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ARTICLE INFO ABSTRACT

The anaerobic treatment of wastewater leads to the loss of dissolved methane in the effluent of the treatment
plant, especially when operated at low temperatures. The emission of this greenhouse gas may reduce or even
offset the environmental gain from energy recovery through anaerobic treatment. We demonstrate here the
removal and elimination of these comparably small methane concentrations using an ecologically engineered
methanotrophic community harbored in oxygenic photogranules. We constructed a syntrophy between meth-
anotrophs enriched from activated sludge and cyanobacteria residing in photogranules and maintained it over a
two-month period in a continuously operated reactor. The novel community removed dissolved methane during
stable reactor operation by on average 84.8+7.4% (+standard deviation) with an average effluent concentration
of dissolved methane of 4.943.7 mg CH,-172. The average methane removal rate was 26 mg CHy-17-d ™}, with
an observed combined biomass yield of 2.4 g VSS-g CHz*. The overall COD balance closed at around 91%. Small
photogranules removed methane more efficiently than larger photogranule, likely because of a more favorable
surface to volume ratio of the biomass. MiSeq amplicon sequencing of 16S and 23S rRNA revealed a potential
syntrophic chain between methanotrophs, non-methanotrophic methylotrophs and filamentous cyanobacteria.
The community composition between individual photogranules varied considerably, suggesting cross-feeding
between photogranules of different community composition. Methanotrophic photogranules may be a viable
option for dissolved methane removal as anaerobic effluent post-treatment.
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always reflect the actual measured values of anaerobic treatment liquid
effluent as mass-transfer limitations can lead to supersaturation of
methane. In this case, an assumed equilibrium with headspace concen-
trations will thus underestimate the dissolved methane content. Souza

Introduction

The use of anaerobic granulated biomass for biological wastewater
treatment was introduced about 40 years ago (Lettinga et al., 1980), and

is now regarded an adequate methodology for municipal wastewater
treatment (Seghezzo et al., 1998) and energy recovery (Gao et al., 2014).
The development of anaerobic wastewater treatment since the end of the
1990s has been considered a more sustainable alternative to traditional
aerobic processes, especially for high strength wastewater. Its primary
purpose is the conversion of organic matter to methane as a renewable
form of energy (Vandevivere, 1999; Verstraete et al., 1996).

An often-overlooked drawback of anaerobic wastewater treatment is
the loss of dissolved methane as not all of it partitions to the gas phase
inside the digesters. Estimations of the loss of dissolved methane from
anaerobic wastewater treatment are typically calculated from methane
concentrations in the gaseous headspace using Henry’s Law, i.e., under
equilibrium conditions (Lobato et al., 2012). This idealized case does not
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et al. (2011) and Wu et al. (2017) found that dissolved methane was
supersaturated in the liquid phase of an anaerobic bioreactor effluent
(saturation factor of 1.03-1.67), increasing with the increased methane
solubility at decreasing temperatures. Even at equilibrium, considerable
amounts of methane are lost with the liquid effluent, especially when
treating wastewater at low temperatures and/or in high-flow through
situations (low hydraulic retention time) (Brandt et al., 2019). Once the
effluent is discharged and exposed to ambient methane partial pressures,
methane degasses into the atmosphere.

Theoretically, 0.38 liters of methane are produced per gram of
chemical oxygen demand (COD) removed from the anaerobic waste-
water treatment at standard ambient condition (25°C, 1 atm) (Tchoba-
noglous et al., 2003). By assuming 80% COD removal efficiency for a
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typical high strength municipal wastewaters with an average soluble
COD concentration of 450 g-m_3 (Henze et al., 2008), 1371 CH4-m_3 is
produced, equivalent to 89.7 g CHs-m ™. At a methane solubility of
approximately 20 g-m > at 25°C (Liu et al., 2014), approximately 22%
of all produced methane would be in its dissolved form and likely leave
the digester. At most about 107 1 CH4-m ™ could be used for combus-
tion, saving fossil CO, emissions of 107 1 COy-m™3. Degassing of the
dissolved methane to the atmosphere, however, would contribute
approximately 500 g CO, equiv~m’3, equivalent to 278 1 COg-m’3.
Therefore, the greenhouse gas contribution in this example is about 2.5
times greater than the positive effects from generating a renewable en-
ergy (see Supplemental Materials). This methane loss is significantly
reducing and, as in the given example, even offsetting the positive effect
of energy recovery from anaerobic wastewater treatment. Therefore, a
post-treatment process is required to remove dissolved methane,
reducing the environmental impact of anaerobic wastewater treatment.
Several methods have been proposed for removing or recovering dis-
solved methane from anaerobic effluents. These include air stripping
oxidation (Hatamoto et al., 2010; Matsuura et al., 2015) and degassing
membrane-based recovery (Bandara et al., 2011; Cookney et al., 2016).

Dissolved methane can be biologically oxidized by methanotrophs.
Methanotrophs are part of a larger group of bacteria called methylo-
trophs that typically utilize single-carbon compounds like methane,
methanol, formic acid or even formaldehyde as carbon and energy
source (Chistoserdova et al., 2009). Methanotrophs may fully oxidize
methane to CO; or partially to molecules like methanol. Molecular ox-
ygen is required for the conversion. Through the coupled activities of
eukaryotic algae or photosynthetic bacteria and methanotrophs in syn-
trophic bioaggregates, oxygen may be provided by direct, or at least
local transfer. The produced oxygen is then immediately utilized by the
methanotrophs to convert organic matter to CO5 which is in turn used by
phototrophs for autotrophic COs fixation. These interactions are found
in natural systems, for example, at the chemocline between anaerobic
and aerobic water layers in freshwater lakes (Milucka et al., 2015), and
are also utilized in engineered systems, e.g., by van der Ha et al. (2012)
for the production of lipids or polyhydroxy butyrate using co-cultured
eukaryotic algae and methanotrophs. Rasoulie et al. (2018) also inves-
tigated a co-culture of green microalgae and methanotrophs for
removing methane and recovering nutrients. They used industrial
wastewater as media and synthetic biogas as methane source. In both
studies, the authors used pure cultures of methanotrophs and microalgae
(Rasouli et al., 2018; van der Ha et al., 2012). In nature, methanotrophs
often co-occur with non-methanotrophic methylotrophs that feed on
partially oxidized methane intermediates like methanol (Takeuchi et al.,
2019; Yu et al., 2017). These more complex interactions are also rele-
vant in our study using an environmental enrichment as basis for the
construction of a new syntrophy.

In contrast to studies using suspended phototrophic-methanotrophic
consortia, we present here an aggregated biomass in the form of pho-
togranules for the aeration-free removal of dissolved methane. The
conversion relies on syntrophic interactions between phototrophic
cyanobacteria and methanotrophic bacteria aggregated in oxygenic
photogranules. Aggregation is particularly important in the bioprocesses
as it allows efficient and fast removal of the biomass from the treated
water and efficient intra-aggregate oxygen transfer. We established the
presence of methanotrophic bacteria in the photogranule aggregates and
propagated the newly developed syntrophy in an open community,
challenged by invading microbes. The syntrophy was ecologically
engineered from an enrichment culture of methanotrophs from acti-
vated sludge and oxygenic photogranules converting synthetic waste-
water, as described in Milferstedt et al. (2017). We discuss community
assembly in the light of performance characteristics of a continuously
operated reactor system for the removal of dissolved methane.
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Materials and Methods
Media composition

The media composition for the batch experiments (i.e., enrichment
and size specific analysis) and for the continuously operated reactor
were identical, a modified nitrate mineral salt (NMS) solution (Whit-
tenbury et al., 1970). The nutrient content of the NMS media was
modified by increasing the phosphate concentration and replacing ni-
trate with ammonium as nitrogen sources to mimic effluents from
anaerobic processes. The media was prepared and diluted with tap water
which naturally containing approximately 4 mM as bicarbonate
(HCO3). The final concentrations in the feed were as following: 150
mg-171 of NH4Cl, 20 mg-1! of MgSO4 - 7H,0, 4 mg-1~! of CaCl, - 6H,0,
5.44 mg-17! of KHyPOy, 12.2 mg-17"! of KoHPO4, 5 mg-17! of FeCls, 20
mg-17" of disodium EDTA, 0.03 ml-1~! of HCL. From a stock solution, we
added 1 ml-1"! of trace elements resulting in concentrations of 10
mg-17! of disodium EDTA, 0.2 mg-1"! of ZnS04-7H50, 0.06 mg-1~! of
MnCl,« 4H,0, 0.6 mg-17! of H3BOs, 0.06 mg-1~ of Na;MoO4- 2H,0, 4
mg-1"! of FeSO4-7H,0, 0.04 mg-1"! of NiCly-6H,0, 0.4 mg-1"! of
CoCly-6H,0, and 0.02 mg-17! of CuSO4-5H,0.

Methanotrophic enrichment

Methanotrophs were enriched under batch conditions from munic-
ipal activated sludge from the wastewater treatment plant in Narbonne,
France. We used 160 ml serum bottles with 50 ml as liquid volume of the
media. To the media, 10 ml of inoculum were added so that a 100 ml
gaseous headspace remained. Replicated enrichments (4-10 replicates)
were incubated either with or without mixing using magnetic stirring.
We also enriched the activated sludge mixed with fresh oxygenic pho-
togranules, and oxygenic photogranules only without mixing.

For all enrichments, the serum bottles were sealed with rubber
stoppers and capped using aluminum crimp caps. The headspace gas was
mixed prior to the gas injection by combining 30 vol % CH4 and 70 vol-
% Oo. During the injection, a pressure of 1.49+0.05 bar (+standard
deviation) was achieved in the serum bottle headspace. The pressure
was manually confirmed using a handheld manometer (Keller Leo 2,
Switzerland). We used purified methane for feeding from biogas pro-
duced in two laboratory-scale anaerobic digesters. This was done using a
COq-absorbing bubble column containing NaOH at 3 M. The final
methane concentration was on average 98.1+2.3% (+standard devia-
tion). Pure oxygen was used.

The serum bottles were incubated at room temperature. Using a
serological pipette, a volume of 20 ml of the methanotroph enrichment
culture was transferred every five to seven days into a new serum bottle
containing 40 ml of fresh media. After each transfer, the headspace was
renewed with a fresh CH4 and O, mixture (30%,/70%) at approximately
1.5 bar. After a third transfer, i.e., after about 21 days, we observed
decreasing oxygen and methane concentrations in the headspace of
several bottles. From that point on, in all bottles, a mix of methane and
oxygen (30%,/70%) was added on a daily basis. After the fourth transfer,
we harvested the enriched suspended methanotrophic cultures and
transferred them to five new serum bottles with fresh media and
approximately ten oxygenic photogranules, each, with an approximate
average diameter of 1-2 mm. The untreated, fresh oxygenic photo-
granules were obtained from a continuously operated reactor. To the
methanotroph enrichment and oxygenic photogranules, we added 100%
methane in the headspace, assuming that oxygen would be provided by
photosynthesis. Bottles were incubated on a shaker that was equipped
with fluorescent light bulbs providing photoactive radiation (PAR) at
approximately 58 pmol-m 25”1, PAR was measured at the outside of
the flasks using a light meter LI-250A (LI-COR, USA). After one week, the
active methanotrophic photogranules were separated from the sus-
pended biomass and rinsed. Photogranules were rinsed using deionized
water before the final transfer into the continuous reactor to avoid
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suspended and loosely attached biomass. Only the solid photogranule
biomass was used to inoculate the continuous reactor.

Set-up and operation of continuous reactor

Approximately 60 active methanotrophic photogranules were
transferred to an airtight glass vessel with 1.8 1 of liquid volume, oper-
ated as a continuously stirred tank reactor. Fig. 1 shows a schematic
view of the reactor set-up. We used overhead mixing as this type of
agitation does not impact photogranules stability. The use of magnetic
stir bar resulted in gradually crushing photogranules (Milferstedt et al.,
2017). We used an airtight overhead magnetic stirrer head of the g-mrk
ptfe type with a ground joint (Bola Bohlender GmbH, Germany), con-
nected to an overhead motor using a polyoxymethylene globe stirrer
coupling (Bola Bohlender GmbH, Germany). The coupling compensates
potential misalignment between the overhead motor and the magnetic
stirrer head. The reactor vessel was a borosilicate glass beaker with a
glass flat flange lid containing one central and three angled ground
necks.

Mixing was provided by a stainless-steel impeller operated at 100
rpm during the first 30 days of reactor operation, increased to 125-128
rpm on day 31 for the remainder of the experiment. Light was provided
using standard 60 x 60 cm? LED panels emitting warm white at 4000K.
A light intensity of approximately 45 pmol-m~2.5~! PAR was measured
at the outside of the vertical reactor surface. The reactor was operated at
an average room temperature of 23.2+1.0°C (+standard deviation)
without active temperature control. The dissolved oxygen concentration
in the reactor fluctuated with an average 1.8+3.2 mg-11. High oxygen
concentrations were observed to be a consequence of membrane fouling
of the electrode membrane. The average pH in the reactor was 7.0+0.2.

Initially, all headspace compartments and the experimental set-up (e.
g., tubings, fittings) were flushed with nitrogen and methane (92/8 vol/
vol) before the start of operation. As the supply of biogenic purified
methane was limited, pure nitrogen (100%) was used for flushing the
headspace during routine reactor operation, e.g., after manual in-
terventions for cleaning and biomass removal. After start-up, methane-
saturated feed was continuously pumped into the reactor. The reactor
was operated at a hydraulic retention time of 12 h. The media contained
on average 17.6+2.2 mg CH4-1’1 (+standard deviation) and the volu-
metric organic loading rate was approximately 35.1+4.5 mg
CH4-171.d L.

Gas bag
(201)
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Media preparation

As mentioned in section 2.1, the initial media composition for the
continuously operated reactor was identical with the batch experiments.
Media was prepared in an O,- and CO,-free closed atmosphere obtained
by initially sparging the preparation system with nitrogen gas for
approximately 15 min until the dissolved oxygen concentration
measured with a handheld oxygen meter (Multi 3620 IDS, WTW, Ger-
many) was below the detection limit. This precaution was taken to limit
the supply with externally provided CO5 and oxygen, so that growth of
methanotrophs and phototrophs in the reactor could be linked to their
respective metabolic activities. Then, the media was saturated with
purified methane by recirculating methane through the solution using a
diaphragm pump and porous diffusors. This step took around six hours.
The media was then transferred using gas-tight tubing and a peristaltic
pump into the 20 1 media storage tank. A capacity of 20 | ensured au-
tonomy for a 72 h period. Media preparation and media storage were
physically separated in two bottles to assure continuous feeding during
media preparation. One batch of methane saturated media had a
maximum volume of 10 1, limited by laboratory safety consideration.
The long preparation was mostly due to slow gas transfer from the
methane atmosphere to the aqueous phase.

Photogranule size analysis

We quantified the total number of all photogranules in the reactor
and their size distribution based on equivalent diameters. For this, we
temporarily placed the entire content of the reactor on a custom-built
square tray with a transparent glass bottom (17.7 x 17.6 cm?) that
was then placed on the glass surface of a desktop scanner (Canon LiDE
220, Japan). An image of the photogranules through the bottom of the
tray was acquired with the dimensions of 5583 x 5556 pixels and saved
as a non-compressed 8-bit gray-level tagged image format (tif) file. Care
was taken to avoid overlap or contact between individual photogranules
as this would have made the subsequent image analysis more compli-
cated. With increasing numbers of photogranules in the reactor, pho-
togranules were partitioned into several batches and multiple images
were acquired. Using a custom-made script in ImageJ (Schneider et al.,
2012), we then used the maximum entropy thresholding algorithm to
differentiate photogranules from the background. Using the MorphoLibj
plugin (Legland et al., 2016), noise was removed on the images by
applying the morphological operation “opening” with a radius of 1.
White pixels within apparent particles on the images were filled using
the “fill holes” command. Particles in contact with the image boundaries

Fig. 1. Presentation of the continuous

reactor set-up. The gas bag connected to

the media preparation tank was used as

Gas bag methane reservoir during the prepara-
(51) tion of methane-saturated batches of
media. The finished media batches were
transferred to the media storage tank,
from where it was continuously pumped
into the reactor. The gas bag connected
to media storage equilibrated pressure

11 I changes resulting from filling and
® .
emptying the tank. The gas bag con-
o ogPo | |! | @ Effluent nected to the reactor equilibrated po-
} 3| o tential pressure changes in the reactor.
o §5ge Covered by ) h-v
Diffuser ——> aluminum—» dissolved ﬁ
foil oxygen
meter

Media storage
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were removed using the “kill borders” command to avoid counting
particles that were not entirely visible on the images. The area of each
detected object was then quantified and translated into the equivalent
diameter of an assumed perfect circle with the same area.

Analytical methods

Gaseous samples were withdrawn from the headspace of enrichment
cultures and the reactor using gas-tight syringes (SGE-Europe). Subse-
quently, samples were analyzed using gas chromatography (Perkin
Elmer GC580, USA) for determination the concentration of CHy4, N, CO5
and Os. The GC was equipped with a thermal conductivity detector (RT-
Msieve 5A column, 0.32 mm diameter, 30 m length and 30 pm film).
Helium was used as the carrier gas at a flow rate of 35.4 ml-min~'. The
oven temperature was 60°C. Dissolved methane was determined by
converting the dissolved COD measurement by multiplying with the
specific COD equivalent of methane: 4 g COD-g CHz'. Total and dis-
solved COD were determined daily using standard COD test kits with a
detection range of 0-150 mg-1~! (Aqualytic, Germany). The influent and
effluent samples were withdrawn using a 5 ml syringe containing no gas
phases.The samples were immediately and directly filtered through a
0.45 pm PTFE hydrophilic membrane syringe filter into a COD test kit
and sealed immediately. Speedy sample handling and processing
ensured reliable measurements of dissolved methane. Total COD mea-
surement was conducted without filtering the sample. We compensated
for any background COD by measuring blank COD concentrations in the
ready-made media before methane equilibration, and then subtract that
from all consecutive COD measurements made at the reactor inlet and
outlet. COD compensation was done to account for any compounds in
the media with a potential contribution to COD, notably EDTA. Total
suspended solid (TSS) was measured following standard methods 2540D
after the filtered samples (Pre-weighted Glass Fiber Filter, pore size 0.45
pm, diameter 47 mm, 934-AH RTU, Whatman, UK) dried at 105°C for 1
h (Rice et al., 2013). Samples were taken in duplicates for each gas, COD
and TSS measurement.

Observed biomass yield

The overall observed biomass yield was determined based on the
ratio of cumulative generated biomass (g TSS) per cumulative consumed
substrate (g CH,). Assuming 15% inorganic biomass fraction, the cu-
mulative generated biomass in the unit of g TSS is converted to the unit
of g VSS. The consumed substrate (g CH4) was measured daily as COD
removed by the system. The cumulative generated biomass consists of
the accumulated biomass in the system, cumulative biomass wastage,
and biomass effluent. The accumulated biomass and biomass wastage
were measured weekly while doing cleaning and maintenance. In
addition, the suspended biomass in the effluent was measured daily. We
calculated the specific COD of TSS using linear-regression analysis
(Chon et al., 2011).

Dependence of methanotrophic activity on photogranules size

When assuming phototropic methane conversion to be a surface-
depending process, photogranule size may influence the specific pho-
totrophic and methanotrophic activities by affecting surface to volume
ratios and diffusional lengths. We analyzed the specific metabolic ac-
tivity in batch experiments in serum bottles under the same conditions
as during the enrichment experiments. We prepared a serum bottle per
size class containing on average six similar-sized photogranules. Pho-
togranules were sampled during stable reactor performance on day 29,
57, 72, 79, 86, and 97. For each test, three size classes, 1.0-2.2 mm,
2.3-3.7 mm, and 3.8-5.5 mm, were defined.
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Microbial analysis

Photogranules were sampled for community analysis (1) before
contact with methanotrophic enrichments (samples named ‘back-
ground’), (2) after incubation with methanotrophic enrichments (sam-
ples named ‘inoculum’) and (3) during continuous operation of the
reactor (samples named ‘continuous reactor operation’). Sampled pho-
togranules were stored at —20°C for subsequent DNA extraction. DNA
was extracted using the DNeasy PowerWater Kit (Qiagen, Germany),
according to the manufacturer’s instructions. The genomic DNA was
used in two independent MiSeq sequencing reactions for 16S rRNA
amplicons and 23S rRNA amplicons.

The 16S rRNA amplicons were generated using the primer pair 515F
(5’-GTGYCAGCMGCCGCGGTA-3") and 928R (5’-CCCCGY-
CAATTCMTTTRAGT-3’) (Wang & Qian, 2009) plus their respective
linkers. The primers target the V4-V5 hypervariable regions of the 16S
rRNA gene. They amplify most of the bacterial and archaeal known di-
versity. The PCR mixtures (50 pl) contained 0.5 U of MTP™ Taq DNA
Polymerase (Sigma-Aldrich, Germany) with its corresponding bulffer,
200 mM of each dNTP, 0.5 mM of each primer, and 10 ng of genomic
DNA. Reactions were performed in a Mastercycler thermal cycler
(Eppendorf, Germany) as follows: 95°C for 2 min, followed by 30 cycles
of 95°C for 1 min, 65°C for 1 min, and 72°C for 1 min, with a final
extension at 72°C for 10 min.

The 23S rRNA amplicons were generated using the primers pair
p23SrV f1 (5-GGACAGAAAGACCCTATGAA-3') and p23Srvrl (5-
TCAGCCTGTTATCCCTAGAG-3) (Sherwood & Presting, 2007) plus
their respective linkers. This primer pair targets a region in the 23S
rRNA of cyanobacteria and plastids in algae. The 50 pl PCR mixtures
contained 0.5 U of MTP™ Taq DNA Polymerase (Sigma-Aldrich, Ger-
many) with its corresponding buffer, 200 mM of each dNTP, 0.3 mM of
each primer, and 10 ng of genomic DNA. Reactions were performed in a
Mastercycler thermal cycler (Eppendorf, Germany) as follows: 94°C for
2 min, followed by 30 cycles of 94°C for 20 s, 59°C for 30 s, and 72°C for
30 s, with a final extension at 72°C for 10 min. The respective lengths of
the PCR products were quality-checked using a Bioanalyzer 2100 (Agi-
lent, USA).

In a second PCR of 12 cycles, an index sequence was added, and the
resulting PCR products were purified and loaded onto the Illumina
MiSeq cartridge according to the manufacturer’s instructions for
sequencing of paired 300 bp reads (v3 chemistry). Library preparation
and sequencing was done at the GeT PlaGe Sequencing Center of the
Genotoul Lifescience Network in Toulouse, France (https://get.gen
otoul.fr/). The datasets for this study can be found in the NCBI
Sequence Read Archive (SRA) database as Bioproject PRINA686893.

Sequences were dereplicated, quality checked, chimera checked and
affiliated with a taxonomic description using Mothur version 1.42.3
(Schloss et al., 2009). Sequence treatment included preclustering at four
differences in nucleotides over the length of the amplicon and chimera
checking using uchime (Edgar et al., 2011). We removed all sequences
that appeared less than three times in the entire dataset. The databases
SILVA (Quast et al., 2013) 132 SSU (16S rRNA) and 132 LSURef (23S
rRNA) were used for alignment and as taxonomic outline.

Cleaned up and taxonomically affiliated sequence data was written
into a biom file and was subsequently merged with the environmental
data and analyzed in R version 4.0.3 (R Core Team, 2020) using the R
packages phyloseq (McMurdie & Holmes, 2013) and tidyverse (Wick-
ham et al., 2019). For the 16S rRNA amplicons, we removed the se-
quences affiliated with cyanobacteria using subset_sample command in
phyloseq with the argument !(Phylum == “Cyanobacteria™). For the 23S
data, we separated the chloroplast sequences from cyanobacteria using
the same command with the argument (Phylum == “Cyanobacteria” & !
(Order=="Chloroplast™)).

On average, the 16S rRNA amplicons contained 506007300
(+standard deviation) bacterial sequences per sample, of which on
average 17100+7500 were not cyanobacteria. Even though the 16S
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rRNA reverse primer supposedly excludes cyanobacterial sequences
(Hodkinson & Lutzoni, 2009), we nevertheless find them in high
abundance, likely because of the overwhelming presence of cyanobac-
teria in the systems, with the exception of the activated sludge sample
that only contained four sequences affiliated with phototrophs in the
16S amplicon. On average, the 23S rRNA amplicons contained
5170046700 sequences per sample, of which on average 1800+1600 or
3.54+3.0% were eukaryotic microalgae. The counts disregard the acti-
vated sludge sample that only contained 370 sequences affiliated with
cyanobacteria in the 23S amplicon, however, in which we detected the
highest absolute and relative counts of microalgae in this study.

Based on taxonomic outlines offered by the SILVA 132 SSU and LSU
databases, we considered the following taxa detected in our amplicons
as putative methanotrophic: the families Methylococcaceae (containing
the genus Methyloparacoccus), Methylomonaceae (containing the genera
Methylomonas, Methylobacter, Methylomicrobium, and Methylosarcina),
and Beijerinckiaceae (containing Methylocystis and Methylobacterium).
We considered as non-methanotrophic methylotrophs the genus Meth-
yloversatilis of the family Rhodocyclaceae and the family Methyl-
ophilaceae (containing the genera Methylophilus and Methylobacillus).

Results and Discussions
Successful establishment of a syntrophic, methane-degrading community

Methanotrophs were enriched from activated sludge in gas-tight,
stoppered serum bottles with a mixture of oxygen and methane in the
headspace. We tested enrichments with and without mixing by magnetic
stirring. After four transfers every five days into fresh media, all en-
richments that were mixed during incubation removed methane and
produced carbon dioxide according to the methane oxidation stoichi-
ometry, closing the mass balance by more than 80%. We detected
methane removal in approximately half of statically incubated cultures
(i.e., without mixing). Mixing increases methane transfer across the gas-
liquid interface, leading to more successful incubations. The enrich-
ments from unstirred oxygenic photogranules mixed with activated
sludge removed methane. However, unstirred and stirred activated
sludge enrichments removed methane twice and four times faster,
respectively. Fresh photogranules did not exhibit a measurable
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methanotrophic activity.

We detected methane removal after adding 100% methane without
externally provided oxygen to a mixture of fresh, non-methanotrophic
photogranules and methanotrophic enrichments from activated
sludge. Also, the production of oxygen and CO, was measured. This
observation demonstrated the onset of engineered syntrophic in-
teractions between methanotrophs and oxygenic photogranules. We
were thus able to introduce a novel function into an existing, granulated
microbial ecosystem, laying the basis for a potential future application
in biotechnology in which biomass harvesting is feasible.

Continuous reactor performance for removing dissolved methane

The ecologically engineered methane-converting photogranules
were then used as inoculum for the continuously operated reactor. Fig. 2
shows the dissolved COD removal efficiency as proxy for methane
removal as well as effluent total suspended solids (TSS) over time. Dis-
solved methane removal efficiencies fluctuated over the first week of
operation. Effluent concentrations stabilized over the following two
weeks and the methane removal efficiency steadily increased. On day
16, biofilm on reactor surfaces and equipment was removed, resulting in
a 5% decrease in methane removal. The rather moderate decrement
indicates that the vast majority of methane oxidation was situated in
photogranular biomass and not in the biofilm formed on the reactor
surfaces. Approximately 10 mg TSS:17! of suspended solids were
washed out from the reactor. Photogranules became increasingly more
filamentous at this time (Fig. 3a, middle). The change of photogranule
morphology could have been influenced by the increase in biomass
concentration and a local decrease in light availability in the reactor.
The cyanobacteria might try to increase their surface area by forming
filamentous outgrowth and therefore exposure to light (Biddanda et al.,
2015).

After about three weeks of operation, effluent TSS increased due to
the detachment of filaments from the photogranules. Application of
higher mixing intensity on day 31 from 100 rpm to 125-128 rpm
resulted in an increase in methane removal efficiency, now exceeding
90%. Mixing serves the purposes of minimizing the laminar boundary
layer around the photogranules and keeping the photogranules in sus-
pension (Beun et al., 2000; Liu et al., 2003). We also changed mixing to
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Day 16

Day 79

Day 97

Fig. 3. Photogranule development on macro and micro-scale. a) Full views of the reactor vessel. b) Examples of typical photogranule morphologies during
continuous operation. Images were taken using white-light stereomicroscopy (scale bar for all images is 1 mm).

increase detachment of filaments from the photogranule surfaces. This
approach worked, resulting in temporarily increased effluent suspended
solid concentrations from the reactor (Fig. 2, days 31 to 40) and less
filamentous photogranules. However, the sudden detachment became
problematic for reactor operation at day 40 when the effluent clogged,
turning operation into safety mode for two days, i.e., without water in
and outflow. The reactor was operational again after cleaning and
wasting some photogranules at day 43.

On day 43, biomass was purposely wasted to obtain approximately
1.5 g TSS-17L. Introduction of a weekly cleaning and biomass wasting
protocol, by removing approximately 0.5-0.7 g TSS-171, prevented
further clogging and maintained a balanced biomass concentration in
the reactor of approximately 1.2 g TSS-17!. This weekly biomass
removal represented about one third to half of the biomass in the
reactor. The removal of granular biomass on day 43 caused a drop in
methane removal efficiency from about 90% to 60%. The removal effi-
ciency reached on average 84.8+7.4% (+standard deviation) between
day 54-93. On day 94, a decreased methane removal efficiency was
observed due to accidental wasting of a large numbers of photogranules.
However, performance recovered over the next week to above 80%. The
average effluent concentration of dissolved methane and the averaged
methane removal rate during reactor operation was 4.9+3.7 mg
CH4-17! and 26.3+2.6 mg CH4-171-d ™}, respectively. In van der Ha
et al. (2011), an overall methane oxidation rate was reported to be 171
mg CH4-17! liquid phase - d~! which appears to be 6.6 times higher than
in our experiments. A major factor leading to a higher removal rate is the
organic loading. In van der Ha et al. (2011), 235 ml of CH4 were added
over 72 hours, which corresponds to approximately 258 mg
CH4-171.d ! at 22°C. Our OLR of 35.14+4.5 mg CH4-17!-d ™! was thus,
7.3 times lower. It is important to note that the rates are not immediately

comparable as van der Ha et al. (2011) worked in a batch system over 90
h, while our results are obtained in a CSTR with an HRT of 12 h.

The observed overall biomass yield was 0.7 g TSS-g COD ™}, equiv-
alent to 0.6 g VSS+g COD™! (assuming 15 % inorganic biomass fraction).
Per mass substrate (CHy4) this is equivalent to 2.4 g VSS-g CHz'. The
observed yield represents the combination of cellular yield from meth-
anotrophic and cyanobacterial growth. Literature values of methano-
trophic yields relevant for our study have been reported by Leak &
Dalton (1986) and Arcangeli & Arvin, (1999). By theoretical analysis
and experimental observations on suspended Methylococcus capsulatus,
Leak & Dalton (1986) reported cellular yield of 0.6-0.7 g VSS+g CHy ! on
cultivation conditions similar to this study. Arcangeli & Arvin (1999)
studied a methanotrophic biofilm enriched from landfill soil and esti-
mated the dry weight yield to be 0.56 g VSS-g CHz . As conditions and
growth technique, granular aggregation is similar to biofilms, and our
media (0.02 mg-l_1 of CuSO4-5H50) was comparable to the Cu limited
experiment of Leak and Dalton (1986), we estimate methanotrophic
yields to be in the order of 0.5-0.6 g VSS-g CHz', which leaves the
remaining observed 1.8 g VSS-g CHz to be the autotrophic contribu-
tion. Assuming all CO2 from the mineralization of methane to be
assimilated by the phototrophic bacteria, a combined methanotrophic
and phototrophic yield of 1.54 g VSS-g CHz'! would be theoretically
possible. The observed combined yield (2.4 g VSS-g CHz') therefore
indicates an additional autotrophic growth contribution of 0.9 g VSS-g
CHz! probably originating from the inlet bicarbonate. High biomass
yields in this system highlight the potential for the recovery of chemical
energy or the methane-based biorefinery using photogranules. The
overall COD balance closed at 91% of the inlet COD. The unaccounted
9% COD could be explained the reactor system still not completely at
steady state (positive bioaccumulation), and by the negative COD
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contribution by phototrophically produced oxygen consumed by the
methanotrophs during methane mineralization.

We can rule out leakages in the system and therefore potential
methane loss or oxygen and CO; entering the system. The tightness of
the reactor system was verified by frequently checking the gas compo-
sition in the headspace of the reactor using gas chromatography. The
results showed that in the headspace, the dominant gas were nitrogen,
oxygen, and methane by 89.3+3.3%, 4.4+2.6%, and 4.9+2.3% (v/v)
(+standard deviation), respectively. The high presence of nitrogen gas
resulted from the regular flushing of the headspace with nitrogen during
reactor cleaning and maintenance. Only at most traces of CO, were
detected in the gas phase at 0.01+0.02% (v/v).

Cyanobacteria can use CO,, HCO3 and possibly also CO%~ as carbon
source (Schneider & Campion-Alsumard, 1999). In our study, methane
was not the sole carbon sources, but HCO3 was contained as hardness in
the tap water we used for media preparation. Based on the growth
stoichiometry for methane oxidation coupled to photosynthesis, the
theoretically produced oxygen from CO, assimilation during photosyn-
thesis only provides roughly 20% of the oxygen needed for complete
methane oxidation. The presence of HCO3 to the media would enhance
the methane removal efficiency due to higher oxygen availability from
bicarbonate photosynthesis. The 4 mM HCO3 contained in the tap water
could theoretically supply an additional 2.58 mM O, or an equivalent
COD of 82 mg-171, upon autotrophic growth. Hence, methane oxidation
is not stoichiometric oxygen limited by cyanobacterial growth. Similar
findings were reported in the literature where in the absence of external
oxygen supply, microalgal photosynthesis was not sufficient for
methane oxidation (Bahr et al., 2011). Only when bicarbonate was
introduced, the methane removal efficiency increased.

We suggest that the elevated methane removal in the absence of any
external oxygen supply can only be explained by in-situ oxygen pro-
duction and immediate uptake by methanotrophs. Our results therefore
demonstrate the establishment of syntrophic interactions between
phototrophs and methanotrophs. This syntrophy was stably maintained
over seven weeks during continuous reactor operation.

Photogranule development in continuously operated reactor

During continuous reactor operation, new photogranules rapidly
formed (Fig. 3). After 16 days of continuous operation, the photo-
granules became dark green, roughly spherical, and filamentous (Fig. 3).
The presence of filamentous cyanobacteria was confirmed by white-light
and fluorescence microscopy. Development of the filamentous
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morphology likely caused the increase in suspended solids in the reactor
effluent (Fig. 2). We successfully generated a less filamentous photo-
granule phenotype by increasing mixing from 100 rpm to 125-128 rpm
starting on day 31. Immediately after the increase, the photogranules
lost substantial amounts of filaments. Whitish areas on the photo-
granules surface became visible (Fig. 3b, middle).

Using image analysis, we determined the number and the size of
photogranules in the reactor. Over the first four weeks, the number of
photogranules increased from initially 60 with an approximated total
surface area of 0.08 cm? (day 0), to 888 and a total surface area of 240
cm? on day 16, and to about 2000 with a total surface area of 551 cm? on
day 29 (Fig. 4). After the major wasting and cleaning event on day 43,
the number and surface area of photogranules decreased to 613 and 77.3
cm?, respectively. However, the biomass concentration increased in the
following days and reached more than 3500 photogranules and 1105
em? of surface area on day 79 (Fig. 4).

The range of biomass diameters on day 16 was between 1 and 7 mm,
with an average of 2.6+1.3 mm (+standard deviation). On day 43,
because of increasing shear, the predominant diameter of photogranules
was less than 2 mm. The largest size of photogranules in the reactor was
approximately 7.5 mm. This size is larger than the typical size of aerobic
granular sludge with sizes in the range of 4 to 6 mm (Beun et al., 2000;
Morgenroth et al., 1997). However, towards the end of reactor opera-
tion, more than 90% of the photogranules were between 1 and 3 mm
with an average diameter of 2.64+1.0 mm. This value is greater than the
size of photogranules (<2 mm in diameter) reported from previous
photogranule reactor studies (Abouhend et al., 2018; Liu et al., 2017).

Size specific analysis of methanotrophic activity

Photogranule size may influence the specific phototrophic and
methanotrophic activities as we assume phototrophic methane conver-
sion to be a surface-depending process. Photogranule size affects the
surface to volume ratios and diffusional lengths. We analyzed the spe-
cific metabolic activity in batch experiments for sets of on average six
similar-sized photogranules in size classes between 1.3 and 5.5 mm in
average diameter (Fig. 5). Photogranules were sampled during stable
reactor performance. Photogranules with diameters of approximately 1-
2 mm gave the highest surface-specific methane removal rate of
0.53+0.02 mg CH4-d’1-mm’2 (+standard deviation). The methane
removal rate per photogranule surface area decreased with increasing
diameter (Fig. 5a). The relation with the surface to volume ratio is
presented in Fig. 5b. An elevated surface to volume ratio is beneficial for
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Fig. 4. The total number (empty diamonds) and surface area of photogranules (filled circles) in the reactor during continuous operation.
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the surface to volume ratio, derived from the average diameters of the tested photogranules. Each point represents an independent batch experiment conducted with

on average six similar-sized photogranules.

methane removal. From a conversion perspective, it is favorable to en-
gineer a size distribution within the reactor of minimal photogranule
diameter. The surface dependent character of photogranule metabolism
was also shown in a recent study by Abouhend et al. (2020) in which
oxygenic photogranules of 0.5—1.7 mm in diameter showed the highest
oxygen production rate compared to bigger photogranules (Abouhend
et al., 2020). Higher oxygen production rates influence the treatment
potential of the biomass, in this case dissolved methane removal, due to
higher oxygen availability from photosynthesis as electron acceptor.
Bigger photogranules may also become less active because they lose
their cyanobacteria from the core as the photo-layer appear to be limited
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to depth of about 700 um (Milferstedt et al., 2017).
Community analysis related to methane removal performances

Using MiSeq amplicon sequencing, we analyzed the microbial com-
munities in various photogranules sampled from the sequencing batch
reactor, as well as the enriched inoculum and background material
before the enrichment. We detected the presence of sequences belonging
to methylotrophic bacteria in our samples (Fig. 6a). The detected
methylotrophs predominantly belong to methanotrophic bacteria, a
subgroup of the methylotrophs, able to directly use methane as carbon

Fig. 6. Relative abundances of methyl-

MethanOtrOPhs otrophic and phototrophic taxa in pho-
Beijerinckiaceae togranules and background material.
The background material before the

Methylococcaceae enrichment is the original activated
Methylomonaceae sludge (AS), and an oxygenic photo-

granules (OPG). The inoculum after the
enrichment process is represented by
four photogranules. In total eight pho-
togranule communities during contin-
uous reactor operation are shown for
days 15, 28 and 44. a) Putative meth-
ylotrophic bacteria (Silva SSU 132)
among the non-phototrophic bacteria, i.
e., excluding cyanobacteria, in the 16S
rRNA amplicons. The three samples
with asterisks mark photogranules in
which methanotrophs are present in low
abundances  compared to  non-
methanotrophic  methylotrophs.  b)
Major (>5% total abundance) cyano-
bacterial and chloroplast OTUs (Silva
LSU 132) among the phototrophic taxa
of the 23S rRNA amplicons.

Non-methanotrophic
methylotrophs

Methylophilaceae
Rhodocyclaceae

Microalgae
. unclassified chloroplast

Filamentous cyanobacteria
Leptolyngbya boryana
Phormidium tenue
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and energy source. A frequent intermediate or even final product of
methanotrophs is methanol (Kalyuzhnaya & Xing, 2018). Also,
non-methanotrophic methylotrophs were detected in elevated abun-
dances (Fig. 6a), notably of the family Methylophilaceae, often involved
in methanol conversion (Yu et al., 2017). These groups of bacteria may
participate in a communal metabolism of methane (Beck et al., 2013;
Oshkin et al., 2015).

In the background material before the enrichment process, only in
raw activated sludge, we detected sequences of one methanotrophic
type in the 16S rRNA amplicons at a relative abundance of 0.02% of all
bacterial sequences (excluding cyanobacteria). This sequence type was
unique to the activated sludge sample and undetected in the inoculum
and during reactor operation. In oxygenic photogranules, no sequences
affiliated with known methanotrophic bacteria were detected (Fig. 6a,
“background”). The activated sludge and oxygenic photogranules used
as starting material in this study contained fewer sequences of meth-
anotrophic bacteria than previous observations (Milferstedt et al.,
2017). Non-methanotrophic methylotrophs were undetectable in back-
ground activated sludge and oxygenic photogranules.

The enrichment process had a profound impact on the microbial
community as at the end of it, 18.5+6.0% (+standard deviation) of all
non-cyanobacterial bacterial 16S rRNA sequences were affiliated with
known methylotrophic bacterial genera (Fig. 6a, “inoculum™). Of this
methylotrophic fraction, 74.1+4.8% were known methanotrophs,
notably of the family of Beijerinckiaceae. These bacteria are Alphapro-
teobacteria, frequently described as type II methanotrophs. Across all
samples containing sequences of methanotrophic Beijerinckiaceae,
98.5+4.5% were of the genus Methylocystis. Methylocystis are often
considered versatile in their oxygen and methane requirements (Knief,
2015) allowing them to thrive in ecosystems with a varying methane
supply (Knief, 2015). This survival strategy is believed to be linked to
the presence of two variants of particulate methane monooxygenase A
(PmoA) (Knief, 2015), the key enzyme in methane oxidation, converting
methane to the intermediate methanol. One of them is especially
adapted to low methane to oxygen ratios in the feed, as likely encoun-
tered during batch feeding cycles in the enrichment process. The batch
supply of methane and oxygen may thus be a key environmental factor
favoring growth of these methanotrophs whereas the continuous expo-
sure to methane at low concentrations as in the continuously fed reactor
may promote others.

Also present at the end of the enrichment, however, at notably lower
abundances of 21.6+5.5% (+standard deviation) of all methanotrophic
bacteria, were members of the families of Methylococcaceae and Meth-
ylomonaceae. These subdominant families belong to the Gammaproteo-
bacteria, also known as type I methanotrophs. Traditionally, the
distinction in type I and type II methanotrophs allowed the differenti-
ation of mutually exclusive physiological traits. Over the last years,
however, it was realized that the distribution of these traits was less
exclusive, and the distinction has become less meaningful (Dedysh &
Knief, 2018).

During photoreactor operation, the overall relative abundance of
methylotrophs dropped from 18.5% in the inoculum to, on average,
3.542.0% (+standard deviation), of which roughly half of all sequences
were known methanotrophs (1.84+1.4%). Most analyzed photogranules
had an approximate diameter of 2 mm and thus a comparable bio-
volume, with the exception of the third and fourth samples on day 28
that had a diameter of 5 mm. Assuming an approximately constant
microbial community size for equally sized photogranules, the observed
relative changes in the microbial community are likely translated into an
absolute decrease in abundance per photogranule. Most of this loss is
attributed to a significant decrease in the methanotroph Methylocystis of
the Beijerinckiaceae (t-test, p-value = 0.006). Also, the abundance of the
other two methanotrophic families Methylococcaceae and Methyl-
omonaceae decreased significantly (t-test, p-value = 0.02) dropping
from, on average, 2.9+1.0% to 1.3+0.9%. After the disappearance of the
Methylocystis, these two families presented the majority of
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methanotroph-affiliated  sequences during reactor operation
(87.24+24.2%, Fig. 6 “continuous reactor operation”). Two photo-
granules, sampled at day 28, only contained about 0.1% of methano-
trophic sequences, more than ten times fewer than the other samples
taken during reactor operation. The overall loss of methanotrophs may
be explained by a reduced substrate availability per photogranule dur-
ing reactor operation with the increasing number of photogranules in
the system. The comparably low number of methanotrophs may thus be
a steady state concentration adapted to the prevailing environmental
conditions. Even though the drop in methanotrophs is significant, the
abundance of methylotrophic bacteria, including methanotrophs re-
mains about 100 times above the background levels before the enrich-
ment. We note that the overall methanotrophic performance of the
reactor system was maintained even at comparably low sequence
abundances of 1.8+1.4% of methanotrophs.

We systematically detected sequences of non-methanotrophic
methylotrophs in our amplicons, notably of the family Methyl-
ophilaceae. Their sequences represented on average 4.7+1.6%
(+standard deviation) in the inoculum, and 1.74+1.5% during reactor
operation. In natural systems like sediments, these organisms are
frequently found to respire methanol produced by methanotrophic
bacteria (Yu et al., 2017). Yu et al. (2017) even suggested that among
non-methanotrophic methylotrophs and methanotrophs, specific
non-random pairings exist that seem to possess an environmental
advantage over others. We did not detect specific pairings in our data,
but the abundances of Methylophiliaceae sequences appears to be roughly
one third of the counts of known methanotrophic sequences in photo-
granules (linear regression through origin with slope of 0.345 and adj-r
of 0.74) (Fig. 7). The constant ratio in abundance between two distinct
phylogenetic groups hints towards a stoichiometric relationship be-
tween the implied organisms, possibly through metabolite de-
pendencies. In Fig. 7, notable exceptions to an otherwise strong linear
relationship are two for the three samples marked with an asterisk in
Fig. 6. In these samples, methanotrophs are only present at a comparably
low number. The exceptions indicate that metabolic heterogeneity be-
tween photogranules existed in our reactor, with the coexistence of
putatively methanotrophic and non-methanotrophic photogranules. The
non-methanotrophic photogranules may consume substrates provided
by other methanotrophic photogranules. These substrates could be for
example methanol. A complete CH4 to COy conversion chain may
therefore not be required to be present within each photogranule, but
the entire population of photogranules participates in the methane
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conversion, cross-feeding beyond the boundaries of individual
photogranules.

The enrichment process and the consequent transfer into the
continuously operated reactor also shaped the non-methylotrophic and
non-phototrophic bacteria in the community. During the enrichment,
Sphingomonadaceae were enrich and reach abundances in the non-
phototrophic 16S rRNA amplicons of more than 45% in one photo-
granule. This organism was affiliated with Porphyrobacter, an organism
believed to be involved in the recycling of organic matter. During
reactor operation this organism became less abundant in most cases
while other recyclers increased in abundance, notably Chitinophagaceae.
Some of the detected organisms are facultative anaerobes, suggesting
that there are anaerobic microhabitats within the photogranules. No
apparent correlation with the dynamics that we observed for the
methylotrophs were detected. A graphical representation of the domi-
nating families of non-methylotrophic and non-phototrophic bacteria is
given in Figure S1. We were unable to detect sequences of nitrifiers in
photogranules. Ammonium is therefore likely directly assimilated by the
growing biomass. Archaea were only detected in traces in the activated
sludge sample before enrichment and otherwise absent in the amplicons.

The postulated trophic chain between the different methylotrophs in
photogranules is coupled to the oxygen production by phototrophs,
notably cyanobacteria. We analyzed in 23S rRNA amplicons the pres-
ence and abundance of cyanobacteria and microalgae. As expected, the
total abundance of phototroph sequences in the background activated
sludge sample was low compared to photogranule amplicons. Only 370
cyanobacterial sequences were found in activated sludge, whereas the
mean cyanobacteria count in photogranules was 49900+6700
(+standard deviation). Microalgal sequences represented the biggest
part of the phototrophic population in activated sludge (93%). In pho-
togranules, microalgal sequences were significantly less abundant, ac-
counting for on average 3.5+3.0%. The microalgal population in
photogranules was dominated by one single taxonomically unclassified
sequence type with a sequence identity over the entire amplicon of
approximately 95% to various microalgae genera. This sequence type
made up on average 83+26% (median 96%) of the microalgae we found
in photogranules. In the activated sludge sample, this particular
sequence type was virtually absent (1.2%) in a more diverse microalgal
population. It appears that this microalga may be a member specific to
the photogranule community, albeit low in abundance compared to
cyanobacteria. In the background photogranule and the inocula at the
end of the enrichment, three sequence types dominated the cyano-
bacterial counts were detected, two of which are affiliated with Lep-
tolyngbya boryana and one with Phormidium tenue. These organisms are
filamentous, motile cyanobacteria, as often found to constitute the
phototrophic biomass of photogranules (Milferstedt et al., 2017). After
the enrichment, 90.0+4.3% of all phototrophic sequences were related
to Leptolyngbya and 2.9+1.7% to Phormidium. During reactor operation,
the distribution of the two cyanobacterial types was close to binary in
the different photogranules, where either one of the two dominated the
photogranule community, as indicated by the high standard deviations
around their mean abundances (52+43% Leptolyngbya and 46+44%
Phormidium). A heterogeneous cyanobacterial composition between in-
dividual photogranules within the same reactor was observed not unlike
our observations for methanotrophic bacteria. When assuming that the
two cyanobacteria perform the same ecosystem function, dominance of
one over the other may be the result of a random event at the “birth” of
the photogranule, e.g., a photogranule developing from a detached
Leptolyngbya-dominated aggregate that develops into a Lep-
tolyngbya-dominated photogranule.

Likewise, it may be possible that the dominance of either Lep-
tolyngbya or Phormidium results from preferential interactions with other
microbes, for example methanotrophs. Curiously, the samples that
contain the lowest numbers of methanotrophs (marked with asterisk in
Fig. 6a) coincide with the photogranules in which the phototrophic
community is dominated by Leptolyngbya-like sequences. Potential
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preferential pairing between microorganisms, as considered in this
study within the methylotrophs, may need to be considered at larger
phylogenetic scales than uniquely between methylotrophs. The differ-
ences between microbial communities of individual photogranules from
the same environment emphasize the need to study these systems at the
scale of individual photogranules, for example when formulating the
conversion process in a mathematical model.

Conclusions

e A methanotrophic-cyanobacterial syntrophy was established in the
chassis of existing oxygenic photogranules. This syntrophy was
maintained and propagated in a continuously operated reactor,
proven by biomass growth and the removal of dissolved methane.
We thus demonstrated the feasibility to ecologically engineer a novel
photogranule community as potential biocatalyst for dissolved
methane removal from anaerobic effluents.

Photogranule morphology could be controlled in part by adapting
hydrodynamic shear in the system, demonstrating that morphology
not only depended on the developmental state of the photogranules.
The established open community not only contained methanotrophic
bacteria and phototrophs, but also non-methanotrophic methylo-
trophs, likely responsible for methanol conversion. Possibly, meth-
anotrophs only incompletely oxidized methane to methanol,
enabling the development of a methanol-degrading community,
equally fueled by phototrophically generated oxygen.

e Community composition may differ considerably between photo-
granules, hinting towards cross-feeding between individuals of the
photogranule population. This variability needs to be considered in
experimental and modeling studies.

The presence of non-methanotrophic methylotrophs is not prob-
lematic if the biotechnological aim was the removal of dissolved
methane as post-treatment of anaerobic effluent. If simultaneous
molecule recovery was the intention, e.g., methanol production,
more specific ways for controlling the activity of the open microbial
community would be needed.

Further research will focus on the treatment of real anaerobic
wastewaters effluent in a long-term continuous mode. Nutrient re-
covery and an increased loading rate need to be studied as a function
of temperature. Photogranules may be suitable to remove methane
after psychrophilic anaerobic wastewater treatment with increased
methane solubility and decreased biological kinetics.
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