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Abstract: Sustainable municipal wastewater recovery scenarios highlight benefits of 

anaerobic membrane bioreactors (AnMBRs). However, influences of continuous 

seeding by influent wastewater and temperature on attached-growth AnMBRs are not 

well understood. In this study, four bench-scale AnMBR operated at 10 and 25 °C 

were fed synthetic (SPE) and then real (PE) primary effluent municipal wastewater. 

Illumina sequencing revealed different bacterial communities in each AnMBR in 

response to temperature and bioreactor configuration, whereas differences were not 

observed in archaeal communities. Activity assays revealed hydrogenotrophic 

methanogenesis was the dominant methanogenic pathway at 10 °C. The significant 

relative abundance of Methanosaeta at 10 °C concomitant with low acetoclastic 

methanogenic activity may indicate possible Methanosaeta-Geobacter direct 

interspecies electron transfer. When AnMBR feed was changed to PE, continual 

seeding with wastewater microbiota caused AnMBR microbial communities to shift, 

becoming more similar to PE microbiota. Therefore, influent wastewater microbiota, 

temperature and reactor configuration influenced the AnMBR microbial community. 

Keywords: Anaerobic digestion, Illumina, Microbial community 

1. Introduction 

Sustainable municipal wastewater recovery scenarios have highlighted 

anaerobic biotechnology with special attention being given to the anaerobic 

membrane bioreactor (AnMBR) (McCarty et al., 2011). AnMBR configurations 

have successfully achieved effluent with <40 mg/L chemical oxygen demand 

(COD) from dilute or municipal wastewaters at temperatures as low as 6 °C 

(Seib et al., 2016a and Smith et al., 2015). These results indicate that 

historical anaerobic biotechnology challenges including poor operation at low 

temperature with low strength wastewater, and high effluent organic 

concentration can be overcome (Lettinga et al., 2001). 

While AnMBR technology shows great promise, remaining challenges 

require further investigation including high energy requirements for 

membrane operation (Seib et al., 2016a) and post treatment for nutrient and 

dissolved methane removal (McCarty et al., 2011), as well as lack of 

fundamental understanding of microbial communities responsible for system 

function (Smith et al., 2015). Microbial community composition is of 

particular interest since anaerobic bioprocesses historically have been 

operated as “black boxes” without accounting for the relationship between 

microbiology and process function (McKeown et al., 2012). 

In engineered microbial systems, community structure and diversity 

are considered important factors to achieve process stability (Briones and 
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Raskin, 2003 and Falk et al., 2009). Highly diverse communities which 

contain many unique members within different trophic groups (i.e. 

fermenting bacteria, syntrophic bacteria, methanogens, etc.) are functionally 

redundant which is important to maintain system function in the event of 

environmental stress (i.e. pH change, substrate change, toxicity, etc.) 

(Briones and Raskin, 2003 and Fernandez et al., 2000). Traditional 

characterizations of community diversity have included richness, evenness, 

and Shannon-Weaver index, which are broad measures indicating the 

number of unique members along with general distribution of members 

within the community (Stirling and Wilsey, 2001). Communities with higher 

richness and Shannon-Weaver index values are more diverse (Stirling and 

Wilsey, 2001). A high evenness score indicates unique community members 

are evenly distributed, which is beneficial for functional redundancy 

(Fernandez et al., 2000). Additionally, ordination techniques including non-

metric multi-dimensional scaling (NMDS) and principal component analysis 

(PCA) have been useful to compare microbial community differences in 

separate systems (Bialek et al., 2011 and Bocher et al., 2015). 

Increased knowledge of key microbial players is important to 

understand the potential and limitations of microbially driven processes such 

as hydrolysis, fermentation, and methanogenesis (McKeown et al., 2012). 

Links between microbial community composition and function could be used 

to match inoculum biomass to specific operating conditions including 

temperature or waste type (McKeown et al., 2012). This information could 

also be used to warn of impending process upset by identifying adverse shifts 

in the microbial community before function significantly deteriorates (Collins 

et al., 2006). 

While the importance of microorganisms in biological systems is 

evident, the body of knowledge describing microbial consortia in anaerobic 

wastewater reclamation systems is underdeveloped. To date, the majority of 

studies have focused on microbial communities in anaerobic digesters 

treating high strength waste. Less attention has been given to microbial 

community composition in anaerobic systems reclaiming dilute wastes such 

as municipal wastewater. However, previous studies have shown that 

microbial communities in otherwise similar conditions will vary due to 

selective pressures such as temperature and bioreactor configuration (Bialek 
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et al., 2011 and O’Reilly et al., 2009), bacterial communities are typically 

more even and diverse than archaeal communities in anaerobic systems 

(Rivière et al., 2009), and hydrogenotrophic methanogenesis becomes the 

dominant methanogenic pathway at psychrophilic temperatures (McKeown et 

al., 2009, O’Reilly et al., 2009 and Siggins et al., 2011). 

While several examples of low/ambient temperature AnMBRs have 

been previously described, only two studies have investigated the microbial 

community composition within the bioreactor (Smith et al., 2013 and Smith 

et al., 2015). Both studies evaluated completely mixed submerged AnMBRs 

with gas sparging treating synthetic municipal wastewater, and concluded 

that biofilm formation on membranes was important to achieve high organic 

removal. Possible benefits of biofilms such as faster interspecies hydrogen 

transfer and enhanced syntrophism have already been described (Lettinga et 

al., 2001). The results of Smith et al. (2015) coupled with existing 

understanding of the benefits of biofilms highlights the need for further 

investigation of biofilm microbial consortia in AnMBRs and suggests that 

reactors relying on biofilm technology such as the fluidized bed reactor (FBR) 

or downflow floating filter reactor (DFF) may offer advantages over flocculant 

biomass (Seib et al., 2016b). 

The impact of continuous inoculation of anaerobic bioreactors by 

wastewater microbiota also merits investigation. Municipal wastewater is 

microbially complex (McLellan et al., 2011) and temporal effects of 

wastewater microbiota on engineered process microbial community 

composition have been observed in the aerobic activated sludge process (Lee 

et al., 2015). Regarding anaerobic systems, no studies have been found 

which considered the effect of wastewater continuous inoculation on 

bioreactor anaerobic microbial community. 

The objective of this study was to assess AnMBR configurations using 

different biofilm technologies while treating synthetic and real municipal 

primary effluent wastewater at low and moderate temperatures. Lab-scale 

reactors were operated to evaluate treatment performance and bioreactor 

microbial community composition at common wastewater temperatures (10 

and 25 °C). To our knowledge no study currently exists that examines the 

microbial community structure within AnMBRs utilizing biofilm technology 
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while treating dilute primary effluent municipal wastewater at low 

temperatures. 

2. Methods 

2.1. AnMBR configurations 

Two different AnMBR configurations utilizing different biofilm 

technologies and membrane types were used as previously described (Seib 

et al., 2016b). The first configuration was a downflow floating filter (DFF) 

bioreactor (2.3 L working volume) combined with a polymeric tubular 

membrane (1 L working volume). The DFF bioreactor contained buoyant 

plastic media to support biofilm formation (Aqwise, Herzliya, Israel). The 

polymeric membrane (polyvinylidene fluoride) had a nominal molecular 

weight cutoff of 100 kDa (∼0.018 μm nominal pore size) (FP100, PCI 

Membranes, Fareham, UK). The second configuration was a fluidized bed 

reactor (FBR) (2.3 L working volume) combined with a ceramic membrane 

(1 L working volume). The FBR contained 0.6 mm × 1.7 mm (12 × 30 mesh) 

coconut-based granular activated carbon (GAC) (TIGG 5DC 1230, TIGG Corp, 

Oakdale, PA). The ceramic membrane was composed of aluminum oxide with 

a 0.05 μm nominal pore size (Type 1/16, Atech Innovations, Gladbeck, 

Germany). 

2.2. Bioreactor inoculation and operational parameters 

Each AnMBR configuration was duplicated and individual reactors were 

operated at different temperatures (10 and 25 °C), yielding a total of four 

systems (FBR10, FBR25, DFF10, DFF25). All AnMBRs were seeded with 2 g 

VSS/L of a mix of methanogenic biomass from five different sources as 

previously described (Seib et al., 2016b). For the first 320 days, all AnMBRs 

were fed synthetic primary effluent wastewater (SPE) as previously described 

(Seib et al., 2016b). After day 320, the feed to all AnMBRs was changed to 

real primary effluent wastewater (PE). PE was collected weekly from a local 

water reclamation facility (South Shore Water Reclamation Facility, Oak 

Creek, WI, USA) and stored at 4 °C before use (Table 1). After an initial 

startup period (day 1–79), total system hydraulic residence time (HRT) in all 

AnMBRs was 9 h from day 80 to 145. On day 146, HRT was adjusted to the 
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minimum time necessary to achieve <10 mg/L BOD5 in AnMBR permeate in 

each system. Membranes were operated with flux ranging from 5.9 to 

7.4 L/m2 h and chemically cleaned using NaClO and HNO3 solutions when 

transmembrane pressure increased above 0.5 bar (Seib et al., 2016b). 

Table 1. Average influent and effluent parameters during SPE and PE operation. 

Paramet
er 

Influent 

 

Effluent 

   
Treating SPE influent 

 

Treating PE influent 

 

SPE PE FBR25 FBR10 DFF25 DFF10 FBR25 FBR10 DFF25 DFF10 

BOD5 235 ± 3
5 

160 ± 60 3 ± 1 8 ± 4 6 ± 3 8 ± 7 6 ± 3 6 ± 4 10 ± 7 10 ± 9 

TCOD 480 ± 5
0 

310 ± 11
0 

14 ± 7 25 ± 15 25 ± 10 25 ± 13 29 ± 12 29 ± 16 44 ± 16 42 ± 19 

NH3-N 17 ± 1.
5 

21 ± 7.6 31 ± 2 31 ± 1 29 ± 1 31 ± 2 25 ± 6 25 ± 6 25 ± 5 25 ± 6 

TKN 43 ± 2.
8 

34 ± 6.7 36 ± 2 37 ± 2 35 ± 1 37 ± 2 29 ± 4 29 ± 5 28 ± 4 29 ± 6 

PO4
−3-P 2.3 ± 0.

3 
3.8 ± 1.7 3.9 ± 0.

3 
3.9 ± 0.
3 

3.1 ± 0.
4 

3.7 ± 0.
4 

4.3 ± 1.
6 

4.0 ± 1.
4 

3.6 ± 1.
4 

3.8 ± 1.
7 

Total P 5.0 ± 0.
4 

5.1 ± 1.7 3.9 ± 0.
3 

4.2 ± 0.
4 

3.4 ± 0.
5 

3.8 ± 0.
3 

4.4 ± 1.
6 

4.2 ± 1.
4 

3.8 ± 1.
2 

3.9 ± 1.
6 

TSSa 120 ± 4
0 

106 ± 40 BD BD BD BD BD BD BD BD 

VSSa 115 ± 4
0 

77 ± 25 BD BD BD BD BD BD BD BD 

aBD indicates result below method detection limit. 

2.3. Analytical procedures 

Influent and permeate BOD5, TCOD, NH3-N, TKN, PO4
−3, TP, TSS, and 

VSS concentrations were determined using standard methods (APHA et al., 

1999). Bioreactor bulk liquid volatile fatty acid (VFA) concentrations were 

determined by gas chromatography with a flame ionization detector (FID) 

(Agilent 7890A, Santa Clara, CA, USA). Methane concentration in biogas was 

determined using gas chromatography with a thermal conductivity detector 

(TCD) (Agilent 7890A, Santa Clara, CA, USA). 

2.4. DNA extraction 

Biomass was collected for DNA analysis from each reactor on days 

180, 200, 230, 250, and 355 and from the PE feed on day 355. Biomass 
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(∼0.5 g) from each reactor was removed from the biocarrier and placed in 

2 mL centrifuge tubes. Lysis buffer (120 mM phosphate buffer, pH 8.0, 5% 

sodium dodecylsulfate) was added to each sample and cells were lysed by 

performing three freeze-thaw cycles followed by a 90 min incubation at 

70 °C. DNA was extracted using a FastDNA Spin Kit (MP Biomedicals, Santa 

Ana, CA, USA), and then stored at −20 °C until use. 

2.5. DNA sequencing 

PCR amplification using universal primers for the V4 variable region of 

16 s rRNA (515F and 806R) was performed using the HotStarTaq Plus Master 

Mix Kit (Qiagen, Valencia, CA, USA). PCR consisted of the following steps: 

94 °C for 3 min followed by 28 cycles of 94 °C for 30 s, 53 °C for 40 s and 

72 °C for 1 min, followed by a final elongation step at 72 °C for 5 min. 

Ampure XP beads (Beckman Coulter, Indianapolis, IN, USA) were used to 

purify PCR products. Purified PCR products were used to prepare a DNA 

library using the Illumina TruSeq DNA library preparation protocol. 

Sequencing was performed by a commercial laboratory (MR DNA, 

Shallowater, TX, USA) using an Illumina MiSeq v3 300 base pair sequencing 

platform (Illumina, San Diego, CA, USA) following manufacturer guidelines. 

Barcodes and primers were removed from Q25 filtered sequences and 

processed as previously described (Dowd et al., 2008). Briefly, data were 

refined by removing sequences <200 bp, sequences with ambiguous base 

calls, and sequences with homopolymers >6 bp. Denoised sequences were 

clustered into operational taxonomic units (OTUs) having 97% similarity. 

Singleton sequences and chimeras were removed. BLASTn was used to 

taxonomically classify OTUs against a curated database derived from 

GreenGenes, RDPII, and NCBI (CME, 2015, DeSantis et al., 2006 and NCBI, 

2015). 

2.6. Microbial community analysis 

Inter-AnMBR comparisons of richness (S), Shannon-Weaver diversity 

(H), and evenness (E) indices were performed using Illumina sequence 

results. Richness was calculated as the number of unique OTUs identified at 

the genus level from Illumina sequencing. Shannon-Weaver diversity index 

was determined as follows: H = −∑ pi log(pi), where pi is the relative 
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abundance of genus i of the n genera detected in a sample (i = 1 to n) (Falk 

et al., 2009). Evenness was calculated as follows: E = H/ln(S) (Falk et al., 

2009). 

Ordination techniques including non-metric multi-dimensional scaling 

(NMDS) and principal component analysis (PCA) were used to compare 

AnMBR microbial communities. Using Ilumina sequencing data, NMDS using a 

Bray-Curtis similarity distance matrix was performed in R (version 3.2.0 

(20015-04-16)) using the VEGAN and MASS packages. NMDS is considered 

well suited for environmental data because it does not assume a linear 

distribution (as in PCA) and is unaffected by null values among samples 

(Ramette, 2007). PCA was also performed using R. Sequencing results were 

also used to calculate Pearson’s correlation coefficients comparing AnMBR 

and PE microbial communities. 

2.7. Methanogenic activity 

Specific methanogenic activity (SMA) assays were performed using 

acetate and H2/CO2 while AnMBRs were fed SPE (day 300) and PE (day 355) 

at 10 °C. Biocarrier was removed from each AnMBR, placed in a serum bottle 

with basal nutrient medium and agitated in an anaerobic glove box to 

remove biomass from the biocarrier. Biocarrier was then removed and 

biomass was placed in 160 mL serum bottles, sparged with O2-free gas (7:3 

v/v N2/CO2), sealed with butyl rubber stoppers, and allowed to endogenously 

produce biogas for two days at 10 °C. Produced biogas was then removed 

and substrate (either acetate or H2/CO2) was added. SMA using acetate was 

performed for 40 days as described by Bocher et al. (2015) using biomass 

concentration of 1.5 to 1.8 g VS/L and 10 g/L calcium acetate at 10 °C. For 

SMA using H2/CO2, biomass concentration was 0.2 g VS/L and serum bottle 

headspace was charged with 100 mL of a 4:1 mixture of H2/CO2 gas that had 

been previously cooled to 10 °C. Decrease in headspace pressure was 

monitored for 40 days using a glass syringe with wetted glass barrel to 

stoichiometrically determine hydrogenotrophic methane production. 

3. Results and discussion 

3.1. AnMBR organic removal and performance 
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All AnMBRs were assumed to achieve quasi-steady state after 

320 days of SPE operation, since organic removal varied no more than ±3% 

in each system. Organic removal in all four AnMBRs was >94% while treating 

both SPE and PE, with average permeate BOD5 ⩽ 10 mg/L in all systems 

(Table 1). Each AnMBR required a specific bioreactor HRT to achieve low 

permeate BOD5, with FBR25 and DFF25 both operated at 4.2 h and FBR10 

and DFF10 operated at 5.6 and 9.8 h, respectively. These values correspond 

to total system HRTs of 6, 6, 8, and 14 h for the FBR25, DFF25, FBR10, and 

DFF10 systems, respectively, considering membrane system volumes. 

Average permeate TCOD was ⩽25 mg/L in all AnMBRs while treating SPE and 

⩽45 mg/L while treating PE. The increased average effluent TCOD when 

treating PE was likely due to a combination of higher amount of recalcitrant 

COD in the PE along with insufficient time for all AnMBRs to acclimate to the 

PE substrate. Bioreactor bulk liquid total VFA (as acetic acid) concentrations 

remained low throughout the study, averaging <40 mg/L in all AnMBRs 

during SPE operation and <15 mg/L during PE operation. 

3.2. Microbial diversity and community structure 

Diversity indices derived from sequencing analysis of the V4 region of 

16S rRNA of biofilm biomass from each bioreactor (Tables S1 and S2) 

indicate communities dominated by a few OTUs in each AnMBR (Table 2). 

Analysis revealed greater richness, evenness, and Shannon-Weaver diversity 

values in the bacterial community of each AnMBR compared to the archaeal 

community, which is consistent with findings of previous anaerobic studies 

(Regueiro et al., 2012 and Rivière et al., 2009). All systems contained a 

similar number of bacterial and archaeal OTUs, with the exception of FBR10, 

which had fewer bacterial OTUs. Shannon indices were similar among all 

AnMBRs with an average index for all systems of 1.62 ± 0.08 for Bacteria 

and 0.56 ± 0.08 for Archaea. These are lower than values of 1.92 to 3.91 

previously reported in mesophilic anaerobic studies treating wastes including 

swine wastewater and synthetic sulfate-rich wastewater (Briones et al., 

2007 and Roy et al., 2009). Evenness scores were higher for bacterial 

communities compared to archaeal communities. Evenness scores were also 

similar among AnMBRs, with average scores of 0.27 ± 0.01 for Bacteria and 

0.20 ± 0.03 for Archaea. Evenness scores found in previous mesophilic 

digestion studies ranged from 0.73 to 0.91, indicating more even distribution 
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of OTUs detected in those studies (Briones et al., 2007 and Roy et al., 2009). 

Diversity index scores for 10 °C and 25 °C systems were similar but were 

lower than scores previously reported for mesophilic systems. 

Table 2. Diversity indices for Bacteria and Archaea communities during SPE 

operation. 
  

FBR25 DFF25 FBR10 DFF10 

Bacteria Richness 384 ± 30 406 ± 10 330 ± 8 403 ± 18 

Evenness 0.28 ± 0.01 0.27 ± 0.01 0.27 ± 0.01 0.28 ± 0.01 

Shannon Index 1.64 ± 0.08 1.64 ± 0.05 1.52 ± 0.05 1.66 ± 0.09 

Archaea Richness 18 ± 3 18 ± 1 15 ± 1 16 ± 2 

Evenness 0.19 ± 0.02 0.19 ± 0.03 0.17 ± 0.01 0.23 ± 0.02 

Shannon Index 0.56 ± 0.06 0.55 ± 0.08 0.47 ± 0.04 0.64 ± 0.03 

A small group of 5 of over 700 bacterial OTUs identified, including 

Clostridium, Bacteroides, Cytophaga, Geobacter, and Trichococcus, 

comprised 31–43% of the total relative abundance in all reactors while 

treating SPE. This is consistent with analysis previously conducted on 

mesophilic anaerobic communities that describe the predominant bacterial 

composition in anaerobic systems being composed of only a few OTUs ( Harb 

et al., 2015 and Rivière et al., 2009). This was also observed among 

Archaea, with only three genera (Methanosaeta, Methanobacterium, and 

Methanospirillum) accounting for >80% of archaeal relative abundance in all 

AnMBRs while treating SPE. 

Despite each reactor containing similar dominant OTUs, unique 

microbial fingerprints were observed in each system based on the most 

abundant bacterial OTUs. A comparison of the 20 most abundant OTUs, 

which represented >50% of the relative abundance in each system, showed 

distinct OTU distributions in all AnMBRs (Fig. S1). During SPE operation, the 

bacterial community in each AnMBR possessed a unique dominant OTU. For 

FBR10 and FBR25, an OTU most similar to Clostridium was dominant and 

accounted for >20% of all bacterial relative abundance. For the DFF reactors, 

an OTU most similar to Geobacter was dominant in DFF25, whereas DFF10 

showed higher abundances of OTUs most similar to Cytophaga and 

Trichococcus. All of these genera are contained within the phyla 

Proteobacteria, Bacteroidetes, and Firmicuties, which have been described as 

being dominant in mesophilic anaerobic systems ( McKeown et al., 

2009 and Regueiro et al., 2012) and have been shown to account for over 
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65% of relative abundance in a psychrophilic AnMBR treating synthetic 

domestic wastewater (Smith et al., 2013). 

The microbiome within the PE fed to the AnMBRs significantly differed 

from community structures in the AnMBRs during SPE operation based on 

Pearson’s correlation coefficient and community microbial fingerprint (Fig. 

S1). Comparison of Pearson’s correlation coefficients revealed poor 

correlation between AnMBR bacterial communities during SPE operation and 

the PE bacterial community (r = 0.08 to 0.16). Microbial fingerprint analysis 

showed that OTUs most similar to Arcobacter represented 30% of the PE 

bacterial relative abundance, but these OTUs were ⩽1% of the relative 

abundance in all the AnMBRs during SPE operation. Other dominant OTUs in 

the PE included those most similar to Bacteroides, Parabacteroides, and 

Aeromonas. These four genera have previously been found to comprise a 

large portion of the bacterial community in municipal sewage ( Fisher et al., 

2014 and McLellan et al., 2011). 

Bacterial communities in the AnMBR systems shifted after SPE feeding 

to AnMBRs ceased and real PE began to be fed (Fig. S1). This was due to 

introduction of organisms within PE fed to the AnMBRs. Specifically, an OTU 

most similar to Arcobacter appeared within AnMBRs in higher relative 

abundance during PE operation with higher increases in the 10 °C 

bioreactors. 

No significant differences among the AnMBR archaeal populations were 

observed. A group of 28 unique archaeal OTUs was identified and over 80% 

of archaeal relative abundance was accounted for by three OTUs during both 

SPE and PE operation; these OTUs were most similar to Methanosaeta, 

Methanobacterium, and Methanospirillum ( Fig. S1). Unlike the bacterial 

community composition, the archaeal community during PE and SPE feeding 

were not significantly different. 

Hydrogenotrophic methanogen OTUs made up a larger portion of 

methanogen relative abundance in the 10 °C AnMBRs, which is consistent 

with previous observations of methanogen population shifts to favor 

hydrogen utilization under psychrophilic conditions (Lettinga et al., 

2001 and Siggins et al., 2011). OTUs most similar to hydrogenotrophic 
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methanogens made up 16–40% of archaeal relative abundance in the 25 °C 

systems, whereas these OTUs accounted for 27–58% of relative abundance 

at 10 °C. Among methanogens, the OTU most similar to Methanosaeta was 

the most dominant, accounting for at least 40% of archaeal relative 

abundance in all systems ( Fig. S1). The facts that bioreactor bulk liquid VFA 

concentrations remained very low, Methanosarcina was virtually absent from 

all samples, and all AnMBRs were run at temperatures below the mesophilic 

optimum of 35 °C indicates that acetoclastic methanogenesis was achieved 

primarily by Methanosaeta spp. ( Bialek et al., 2011). 

A decrease in relative abundance of methanogens was seen over time 

at 10 °C in this 365 day study, which suggests that biofilms in all AnMBRs 

primarily contained psychrotolerant mesophilic methanogens as opposed to 

developing dominant putatively psychrophilic populations. Methanogens 

comprised 7–12% of total microbial relative abundance in the 25 °C AnMBRs, 

whereas only 2–5% methanogens were found at 10 °C. Previous 

psychrophilic anaerobic studies operating up to 300 days have concluded that 

reactors seeded with mesophilic biomass primarily contained psychrotolerant 

mesophilic methanogens rather than a population of psychrophilic 

methanogens (Collins et al., 2006 and Smith et al., 2013). However, 

putatively psychrophilic microbial populations have been found in long term 

studies (>1200 days), indicating that psychrophilic organisms are present 

but require a very long time to establish in significant abundance (McKeown 

et al., 2009). 

3.3. AnMBR microbial comparisons 

Unique microbial communities existed in each AnMBR based on NMDS, 

Pearson’s correlation, and PCA analysis despite similar values for gross 

evenness and diversity index. Cluster analysis using NMDS plots revealed 

distinct differences among the bacterial communities of AnMBRs during SPE 

operation (Fig. 1). The distinct grouping of bacterial profiles from each 

AnMBR indicate that selective pressures of bioreactor configuration and 

operational temperature cause differences in the microbial communities of 

reactors seeded with the same inoculum and fed identical substrate. This 

observation was also made by Bialek et al. (2011) who found methanogenic 

community profiles in different bioreactor configurations clustered using 
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NMDS and by O’Reilly et al. (2009) who indicated that microbial community 

profiles are affected by temperature. However, in contrast to bacterial 

communities, the archaeal communities in this study did not cluster 

separately using NMDS (Fig. 1). Results from the archaeal fingerprints 

confirm this observation and indicates similar archaeal community structures 

for all AnMBRs during SPE operation (Fig. S1). Analysis using Pearson’s 

correlation coefficient did not indicate that either bioreactor configuration or 

temperature had a more significant impact on community differences. 

 
Fig. 1. Non-metric multidimensional scaling (NMDS) analysis of (A) Bacteria and (B) Archaea 
16S rRNA sequencing profiles for each AnMBR. Ellipses represent clustering of each AnMBR 

biomass (95% confidence). During SPE operation samples were taken on day 180, 200, 230, 
and 250. Samples were taken during PE operation on day 355. 

PCA also helps visualize how the most dominant bacterial and archaeal 

genera are represented among reactors (Fig. 2). For Bacteria, differences 

observed among OTUs most similar to the genera Clostridium, Arcobacter, 

Geobacter, Trichoccous, Acinetobacter, and Cytophaga in each AnMBR 

explain 73% of the variance observed within bacterial communities during 

operation with PE and SPE. Additionally, vectors representing specific 

bacterial OTUs aligned with the AnMBRs possessing the highest relative 

abundance of each OTU, indicating the microbial community differences 

across AnMBRs were attributed to a specific dominant OTU in each AnMBR. 

For Archaea, Methanosaeta, Methanobacterium, and Methanospirillum explain 

99% of the variance observed among archaeal communities. Unlike results 

for Bacteria, the vectors representing archaeal OTUs did not align with 

different AnMBRs, which reinforces observations made with NMDS and 
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analysis of community fingerprints that unique archaeal community 

structures did not emerge in each AnMBR. 

 
Fig. 2. Principal components analysis (PCA) analysis of (A) Bacteria and (B) Archaea 16S rRNA 
sequencing profiles for each AnMBR. During SPE operation samples were taken on day 180, 
200, 230, and 250. Samples during PE operation were taken on day 355. 

3.4. Impact of continuous inoculation 

Continuous inoculation by PE caused the community to change in each 

AnMBR. After wastewater containing a high abundance of Arcobacter began 

to be fed, its relative abundance increased in all bioreactors, ostensibly 

because reactors were being continuously inoculated ( Fig. S1). During PE 

feeding, the bacterial community in all AnMBRs did not cluster with 

communities analyzed during SPE operation (Fig. 1). Additionally, Arcobacter 

relative abundance was the primary source of community variance among 

bioreactor biomass during PE operation, especially for the 10 °C AnMBRs 

(Fig. 2). Previous work has identified a similar change in microbial 

community composition within activated sludge systems due to the influent 

wastewater microbiota (Lee et al., 2015). Influent characteristics are also 

known to affect microbial community structure (LaPara et al., 2002). The 

relatively short operation period with PE during this study did not allow time 

to examine the long term effect of influent continual seeding on AnMBR 

bioreactor microbial community. Future work should examine the long term 
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effect on microbial community structure once a steady state condition has 

been reached. 

3.5. Methanogenic activity and substrate preference 

Thermodynamically, hydrogen is a more favorable substrate than 

acetate at lower temperature (Lettinga et al., 2001). In contrast, acetoclastic 

methanogenesis has been described by some as the primary methanogenic 

pathway at low temperatures (Metje and Frenzel, 2007). However, 

hydrogenotrophic methanogenesis has also been observed in low 

temperature natural (Metje and Frenzel, 2007) and engineered environments 

(Bialek et al., 2011 and McKeown et al., 2009). 

Methanogenic activity assays in this study revealed hydrogenotrophic 

methanogenesis became the primary methanogenic pathway at lower 

temperature (Fig. 3). Comparison of SMA at 10 °C for biomass from all 

AnMBRs shows hydrogen utilization was similar among all bioreactors during 

SPE operation but was higher in the FBR10 and DFF10 biomass compared to 

FBR25 and DFF25 biomass during PE operation. Additionally, while acetate 

utilization was observed during SPE operation, acetoclastic methanogenesis 

was not detected during PE operation. These results, combined with the 

higher relative abundance of hydrogenotrophic methanogens at 10 °C (Fig. 

S1) indicate that hydrogen utilization was the primary pathway for 

methanogenesis at 10 °C and prolonged low temperature operation increased 

biomass hydrogen utilization rate compared to biomass at 25 °C. 
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Fig. 3. Specific methanogenic activity (SMA) at 10 °C using acetate and H2/CO2 after treating 
SPE for 300 days (n = 6) and after treating PE for 35 days (n = 6 for H2/CO2, n = 3–5 for 

acetate). 

The role of Methanosaeta detected in each AnMBR is unclear. 

Methanosaeta is commonly found in methanogenic biomass and is known to 

be important in forming biofilms in bioreactors such as the upflow anaerobic 

sludge blanket reactor ( Nelson et al., 2012). However, the high relative 

abundance of Methanosaeta in all systems does not correlate to the 

extremely low or nonexistent methanogenic activity measured with acetate 

at 10 °C. The primary explanation for high Methanosaeta detection may stem 

from the molecular methods used which relied on sequencing analysis of DNA 

rather than RNA. DNA-based methods can be biased in that intracellular and 

extracellular DNA may be included from inactive members within a 

community ( Smith et al., 2015). High detection of Methanosaeta coupled 

with little acetoclastic methanogenic activity suggests that Methanosaeta was 

present but may not have been active. Another possibility is that 

Methanosaeta may have been using a substrate other than acetate. While 

Methanosaeta spp. have been considered to be exclusively acetoclastic since 

they are not known to use H2 or formate, a recent study has indicated that 

Methanosaeta may be able to reduce CO2 to CH4 via direct interspecies 

electron transfer in conjunction with Geobacter ( Rotaru et al., 2014). In this 

study, Geobacter bacterial relative abundance in the 25 °C AnMBRs varied 

from 5 to 20%, whereas they were only 1.0–2.3% in the 10 °C systems. The 

presence of Geobacter and Methanosaeta coupled with low methanogenic 

http://dx.doi.org/10.1016/j.biortech.2016.05.098
http://epublications.marquette.edu/
http://www.sciencedirect.com/science/article/pii/S096085241630757X#b0115
http://www.sciencedirect.com/science/article/pii/S096085241630757X#b0170
http://www.sciencedirect.com/science/article/pii/S096085241630757X#b0140
http://www.sciencedirect.com/science/article/pii/S096085241630757X#gr3


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be accessed by 
following the link in the citation at the bottom of the page. 

Bioresource Technology, Vol 216 (September 2016): pg. 446-452. DOI. This article is © Elsevier and permission has been granted for 
this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

 
 

acetate utilization suggests that Methanosaeta may play a role other than 

acetate utilizer in low temperature anaerobic systems. The possibility of 

functionally significant, cold temperature Methanosaeta- Geobacter direct 

interspecies electron transfer warrants investigation. Further work utilizing 

RNA or functional gene-based sequencing methods (such as mcrA) would 

also be useful to characterize the role of Methanosaeta in similar fixed-film 

anaerobic systems. 

4. Conclusions 

Unique bacterial communities developed in AnMBRs due to reactor 

configuration and temperature, but the same was not observed for Archaea. 

Hydrogenotrophic methanogenesis was dominant at 10 °C, whereas 

acetoclastic methanogenesis was low or not detected. A shift in AnMBR 

microbial community occurred when real wastewater was fed due to 

continuous seeding with influent wastewater microbiota. Future work should 

determine the influence of long term continuous seeding by wastewater 

microbiota on bioreactor communities. 
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Figure S1: Biofilm community structure at the genus level for A.) Bacteria and B.) Archaea 
during operation with SPE (day 250) and PE (day 355). Relative abundance is shown for the 
20 most abundant genera classified in the domain Bacteria and for the 10 most abundant 
genera classified in the domain Archaea, respectively.  
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Table S1: Relative abundance of the top 98% most abundant genera in FBR10, 
FBR25, and the real primary effluent (Real PE) detected across all samples analyzed. 
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Table S2: Relative abundance of the top 98% most abundant genera in 
DFF10 and DFF25 detected across all samples analyzed. 
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