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ABSTRACT

Optimization of the biogas generation process is important to achieve efficient degradation and high methane
yield, and to reduce methane emissions from the digestate. In this study, serial digester systems with two or three
biogas reactors were compared with a single reactor, with the aim of improving degree of degradation and
methane yield from food waste and assessing adaptation of microbial communities to different reactor steps. All
systems had the same total organic load (2.4 g VS/(L d)) and hydraulic retention time (55 days). Serial systems
increased methane yield by >5% compared with the single reactor, with the majority of the methane being
obtained from the first-step reactors. Improved protein degradation was also obtained in serial systems, with
>20% lower outgoing protein concentration compared with the single reactor and increasing NH4-N concen-
tration with every reactor step. This resulted in separation of high ammonia (>384 mg NH3-N/L) levels from the
main methane production, reducing the risk of methanogen inhibition. Methanosarcina dominated the meth-
anogenic community in all reactors, but increases in the hydrogenotrophic genera Methanoculleus and Meth-
anobacterium were observed at higher ammonia levels. Potential syntrophic acetate-oxidizing bacteria, such as
MBAO3 and Dethiobacteraceae, followed the same trend as the hydrogenotrophic methanogens. Phylum Bacter-
oidota family Paludibacteraceae was highly abundant in the first steps and then decreased abruptly, potentially
linked to an observed decrease in degradation in the last-step reactors. Nevertheless, the results indicated a trend
of increasing relative abundance of the potentially proteolytic genera Proteiniphilum and Fastidiosipila with
successive reactor steps.

1. Introduction

environmental benefits it is important to obtain a high degree of
degradation of the organic material. Many previous studies have

Production of biogas through anaerobic digestion (AD) is a stepwise
degradation process of organic material, carried out by a complex mi-
crobial community in an anaerobic environment [1]. Biogas production
has several benefits, e.g., it is a sustainable treatment method for organic
wastes and the methane in biogas is a renewable energy carrier that can
be used as vehicle fuel or for production of electricity and heat [2].
Moreover, during the AD process, mineral nutrients in the wastes are
concentrated and the resulting digestate can be used as biofertilizer,
thereby contributing to recycling of nutrients and reduced use of arti-
ficial fertilizer [3].

In order to reach the full potential of AD in terms of economic and

investigated different strategies to improve degradation and efficiency
of various AD processes, including both management and technological
approaches. So far, a lot of effort has been put on materials rich in
lignocellulose, difficult to degrade and thus typically giving low effi-
ciency of the biogas process [4]. However, several recent publications
have reported that also degradation of proteins in AD can be inefficient
and result in high levels of residual protein, representing an unexploited
potential of methane as well as ammonium-nitrogen (NHZ-N), in the
outgoing digestate [5-8]. Even so, less effort in the scientific literature
has been devoted to understanding conditions giving efficient degra-
dation of proteins.
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Different types of food waste, e.g. source sorted organic household
waste and residues from food industry, can vary greatly in its chemical
composition, but generally has high protein and fat concentrations as
well as a relatively low content of complex carbohydrates [9]. Fat and
protein are energy-rich, so food waste has high biomethane potential
and, owing to a low level of lignocellulose, are relatively easy to degrade
[9]. AD of food waste even needs to be managed carefully, as fast
degradation can cause accumulation of volatile fatty acids (VFA) and a
subsequent drop in pH. Additionally, high levels of protein can lead to
inhibitory levels of the fermentation product ammonia (NHs), which is
toxic to the microbial community and especially the methanogenic
community [9,10]. Nevertheless, proteins have been shown to represent
the major fraction of non-degraded macromolecules in the digestate [8].

Previous studies have evaluated degradation of recalcitrant struc-
tures by replacing a single reactor with a main methanogenic reactor
followed by a methanogenic post-digester that collects residual gas po-
tential. This has been successful for agricultural residues with high levels
of recalcitrant lignocellulosic structures; both for manure [11], and crop
residues, where serial reactors improved conversion of cellulose and
hemicellulose compared with a single reactor [12]. In the present study
we hypothesize that a serial reactor setup, in comparison to a single
reactor, could enable improved degradation of food waste, and specif-
ically proteins, in the same way as previous studies on serial digestion
have shown an improved degree of degradation of recalcitrant ligno-
cellulosic substrates [11,12]. In line with this hypothesis, Nordell et al.
[13] achieved improved protein degradation in sewage sludge upon
addition of a post-digester step to the process. During serial digestion,
the process can be set up in different ways in regard to hydraulic
retention time (HRT) and organic loading rate (OLR). For food waste,
previous studies have mainly applied a high load and short retention
time in the first reactor with the aim to obtain microbial phase separa-
tion [14]. Separation of hydrolysis/acidogenesis and methanogenesis
steps can be a way of improving the degradation of food waste and many
studies have shown promising results in terms of process stability, high
methane yields, volatile solid (VS) reduction, and potential to extract
additional products, such as VFA or hydrogen (Hs) gas, from one of the
process stages [9,14-17]. However, as mentioned above, serial digestion
can also be applied without phase separation and with methanogenesis
in all reactors, a setup that remains to be investigated for processes
operated with food waste.

In the current study, we are evaluating a setup with serial meth-
anogenic reactors for biogas production from food waste. The main aims
of this study were to investigate the possibility for improved process
performance and degradation of recalcitrant structures, e.g. proteins,
compared with a single reactor. If successful, this approach could give
both higher methane yield and reduce the risk of methane emissions
from the digestate. An additional aim was to investigate the microbial
community structure in the different reactor steps. It has been shown
that stage separation of the AD process leads to differences in the mi-
crobial communities in the different reactor steps, with enrichment of
hydrolytic/acidogenic species in the first reactor [15,18]. However, the
effect of a serial digester setup on the microbial community structure in
different reactor steps has not yet been studied, nor how this is coupled
to the degree of degradation of different molecular structures, i.e., pro-
teins, lipids, and carbohydrates. For the study, an industrial-scale biogas
plant using food waste from households, in co-digestion with slaugh-
terhouse waste and industrial organic waste, was used as a model for an
experimental lab-scale setup. Systems with one, two, and three serial
reactors, all with the same total HRT, were operated and compared with
regard to efficiency and process performance. The industrial-scale plant
has already access to several reactor tanks which, based on the result
from this study, easily could be reorganized in a way that optimizes the
overall process performance, without need for construction of new
digesters.
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2. Material and method
2.1. Experimental setup

Three systems of laboratory-scale reactors were set up (see graphical
abstract): a one-step system with a single reactor (Al), a serial system
with two reactors (B1 and B2), and a serial system with three reactors
(C1, C2, and C3). In the two- and three-step systems, the first reactors
were fed with substrate, while the other reactor/s were fed the outgoing
digestate from the previous reactor step. Inoculum for the reactors was
collected from a full-scale co-digestion plant in Linkoping, Sweden, that
runs a two-step completely-stirred tank reactor (CSTR) process (total
active volume 17,100 m®). The full-scale process is operated at 42 °C and
35 days HRT in the first step and 41 °C and 20 days HRT in the second
step. For the laboratory-scale reactors Al, B1, C1, and C2, the inoculum
used was collected from the first reactor step of the biogas plant, while
the inoculum for B2 and C3 was collected from the second reactor step.
The co-digestion plant receives food waste from households (50% of
incoming wet weight), organic industrial residues (25%), and slaugh-
terhouse waste (25%) and is fed an average total OLR of 4 kg VS/(m°® d)
to the first-step reactor. The first-step reactors in this lab-scale study (A1,
B1, C1) were fed substrate with a VS content of 13.3% retrieved from a
hygienization tank at the co-digestion plant (temperature 70 °C). This
substrate was collected on a single occasion and frozen in batches of 5 L
until thawing and use. A process additive (Kemira Oyj, Helsingborg,
Sweden, developed and patented by Tekniska verken i Linkoping AB
(publ.)) containing iron (Fe2*/Fe3"), cobalt (Co?"), nickel (Ni%*) and
hydrochloric acid (HCl, <0.5%) was added in the substrate, as in the
full-scale plant. The dose was set to suppress HzS levels to <50 ppmv in
the biogas and supply the reactor microorganisms with extra trace ele-
ments (0.5 mg/kg Co>" and 0.2 mg/kg Ni2*).

The digesters at the full-scale co-digestion plant were used as the
basis for the experimental design in lab-scale, in terms of relative reactor
volumes, HRT, OLR, and process temperatures. The reactor experiment
was performed with CSTRs (developed and patented by Tekniska verken
[19]) with an active volume of 3.3-9.1 L and operated at 41-42 °C
(Table 1). For practical reasons, the initial steps (B1 and C1) were
over-dimensioned in comparison with the following steps, in order to
allow excess volume for sampling. Initially the total HRT was set to 55
days in all systems, however after 21 days of operation these values had
to be slightly changed to compensate for the volume reduction from
production of biogas. The mass of gas produced, calculated using the
ideal gas law, was estimated to be 11-12% of ingoing substrate volume.
Thus, to reach correct volume relationships between the reactors, the
HRT of B2 and C2 was adjusted from 20 to 23 days and from 19 to 21
days, respectively (Table 1). In the results, the gas production presented
was normalized to the relative volume of the reactors (Table 1). The
reactors were fed semi-continuously once per day, 7 days per week, and
the volume was adjusted 5 days per week. The reactors were operated
for 203 days in total. The process parameters presented here are average
values of measurements taken after day 174, unless otherwise stated,
after three complete HRTs for all three systems.

Table 1
Process parameters for the laboratory-scale test reactors operating in mono-
digestion or in series with two or three reactors.

System Reactor ~ HRT OLR Reactor Temperature Relative
(days) (g VS/  volume (O] volume
ay @ (%)
One- Al 55 2.43 9.1 42 100
step
Two- Bl 35 3.82 9.1 42 64
step B2 23 4 41 36
Three- Cl 23 5.74 9.1 42 42
step C2 21 6.3 42 35

Cc3 12 3.3 41 23
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2.2. Analytical methods

Volumetric gas production was measured online with a Ritter mil-
ligas counter (MGC-10, Ritter, Waldenbuch, Germany) and methane
concentration was determined with a gas sensor (BlueSens, Herten,
Germany). Gas volume was normalized for standard temperature and
pressure (273.2 K and 1.01325 bar). Gas composition (CH4, CO,, H,S,
Hay, Oy) was further analyzed using a Biogas 5000 device (Geotech In-
struments, Coventry, UK). The VFA content was analyzed with a Clarus
550 gas chromatograph (PerkinElmer, Waltham, MA, USA) with a
packed Elite-FFAP column (PerkinElmer, USA) for acidic compounds
[20]. Total NH4-N was analyzed as the sum of NHJ-N (aq) + ammo-
nia-nitrogen (NH3-N) (aq), by distillation (Kjeltec 8200, FOSS in Scan-
dinavia, Sweden) in acidic solution (H3BOs). The NH4-N concentration
was then determined by titration with HCI (Titro 809, Metrohm, Her-
isau, Switzerland) according to the Tecator method for Kjeltec ISO 5664.
Kjeldahl-nitrogen was determined using the same procedure and
equipment as NHZ-N, with the exception that the samples were
pre-treated with H,SO4 and then heated to 410 °C for 1 h. The pH was
measured with a potentiometric pH meter at 25 °C, using a Hamilton
electrode (WTW Inolab, Houston, TX, USA). Lignin content was
measured using standardized method Tappi T 222 (acid hydro-
lysis/gravimetrical extraction), at MoRE Research Ornskoldsvik AB,
Sweden. Bound and complexed sugar concentrations (xylose, mannose,
glucose, galactose and arabinose, with measurement uncertainty of
15%, 10%, 5%, 10% and 10% respectively) were measured using
SCAN-CM 71:09 (GC-MS), also at MoRE Research Ornskoldsvik AB,
Sweden. Concentrations of hemicellulose and cellulose were estimated
from the sugar composition. Raw fat concentration was measured using
method NMKL 160 mod. (acid hydrolysis/gravimetric extraction)
(measurement uncertainty 30%) at Eurofins Food & Feed Testing Swe-
den, Lidkoping, Sweden. Protein concentrations were measured at three
time-points (day 148, 169, and 199) and calculated according to equa-
tion (1). Total solids (TS) and volatile solids (VS) were measured ac-
cording to Swedish standard methods (1981, SS028113). Samples for
macromolecule analyses (lignin, sugars and fat) were taken twice (day
95 and 193). Since the process was stable, samples were homogenous,
and substrate composition was the same throughout the experiment,
these samplings were considered to be representative for the processes.

Raw protein = (Kjeldahi-N - NH}-N) e 6.25 (@9)]

2.3. RMP and methane production rate determination

Batch tests were performed to investigate the residual methane po-
tential (RMP) of the different digestates (taken at day 203) and to
evaluate the degradation rate of the key substrates: cellulose (crystalline
cellulose, Macherey-Nagel GmbH & Co. KG, Germany), fat (refined
rapeseed oil, Di Luca & Di Luca AB, Sweden), and protein (gelatin,
Haugen-Gruppen AB, Sweden). For this, triplicate 300 mL portions
(containing 9.6, 10.2, 8.4, 11.4, 9.0 and 8.4 g VS in Al, B1, B2, C1, C2,
and C3, respectively) of each digestate were added to individual bottles
(594 mL) and methane production was measured during incubation at
38 °C, using an automatic methane potential test system, AMPTS II
(Bioprocess Control, Lund, Sweden). RMP was also measured for
digestates without substrate and for digestates with added substrate
(cellulose, fat, or protein) to determine how well and at what rate each
substrate was digested, using 1.8 g of substrate (6.0 g VS/L). Specific
methane production from the substrates was calculated according to
Ref. [21]. The experiment was run until gas production leveled off and
results collected until day 25 were used. To compare the degradation
rates of the added substrates, initial degradation rate was calculated
using 50% of the average accumulated methane production at day 25 in
digestate from reactor Al as a cut-off value. Average methane
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production per day until the time-point where the cut-off value was
reached was calculated for each substrate.

2.4. 16S rRNA gene sequencing

DNA extractions were performed on samples from all digestates,
taken at day 200, and on the two inocula from the co-digestion plant in
Linkoping. All samples were stored at —20 °C until extraction. Extrac-
tion was done in triplicate, using the FastDNA Spin Kit for Soil (MP
Biomedicals Europe) according to manufacturer’s instructions, with the
exceptions that aliquots of 200 pL of sample were used and an extra
wash step was included to remove humic acids as described in Ref. [22].
DNA was eluted using 70 pL of water. DNA concentrations were
measured using a Qubit 3.0 Fluorometer with a Qubit dsDNA BR Assay
Kit (Invitrogen, Thermo Fisher Science, Waltham, MA, USA). 16S
rRNA-gene amplicon libraries for bacteria and archaea were prepared
from the DNA samples as described previously [23]. The concentrations
of the final PCR products were measured with Qubit 3.0 Fluorometer
(Invitrogen, Thermo Fisher Science, Waltham, MA, USA) and 20 ng of
DNA from each sample were submitted for sequencing with the [llumina
MiSeq platform at SciLifeLab in Uppsala, Sweden.

16S rRNA-gene sequences were processed according to the DADA2
pipeline tutorial (version 1.16) [24], using the DADA2 package (version
1.16.0) in R (version 4.0.2). Primer and adapter sequences were
removed from the raw data using Cutadapt [25]. For bacteria, param-
eters for filtering and trimming the reads to minimize error rates were
selected using FIGARO [26]. Trimming sites 236 and 173 for forward
and reverse reads, respectively, were selected and maximum number of
expected errors was set to 1. For archaea, trimming sites 220 and 200
and maximum number of expected errors of 2 and 5 for forward and
reverse reads, respectively, were selected. One replicate of sample C3 in
the archaea dataset had few (544) reads, and was therefore removed
from the subsequent analyses. Taxonomy was assigned to the sequences
using the Silva reference database training set (version 138) [24,27].
The package phyloseq (version 1.32.0) was used to organize the data
and visualize relative abundances of the sequences.

Bacterial communities were further analyzed using non-metric
multidimensional scaling (NMDS) in R to visualize the similarity be-
tween samples from different reactors in terms of bacterial community
structure, plotted together with concentrations of macromolecules
(protein, fat, sugars, and lignin). To generate the distance matrix, the
ordinate function in the package phyloseq was used with the Bray-Curtis
calculation method. Plots were generated using the function ggplot in
package ggplot2 (version 3.3.3) and macromolecule concentrations
were fitted to the data using the function envfit in package vegan
(version 2.5.6). Ellipses representing the 50% confidence intervals for
the most abundant phyla (represented by more than three data points in
the NMDS plot) were included in the NMDS plot showing the phyla,
assuming multivariate normal distributions.

2.5. Calculation of retention time distribution

The retention time distribution (RTD) for an ideal CSTR was used
here (eq. (A.1)) to indicate how the probability distribution of retention
of material in the system changed when CSTRs were connected in series
[28]. The RTD for a combination of CSTRs in series, with the HRTs used
in this experiment (Table 1), was obtained using eq. (A.2) [28]. The
probability of material leaving the system within the total HRT was
calculated based on eq. (A.3), using the integrate function in R.

2.6. Data analysis

Statistical analyses on the results were carried out in R programming
language (version 4.0.2). One sample t-test with confidence level 95%
was used for pair-wise comparisons of daily specific methane production
between the three different systems and between the three different
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first-step reactors. One-way ANOVA with confidence level 95% was used
for comparisons of values in the different reactors: macromolecule
concentrations, NHj-N- and NHs-N-concentrations, pH, VS content, VS
reduction, RMP, and methane production rates from different sub-
strates. The t.test function was used for t-tests and the linear model (Im)
followed by the anova function was used for ANOVA. Pairwise com-
parisons between reactors were made using the emmeans function in
package emmeans (version 1.5.2.1). In case of heteroscedasticity, values
were log-transformed before performing the ANOVA.

3. Results
3.1. Effects of serial AD on methane production efficiency

The reactors were operated for 203 days in total and during this time
fed semi-continuously with food waste once a day. Measurements pre-
sented here were made after all systems had reached three complete
HRTs (from day 174), unless otherwise stated. Specific methane pro-
duction (SMP) for the complete systems was within the range 489-517 L
CHy4/kg VS (Table 2, Figure B1). During the course of the experiment the
reactors remained stable, both in terms of gas production and process
parameters. VFA concentrations were below the detection limit in all
reactors throughout the experiment. The average daily SMP was
significantly higher (p < 0.05) in the serial systems than in the single
reactor, reaching 5.7% and 5.2% higher in the two-step and three-step
system, respectively (Fig. 1). However, there was no significant differ-
ence in SMP between the two serial systems (p = 0.43). Most of the
methane produced from each serial system was generated in the first-
step reactor (96% and 92% in B1 and C1, respectively) and small con-
tributions were obtained from the second and third steps (Table 2).
Comparing the SMP in the first-step reactors (Table 2), B1 had signifi-
cantly higher methane production than both Al and C1 (p < 0.05).
However, SMP did not differ significantly between Al and C1 (p = 0.56).

The VS reduction increased with every reactor step and was finally
>80% in the two serial systems, which was a significant improvement
(p < 0.05) in comparison with the single CSTR (79%) (Table 2). In line
with this, an increase in both NH4-N and NH3-N concentrations was
observed across the steps in the serial systems (Table 2). The NH4-N and
NH;3-N concentrations in the final digestate from the serial systems (B2
and C3) were significantly higher than those in the final digestate from
Al (p < 0.05).

Among the reactors, the highest methane content in the gas was
obtained in reactor B1 (65%) (Table 2). The highest methane content in
the three-stage system was obtained in reactor C2 (64%). Lower

Table 2
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2.0%
Gas
0.0% . Methane

-2.0%

Difference in gas production (%)

-4.0%

A1 B1 B2 C1 C2 C3
Reactor

Fig. 1. Difference (%) in average methane and gas production from each serial
reactor compared with reactor Al. Reactor Al was operated as a single reactor,
and B1 and B2 and C1, C2, and C3 in two and three steps in series, respectively.
The accumulated differences for each system are shown.

methane content, of around 59%, was obtained in the last-step reactors
(B2 and C3).

3.2. Retention time distributions with serial reactors

To evaluate the probability of material leaving the reactor system
within the HRT, the theoretical RTD was calculated for each system. The
RTD values obtained illustrated the probability distribution of a pulse of
an inert material added at time t = O to a reactor system with one, two,
or three serial ideal CSTRs (Fig. 2). With a single reactor, the probability
of material spending less time in the reactor than the HRT was 63%. In
the two-step system with the same total HRT this probability was
reduced to 60%, while replacing the single reactor with the three-step
system reduced the probability further, to 58%. Thus increasing the
number of reactors within the system, without changing the total HRT,
increased the average time material spent in the reactor system.

3.3. Macromolecule concentrations and RMP in digestate

Concentrations of fat, lignin, and sugars (xylose, mannose, glucose,
galactose, and arabinose) were measured in digestate from all reactors
(sampled at day 95 and 193) (Figure C1). Measured sugar was assumed

Analytical data for the digestate and gas produced from the different test reactors. Reactor A1 was operated as a single reactor, B1 and B2 as a two-step serial system,
and C1, C2, and C3 as a three-step serial system. Letters indicate statistical significance (values with different letters differ significantly (p < 0.05)). Columns are

compared separately.

Reactor ~ NHj-N NH3-N pH* VS in VS reduction Methane SMP complete system SMP first-step Methane
(g/kg)* (mg/kg)* digestate (%)* (%)* content (%)** (L CHy/kg VS)** reactors (L CHs/kg production (%)***
VS)**
Al 3.0(0.1* 287 (9.5° 7.8 3.2 (0.0 78.9 (0.3) 61.8 (0.5) 489 (24)° 489 (24)° 100.0
0.0)*
Bl 2.7 (0.1)° 261 (5.6 7.8 . 3.4 (0.0)° 77.3 (0.3)° 65.4 (0.2) 517 (20)° 499 (18)° 96.3
(0.0)*
B2 3.4(0.1)° 395 (6.4° 7.9 2.8 (0.1)° 81.0 (0.4)° 59.9 (1.1) ND 3.7
0.1)*
c1 2.4 (0.00 200 7.7 3.8 (0.1)¢ 73.4 (0.4) 62.2 (0.2) 515 (14)° 475 (14)° 92.3
(24.8)° 0.0)°
c2 3.3(0.1)° 384(6.9° 80 3.0 (0.0)° 79.1 (0.3) 64.2 (0.5) ND 6.2
0.1)¢
c3 35(0.1)° 543 8.0 2.8 (0.1)° 80.4 (0.7)° 59.3 (1.8) ND 1.5
(58.5)¢ 0.1)¢

*Mean values based on three measurements. Standard deviation within brackets.

**Mean values based on data from day 174-203. Standard deviation within brackets.
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Fig. 2. Retention time distribution (RTD) for the three systems with one (solid
line), two (dashed line), or three (dotted line) reactors in series.

to be bound as cellulose and hemicellulose. No significant differences
between the reactors in concentrations of fat, lignin, or bound sugar
were detected (p > 0.05). The measured concentrations were within the
range 8-14, 3-5 and 2-3 g/kg for lignin, sugar, and fat, respectively
(Figure C1). Among the measured macromolecules, the highest con-
centrations were obtained for protein (12-19 g/kg), with the lowest and
highest concentration in reactor C3 and C1, respectively (Fig. 3). Com-
parison of protein concentrations (measured on day 148, 169, and 199)
in digestate from the three different systems showed a significant (p <
0.05) improvement in protein degradation with the serial systems
(Fig. 3). Overall, 22% and 23% lower protein concentration was ob-
tained in the two- and three-step system, respectively, in comparison
with reactor Al.

As an indicator of degradation efficiency, RMP in the digestate was
measured, ie., the accumulated amount of methane produced from
digestate during 25 days of incubation (Fig. 4, Figure C2). The highest
RMP was obtained for digestate from reactor C1 and the lowest for
digestate from C3, although levels in C3 were not significantly different
from those in reactor B2 (p = 0.81).

Based on the macromolecule analysis, theoretical RMP in the
digestate was calculated, assuming that the sugars, protein, and fat (not
lignin) contributed to the RMP and assuming theoretical methane po-
tential for these compounds of 415, 496, and 1014 L CHu/kg

N
o
o

—
a

Concentration (g/kg)
o =

A1 B1 B2 C1 C2 C3
Reactor

Fig. 3. Protein concentrations in the different reactor systems studied: Al
(single reactor), B1 and B2 (operated in series), and C1, C2, and C3 (operated in
series). All reactor systems had the same total organic loading rate and hy-
draulic retention time (values with different letters differ significantly (p
< 0.05)).
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Fig. 4. Residual methane potential (RMP) in digestate from a single reactor
(A1), reactors in a two-step system (B1 and B2), and reactors in a three-step
system (C1, C2, and C3), after 25 days of incubation, measured in triplicate.
Error bars represent standard deviation for the measured RMP. Theoretical
RMP is based on sugar, protein, and fat concentrations in the digestates, ARMP
represents the difference between theoretical and measured RMP. Letters
indicate statistical significances (values with different letters differ significantly
(p < 0.05)).

respectively [29]. A comparison between the theoretical and measured
RMPs showed that less than 35% of the theoretical methane potential
was reached in all digestates (Fig. 4). The difference between the
theoretical and measured RMP was around 8-9 L CH4/kg digestate for
all samples (Fig. 4).

3.4. Conversion of protein, fat, and cellulose in digestate

Methane production from digestate after addition of protein, cellu-
lose, and fat was evaluated in batch tests. To compare the degradation
rates in the different reactors, a rate coefficient was calculated using the
cut-off values (as described in section 2.3) 167 mL, 155 mL, and 442 mL
for protein, cellulose, and fat, respectively (solid line, Figure C3).

For all substrates, the digestate from the first-step serial reactors (B1
and C1) had significantly higher conversion rate than the digestate from
the second- and third-step reactors (p < 0.05) (Table 3). The most
pronounced difference was seen for protein degradation, which was
much higher in the tests started with digestate from C1. In general, the
rates for fat and protein decreased in the order: C1 > B1 > Al > C2 > B2
> C3. For cellulose, however, the digestate from A1 had a relatively slow
conversion rate and behaved more like that from the second-step re-
actors (B2 and C2).

Table 3

Methane production rates from fat, protein, and cellulose substrates added to
digestate from a single reactor (Al), reactors in a two-step system (B1 and B2),
and reactors in a three-step system (C1, C2, and C3). The methane production
rates are given as the average volume per day (mL CH,/(g VS d)) until a cut-off
time-point was reached. Methane production rates with different letters differ
significantly (p < 0.05). Rate coefficients for each substrate are compared
separately.

Reactor Fat Protein Cellulose
Al 113.6 (11.6)% 96.2 (3.3) 35.7 (6.4)™°
B1 136.4 (38.7)° 123.6 (46.4)° 70.7 (2.3)°
B2 45.6 (2.0)° 31.9 (7.0)* 29.5 (1.6)?
c1 133.9 (37.6)% 208.8 (34.9)¢ 51.5 (0.4)°
c2 67.5 (6.7)° 50.8 (2.8)" 39.3 (0.6)"
c3 42.1 (3.0)° 21.4 (0.4)° 23.3 (0.4)¢
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3.5. Microbial community structure

The sequence analysis of 16S rRNA genes indicated that the archaeal
community in all reactors was almost entirely dominated by the genus
Methanosarcina (Fig. 5a). Methanoculleus and Methanobacterium were
also observed at relative abundance >1% in some of the reactors.
Methanobacterium increased in relative abundance in the second and
third reactor steps in comparison with the first step. The bacterial
community in the reactors was dominated mainly by the phyla Actino-
bacteriota, Bacteroidota, Cloacimonadota, and Firmicutes (Fig. 5b).
Caldatribacteriota, Synergistota, and Thermotogota were also repre-
sented in some of the reactors, but at lower relative abundances.

The relative abundance of Bacteroidota was high in reactors B1 and
C1, and decreased abruptly in the next reactor in the system. The most
abundant genus within the Bacteroidota was H1, classified as a genus
within the family Paludibacteraceae (Table 4). H1 had 23% and 31%
relative abundance in B1 and C1, respectively, and this decreased to 1%
and <1% in B2 and C2, respectively. Other groups showing a trend for
slightly decreasing abundance over reactor steps were the family Rike-
nellaceae (phylum Bacteroidota) and genus Sedimentibacter (phylum
Firmicutes) (Table 4).

For many taxa, a trend for increasing relative abundance over reactor
steps was observed (Table 4). A representative of the phylum Bacter-
oidota, Proteiniphilum, was detected in all systems, but in highest relative
abundance in reactor A1l (10%). In the serial reactor systems, the rela-
tive abundance of this genus was lower, but still with an increasing trend
between reactors. A similar trend was seen for Gallicola, one of the
dominant genera within Firmicutes, which accounted for almost 35% of
the sequences in reactor Al. In the serial systems it had lower relative
abundance, but it increased between reactors in both the two- and three-
step systems. Other groups showing an increasing trend over reactor
steps were MBAO3 within the class Limnochordia (phylum Firmicutes),
DTUO014 within the class Incertae Sedis (phylum Firmicutes), the families
Dethiobacteraceae and Erysipelotrichaceae (phylum Firmicutes), Fastid-
iosipila (phylum Firmicutes), and Acetomicrobium (phylum Synergistota).

One of the most highly abundant phyla in all reactor systems was
Cloacimonadota, which was represented mainly by two groups; the W5
genus within the family Cloacimonadaceae and the W27 family within
the order Cloacimonadales. W27 had relative abundance around 25% in
both reactors in the two-step system and also in reactor C2. Group W5
was present at lower abundances, with the highest abundance in reactor
Al, where it accounted for 4% of the sequences.

Although the two-step system in this study was operated in the same
manner (but a down-scaled version) as the co-digestion biogas system
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used as the source of inocula, these systems were not similar in terms of
bacterial community structure, suggesting a downscaling effect. Instead,
the single reactor (A1) showed the highest bacterial community simi-
larity with the original inocula from the co-digestion plant (Figure D1).
Actinobacteriota was present at high relative abundances in the serial
reactors, but at abundances <1% in the original inocula and in the
single-step system (Table 4). The genus Actinonyces within Actino-
bacteriota was highly abundant, especially in the three-step system,
comprising up to 44% of the sequences in reactor C3. Another effect of
downscaling was a clear decrease in relative abundance of Thermoto-
gota, mainly represented by Defluviitoga tunisiensis (Table 4).

A NMDS plot showing the bacterial phyla was created to look for
clusters in relation to macromolecule concentrations (Fig. 6). The five
most abundant phyla were marked with ellipses indicating the multi-
variate normal distribution with a confidence interval of 50%. A positive
correlation was observed between high protein concentration and
Actinobacteriota, Bacteroidota, and Firmicutes, and a trend for a cor-
relation was seen between high fat concentration and a high relative
abundance of Actinobacteriota and Bacteroidota. Trends for lower
protein, fat, and sugar concentrations with higher abundance of Cloa-
cimonadota, and lower lignin and sugar concentrations with higher
abundance of Synergistota, were observed (Fig. 6).

4. Discussion
4.1. Degree of degradation and methane production

The SMP from the reactor systems (489-517 L CH4/kg VS) was in line
with previously reported values of biomethane potential for food waste
[9,10]. In this study, serial digestion increased methane production by
more than 5% in both the two- and three-step systems compared with a
single reactor with the same total HRT (Fig. 1). This represents an in-
crease with >25 L CH4/kg VS, which would give a considerable increase
in methane yield on industrial scale. For example, with the system used
as the basis for this study design (total volume 17,100 m?3, total OLR
2.43kg VS/! (m® d)), a 5% increase in SMP would increase the volumetric
production with >1,000 m® CH,/d (corresponding to >9.8 MWh/d [2]).
Previous evaluations of serial digestion in comparison with single CSTRs
have found increases in gas production of around 8-15% [12,30]. The
setup in those studies was similar to that in the present study, but using
agricultural waste with high lignocellulose content as substrate, which
might benefit more from serial digestion than relatively easily degrad-
able food waste. The improvement in substrate conversion obtained by
serial digestion has previously been attributed to the prolonged average
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Fig. 5. Relative abundances of a) archaea at genus level and b) bacteria at phylum level, based on 16S rRNA-gene sequences in digestate from reactor Al (operated as
single reactor), B1 and B2 (operated in series), and C1, C2, and C3 (operated in series), and in the two inocula. ‘Inoculum main digester’ was used for inoculation of
reactors Al, B1, C1, and C2. ‘Inoculum post-digester’ was used for inoculation of reactors B2 and C3.



Table 4

Relative abundances (%) of bacterial genera in digestate from the different reactors and the starting inocula. Genera with abundance >1% in at least one of the samples are given. Taxa with abundance <1% are grouped
within “Minor taxa”. Reactor A1 was operated as a single reactor, and B1 and B2 and C1, C2, and C3 in two and three reactor steps in series, respectively. ‘Inoculum main digester’ was used for inoculation of reactors A1,

B1, C1, and C2. ‘Inoculum post-digester’ was used for inoculation of reactors B2 and C3.

Phylum Class Order Family Genus Al Bl B2 C1 Cc2 C3 Inoculum main Inoculum post-
digester digester
Actinobacteriota Actinobacteria Actinomycetales Actinomycetaceae Actinomyces 0.7 16.7 139 327 385 440 0.1 0.2
Actinobacteriota Actinobacteria NA NA Actinobacteria _cl 0.0 1.4 1.8 2.4 4.9 6.3 0.0 0.0
Bacteroidota Bacteroidia Bacteroidales Paludibacteraceae H1 5.6 23.0 1.3 31.2 0.2 0.4 1.0 0.3
Bacteroidota Bacteroidia Bacteroidales Dysgonomonadaceae Proteiniphilum 10.1 1.9 2.7 0.5 0.8 1.6 1.5 3.7
Bacteroidota Bacteroidia Bacteroidales Rikenellaceae Rikenellaceae_RC9_gut_group 0.0 0.5 0.2 1.8 0.0 0.1 1.8 0.2
Bacteroidota Bacteroidia Bacteroidales Dysgonomonadaceae Dysgonomonadaceae _fa 0.1 0.0 0.0 0.2 0.0 0.0 3.8 1.1
Bacteroidota Bacteroidia Bacteroidales Paludibacteraceae Paludibacteraceae _fa 0.7 1.0 0.1 1.7 0.0 0.0 0.2 0.0
Bacteroidota Bacteroidia Sphingobacteriales Lentimicrobiaceae Lentimicrobium 0.4 0.0 0.5 0.2 1.1 1.2 1.2 1.6
Caldatribacteriota  Caldatribacteriia Caldatribacteriales Caldatribacteriaceae Candidatus_Caldatribacterium 1.4 0.1 0.8 0.0 0.2 0.0 2.4 3.5
Cloacimonadota Cloacimonadia Cloacimonadales Cloacimonadaceae W5 4.0 1.0 1.2 0.3 0.5 0.0 4.1 4.0
Cloacimonadota Cloacimonadia Cloacimonadales Cloacimonadaceae Cloacimonadaceae _fa 0.1 0.8 0.7 0.8 1.2 0.0 0.0 0.0
Cloacimonadota Cloacimonadia Cloacimonadales w27 W27 fa 12.7 25.1 26.5 4.8 22.9 8.2 8.6 10.2
Firmicutes Clostridia Peptostreptococcales- Peptostreptococcales- Alkaliphilus 0.3 0.0 0.0 0.0 0.0 0.0 1.0 1.7
Tissierellales Tissierellales_fa
Firmicutes Clostridia Peptostreptococcales- Peptostreptococcales- Gallicola 347 5.2 17.3 5.6 9.6 158 7.6 11.7
Tissierellales Tissierellales_fa
Firmicutes Clostridia Peptostreptococcales- Sedimentibacteraceae Sedimentibacter 0.3 0.8 0.1 0.7 0.1 0.0 5.4 1.9
Tissierellales
Firmicutes Clostridia Caldicoprobacterales Caldicoprobacteraceae Caldicoprobacter 2.0 4.4 3.6 3.4 5.2 1.9 2.5 1.3
Firmicutes Clostridia Clostridia_or Hungateiclostridiaceae Fastidiosipila 5.9 4.9 6.8 3.0 3.7 3.9 11.8 8.3
Firmicutes Clostridia Clostridia_or Hungateiclostridiaceae HN-HF0106 0.1 0.3 0.0 0.8 0.0 0.0 2.8 1.2
Firmicutes Clostridia Peptostreptococcales- Anaerovoracaceae Anaerovoracaceae _fa 0.4 0.4 0.3 0.4 0.0 0.1 1.4 1.2
Tissierellales
Firmicutes Limnochordia MBAO3 NA MBAO3 _or 5.4 5.8 8.2 3.0 4.9 6.3 9.3 8.5
Firmicutes Limnochordia NA NA Limnochordia _cl 0.2 0.0 0.3 0.7 0.0 0.0 2.3 0.5
Firmicutes Incertae_Sedis DTUO014 NA DTUO014 _or 4.8 2.9 7.9 1.0 2.7 4.6 8.1 11.2
Firmicutes Dethiobacteria Dethiobacterales Dethiobacteraceae Dethiobacteraceae fa 3.0 0.5 1.9 0.1 0.0 0.4 1.3 2.2
Firmicutes Bacilli Erysipelotrichales Erysipelotrichaceae Erysipelotrichaceae _fa 0.2 0.9 1.0 0.6 0.8 1.1 0.0 0.0
Synergistota Synergistia Synergistales Synergistaceae Acetomicrobium 4.7 0.7 1.6 0.0 0.1 0.4 2.0 1.2
Thermotogota Thermotogae Petrotogales Petrotogaceae Defluviitoga 0.5 0.0 0.3 0.0 0.7 1.7 11.3 16.2
Minor taxa 1.6 1.8 0.9 3.7 2.0 2.1 8.8 7.8
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Fig. 6. Non-metric multidimensional scaling (NMDS)
1.0 * plot of bacterial phyla in digestate samples from re-
» actors Al (single reactor), B1 and B2 (operated in
* . series), and C1, C2, and C3 (operated in series). Ar-
o " . T rows indicate concentrations of macromolecules pro-
. > . tein, fat, lignin, and bound sugars (xylose, mannose,
0.5 ” - * " glucose, galactose, and arabinose) in the reactors. The
. . % taxa are subset to not include unidentified phyla. El-
*  * . N v, e lipses mark a multivariate normal distribution with
- b, . o ‘ . 50% confidence interval for phyla with >3 points in
D e - 9 x Lot the plot. Stress = 0.097.
v v *
o 0.0 bt
wn .
o = .
=
p4
*
Protein ¥ o °
-0.5 * *o
Sugars
Lignin *
. s .
-1.0
*
-1 0 1
NMDS1
Actinobacteriota Campilobacterota = Desulfobacterota ¢ Planctomycetota Synergistota
Phylum Bacteroidota Chloroflexi *  Firmicutes Proteobacteria Thermotogota
Caldatribacteriota v Cloacimonadota ¢ Patescibacteria Spirochaetota Verrucomicrobiota

retention of organic matter in a serial reactor system compared with a
single reactor [30,31]. As shown by the theoretically calculated RTDs
(Fig. 2), increasing the number of reactors in series, without changing
the total HRT, delayed the exit of material from the system. In theory, a
system with an infinite number of serial reactors and a sufficient total
HRT could give complete degradation. In line with this, we observed a
slightly greater VS reduction in the serial systems than in the single
reactor (Table 2). Moreover, protein concentration was more than 20%
lower after the serial systems compared with the single reactor (Fig. 3),
suggesting that for food waste with recalcitrant protein, a setup with
serial reactors is beneficial. Less efficient degradation in the single
reactor (A1) was also demonstrated by higher RMP compared with the
last steps in the serial systems (B2 and C3). Interestingly, comparisons of
theoretical RMP, estimated from the macromolecule concentrations,
with measured RMP in the digestates showed that approximately the
same amount of undigested material remained in all digestates after the
residual methane was removed (Fig. 4). This may indicate that all
remaining organic material was microbial biomass that was similar in all
reactors. If this was the case, the degradation was complete after the
RMP test and the low RMP from B2, C2, and C3 was due to a low amount
of remaining substrate, and not inactive microbial communities. How-
ever, the comparison between measured and theoretical RMP should be
interpreted with care since the theoretical values were based on
macromolecule concentrations, measured at a different time point as
compared to the RMP. Although serial digestion improved protein
degradation and VS reduction, lowered RMP in the digestates, and
increased methane production, no significant differences in these pa-
rameters were observed when comparing the two serial systems. Thus
for the process studied, two reactors in series were sufficient to reach
higher productivity.

An important advantage of serial systems is increased average
retention time of the material in the total system, but slightly higher
methane production was obtained already in the first reactor in the two-
step system compared with the single reactor (p = 0.046), despite the
shorter HRT. Moreover, the SMP in reactor C1 did not differ significantly
from that in Al, indicating that, compared with the single reactor, the

system could be ‘pressured’ more by shortening the HRT and increasing
the OLR, without causing disturbances and a decrease in methane pro-
duction. This has previously been shown to be feasible and a way of
optimizing the productivity of biogas processes [32]. The increase in
OLR and shortened HRT in B1 were even slightly favorable for the SMP,
possibly as a result of the lower NH4-N concentration obtained in this
reactor compared with Al (Table 2).

4.2. Hydrolysis of macromolecules and microbial community structure

Methane production rates from different macromolecules indicated
significantly faster methane production with inocula from the first-step
reactors compared with the subsequent steps (Table 3). The first-step
reactors all had the lowest NH4-N relative concentration and were fed
with fresh substrate at a higher organic load than subsequent reactors in
the series, which might have contributed to more active microbial
communities in these digestates. As regards macromolecule concentra-
tions in the digestate, there were no significant differences in the con-
centrations of sugars, lignin, and fat between the reactors. It is probable
that the majority of hydrolysis of these compounds took place already in
the first reactor in the serial systems. Slightly lower methane content in
the gas from the first-step reactor with the shortest HRT (C1) relative to
the subsequent reactor (C2) (Table 2) could also be a sign of higher
hydrolytic activity in the first step since this increases the CO; content in
the gas [14]. The relative abundance of Paludibacteraceae H1 decreased
notably after the first steps, suggesting involvement in the initial hy-
drolysis and acidogenesis steps in the first reactor. Members of Pal-
udibacteraceae have previously been reported to utilize various sugars
[33], starch [23], and potentially cellulose [34]. Although the differ-
ences in fat concentrations between the reactors were not statistically
significant, an interesting trend was observed for Cloacimonadota in the
NMDS plot, with higher relative abundance of this phylum at lower fat
concentrations (Fig. 6). Members within this phylum may be involved in
digestion of long-chain fatty acids [35], which might explain the
comparatively higher relative abundance of Cloacimonadota family
W27 in reactors B1, B2, and C2 (Table 4).
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One of the most abundant genera in the serial systems was Actino-
myces. The most abundant sequence classified as Actinomyces had 99.6%
similarity with Gleimia europaea (NCBI, RefSeq Genome database), a
sugar-fermenting bacterium [36,37] previously observed in biogas sys-
tems processing food waste [38]. In the present study, higher relative
abundance of Actinomyces was observed in reactors with shorter HRT.
This is in line with Feng et al. [38], who observed a sharp increase in
relative abundance of Actinomyces upon downscaling from industrial to
laboratory scale, suggesting that the genus was favored by the shorter
retention time applied in the laboratory-scale reactors. Actinobacteria
has been shown to be an important phylum in degradation of lignocel-
lulosic material in compost, expressing a wide range of lignin-degrading
enzymes [39]. Jaenicke et al. [40] also observed genes belonging to
Actinobacteria in a biogas community degrading agricultural waste.
Whether Actinomyces is involved in fiber degradation under the condi-
tions maintained in reactors in the present study is unknown, but the
NMDS analysis indicated higher abundance of Actinobacteriota with
higher lignin and sugar concentrations (Fig. 6).

Defluviitoga, one of the most abundant genera (11-16%) in the
inocula, is known for its ability to degrade carbohydrates [41]. It is a
thermophilic genus but with the ability to grow at temperatures down to
37 °C [41], which explains its prevalence in the present study. In
contrast to genus Actinomyces, the relative abundance of Defluviitoga
decreased (<2%) in all reactors as compared to the inocula, suggesting a
downscaling effect (Table 4). Effects of the microbial community by
downscaling have been shown before and suggested to be caused by
changes in feeding regimes [42,43]. Still, previous work on lab-scale
processes have indicated that such changes not necessarily lead to dif-
ferences in function and performance of the process [32,43].

In previous studies, inefficient protein degradation in AD has been
reported at certain conditions, such as low pH [6] and high carbohydrate
concentration [44,45]. It has been noted that proteins are not degraded
in the acidogenic stage in phase-separated processes [15]. Nevertheless,
Breure et al. [44] suggested that a phase-separation reactor setup would
be beneficial for protein degradation, since it would allow carbohy-
drates to be acidified in a separate chamber and protein degradation
could take place in the methanogenic chamber. No phase separation was
used in the present study, but carbohydrate hydrolysis and acidogenesis
still appeared to take place mainly in the first-step reactors, thereby
creating a favorable environment for protein degradation in the subse-
quent reactors, with slightly higher pH and lower carbohydrate con-
centrations. A stepwise decrease in protein concentration across the
serial systems (Fig. 3) and an increase in relative abundance of the
potentially proteolytic genera Proteiniphilum, Fastidiosipila, and Aceto-
microbium over reactor steps was observed. Proteiniphilum, within Bac-
teroidetes, has been described to degrade peptides and also complex
carbohydrates [46-48]. Fastidiosipila, within Firmicutes, has previously
been coupled to proteolytic activity in pure cultures and in AD systems
[15,49,50]. The type species of Acetomicrobium (Acetomicrobium flavi-
dum), a genus within Synergistota, can hydrolyze starch, casein, and
tributyrin [51]. The relative increases in these groups in the second and
third reactors in this study could also be a result of relatively high NH3
tolerance, e.g., it has been shown that Acetomicrobium can grow at high
NHj3 levels [52].

Although an important proportion of protein degradation appeared
to have occurred by later reactor steps, methane production from pro-
tein measured in the substrate conversion test was especially fast in
reactors Bl and C1 (Figure C3, Table 3). The protein degradation in
these reactors might have been performed by members within the
phylum Bacteroidota classified as Paludibacteraceae (using the Silva
database), which was highly abundant in both reactors. The most
abundant of these sequences (relative abundance 20% in B1 and 25% in
C1) had 100% sequence similarity with uncultured Porphyromonadaceae
(NCBI, Nucleotide collection (nr/nt) database), whose type genus Por-
phyromonas is described as being proteolytic [53]. High relative abun-
dance of Bacteroidota was also positively correlated with protein
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concentration according to the NMDS analysis (Fig. 6), possibly indi-
cating involvement of this phylum in protein degradation in the study
reactors.

In summary, one of the main trends in terms of links between mi-
crobial community structure and degradation of molecular structures
was a sharp decrease in the abundance of family Paludibacteracea in the
second-step reactors relative to the first steps. This decrease was
potentially related to a comparably higher reduction of readily
degradable macromolecule structures, both proteins and carbohydrates,
in the first as compared to the second steps. On the other hand, there was
a slight increase over reactor steps in the abundance of the potentially
proteolytic genera Proteiniphilum, Fastidiosipila, and Acetomicrobium,
possibly linked to the step-wise decreasing protein concentrations.
Additionally, a link between Cloacimonadota family W27 to fat degra-
dation was indicated.

4.3. Effect of increasing ammonia concentrations over reactor steps

The NHj3-N level is an important parameter in biogas processes, as
methanogens are known to be inhibited at concentrations around
200-400 mg/L in mesophilic processes [54]. The toxicity depends on the
process parameters, as the equilibrium between NH3 and NHj is driven
towards higher NHj levels at increasing temperature and pH. The
NHJ-N concentrations were kept at relatively low levels in the first re-
actors (Al, Bl and C1), constantly diluted with fresh substrate, and
accumulation was observed in the later reactor steps as more protein
was degraded (Table 2). The pH also increased over reactor steps,
creating a more toxic environment for ammonia-sensitive microorgan-
isms in the last reactor steps compared with the first. A great advantage
with the serial reactor setup used here was that the majority of the
methane from each system was produced in the first reactor step
(Table 2), separately from accumulation of NHj3-N. Nevertheless,
although the NH3-N concentrations were at potentially inhibiting levels
in the last reactors (Table 2), the VFA concentrations did not increase,
which is normally a sign of process disturbance caused by ammonia
inhibition [54]. However, the OLR in the reactors with the highest
NH;3-N levels was low and the material was represented by slowly
degradable recalcitrant material, which might have reduced the risk of
VFA accumulation.

As the NH3-N concentration increased, there was also a slight change
in methanogen community structure (Fig. 5a). The relative abundance
of the hydrogenotrophic genera Methanoculleus and especially Meth-
anobacterium increased in the later reactors in the serial systems, where
the ammonia levels were higher. In general, hydrogenotrophic metha-
nogens are more tolerant to high ammonia levels than acetoclastic
species [54]. Although the abundance of hydrogenotrophic metha-
nogens increased slightly with reactor steps, Methanosarcina was still the
predominant genus in all reactors. This is a methanogen with a wide
substrate range that can produce methane from e.g., acetate, methanol,
and CO; and Hj [55]. The Methanosarcina genus is also known to be
tough and have a high tolerance to stress factors such as high ammonia,
low pH or high OLR [56].

The hydrogenotrophic methanogens are important to enable syn-
trophic oxidations of various organic acids, which is unfavorable at high
partial pressure of Hy [54]. A trend seen in our systems was for potential
syntrophic acetate-oxidizing bacteria (SAOB) to increase in relative
abundance with reactor steps, in line with the increase in hydro-
genotrophic methanogens. This was possibly linked to increasing NH3-N
levels, since the syntrophic acetate oxidation (SAO) pathway for acetate
degradation can often compete better with acetoclastic methanogenesis
at high NH3-N concentrations [54]. SAOB are also slow-growing, and
could therefore also have been favored by the long total retention time
in the last digesters in the serial systems. The orders DTU014 and the
NH;s-tolerant MBAO3 and family Dethiobacteraceae within Firmicutes,
groups with suggested SAO activity [34,57,58], followed the trend for
increasing abundance over reactor steps.
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In summary, although the methanogenic community was dominated
by genus Methanosarcina, hydrogenotrophic methanogenic genera
(Methanoculleus and Methanobacterium) increased in relative abundance
over reactor steps, possibly due to increasing NH3-N concentration. A
similar trend was observed for the suggested SAO bacterial taxa,
DTUO014, MBAO3, and Dethiobacteraceae.

5. Conclusions

Although food waste contains relatively easily degradable material
that is digested soon after it has been added to the process, this study
clearly showed that serial digestion significantly can improve degrada-
tion of recalcitrant structures. Analysis of process performance showed
that the serial system increased the methane yield by >5% compared
with a single reactor, but with no significant differences between the
two-step and three-step reactor systems. Serial systems also improved
the degree of degradation, indicated by significantly lowered RMP,
which both suggested a more efficient substrate utilization and proposes
lowered risk for residual methane emission from the digestate.

Among macromolecules, proteins showed the highest reduction,
with concentrations >20% lower after the serial systems compared with
the single reactor. Microbiological analysis showed adaptations to the
changing environment and substrate availability across the serial sys-
tems as well as links between the relative abundances of bacterial phyla
with suggested hydrolytic and acidogenic function, with macromolecule
concentrations and degradation rates. Moreover, the methanogenic
community changed in relation to the NH3-N concentration, also linked
to relative abundances of potential SAO bacteria.

The observed positive effects of the serial setups could have derived
from comparatively low NH3-N concentrations in the first reactor step,
lowering the risk of ammonia inhibition and associated process distur-
bances in the reactors where the majority of the methane is produced.
The serial setup also had the advantage of retaining recalcitrant struc-
tures in the system for a longer time on average, increasing the proba-
bility of degradation and thus leading to improved yield and reduced
levels of residual methane production from the digestate.
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