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Microbial Communities in Flexible
Biomethanation of Hydrogen Are
Functionally Resilient Upon
Starvation
Washington Logroño, Denny Popp, Marcell Nikolausz, Paul Kluge, Hauke Harms and
Sabine Kleinsteuber*

Department of Environmental Microbiology, Helmholtz Centre for Environmental Research – UFZ, Leipzig, Germany

Ex situ biomethanation allows the conversion of hydrogen produced from surplus
electricity to methane. The flexibility of the process was recently demonstrated,
yet it is unknown how intermittent hydrogen feeding impacts the functionality of
the microbial communities. We investigated the effect of starvation events on
the hydrogen consumption and methane production rates (MPRs) of two different
methanogenic communities that were fed with hydrogen and carbon dioxide. Both
communities showed functional resilience in terms of hydrogen consumption and
MPRs upon starvation periods of up to 14 days. The origin of the inoculum,
community structure and dominant methanogens were decisive for high gas conversion
rates. Thus, pre-screening a well performing inoculum is essential to ensure the
efficiency of biomethanation systems operating under flexible gas feeding regimes.
Our results suggest that the type of the predominant hydrogenotrophic methanogen
(here: Methanobacterium) is important for an efficient process. We also show that
flexible biomethanation of hydrogen and carbon dioxide with complex microbiota is
possible while avoiding the accumulation of acetate, which is relevant for practical
implementation. In our study, the inoculum from an upflow anaerobic sludge blanket
reactor treating wastewater from paper industry performed better compared to the
inoculum from a plug flow reactor treating cow manure and corn silage. Therefore,
the implementation of the power-to-gas concept in wastewater treatment plants of the
paper industry, where biocatalytic biomass is readily available, may be a viable option to
reduce the carbon footprint of the paper industry.

Keywords: power-to-gas, biomethane, biogas upgrading, hydrogenotrophic methanogenesis, wastewater
treatment, anaerobic digester, intermittent feeding, Methanobacterium

INTRODUCTION

The growing share of variable renewable energy, mainly photovoltaics and wind power, generates
temporary surplus electricity that leads to an energy storage problem. To address this issue, energy
storage and flexible energy conversion are required (Strübing et al., 2019). The power-to-gas (P2G)
approach is an elegant way to store surplus electricity in the form of a chemical energy carrier that
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can be consumed independently of electricity production, e.g.,
hydrogen or methane (Schiebahn et al., 2015). Hydrogen has
various applications as fuel and chemical feedstock or can be
stored in the natural gas grid though only up to certain limits
(Bailera et al., 2017). Methane has also various applications
as fuel or chemical building block, but compared to hydrogen
it is more compatible with the existing infrastructure. It is
easier to store and to transport due to its higher energy
density and can be readily injected into the natural gas grid
(Blanco et al., 2018).

The production of methane from surplus electricity is
carried out in a two-step process: first hydrogen is produced
by water electrolysis (Eq. 1), which is then used in the
second step to reduce carbon dioxide to methane (Eq. 2)
(Schaaf et al., 2014).

4H2O→ 2O2 + 4H2 (1)

4H2 + CO2 → CH4 + 2H2O (2)

Methanation can be performed by a catalyst-based chemical
reaction, known as the Sabatier reaction, or in a microbial process
employing the CO2-reductive pathway of hydrogenotrophic
methanogenesis. The latter seems advantageous over the Sabatier
reaction in terms of catalyst regeneration and milder process
conditions (Angelidaki et al., 2018). Ex situ biomethanation
is a microbial process that uses point sources of CO2 or the
CO2 fraction of biogas to produce high quality biomethane. It
can be carried out by methanogenic pure cultures (Rittmann
et al., 2015) or mixed cultures (Angelidaki et al., 2018). In
a recent study comparing different reactor systems, the most
efficient reactor produced methane of 98% purity (Kougias
et al., 2017). During ex situ biomethanation with mixed cultures,
volatile fatty acids (VFAs) such as acetate and propionate
are produced (Burkhardt and Busch, 2013; Alitalo et al.,
2015; Burkhardt et al., 2015, 2019; Rachbauer et al., 2016;
Kougias et al., 2017; Savvas et al., 2017; Strübing et al., 2017,
2018; Yun et al., 2017; Ullrich et al., 2018). Acetate can be
produced from hydrogen and CO2 via the Wood–Ljungdahl
pathway of acetogenic bacteria (Eq. 3), which competes with
hydrogenotrophic methanogenesis for the electron donor and
carbon source. However, if acetotrophic methanogens are present
in the mixed culture, acetate is eventually converted to methane
(Eq. 4) (Angelidaki et al., 2018). Alternatively, acetate can be
converted to hydrogen and CO2 by syntrophic acetate-oxidizing
bacteria (SAOB), provided the hydrogen partial pressure is kept
sufficiently low due to immediate consumption (Eq. 5). Hence,
this reaction relies on the syntrophic cooperation of SAOB with
hydrogenotrophic methanogens (Eq. 2) (Hattori, 2008). Acetate
is also assimilated by bacteria and archaea to build microbial
biomass.

4H2 + 2CO2 → CH3COOH+ 2H2O (3)

CH3COOH→ CH4 + CO2 (4)

CH3COO− + 4H2O→ 2HCO−3 +H+ + 4H2 (5)

Surplus electricity is fluctuating due to seasonal and diurnal
changes; therefore, biomethanation requires a flexible process

enduring idle periods without performance loss. Recently,
the flexibility of the process was systematically investigated
with standby periods of 1–8 days and at temperatures of
25 and 55◦C (Strübing et al., 2018, 2019). However, the
effect of starvation periods on the microbial communities
in ex situ biomethanation is yet to be investigated. Here,
we studied the impact of fluctuations in gas supply causing
intermittent starvation of the hydrogenotrophic community
in an ex situ biomethanation system. Process parameters,
community profiles and changes in microbial diversity
upon different starvation periods were analyzed in two
methanogenic consortia from different origin. Further, we
assessed the effect of the inoculum source on the performance
of the biomethanation process and propose a concept to
implement the P2G approach for biogas upgrading in wastewater
treatment plants.

MATERIALS AND METHODS

Experimental Setup
Mesophilic anaerobic granular sludge from an industrial-
scale upflow anaerobic sludge blanket (UASB) reactor treating
wastewater from paper industry (designated as WW) was
sampled and transported to the laboratory under anoxic
conditions. The sludge granules were crushed upon inoculum
preparation as described in Supplementary Text 1. The second
mesophilic inoculum sludge was digestate from a pilot-scale plug-
flow reactor digesting cow manure and corn silage (designated
as PF). Both inocula were degassed for 5 days at 37◦C. Reactor
experiments were conducted in four biological replicates under
strict anaerobic conditions in serum bottles (219.5 mL) filled
with 50 mL of master inoculum mixture (Supplementary Text
1). The master inoculum mixtures were prepared with sludge
sieved through 400 µm mesh size in mineral medium containing
0.2 g L−1 yeast extract. Medium supplemented with such low
concentrations of yeast extract is regarded as mineral medium
(Stams et al., 1993). The initial pH was set to 9.0 with a sterile
anoxic stock solution of 2 M KOH. The bottles were incubated
at 37◦C. Liquid samples of 5 mL were withdrawn weekly and
an equal volume of fresh medium was added. In the beginning
the reactors were operated in fed-batch mode (feeding every
24 h, except weekends) with a gas mixture of H2/CO2 (4:1)
and a total pressure of ∼2.2 bar. In each fed-batch cycle, the
gas produced was withdrawn before feeding the gas mixture.
Detailed information on flushing and pressurization procedures
is given elsewhere (Logroño et al., 2020). The background biogas
production from the inoculum was determined by setting up
three biological controls with N2/CO2 (4:1) in the headspace.

The starvation experiment comprised five phases as illustrated
in Figure 1: after a regular fed-batch phase with feeding every
24 h over 56 days (phase 1), one fed-batch cycle without shaking
lasted 7 days (phase 2), followed by single fed-batch cycles
(24 h each) after starvation periods of 7 days (phase 3), 14 days
(phase 4), and 21 days (phase 5). The bottles were shaken at
200 rpm except in phase 2 to determine the effect of gas mass
transfer limitation. Gas consumption and production rates were
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FIGURE 1 | Schematic of the experimental setup. Each inoculum was set up in four biological replicates.

determined at three sampling times during phase 1 (days 7, 21,
and 53) and once during each of phases 2–5. Gas amounts are
presented in mmol and were calculated as previously described
(Logroño et al., 2020). The mean values of gas consumption
and production rates in phase 1 were used as a reference for
comparison with the other phases. Liquid samples were analyzed
at the end of each phase.

Analytical Methods
The pressure was measured with a high resolution manometer
(LEO 5, Keller, Switzerland) as described previously (Logroño
et al., 2020). The gas composition was analyzed after every
batch cycle in 1 mL gas samples via gas chromatography (GC).
The pH value of the broth was recorded in 200 µL samples
with a mini-pH meter (ISFET pH meter S2K922, ISFETCOM
Co., Ltd., Hidaka, Japan). VFA concentrations in the liquid
phase were analyzed by high performance liquid chromatography
(HPLC). In brief, 1.5 mL samples were withdrawn, centrifuged
at 20,817 × g and 4◦C for 10 min, and subsequently filtered
through cellulose acetate membrane filters with a pore size of
0.22 µm (13 mm; LABSOLUTE, Th. Geyer GmbH, Hamburg,
Germany) and stored at −20◦C if not measured immediately.
Detailed information about the GC and HPLC setup was given
in our previous study (Logroño et al., 2020).

Microbial Community Analysis
Liquid samples (1.5 mL) were taken at the start of the experiment
and at the end of each experimental phase. The samples were
centrifuged at 4◦C and 20,817 × g for 10 min. Genomic DNA
from the pellet was extracted with the NucleoSpin Soil kit
(MACHEREY-NAGEL GmbH & Co., KG, Germany) using buffer
SL2 and enhancer solution as indicated in the manufacturer’s
protocol. Extracted DNA was stored at −20◦C until use. The
microbial community composition was analyzed by amplicon

sequencing of mcrA genes for methanogens and 16S rRNA
genes for bacteria.

The V3–V4 region of the 16S rRNA genes was amplified
using the primers 341f and 785r (Klindworth et al., 2013).
For methanogens, the mlas and mcrA-rev primers were
used (Steinberg and Regan, 2008). Amplicon sequencing was
performed on the Illumina MiSeq platform using the MiSeq
Reagent Kit v3 with 2 × 300 cycles. Bioinformatic analysis was
done as described previously (Logroño et al., 2020). In brief,
primer sequences were clipped from demultiplexed and adapter-
free reads using Cutadapt v1.18 (Martin, 2013), and further
sequence analysis was performed with the QIIME2 v2019.1
pipeline (Bolyen et al., 2019) using the dada2 plugin (Callahan
et al., 2016). The resulting amplicon sequencing variants (ASVs)
for 16S rRNA genes were classified against the MiDAS database
v2.1 (McIlroy et al., 2017) trimmed to the region covered by the
341f and 785r primers. Archaeal 16S rRNA reads were removed
from the dataset and bacterial read counts were normalized to
100%. For mcrA ASVs, a taxonomy database compiled by using
mcrA sequences from the RDP FunGene database (Fish et al.,
2013) was used.

Microbial Community Ecological Indices
Amplicon sequencing variant data was used to calculate indices
quantifying α-diversity as described by Lucas et al. (2017). Briefly,
the Shannon index (H) describes the uncertainty to predict the
identity of an unknown individual randomly chosen from a
community (Eq. 6), richness (R) reflects the number of present
types regardless of their particular relative abundances (Eq. 7),
diversity of order one (1D) quantifies the community diversity
by weighting all present types according to their particular
abundances (Eq. 8), diversity of order two (2D) quantifies the
community diversity by weighting the most common types
significantly more than the rare types (Eq. 9), evenness of order
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one (1E) reflects the abundance heterogeneity of the types in a
community (Eq. 10).

H=−
R∑

i=1

pi ln pi (6)

0D =
R∑

i=1

p0
i = R (7)

1D = exp (H) (8)

2D = 1
/(∑R

i=1 p2
i

)
(9)

1E = 1D
/

R = exp (H)
/

R (10)

To quantify the β-diversity, the microbial community
composition data was subjected to principal coordinate analysis
(PCoA) based on Bray–Curtis distances using the phyloseq
package (Bolyen et al., 2019) version 1.30.0. PCoA was plotted
using the ggplot2 package (Wickham, 2016) version 3.2.1.

Statistical Analysis
Differences between phases were studied by analysis of
variance (ANOVA). Tukey’s post-hoc test was used for multiple
comparisons and significant differences were denoted ∗ when
p < 0.05 [p > 0.05 (ns: not significant), p < 0.05 (∗), p < 0.01
(∗∗), p < 0.001 (∗∗∗), and p < 0.0001 (∗∗∗∗)]. Analysis of
similarities (ANOSIM) was used to test if the intra-community
variation could be explained by the experimental phases and
calculated in R (R Core Team, 2019) version 3.6.1 using the
Vegan package (Oksanen et al., 2019). Ecological indices were
compared between phases with ANOVA and Tukey’s post-hoc
test as aforementioned. Graphpad (Graphpad Software, Inc.,
San Diego, CA, United States) or Microsoft Excel were used to
compute the data.

RESULTS AND DISCUSSION

Effects of Starvation on the Process
Performance
After the first feeding, the production of CH4 from H2/CO2
in reactors WW was three times faster than that in PF, as the
gaseous substrate was depleted after 24 and 72 h, respectively.
Thereafter, all cultures converted the gaseous substrate within
∼24 h in a stable manner for 56 days during phase 1 (Figure 2
and Supplementary Figure 1). Previous studies have also
reported complete gas conversion within 24 h (Kern et al., 2016;
Logroño et al., 2020).

In phase 1, the mean gas consumption (H2 and CO2)
and production (CH4) rates of WW were significantly higher
than those of PF (Table 1) although the methane content was
comparable for both inocula. When shaking was omitted in phase
2, all cultures suffered from gas mass transfer limitations as
reflected by extremely low gas consumption and production rates
(Table 1). In case of PF, the H2 consumption rate in phase 3

FIGURE 2 | Time course of consumed and produced gases during regular
fed-batch operation (phase 1). The bottles were fed every 24 h (except
weekends) and measurements were carried out at the end of each batch
cycle. Open symbols: reactors WW (inoculated with anaerobic granular sludge
from an industrial-scale UASB reactor treating wastewater from paper
industry); filled symbols: reactors PF (inoculated with digestate from a
pilot-scale plug flow reactor digesting cow manure and corn silage). The mean
and standard deviation of n = 4 are depicted. Invisible error bars are smaller
than the symbol.

and 5 were 2 and 11% lower than in phase 1. Similarly for WW,
the H2 conversion rate in phase 3 and 5 were 5 and 11% lower
than in phase 1. Interestingly, the highest H2 consumption rates
were observed in phase 4 for both WW and PF (after 14 days of
starvation) (Table 1). The trends of consumption and production
rates in phases 2–5 are shown in Figure 3.

Comparing the methane production rates (MPRs) in phase
1 (regular fed-batch) to those in phase 3 (7 days of starvation),
phase 4 (14 days of starvation), and phase 5 (21 days of starvation)
showed that both communities responded in a similar way
(Table 1). The rates in phase 1 were significantly higher than
those in phase 3 and 5. No differences in MPR between phase 1
and 4 (14 days of starvation) were observed, suggesting functional
resilience of the microbiota. However, the MPR in phase 5
(21 days of starvation) was significantly lower than in phase 1,
which may reflect the limits of resilience.

The pH values decreased from 9 to ∼8.3 in all cultures
(Table 1). Previous studies where the pH was not controlled and
the initial experimental pH was lower than in our study have
also shown that the system stabilized to similar pH values (8–
8.5) after H2/CO2 feeding (Bassani et al., 2017; Kougias et al.,
2017; Logroño et al., 2020). When comparing the phase of regular
feeding (phase 1) to the other phases, the two communities
revealed a different behavior. In case of PF, the pH values in
phases 2–5 were significantly lower than in phase 1 (Table 1).
With WW, the pH did not drop significantly over phases 1–4
but the pH in phase 5 was significantly lower than in phase 1
(Table 1). Recently it was reported that pH variations change the
energy yields of redox reactions under anoxic conditions (here:
methanogenesis) and thereby can influence the structure and
function of microbial communities (Jin and Kirk, 2018).
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TABLE 1 | Summary of process performance during different experimental phases.

H2 CO2 CH4 H2 consumption

Inoculum Phase pH CH4 (%) (mmol L−1 h−1) (mmol L−1 h−1) (mmol L−1 h−1) efficiency (%)

WW Start 9.02 ± 0.00 – – – – –

1 (56 days) 8.29 ± 0.03 97.56 ± 0.21a 25.02 ± 0.28b (****) 5.81 ± 0.08b (*) 6.73 ± 0.09b (*) 98.3 ± 10.3

2 (7 days) 8.36 ± 0.04 91.66 ± 5.10 1.56 ± 0.03 (****) 0.38 ± 0.00 (****) 0.50 ± 0.01 (****) 98.3 ± 1.8

3 (7 days) 8.18 ± 0.03 88.53 ± 0.58 23.83 ± 0.48 (****) 5.21 ± 0.14 (****) 6.34 ± 0.29 (**) 100.0 ± 0.0

4 (14 days) 8.18 ± 0.03 88.80 ± 0.96 25.91 ± 0.34 (**) 5.54 ± 0.03 (**) 6.65 ± 0.15 100.0 ± 0.0

5 (21 days) 8.08 ± 0.03 (*) 91.93 ± 0.71 22.26 ± 0.30 (****) 5.06 ± 0.10 (****) 5.83 ± 0.11 (****) 100.0 ± 0.0

PF Start 9.00 ± 0.00 – – – – –

1 (56 days) 8.39 ± 0.04 96.57 ± 0.23a 23.46 ± 0.20 5.61 ± 0.06 6.42 ± 0.05 97.6 ± 11.6

2 (7 days) 8.06 ± 0.22 (****) 44.81 ± 3.57 1.20 ± 0.06 (****) 0.31 ± 0.01 (****) 0.34 ± 0.02 (****) 77.6 ± 2.7

3 (7 days) 8.12 ± 0.10 (**) 87.79 ± 1.54 23.02 ± 0.23 4.96 ± 0.06 (****) 5.21 ± 0.14 (***) 99.7 ± 0.5

4 (14 days) 8.00 ± 0.06 (****) 88.66 ± 1.28 25.09 ± 0.06 (****) 5.41 ± 0.10 (*) 6.39 ± 0.07 100.0 ± 0.0

5 (21 days) 8.17 ± 0.04 (*) 91.69 ± 0.91 20.94 ± 0.24 (****) 4.78 ± 0.10 (****) 5.35 ± 0.10 (****) 100.0 ± 0.1

ND: not detected.
The mean and standard deviation of n = 4 are given. Significant differences between phase 1 and other phases are indicated with * (p < 0.05), ** (p < 0.01), *** (p < 0.001)
or **** (p < 0.0001) considering n = 4.
aThe highest methane concentration in phase 1 is presented. The values of the other parameters were determined at the end of each phase.
bComparison between the rates of WW and PF in phase 1 (regular fed-batch).

FIGURE 3 | Gas consumption (H2 and CO2) and production (CH4) rates after starvation events. (A) Phase 2 (feeding without shaking), (B) phase 3 (after 7 days of
starvation), (C) phase 4 (after 14 days of starvation), (D) phase 5 (after 21 days of starvation). Open symbols: reactors WW (inoculated with anaerobic granular
sludge from an industrial-scale UASB reactor treating wastewater from paper industry); filled symbols: reactors PF (inoculated with digestate from a pilot-scale plug
flow reactor digesting cow manure and corn silage). The mean and standard deviation of n = 4 are depicted.

Contrary to previous findings where acetate and propionate
were produced (Savvas et al., 2017; Strübing et al., 2018),
only traces of VFAs (below 10 mg L−1) were detected in

our experiments despite using complex microbiota. Several
explanations for this observation are conceivable: Either
homoacetogens could not compete with hydrogenotrophic
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methanogens for H2 and thus only low amounts of acetate
were produced, or acetate produced by homoacetogens during
sufficiently high H2 levels was readily converted to CH4 by
acetotrophic methanogens, or by SAOB when the H2 partial
pressure was sufficiently low. The H2 consumption efficiency
was ∼100% in all phases except for PF in phase 2, when
gas mass transfer limitation was reflected by the lowest H2
consumption rates (Table 1 and Figure 3). Such high H2
consumption efficiency is consistent with the findings reported
earlier (Strübing et al., 2018).

Effects of Starvation on the Microbial
Community Diversity
The rarefaction curves from amplicon sequencing analysis of
mcrA and 16S rRNA genes indicated that sufficient sequencing
depth was reached in all samples (Supplementary Figure 2). To

evaluate the α-diversity in the single phases of each community,
we calculated the diversity and evenness of order one (Figure 4).
ANOVA revealed significant differences in both indices for both
bacteria and methanogens.

The methanogenic community from the start phase of the
WW inoculum was significantly more diverse than that from the
PF inoculum (p < 0.0001) (Figure 4A). Feeding stoichiometric
H2:CO2 ratio required for hydrogenotrophic methanogenesis led
to a significant decrease in diversity, which is evident when
comparing the start phase to the other phases in both inocula.
However, it is to note that even after starvation events no
significant diversity changes in the methanogenic and bacterial
communities were found when comparing phase 1 to the other
phases. In the start phase, evenness of the WW methanogenic
community was significantly higher (p = 0.0345) than that of the
PF methanogenic community (Figure 4B). Evenness significantly
decreased for WW when comparing the start phase to the other

FIGURE 4 | Box plots of diversity (A,C) and evenness (B,D) for q = 1 in different phases. Methanogenic communities (A,B) and bacterial communities (C,D).
Significant differences between groups are indicated with * when p < 0.05, ** when p < 0.01, and **** when p < 0.0001. Note that for start n = 2 whereas for
phases 1 to 5 n = 4. WW: reactors inoculated with anaerobic granular sludge from an industrial-scale UASB reactor treating wastewater from paper industry; PF:
reactors inoculated with digestate from a pilot-scale plug-flow reactor digesting cow manure and corn silage.
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phases but significant differences for PF were only observed
between start and phase 5 (p = 0.0026). Additional α-diversity
indices such as H, R, and 2D of the methanogenic community
are presented in Supplementary Figures 3A–C.

Comparing diversity of order one (1D) from the start phase
of WW and PF indicated that the bacterial community of PF
was significantly more diverse than that of the WW inoculum
(p < 0.0001) (Figure 4C). These differences can be explained
by the low abundant taxa rather than the most abundant ones
since diversity of order two (2D) was not different between
the start phases of the WW and PF inocula (Supplementary
Figure 3F). Furthermore, 1D remained unchanged for WW
but it significantly decreased for PF when comparing the start
phase to the other phases. Figure 4D shows that evenness of
the bacterial communities was comparable for both inocula in
the start phase. Evenness of the WW bacterial community was
significantly higher than that of the PF bacterial community in
phase 1 and 5 but not in the other phases. Other α-diversity
indices (H, R, and 2D) of the bacterial community are presented
in Supplementary Figures 3D–F.

The functional resilience, i.e., the ability of microbial
communities to return to a stable process state after a disturbance,
was evaluated in terms of MPR. MPRs in phase 3 and 5
were significantly lower than in phase 1 for both inocula,
indicating that sudden and extended disturbances result in a
decreased performance, which is explained by lower resilience
of the microbial communities. Considering that the MPR
of WW was higher than that of PF (Table 1) even after
starvation events, it can be hypothesized that this is linked
to the type of hydrogenotrophic methanogens present in the
community. By comparing diversity 2D (which gives more
weight to the most abundant taxa) between inocula for each
independent phase we found that the diversity of the WW
methanogenic community was significantly higher than that of
the PF methanogenic community (Supplementary Figure 3C;
p < 0.0001 for all comparisons). Therefore, it appears that
the diversity of methanogens may play a role in coping with
disturbances since the more diverse community (WW) was
more functionally resilient than PF. A recent study by Figeac
et al. (2020) evaluated the effect of temperature and origin
of the inoculum on the performance and stability of ex situ
biomethanation with mixed cultures. Although MPR of the
thermophilic process was higher, the instability of the process
increased along with temperature due to the unique dominance
of Methanothermobacter.

Effects of Starvation on the Microbial
Community Structure
The relative abundance of various methanogens throughout
the experiment is presented in Figure 5. Hydrogenotrophic
methanogenesis was the main pathway in the WW reactors
as hydrogenotrophic genera dominated the methanogenic
community with ∼62%. The most dominant genera in the
WW inoculum were Methanobacterium (53%) followed by
Methanothrix (36%), which suggests that also acetotrophic
methanogenesis was active in this inoculum. In contrast,

acetotrophic methanogenesis was the main pathway in the PF
inoculum as Methanothrix (42%) was most dominant together
with the versatile genus Methanosarcina (9%), which together
summed up to more than 50% of all methanogens. In PF,
Methanoculleus (27%) was the predominant hydrogenotrophic
genus together with Methanobacterium (17%), whereas
Methanoculleus (<1%) was underrepresented in WW. H2/CO2
fed-batch feeding favored Methanobacterium in all experimental
phases with mean relative abundances of 93 and 77% in WW
and PF, respectively. Other hydrogenotrophic methanogens
(Methanolinea, Methanospirillum, and Methanoculleus) were
strongly outcompeted by Methanobacterium in case of WW.
The situation was different for PF where two hydrogenotrophic
genera (Methanobacterium and Methanoculleus) dominated
from the beginning and stayed predominant throughout the
experiment, even though Methanobacterium was favored as
well over Methanoculleus. The versatile genus Methanosarcina
was outcompeted by strict hydrogenotrophic methanogens
in PF likely due to its lower H2 uptake rate (Feist et al.,
2006; Goyal et al., 2015). However, Methanosarcina was still
present in both communities until the end of the experiment
at very low relative abundance. Our results are consistent
with previous studies on H2 biomethanation reporting the
dominance of Methanobacteriales (Kougias et al., 2017;
Rachbauer et al., 2017; Savvas et al., 2017). This indicates that
methanogens affiliated to the Methanobacteriales have a selective
advantage over other hydrogenotrophic methanogens in ex
situ biomethanation. The relative abundance of Methanothrix
decreased drastically in the end of phase 1 and then remained
fairly stable in both communities. The persistence of this obligate
acetotrophic throughout the entire experiment is remarkable
considering the simple substrate (H2/CO2) supply and suggests
homoacetogenesis as a competing hydrogenotrophic reaction.
Methanothrix decreased in abundance from 36 to 5% and from
42% to less than 1% in WW and PF, respectively. Although the
relative abundance was low, its presence could explain the low
acetate concentrations (Table 1). The better performance of WW
over PF may be explained by the fact that Methanobacterium
was dominant initially and throughout the experiment. Hence,
selecting an inoculum dominated by Methanobacteriales could
be advantageous from the application point of view.

Regarding the bacterial community, WW and PF presented
distinct community structures that reflected the origin of the
inocula (Supplementary Figure 4). The most abundant genera
at the start were T78 (Chloroflexi) (9 ± 4%) in WW and
Fastidiosipila (16± 5%) in PF. Petrimonas was underrepresented
in the inocula (<1%) but increased in relative abundance
after H2/CO2 feeding in both communities and remained at
comparable levels of around 11% throughout phases 1–5 for
WW and PF. Petrimonas and Fastidiosipila, the latter being
dominant throughout all phases in PF, were also found in
enrichment cultures fed with H2/CO2 under similar operating
conditions (mode of feeding and mineral medium) (Logroño
et al., 2020). So far there are no species described as autotroph
for the two aforementioned genera but their enrichment suggests
a specific ecological niche in systems fed with H2/CO2. Further
investigations, e.g., isolation or metagenomics, are needed to
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FIGURE 5 | Methanogenic community structure based on mcrA gene amplicon sequencing in different phases at genus level. Taxa with relative abundances less
than 0.1% were filtered out. Numbers represent the relative abundance in percent and blank space indicates the absence of the respective taxon. Mean values of
three biological replicates are presented for Start whereas four biological replicates were averaged for phase 1–5. WW: reactors (inoculated with anaerobic granular
sludge from an industrial-scale UASB reactor treating wastewater from paper industry) and PF: reactors (inoculated with digestate from a pilot-scale plug-flow
reactor digesting cow manure and corn silage).

elucidate their function. When analyzing the top 25 genera, only
four genera were shared between WW and PF of which three were
unclassified (Supplementary Figure 4). A recent meta-omics
study on the genus Petrimonas revealed its function in sugar and
amino acid fermentation pathways and its widespread occurrence
in biogas reactors, particularly in biogas plants with process
disorders (Maus et al., 2020). The dominance of this genus in the
WW and PF communities might be related to microbial biomass
turnover under stress conditions such as substrate shift in phase
1 and starvation in phases 2–5.

At the family level (Supplementary Figure 5),
Anaerolineaceae (21 ± 3%) in WW and Ruminococcaceae
(24 ± 4%) in PF dominated at the start. Throughout phases
1–5, Porphyromonadaceae remained at comparably high relative
abundance in both communities. After H2/CO2 feeding, families
with relative abundances of ≥5% were Porphyromonadaceae,
Synergistaceae, Anaerolineaceae, and Thermotogaceae in WW,
whereas PF was dominated by the families Porphyromonadaceae,

Ruminococcaceae, Unclassified family 5 (Cloacimonetes),
Caldicoprobacteraceae, and MBA03 (Firmicutes). The slight
production of acetate might be attributed to the presence of
Thermoanaerobacteraceae (>2%), a family that comprises
acetogens (Bengelsdorf et al., 2018). Comparable relative
abundances in WW and PF (phase 1–5) were observed.
This observation is in accordance with our previous findings
(Logroño et al., 2020).

Effects of Starvation on the Microbial
Community Dynamics
Principal coordinate analysis of the Bray–Curtis distances
between the communities in different phases and from different
inocula revealed that the WW samples clustered distinct from PF
samples but community specialization toward hydrogenotrophic
metabolism was evident after H2/CO2 feeding (Figure 6). The
distinct clustering of the communities can be explained by the

Frontiers in Microbiology | www.frontiersin.org 8 February 2021 | Volume 12 | Article 619632

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-619632 February 6, 2021 Time: 18:23 # 9

Logroño et al. Flexible Biomethanation of Hydrogen

FIGURE 6 | PCoA plots of Bray–Curtis distances of methanogenic (A) and bacterial (B) communities based on amplicon sequencing of mcrA and 16 rRNA genes.
Three biological replicates are presented for sludge inoculum (Start) whereas four biological replicates are presented for end of regular fed-batch (phase 1), feeding
without shaking (phase 2), and feeding after 7 days (phase 3), 14 days (phase 4) and 21 days (phase 5) of starvation. WW: anaerobic granular sludge from an
industrial-scale UASB reactor treating wastewater from paper industry; PF: digestate from a pilot-scale plug-flow reactor digesting cow manure and corn silage.

different substrates each sludge was originally digesting and
likely by the different reactor configuration (UASB vs. plug-
flow reactor) as suggested earlier (Mcateer et al., 2020) as well
as different operational parameters leading to different process
conditions. While the methanogenic communities converged
over the phases to one cluster of similar communities for
both WW and PF (Figure 6A), the bacterial communities
stayed distinct for WW and PF but showed the same trend
of community dynamics, reflecting the enrichment of different
hydrogenotrophic communities (Figure 6B). In contrast to
the strong community shifts caused by H2/CO2 feeding, the
communities did not change much over the phases 1–5. A more
detailed PCoA of these samples excluding the start samples is
shown in Supplementary Figure 6.

Implications for P2G Applications in
Industrial Wastewater Treatment
The results indicated that the WW inoculum led to the
enrichment of the best performing community, which was
most resilient to starvation disturbances, had the highest
hydrogen consumption and methane production rates, and
was dominated by hydrogenotrophic methanogens of the
genus Methanobacterium. Admittedly, considerable differences
in terms of hydrogen consumption and methane production rates
were only observed in the beginning of phase 1 (Figure 2 and

Supplementary Figure 1), which indicates that hydrogenotrophs
were more active in WW than in PF from the beginning, in
agreement with the dominance of Methanobacterium in the
WW inoculum. However, the WW community could also better
cope with mass transfer limitations (phase 2) and performed
slightly better after starvation periods (phases 3–5) as visible in
Figure 3. The relative abundance of Methanobacterium increased
in both communities after repeated starvation periods, which
suggests that this genus could endure starvation and ensure
efficient biomethanation better than other hydrogenotrophs. On
the long run, the PF community might have adapted as reflected
by the increasing share of Methanobacterium, but the WW
inoculum originating from an UASB reactor treating wastewater
from paper industry was immediately ready for efficient and
resilient biomethanation. Considering the case scenario of a
wastewater treatment plant in paper industry that produces
biogas and performs biogas upgrading, we propose that biological
ex situ biomethanation could be easily implemented due to
the fact that biocatalytic biomass (granular sludge from an
UASB reactor) is readily available from the wastewater treatment
process, the reactor infrastructure may be available and oxygen
resulting from water electrolysis could be used on site for
improving the aerobic treatment step. The approach (Figure 7)
could be implemented as in situ (partial biogas upgrading
through hydrogen injection in the main anaerobic digester),
ex situ (converting the CO2 fraction of the biogas in facilities
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FIGURE 7 | Proposed concept for P2G implementation in wastewater treatment plants of the paper industry. (A) In situ concept and (B) ex situ concept. UASB,
upflow anaerobic sludge blanket reactor; IC, internal circulation anaerobic reactor.

where physical or chemical biogas upgrading is already in
operation) or hybrid approach, where the two aforementioned
concepts are combined.

This study shows the effect of starvation on the hydrogen
consumption and methane production rates and the microbial
community changes in two different inocula that were fed with
hydrogen and carbon dioxide. We found that microbial

communities are functionally resilient upon starvation
disturbances in flexible biomethanation of hydrogen, although
long-term effects of repeated or prolonged starvation periods
need to be studied in future studies with more replicates
and controls. Our results suggest that type and origin of the
inoculum, community structure and dominant methanogens
are important for process performance. Pre-screening a well
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performing inoculum is thus essential for functional resilience
of flexible biomethanation. It appears that the dominance
of the genus Methanobacterium was decisive for an efficient
ex situ biomethanation process since the highest hydrogen
consumption rates were observed for the inoculum with
this property. We also demonstrated that it is possible to
perform H2/CO2 biomethanation with complex microbiota
while avoiding VFA accumulation, which is a relevant aspect
for practical implementation. The implementation of the P2G
concept in wastewater treatment plants of the paper industry,
where biocatalytic biomass is readily available, could be a viable
option to reduce the carbon footprint of the paper industry.
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