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A B S T R A C T

To meet global energy demands, syngas with high CO content (>50 %) generated from hydrothermal gasification
of agricultural residues or wood, could be utilized as a co-substrate in anaerobic digestion (AD) processes for
conversion into CH4. This study investigated in-situ biomethanation using synthetic gas (55 % CO, 35 % H2, and
15 % CO2), mimicking wood gasification syngas, during AD of cow manure, the most abundant agricultural
waste. A continuously stirred tank reactor (CSTR) served as a control and was fed only cow manure, while the
other two reactors were fed syngas with or without gas recirculation at different gas loading rates (GLRs).

In-situ syngas injection in AD of cow manure at GLRs ≤0.3 L LRV− 1 d− 1 improved overall CH4 productivity
compared to the control (0.35 ± 0.1 vs. 0.29 ± 0.1 L LRV− 1 d− 1), though the CH4 content (45 ± 5 %) was lower
than the control reactor (62 ± 3 %), indicating a need for biogas upgrading. Gas recirculation enabled higher CO
and H2 conversion efficiencies of 99–100 % but considerably decreased CH4 productivity from cow manure. In-
situ biomethanation enhanced the relative abundance of hydrogenotrophic methanogens, highlighting their role
in syngas conversion to CH4.

1. Introduction

In the agricultural sector, anaerobic digestion (AD) is commonly
used to manage farm residues, produce renewable energy, recycle nu-
trients, and stabilize manure [1]. To enhance the energy value of the
agricultural biogas systems, co-digestion with syngas from hydrother-
mal gasification of high lignin-containing biomass for conversion into
CH4 could be considered. Syngas from woody biomass gasification
typically consists of CO (50–60 %), H2 (25–30 %), CO2 (5–15 %), and
CH4 (0–5%), with possible traces of H2S, light hydrocarbons, and NH3
[2,3]. Even though wood gasification syngas can be used as fuel, its low
calorific value (1.2 MJ Nm− 3) compared to CH4 (37.8 MJ Nm− 3) [4]
suggests that conversion to CH4 could be advantageous.

Syngas can be converted into CH4 either biologically or catalytically.
Catalytic syngas methanation offers faster reaction rates and higher
methane yields but demands higher temperatures and pressures. It is
also sensitive to gas impurities, which may deactivate catalysts, neces-
sitating frequent catalyst regeneration or replacement, thus increasing

energy consumption and process costs [5]. Biological methanation,
while slower, requires lower energy input, milder operational parame-
ters [6], and is more resistant to gas impurities [7]. However, it needs
more complex reactor designs to maintain optimal conditions for the
microbes.

Two proposed biological pathways for CO conversion are via H2/CO2
by carboxydotrophic hydrogenogenesis followed by hydrogenotrophic
methanogenesis for conversion to CH4 (reactions 1.1 and 1.2, respec-
tively) or via CO conversion to acetate by homoacetogenesis or car-
boxydotrophic acetogenesis (reactions 1.3 and 1.4), followed by
acetoclastic methanogenesis to CH4 (reaction 1.5) [8]. When the activity
of acetoclastic methanogens becomes limited, syntrophic acetate
oxidizing bacteria (SAOB) convert acetate to H2 and CO2 (via reversible
reaction 1.3) [9]. Carboxydotrophic methanogenesis has also been re-
ported [10,11]; however, several studies conclude that this metabolic
pathway is not preferred during the syngas biomethanation process [8,
12].

CO+ H2O↔CO2 + H2 ΔrG0 = − 20 KJ (1.1)
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CO2 + 4H2→CH4 + 2H2O ΔrG0 = − 131 KJ (1.2)

2CO2 + 4H2 ↔CH3COOH+ 2H2O ΔrG0 = − 95 KJ (1.3)

4CO+ 2H2O→CH3COOH+ 2CO2 ΔrG0 = − 176KJ (1.4)

CH3COOH→CH4 + CO2 ΔrG0 = − 36KJ (1.5)

4CO+ 2H2O→CH4 + 3CO2 ΔrG0 = − 235 KJ (1.6)

Syngas biomethanation can be conducted both in in-situ and ex-situ
processes. Ex-situ processes upgrade syngas to CH4 in a separate biore-
actor. In in-situ processes, syngas is directly injected into the anaerobic
digestor with the organic feedstock. In-situ syngas biomethanation has
been primarily studied in batch systems in serum bottles [7,8,14], using
synthetic media or wastewater as the organic feedstock, with few studies
incorporating real substrates like sewage sludge [13,15–20]. In these
in-situ syngas biomethanation studies syngas with a high molar ratio of
H2 to CO (15–35 %) and CO2 have been used [19,21]. In-situ syngas
biomethanation studies using anaerobic digestors, utilizing real sub-
strates such as agricultural residues and forestry biomass, and realistic
syngas compositions are scarce. So far, only Andreides et al. [22] per-
formed in-situ syngas biomethanation in CSTRs utilizing real substrate,
sewage sludge, and syngas with 50 % CO. They observed a 10% increase
in CH4 yield in the presence of syngas in thermophilic CSTRs and re-
ported CH4 content and productivity of 55.1 ± 1.7 % and 0.54 ± 0.04 L
LRV− 1 d− 1 compared to control reactor (without syngas) with 64.5± 0.8 %
and 0.49 ± 0.02 L LRV− 1 d− 1, respectively. Implementing and improving
in-situ syngas biomethanation into AD could minimize the additional
costs of building new reactors and infrastructure needed for the ex-situ
processes while challenges such as H2 overload limit their applications
[14,23]. In the in-situ processes increased H2 partial pressure can decline
the CO consumption rate [7] and a high CO loading rate is reported to be
inhibitory to the biomethanation process [6,24], leading to the

accumulation of H2, acetate, and propionate [8]. To that end, more
research needs to focus on in-situ studies mimicking the conditions of
existing biogas digesters.

This novel study aims to provide insights into the potential of in-situ
syngas biomethanation with high CO content in agricultural biogas di-
gesters, addressing challenges and optimizing the conversion process for
enhanced CH4 productivity. The study assesses the feasibility of in-situ
biomethanation of syngas in agricultural biogas digestors using cow
manure as the organic feedstock and synthetic syngas simulating wood
gasification (55 % CO, 30 % H2, 15 % CO2). It has been shown that CO
conversion is higher at thermophilic conditions when compared to
mesophilic conditions [7,16,21]. Therefore, three thermophilic CSTRs
were operated for 140 days to investigate the impact of syngas on AD
performance and the impacts of syngas loading rates on conversion ef-
ficiencies of H2 and CO, the CH4 productivity, and microbial community
compositions, considering the high ammonium content of cow manure.

2. Materials and methods

2.1. Inoculum and feedstock

The inoculum for the CSTRs was digestate from the Stormossen
biogas plant (Vaasa, Finland), treating source-separated biowaste. Three
batches of fresh cow manure were used as feedstock for the process and
were obtained from a local farm during the study period (Tampere,
Finland) (referred to as feed1, feed2, feed3). Feeds were sieved to
remove larger solid particles using a laboratory steel sieving mesh
having 1 mm as cut-off and were stored at 4 ◦C before usage.

2.2. Continuously stirred tank reactor set-up

The in-situ process was studied using three identical 4.8 L glass CSTRs
(Fig. 1), each equipped with a hot water jacket and an Optima-TX150

Fig. 1. The continuously stirred tank reactors (CSTRs) configuration for the AD of cow manure in control and the in-situ syngas biomethanation without gas
recirculation in R2 and with gas recirculation in R3.
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from cow manure (Fig. 2 c), were lower in R3 (0.25 ± 0.0 L LRV− 1 d− 1)
than in control and R2 (0.39 ± 0.0 L LRV− 1 d− 1), indicating that syngas
recirculation reduced the conversion of cow manure to CH4. However,
the H2 and CO conversion efficiencies in R3 were higher (99 ± 0 % and
95 ± 3 %, respectively) than in R2 (92 ± 2 % and 64 ± 7 %, respec-
tively) (Fig. 5), showing efficient conversion of syngas to CH4. The CH4
content in R2 and R3 with an average of 57 ± 1 % was lower than in the
control (64± 1 %) (Fig. 2 a), resulting partly from CO conversion to CO2
that could not be further converted to CH4 due to a lack of enough
reducing equivalents, in this case, H2.

pH with an average value of 7.7 ± 0.1 in R2 and R3, was slightly
lower than 7.9 ± 0.1 in the control (Fig. 2 b). The concentration of total
VFAs increased in all reactors between day 21 and 40, however, stayed
on average higher in R2 and R3 (5 ± 0.9 g L− 1) compared to the control
(3.5 ± 0.3 g L− 1) (Fig. 3). During this period in R3, a significant increase
in acetate concentration from 1.4 ± 0.1 to 3.2 ± 0.2 g L− 1 was observed
compared to control and R2, where the acetate concentration was 1.6 ±

0.3 g L− 1 (Fig. 3 a).
Between days 21 and 40 (2nd HRT), ammonium concentration

increased drastically and was 3.3 ± 0.2 g L− 1 in all the reactors (Fig. 4).

3.2. Impact of high ammonium on in-situ syngas biomethanation

From day 40, all reactors used feed 2 for AD, with a slight reduction

in OLR from 3.4 to 2.6 g L− 1 d− 1, while keeping the HRT at 20 days and
GLR at 0.15 L LRV− 1 d− 1 in R2 and R3. Between days 40–56, the ammo-
nium concentration increased further from 3.3 ± 0.2 g L− 1 to 4.9 ± 0.2
g L− 1 (Fig. 4), deteriorating the performance of the reactors. In the
control, CH4 content dropped from 63 % to 47 % (Fig. 2 a), and overall
CH4 productivity decreased from 0.4 to 0.04 L LRV− 1 d− 1 (Fig. S1). In R2
and R3, CH4 content fell from 58-60 % to 41–47 % (Fig. 2 a), but overall
CH4 productivity remained higher than in the control, averaging 0.2 ±

0.0 L LRV− 1 d− 1 (Fig. S1). This was mainly due to the efficient syngas
conversion to CH4 (Fig. 5), while CH4 productivity from cow manure
decreased significantly (Fig. 2 c). Conversion efficiencies of H2 and CO in
R3 (100 ± 0 % and 94 ± 4 %, respectively) were higher than in R2 (98
± 3 % and 82 ± 4 %, respectively) (Fig. 5). VFAs, mainly acetate,
increased significantly in all reactors, reaching an average total con-
centration of 6.9 ± 1.3 g L− 1 (Fig. 3). It was speculated that the high
ammonium content (6.8 g L− 1) of feed 2 could have inhibited the AD
process in all reactors, while the impact on the syngas biomethanation
was less significant.

Feed 3 with a lower ammonium concentration of 2.3 g L− 1 (Table 1)
was introduced from day 56 to recover the AD process. Despite a slight
reduction in ammonium concentration to 3.6 ± 0.2 g L− 1 by day 72
(Fig. 4), VFAs remained high, ranging from 4.5 to 8.9 g L− 1 (Fig. 3). H2
and CO conversion efficiencies in R2 and R3 during days 56–75 were
100 ± 0 % and 82 ± 4 % and 100 ± 0 % and 77 ± 5 %, respectively

Fig. 2. Reactor performances in in-situ syngas biomethanation in R2 and R3 are compared to a control reactor performing AD of cow manure. a) syngas loading rate
and biogas CH4 content, b) pH, c) CH4 productivity from cow manure, and d) CH4 productivity from syngas are presented. The solid vertical lines indicate a feed
change, and the dotted line indicates re-inoculation (Table 2).
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(Fig. 5), showing a slight decline in CO conversion efficiency. CH4
content stayed between 25 and 35 % (Fig. 2 a), and CH4 productivity
from cow manure was below 0.05 ± 0.01 L LRV− 1 d− 1, with most CH4 (0.1
± 0.0 L LRV− 1 d− 1) produced from syngas in R2 and R3 (Fig. 2 c).

Therefore, on day 78, reactors were re-inoculated by replacing 70 %
of the volumewith inoculum, and syngas flowwas stopped in R2 and R3.
Cow manure feeding was resumed on day 79 with feed 3, but without
syngas, to recover manure methanation. Between days 80 and 86, a
reduction in VFAs was observed, and CH4 content and productivity
increased. In the control and R2, total VFAs were reduced to an average
of 2.0± 0.2 g L− 1, and in R3 to 4.1 ± 0.8 g L− 1 (Fig. 3). The CH4 content
increased to an average of 64 ± 2 % (Fig. 2 a), and ammonium con-
centration remained around 2.5± 0.1 g L− 1 in all reactors (Fig. 4). In the
absence of syngas (days 79–87), CH4 productivity from cow manure,
averaging 0.53 ± 0.04 L LRV− 1 d− 1, was similar in all reactors (Fig. 2 c).

3.3. Impact of gas loading rates on in-situ syngas biomethanation

On day 86, syngas feeding was restarted in R2 and R3 at a GLR of
0.15 L LRV− 1 d− 1, assuming recovery of AD of organic feedstock. Various
GLRs were studied in R2 and R3 between days 86 and 140. During a

steady state (days 92–98), CH4 content in R2 (62 ± 0.4 %) and R3 (60 ±

2 %) was slightly lower than the control (64 ± 1 %) (Fig. 2 a). However,
the overall CH4 productivity in R2 and R3, at 0.49± 0.05 L LRV− 1 d− 1, was
higher than the control (0.42 ± 0.1 L LRV− 1 d− 1) (Fig. S1). H2 and CO
conversion efficiencies in R3 (99 ± 1 %) were higher than in R2 (95 ± 2
% and 97 ± 2 %) (Fig. 5), indicating more efficient syngas conversion
with gas recirculation. The pH in R3 (7.5 ± 0.1) was slightly lower than
in R2 and the control (7.7 ± 0.1) (Fig. 2 b). The VFAs were consumed in
all the reactors, with total VFAs concentration in R2 and R3 (2.0 ± 0.2 g
L− 1) higher than the control (0.3 ± 0.1 g L− 1) (Fig. 3).

Increasing the GLR from 0.15 to 0.3 L LRV− 1 d− 1 in R2 and R3 on day 98
led to a reduction in CH4 content from 62± 1 % to 50 ± 0.5 % in R2 and
from 58± 1% to 45± 0.0 % in R3 (Fig. 2 a). Also, H2 and CO conversion
efficiencies dropped from 95 ± 2 % and 96 ± 6 % in R2 to 92 ± 2 % and
73 ± 2 %, and from 100 ± 1 % in R3 to 62 ± 5 % and 43 ± 3 %,
respectively (Fig. 5), resulting in decreased CH4 content in R2 (from 62
± 1 % to 50 ± 0.5 %) and R3 (from 58 ± 1 % to 45 ± 0.0 %) (Fig. 2 a).
Overall CH4 productivity stabilized at 0.35 ± 0.0 L LRV− 1 d− 1 in R2
(Fig. S1) with average H2 and CO conversion efficiencies of 92 ± 5 %
and 52 ± 3 % (Fig. 5). The CH4 content was higher in the control, with
64± 1 %, but CH4 productivity, with 0.3± 0.0 L LRV− 1 d− 1 was lower than

Fig. 3. The concentration of VFAs in in-situ syngas biomethanation in R2 and R3 is compared to a control reactor performing AD of cow manure. a) acetate b)
isobutyrate c) propionate and d) butyrate concentration. The solid vertical lines indicate a feed change, and the dotted line indicates re-inoculation (Table 2).
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in R2 (Fig. 2). While in R3, the H2 and CO conversion efficiencies
increased back to 100 ± 0.5 % (Fig. 5), the CH4 productivity from cow
manure decreased to zero on day 107 (Fig. 2 c), indicating severe in-
hibition of the syngas on the microbial community converting organic
feedstock to CH4 (Fig. 6). The concentration of total VFAs in control and
R3 increased from 0.2 ± 0.0 and 2.0 ± 0.2 g L− 1 on day 98 to 1.7 ± 0.1
and 3.0 ± 0.2 g L− 1, respectively, while the total VFAs in R2 remained
constant at 2.0± 0.3 g L− 1 (Fig. 3). Ammonium concentration increased
slightly from 2.7 ± 0.0 to 3.0 ± 0.1 g L− 1 in all the reactors (Fig. 4). Due
to increased gas-liquid mass transfer, CH4 productivity from cow
manure was severely reduced in R3, leading to different actions in R2
and R3, with results compared in Table 3.

In R2, increasing the GLR to 0.6 L LRV− 1 d− 1 on day 114 reduced the
CH4 content and productivity from 50± 0.5 % and 0.35± 0.0 L LRV− 1 d− 1,
respectively, to 32± 5 % and 0.3± 0.0 L LRV− 1 d− 1 (Fig. 2 a). Although the
CH4 productivity from cow manure remained slightly higher in R2 than
in the control (Fig. 2 c), the CO conversion efficiency dropped to 0 %
with a significant reduction in conversion efficiency of H2, reducing
from 90 ± 1 % on day 113 to 17 ± 0.5 % on day 117 (Fig. 5). Also, the
concentration of VFAs increased in R2 from 2.3 ± 0.1 to 2.7 ± 0.1 g L− 1

(Fig. 3). Therefore, the GLR was reduced back to 0.3 L LRV− 1 d− 1 on day
123 in this reactor. The CH4 content, H2, and CO conversion efficiencies
improved, and reactor performance stabilized (days 126–130). The
overall CH4 productivity in R2 was 0.26± 0.0 L LRV− 1 d− 1, higher than the
control (0.23± 0.0 L LRV− 1 d− 1) (Fig. 2 c and Fig. S1), while the H2 and CO
conversion efficiencies were 62 ± 2 % and 38 ± 2 %, respectively
(Fig. 5). After day 130, syngas conversion in R2 deteriorated, reducing
the H2 and CO conversion efficiencies to 22 ± 2 % and 0 %, respectively
(Fig. 5), while the CH4 productivity from cow manure was still higher
than the control (Fig. 2 c), suggesting that the microbial community
converting syngas to CH4 did not fully recover from the increase in the
GLR to 0.6 L LRV− 1 d− 1 (Fig. 6) or their growth was inhibited and were
washed out of the system. After day 40 of the process, CH4 productivity
from cow manure in R2 (0.3 ± 0.05 L LRV− 1 d− 1) was noticeably higher

than in the control (0.25 ± 0.1 L LRV− 1 d− 1) until the end of the process
(Fig. 2 c).

In R3, on the other hand, GLR was reduced to 0.15 L LRV− 1 d− 1 on day
112 due to severe inhibition observed at GLR of 0.3 L LRV− 1 d− 1. Despite
GLR reduction, the H2 and CO conversion efficiencies (Fig. 5) and the
overall CH4 productivity (Fig. S1) did not improve, though CH4 pro-
ductivity from cow manure improved slowly (Fig. 2 c). Therefore, syn-
gas feeding was halted on day 115, allowing microbial recovery until
day 127. The CH4 content and overall productivity improved from 21 ±

1 % and 0.08 L LRV− 1 d− 1 to 60 ± 3 % and 0.2 ± 0.0 L LRV− 1 d− 1, respec-
tively, resembling the values in the control during the same period, with
63 ± 1 % and 0.22 ± 0.0 L LRV− 1 d− 1, respectively (Fig. 2). On day 128,
syngas feeding was resumed back to 0.15 L LRV− 1 d− 1. Between days 128
and 140, CH4 content reduced from an average of 60 ± 3 % to 45 ± 3 %,
lower than the control (62 ± 3 %) while the overall CH4 productivity
remained unchanged at 0.2± 0.0 L LRV− 1 d− 1, like the control (Fig. 2). The
average H2 and CO conversion efficiencies in R3 were 53 ± 4 % and 33
± 7 %, respectively (Fig. 5), indicating lower syngas conversion than at
GLR of 0.3 L LRV− 1 d− 1. During GLRs studies in R3, on average, lower CH4
productivity from cow manure (0.21 ± 0.1 L LRV− 1 d− 1) was observed in
this reactor compared to R2 and control (Fig. 2 c).

3.4. Microbial communities

The planktonic microbial community compositions were studied at
various time points during the process to determine the average relative
abundance of their phyla (Fig. 6). The three feed batches exhibited
similar microbial community compositions, consisting mainly of bacte-
ria, with only 0.4 % of archaea (Fig. 6 b). The predominant bacterial
species was Aerococcaceae, with a relative abundance of 18 ± 8 %
(Fig. 6). In the inoculum, the microbial community composition
comprised, on average, 4.5 ± 3 % archaea, 24 ± 8 % Thermotogacea
genus-S1 bacteria, and 60 ± 10 % of other taxa, including those with a
relative abundance of <1 % (Fig. 6 b).

Fig. 4. The concentration of ammonium in the digestate at different time points during in-situ syngas biomethanation in R2 and R3 is compared to a control reactor
performing AD of cow manure. The solid vertical lines indicate a feed change, and the dotted line indicates re-inoculation (Table 2).
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Following one HRT on day 21, Aerococcaeceae, Clostridiales, and
Trichococcus were enriched in all reactors, with an average relative
abundance of 11 ± 2 %, 8 ± 2 %, and 4 ± 1 %, respectively (Fig. 6 b).
Among the archaeal species, the relative abundance of Methano-
brevibacter increased to an average of 33± 10 % in all reactors (Fig. 6 a).

During adaptation to syngas with a GLR of 0.15 L LRV− 1 d− 1 (days
21–40), the proportion of archaea increased to 17.4 % and 19.2 % in R2
and R3, respectively, significantly higher than in the control (1.8 %). In
the control, the relative abundance of Methanobrevibacter was higher
than R2 and R3, where Methanothermobacter was dominant.

Between days 40 and 58, when reactor performances deteriorated
due to ammonium inhibition, Methanothermobacter was still enriched in
R2 and R3, reaching a relative abundance of 20.4 % and 39.8 %, while
remaining low in the control (~1 %) (Fig. 6). Simultaneously,

Aerococcaceae was enriched in all the reactors, with the highest relative
abundance in the control at 29.7 %, followed by R2 and R3 with 25.7 %
and 18 %, respectively (Fig. 6 b). Switching to feed 3 (days 56–78)
reduced the relative abundance of Methanothermobacter to <4 % in all
the reactors. After re-inoculation (day 78), the relative abundance of
archaea in all the reactors was 2–3% (Fig. 6).

In R3 with gas recirculation, increasing the GLR from 0.15 to 0.3 L

Fig. 5. The H2 and CO conversion efficiencies in in-situ syngas biomethanation performing AD of cow manure in a) R2 without gas recirculation is compared to b) R3
with gas recirculation. Syngas loading rate is shown for individual reactors.

Table 1
The characteristics of digestate used as inoculum and cow manure used as feed.
The feeds were sieved before analysis. Data represent the mean ± standard
deviation of three individual measurements.

Parameter Inoculum Feed 1 Feed 2 Feed 3

pH 7.45 6.95 7.0 7.8
Ammonium N (g L− 1) 1.8 ± 0.1 1.8 ± 0 6.8 ± 0 2.3 ± 0
VFAs (g L− 1) 2.3 ± 0.1 10.5 ± 0.2 8.9 ± 0.1 4.8 ± 0
Total Solids (TS) (%) 3.5 ± 0.1 7.0 ± 0.1 5.4 ± 0 6.0 ± 0
Volatile Solids (VS) (%) 2.5 ± 0.0 5.2 ± 0.1 3.2 ± 0.2 4.7 ± 0
Calcium (g L− 1) 0.46 ± 0.0 1.2 ± 0.2 0.85 ± 0.0 0.65 ± 0.0
Potassium (g L− 1) 1.26 ± 0.1 7.0 ± 0.2 10.0 ± 0.1 6.1 ± 0.1
Sodium (g L− 1) 0.84 ± 0.0 0.1 ± 0.0 0.05 ± 0.0 0.03 ± 0.0

Table 2
The syngas loading rate (GLR) in R2 and R3, organic loading rate (OLR), and the
feed used in all the reactors during different phases of the in-situ syngas
biomethanation.

Operational phase Process time
(Days)

GLR (L LRV− 1

d− 1)
OLR (g-VS
L− 1 d− 1)

Feed

R2 R3

Start-up 0–20 0 0 3.4 Feed
1Adaptation to syngas 21–40 0.15 0.15 3.4

Ammonium
inhibition

41–56 0.15 0.15 2.6 Feed
2

56–78 0.15 0.15 2.4 Feed
3

Re-inoculation 78 0 0 Re-inoculation
78–87 0 0 2.4 Feed

3Changing gas
loading rates

87–98 0.15 0.15 2.4
99–112 0.3 0.3 2.4
112–114 0.3 0.15 2.4
115–122 0.6 0 2.4
123–127 0.3 0 2.4
128–140 0.3 0.15 2.4

D. Kamravamanesh et al.
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Fig. 6. Microbial community composition of a) archaea (share in the whole microbial communities) and b) all taxa in R2 and R3 reactors performing in-situ syngas
biomethanation was compared to a control reactor performing AD of cow manure. Only the top ten most abundant genera in each sample were presented and the
other genera are included in the “others”. The three feed batches used had roughly similar microbial community composition and are presented as one average.
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