::ful m R, R, Day 120/initial Ino
Day 0 Day 6 Day35 Day65 Day95 Day 120| Day 6 Day35 Day 65 Day95 Day 120 R, R,
firmicutes Proteiniboraceae 1.9 0.4 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.00 0.00
Cloacimonadota w27 4.3 0.7 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.00 0.00
firmicutes Family XI 10.5 52 0.1 0.1 0.1 10.7 6.3 0.1 0.1 0.1 0.01 0.01
firmicutes Guggenheimella 9.5 5.0 0.3 0.1 0.1 9.0 5.1 0.2 0.2 0.2 0.01 0.02
firmicutes Dethiobacteraceae 10.0 29 0.3 0.6 0.4 10.4 35 0.4 0.5 0.3 0.04 0.03
Bacteroidota Lentimicrobiaceae 1.7 1.2 0.3 0.3 0.7 22 0.6 0.7 0.8 0.16 0.46
firmicutes midas_f 6.5 5.0 3.8 6.1 4.3 5.9 6.4 0.20 0.34
firmicutes Syntrophomonadaceae 0.5 0.5 0.8 1.3 0.7 1.0 0.2 0.2 0.35 0.10
firmicutes Hungateiclostridiaceae 83 4.9 55 8.6 4.8 8.0 7.9 0.43 0.62
firmicutes Gracilibacter 0.2 0.0 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.49 0.89
Caldatribacteriota Caldatribacteriaceae 42 42 7.1 6.5 3.4 2.9 34 5.8 4.2 4.8 6.3 0.68 1.48
firmicutes Erysipelatoclostridiaceae 0.4 0.1 0.2 0.4 0.3 0.4 0.3 0.4 0.7 0.1 0.3 1.21 0.87
Bacteroidota Marinilabiliaceae 12 1.5 0.6 22 1.5 1.9 1.6 0.9 1.4 2.6 22 1.65 1.88
Synergistota Synergistaceae 1.7 1.3 2.7 2.3 23 29 1.3 1.7 1.7 2.0 2.7 1.67 1.53
Actinobacteriota Corynebacteriaceae 0.3 1.2 0.7 0.2 0.3 0.5 1.1 0.7 0.4 0.2 0.3 1.85 1.13
Bacteroidota Paludibacteraceae 5.1 59 8.7 10.0 7.4 9.0 1.96 1.78
Fibrobacterota BBMC-4 2.8 0.0 1.0 7.8 5.4 5.6 0.0 1.2 53 8.1 6.0 1.98 2.12
firmicutes Anaerovoracaceae 0.4 0.4 0.9 0.8 1.2 0.9 0.5 12 0.9 0.8 0.7 221 1.92
firmicutes Oscillospiraceae 0.7 0.5 1.5 1.6 1.5 1.6 0.4 12 1.3 1.5 1.3 231 1.96
Acidobacteriota midas_f 5529 0.2 0.0 0.7 0.7 0.4 0.4 0.1 0.6 0.5 0.7 0.7 2.36 4.04
firmicutes Lachnospiraceae 1.7 1.6 1.7 3.6 39 4.1 22 2.5 3.0 43 34 2.37 1.98
firmicutes Clostridiaceae 0.1 0.1 0.4 0.2 0.3 0.2 0.1 0.5 0.3 0.2 0.2 2.52 1.91
Bacteroidota Dysgonomonadaceae 1.5 2.7 4.8 5.7 3.8 3.8 2.6 43 55 5.6 32 2.63 2.22
firmicutes Acholeplasmatales 0.1 1.1 0.0 0.0 0.4 0.3 0.9 0.1 0.1 0.1 0.2 2.99 1.77
firmicutes Christensenellaceae 0.5 0.4 0.4 0.9 25 1.6 0.3 0.9 2.1 1.2 1.7 3.04 3.31
firmicutes Erysipelatoclostridiaceae 0.2 0.3 0.8 0.5 0.7 0.7 0.2 0.7 0.6 0.5 0.7 3.18 3.00
firmicutes Syntrophobotulaceae 0.1 0.1 0.4 0.2 0.1 0.2 0.1 0.3 0.1 0.2 0.1 3.46 1.38
firmicutes Eubacterium_ 0.4 02 12 14 19 16 | 04 19 15 14 12 | 375 267
coprostanoligenes_group
firmicutes Peptostreptococcaceae 0.6 0.9 2.8 2.0 2.6 2.5 0.8 2.8 2.1 1.8 22 3.81 3.38
firmicutes Peptococcaceae 0.0 0.0 0.2 0.2 0.2 0.2 0.0 0.4 0.3 0.1 0.1 3.87 2.66
firmicutes UCG-010 0.2 0.0 0.3 0.6 0.9 0.9 0.1 0.5 0.8 0.8 1.2 4.10 5.80
Actinobacteriota Atopobiaceae 0.0 0.1 0.4 0.1 0.2 0.2 0.1 0.3 0.2 0.1 0.2 5.32 4.69
Bacteroidota GZKB124 0.1 0.0 0.4 0.3 0.4 0.5 0.0 0.2 0.3 0.3 0.3 5.52 3.53
Bacteroidota Bacteroidales UCG-001 0.5 0.3 2.7 1.6 25 3.0 0.4 44 33 2.7 22 5.81 4.18
Actinobacteriota Microbacteriaceae 0.1 0.1 0.4 0.4 0.4 0.5 0.1 0.4 0.4 0.4 0.6 7.07 8.66
firmicutes Caldicoprobacter 0.5 3.8 5.7/ 6.7 3.4 3.6 43 9.1 59 3.0 4.9 7.21 9.79
firmicutes Sedimentibacteraceae 0.8 1.1 2.5 4.0 4.3 6.9 1.0 3.0 3.0 4.1 4.1 8.92 5.31
Cloacimonadota Cloacimonadaceae 0.7 02 35 w 03 38 07 AN 1424 2132
Bacteroidota Rikenellaceae 0.7 0.2 1.9 1.2 0.2 0.7 7.0 4.9 5.6 15.10 7.52
firmicutes Ruminococcaceae 0.2 0.7 0.4 5.1 4.5 3.6 0.2 0.5 10.1 5.7 2.6 19.70  14.10
Fibrobacterota Fibrobacterota 0.0 0.0 0.1 0.1 0.2 0.6 0.0 0.2 0.2 0.7 0.8 61.44  80.00
Actinobacteriota Actinomycetaceae 0.0 0.0 0.1 1.0 2.6 3.7 0.0 0.1 1.3 1.3 3.1 365.33  310.00

Fig. 5 Heat map of the most abundant bacterial families. Colors indicate low (light blue), medium (light gray), and high (red) abundance. The two

columns to the right show abundance ratio between day 120 and initial sample. The table is sorted from low to high abundance ratios

in phylum including Actinobacteriota (Actinomycetaceae,
Microbacteriaceae and Atopobiaceae), Fibrobacterota
(Fibrobacteraceae), Firmicutes (Ruminococcaceae, Sedi-
mentibacteraceae, Caldicoprobacter), Cloacimonadota
(Cloacimonadaceae), and Bacteroidota (Rikenellaceae,
Bacteroidales_UCG-001 and GZKB124) increased sig-
nificantly (Fig. 5). The relative abundance of Actinomy-
cetaceae and Fibrobacteraceae were increased by over
310- and 61-fold, respectively. At the same time, the
Methanosarcina genera represented over 70 and 64% of
the archaea in R, and R,, respectively. Family members
of Actinobacteriota are abundant in lignin and fiber-
rich environments. These families can degrade complex
plant materials and recalcitrant polymers including cel-
lulose and hemicellulose converting them to monosac-
charides and volatile acids [77-79]. Fibrobacteraceae can
be found in the cattle rumen that contribute in complete

degradation of cellulosic materials through generation of
cellulases enzyme [80]. Actinobacteriota and Fibrobacte-
rota phyla were not highly abundant in the initial inocu-
lum, whereas they increased in R, and R; by increasing
the OLR. Hence, these families could play a joint role as
active plant degraders, and moreover, this result indicates
that these bacteria are essential in biogas reactors oper-
ated at high cellulose loadings.

Sedimentibacter (Sedimentibacteraceae) (17—-25%),
Hungateiclostridiaceae  (15-25%),  Ruminococcaceae
(9%) and Caldicoprobacter (9%) were the most abun-
dant bacterial families within Firmicutes phylum after
120 days. Relative abundance of Sedimentibacteraceae
was substantially increased in R; and R, on day 120
when the abundancy of Methanosarcina was maxi-
mum. Sedimentibacter are obligate anaerobe capable of
direct electron transfer to electrophic methanogens (e.g.,
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Table 3 Relative abundance of methane-producing archaea and the apparent fraction factors a,

Hydrogenotrophic Acetoclastic a, NH, VFA pH
methanogens methanogens
Ro
Day 0 85.9 14.1 1.054 1.9 04 7.52
Day 6 98.9 1.1 1.058 28 08 792
Day 35 56.8 432 1.04 1.05 0.5 747
Day 65 39.1 60.9 1.03 0.6 1.07 7.36
Day 95 364 63.6 1.025 0.6 1.01 7.38
Day 120 345 65.5 1.024 0.57 1.1 7.38
Ri
Day 0 85.8 14.2 1.05 1.7 0.2 7.51
Day 6 99.19 09 1.062 3 1.01 791
Day 35 496 504 1.04 1.1 0.5 745
Day 65 332 66.8 1.035 0.6 1.7 7.35
Day 95 26.3 73.7 1.032 0.54 1.6 7.35
Day 120 26.6 734 1.027 048 2.7 6.97

Presented ammonium, VFA and pH are the average value of three parallel measurements from the same samples

Methanosarcina and Methanothrix) through biological
electron wires (also known as e-pili) [81, 82]. Considering
a higher biomethane production rate in a constant OLR
from day 90 and simultaneous increase in abundance of
Sedimentibacteraceae and Methanosarcina may suggest
possibility of direct interspecies electron transfer process.
Ruminococcaceae are normally isolated from rumen and
can contribute in hydrolysis of cellulosic biomass through
degrading D-galactitol and glutamate to generate VFAs
and hydrogen [83—85]. An increased relevant abundance
of Ruminococcaceae during the microbial adaptation pro-
cess can be linked to reduced crystallinity of cellulosic
materials as a result of steam explosion. Caldicoprobacter
species belonging to Clostridia are thermophilic anaero-
bic bacteria capable of converting carbohydrates (e.g.,
xylan) [86], amino acids and VFAs specially (propionate)
to acetate and CO,. Dyksma et al. also suggested that in
harsh operation conditions (e.g., elevated temperature
and pH) Caldicoprobacter may contribute in acetate
oxidation route together with hydrogenotrophic metha-
nogens [61]. Presence of Caldicoprobacter in this meso-
philic condition might be associated with a favorable
condition for their growth including high concentration
of xylan (from hemicellulose degradation during steam
explosion) and propionic acid in elevated pH and ammo-
nia level. Moreover, developing a syntrophic partner-
ship with hydrogen consumers can also be linked to high
relative abundance of Caldicoprobacter [87]. The relative
abundance of Caldicoprobacter multiplied significantly in
early days of adaptations (e.g., day 6 and day 35) which
can be related to Caldicoprobacter’s abilities to degrade
hemicellulose. Compared to cellulose and cellulosic poly-
saccharides with crystalline structure, hemicellulose is

easier to be degraded. Consequently, relative abundance
of Caldicoprobacter increased faster in comparison with
cellulose hydrolysis bacteria [24, 88].

Members of Cloacimonadota (previously Cloacimon-
etes, WWEL) family W27 are involved in degradation
of long-chained fatty acids in fat-rich cultures through
development of syntrophic 3-oxidation [89, 90]. Consid-
ering the nature of initial inoculum’s feedstock (fat and
protein), it may explain the high relative abundance of
family W27 belonging to Cloacimonadota at the early
days of the experiment, but it was not observed after
day 35 in RO and R1. In contrast, the relative abundance
of Cloacimonadaceae families within Cloacimonad-
ota phylum increased as a factor of OLR of SEBW. The
Cloacimonadaceae W5 is suggested to be a syntrophic
propionate oxidizing bacteria in anaerobic culture [91].
A high concentration of propionic acid (Table 2) in the
samples during the adaptation period may have devel-
oped a suitable condition for the growth of Cloacimona-
daceae W5. Bacteroidota can generate a wide range of
extracellular hydrolytic enzymes converting glucose, ara-
binose, cellobiose and other carbohydrates in lignocellu-
losic biomass to acetic acid, butyric acid, isovaleric acid,
Propionic, H, and CO, [92]. An increase in the relevant
abundance of Rikenellaceae, Bacteroidales UCG-001 and
GZKB124 belonging to Bacteroidota phylum as a result
of a long-term operation with SEBW and CM reveal that
the microbial community adaptation improved hydroly-
sis efficiency [77, 89].

Stable carbon isotope analysis
Combined  relative  abundance of
trophic ~ methanogens  (i.e,

hydrogeno-
Methanobacterium,
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Fig. 6 Correlation between apparent carbon isotope fraction (ac) and relative abundance of hydrogenotrophic methanogens (a) or relative

abundance of acetoclastic methanogens (b) at six sampling points

Ca_Methanofastidiosum, Methanobrevibacter, Metha-
nocorpusculum, and Methanoculleus) and acetoclastic
methanogens (i.e., Methanosarcina and Methanothrix)
at each sampling point have been presented in Table 3.
Apparent fraction factors of each sampling point were
calculated according to a method described in “Meas-
urement of the stable isotope composition of the biogas”.
Moreover, the concentration of ammonium and VFAs
and pH measurements are provided in Table 3. The total
abundance of hydrogenotrophic archaea on day 0 was
around 86%. On the same sampling day, the a; for R,
and R; was 1.054 and 1.050, respectively. On day 6, when
the pH increased to over 7.9 in both reactors, the con-
centration of hydrogenotrophic methanogens increased

significantly and reached around 99 percent. On the
same day, the o also rose and ran to its maximum of
1.058 and 1.062 in R, and R;. These results were in line
with the results of the literature where the o close to or
over 1.06 represents a dominant hydrogenotrophic meth-
anogenesis pathway [35]. From day 6 on, when feeding
the reactors with SEBW and CM was initiated, the VFA
concentration in the reactors increased, reaching a maxi-
mum of 1.1 and 2.7 g/L in R, and R, on day 120, respec-
tively. Similarly, on day 120, the relevant abundance of
acetoclastic methanogens (more precisely Methanosar-
cina) extended to 65.5 and 73.4% in R, and R;, respec-
tively. In contrast, apparent fraction factors in all samples
decreased by 1.024 and 1.027 in R and R;, respectively.
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Stable carbon isotope signature of biogas samples
from the initial inoculum and day 6, along with the
results from the genetic analysis, revealed that the ace-
tate oxidation pathway through potential syntrophic
bacteria (e.g., Cloacimonadota, Dethiobacteraceae, and
Syntrophomonadaceae) and hydrogenotrophic metha-
nogens (specially Methanobacterium and Methanoc-
ulleus) could have a major contribution in methane
production at the very beginning days of the experi-
ment. After a long period of adaptation, the rela-
tive abundance of syntrophic bacteria diminished, yet
did not totally disappear, leading to a tangible shift in
the methane production pathways where acetoclastic
methanogen became the dominant methane-producing
pathway. As shown in Fig. 6, the calculated apparent
fraction factor (@) in this study is well correlated to the
abundance of the methanogens meaning that the domi-
nant methane-producing pathway in the system can be
estimated using the stable 13C isotope of the biogas.

The change in the carbon isotope fractionation fac-
tor was well correlated to the dominating methano-
genic group. The fraction of methane formed from
reduction of CO, was clearly reduced as the relative
abundance of acetoclastic methanogens increased.
Similar correlations have previously been reported,
and e.g., Vavilin and Ritov found that at various
ammonium concentrations, when acetoclastic metha-
nogenesis dominated, the fractionation factor value
decreases over time to a low level of 1.016 [93]. Under
conditions were hydrogenotrophic methanogenesis
was dominating the value increased to 1.060. These
results are in accordance with the pattern observed
in R, and R;; however, the lowest fractionation found
in our study were 1.024 and 1.027. This is somewhat
higher than the levels found in the literature indicating
that that methane also partly was produced via acetate
oxidation and CO,,.

The high fraction factor found for the initial inocu-
lum (close to 1.060) implies that the source reactor was
highly dominated by hydrogenotrophic methanogen-
esis. Methanosaeta normally plays an important role
in acetoclastic methanogenesis, and typically com-
petes with Methanosarcina for acetate. Methanosaeta
is reported to dominate at low ammonium concentra-
tions, while Methanosarcina dominates at the higher
ammonium concentrations [93]. Methanosarcina will
also typically dominate when acetate concentrations
are high [94]. The ammonium levels in the initial inoc-
ulums (day 0) and early stage (day 6) of experiments
where relatively high (Table 3), and this together
with increasing concentration of VFA (acetic acid)
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can explain why Methanosarcina was the dominating
methanogen.

In both reactors, at day 6, the ammonium concentra-
tions were at its highest and were decreasing for the
rest of the experiment. At this measuring point, also
the fractionation factor was at the maximum level.
This implies that hydrogenotrophic methanogenesis
increased during the start-up, which can be explained
by the high amount of initial inoculum in the reac-
tors during that period and also that the microbes
were not yet adapted to the new conditions, and the
process was unstable (which is also supported by the
results for biogas production, decreasing between day
5 and 15). It is reported that hydrogenotrophic metha-
nogenic communities are more robust and capable of
maintenance in stressful conditions, which is the prob-
able explanation for the pattern observed in R, and R;.
Moreover, these data show that the changes in micro-
bial methane pathway can change relatively rapidly as
a response to shifts in the environment.

Conclusions

Biomethane production from SEBW after a long adap-
tation period yielded around 70% of the theoretical
methane production yield of SEBW-CM mixture. It
was also shown that the adaptation could increase the
microbial community’s tolerance threshold against
inhibitors (i.e., furfural and HMF) from less than 1 g/L
to 2 g/L. Both the microbial community and the frac-
tionated stable isotopes analyses showed a clear shift
from hydrogenotrophic to acetoclastic methanogenesis
as the culture was adapted to the lignocellulosic feed-
stock, and the results suggest that direct interspecies
electron transfer could be involved in the increased
methane production in RO with constant OLR. During
the adaptation period, the bacterial community com-
position changed from SOA-rich culture to cellulose/
hemicellulose hydrolyzer culture, and the methane pro-
duction pathway shifted from hydrogenotrophic to the
acetoclastic path. This shows that the hydrolysis step is
important in the AD of lignocellulosic materials. Alto-
gether, the findings in this study provide an increased
understanding of feedstock composition and reactors
operations impact on the microbial dynamics and iso-
tope fractionation of biogas from AD. Moreover, the
tight correlations between shifts in microbial composi-
tion and stable isotopes may improve the biogas plants’
condition to monitor changes in the process and put
in place measures to prevent instability and process
collapse.
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