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A B S T R A C T

An analysis of sludge (i.e., 63 samples) and biofilm (i.e., 79 samples) sampled from 13 anaerobic membrane
bioreactors (AnMBR) was conducted. Predominant microbial community identification and multivariate analysis
indicate that these reactors showed different microbial community structure, but these differences had no impact
on the overall AnMBR performance. Instead, core microbial genera which occurred in ≥90% of sludge (20
genera) and biofilm (12 genera) samples could potentially account for the AnMBR performance. A further
calculation on net growth rate (NGR) of core genera in sludge suggested distribution into two main groups (i.e.,
I: low relative abundance and NGR, II: high relative abundance or high NGR). Consistent positive correlations
between bacterial genera were observed among those that exhibited either high relative abundance or high NGR.
The anaerobic microbial consortium in both sludge and biofilm were largely affected by stochastic dispersal and
migration processes (i.e., neutral assembly). However, Acinetobacter spp. and Methanobacterium spp. occurred
consistently in higher frequency in the biofilm but in lower occurrence frequency in the AnMBR permeate.
Findings from this study suggest first, specific core microorganisms exist in the sludge regardless of the operating
conditions of the AnMBRs, and second, prevention of biofoulant layer on anaerobic membranes can be devised
by minimizing attachment of microbes on surfaces in a non-selective manner.

1. Introduction

In recent years, anaerobic membrane bioreactor (AnMBR) tech-
nology has been reported as an emerging technology for sustainable
municipal wastewater treatment (Lew et al., 2009; Ozgun et al., 2013;
Wei et al., 2014). AnMBR, which combines membrane-based filtration
process with anaerobic fermentation, has several advantages over
conventional aerobic processes typically used by most municipal was-
tewater treatment plants. For instance, AnMBR eliminates the need for
aeration and lowers energy consumption rate from ca. 2 kWh/m3 in
aerobic MBR to ca. 0.8 kWh/m3 (Martin et al., 2011). Anaerobic fer-
mentation has lower sludge production rates than activated sludge
processes, and this would vastly alleviate the cost burden on sludge
treatment. Moreover, anaerobic fermentation process could convert
organic carbon in municipal wastewater to methane while retaining
total nitrogen and phosphorus in the effluent that can be beneficial for
agricultural irrigation (Prieto et al., 2013). Despite advantages

associated with using AnMBR as a sustainable technology for municipal
wastewater treatment, implementation of this technology in the main-
stream wastewater treatment train is still not as prevalent, in part due
to bottlenecks related to maintaining reliable anaerobic fermentation in
low to medium strength municipal wastewaters, as well as membrane
biofouling.

To mitigate the first bottleneck, it is important to recognize that
anaerobic fermentation requires a concerted functioning of four stages,
namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis.
These stages are all driven by microbial groups spanning from fer-
menters, syntrophs to methanogens. Depending on the operational
conditions (e.g., organic loading rates, hydraulic and sludge retention
times) and reactor configurations, the anaerobic microbial community
can vary from one reactor to the other (Harb et al., 2015; Seib et al.,
2016). However, these differences in the anaerobic sludge microbiota
did not show apparent correlation with the produced methane and COD
removal efficiencies (Harb et al., 2015). We therefore hypothesize that
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the overall microbial community may not be as important as the pre-
sence of core microbial populations that participate actively in hydro-
lysis, acidogenesis, acetogenesis, and methanogenesis. However, there
are limited studies to examine the identities of core microbiota in
AnMBR reactor.

The second challenge impeding AnMBR implementation is mem-
brane biofouling. Biofilm formation on the membrane is detrimental to
the performance of membrane bioreactors as they result in decreased
flux, increased transmembrane pressure and a shorter lifetime of the
membrane module. Membrane biofouling develops from initial bac-
terial attachment and the subsequent growth of microorganisms on the
membrane surface (Flemming, 1997). Therefore, microorganisms play a
crucial role in biofouling. Few studies that examined the anaerobic
membrane-associated microbial communities are available, and it re-
mains unknown whether there is a group of core microbiota universally
present in biofilm, and also if biofilm formation is driven by a niche
selection process or by a random dispersal process of key microbial
populations in the anaerobic sludge. The implication of these knowl-
edge is that one can devise cleaning or control strategies, presumably
by removing the selection force, if the microbial assembly is governed
by a niche-selection process.

In this study, we performed a data analysis of the anaerobic biofilm
(i.e., 79 samples) and sludge (i.e., 63 samples) microbiota from reactors
operated at different time, conditions (e.g., temperature, hydraulic re-
tention time, sludge retention time, organic loading rate) and geo-
graphical locations. Our aim of this study is to identify the core groups
regardless of what the operating conditions or variables may be. The
sludge and biofilm communities in AnMBR were characterized for core
genera based on the hypothesis that these core microbial consortium
would play key roles in reactor performance and biofilm formation.

2. Materials and methods

2.1. Sequencing data collection

In this study, we collected sequencing data of both anaerobic sludge
and membrane biofilm from AnMBRs operated in our lab over a course
of many years. Samples from independent AnMBRs were denoted with a
different alphabetical name. These include C (biofilm sample only)
(unpublished), D (biofilm sample only) (Cheng and Hong, 2017), E
(Xiong et al., 2016), F (Harb et al., 2015), and G (Harb et al., 2015).
Besides, we searched for the sequencing data published from AnMBRs
operated by other independent research groups through the Scopus
database (https://www.scopus.com/search/form.uri?display=basic)
and 6 additional papers with accession number were found. The
searching process and results are indicated in Tables S1 and S2. These
downloaded data from NCBI were analyzed alongside all other data.
Here, we named the samples as H, I (Accession Number SRP056737)
(Smith et al., 2015a; Smith et al., 2015b), J (Accession Number
SRP082302) (Zamorano-Lopez et al., 2018), K (Accession Number
SRP166946) (Ding et al., 2019), L (Accession Number SRP090955) (Li
et al., 2017) and M (Accession Number SRP143396) (Ma et al., 2013).
The operating conditions and performance of all studied reactors are
shown in Tables 1 and S3. The total number of sludge and biofilm
samples included in this analysis is shown in Table S4.

2.2. Reactor set-up and operational conditions

The experimental designs involving the aforementioned reactors are
not designed to provide all necessary information required to conduct
net growth rate analysis. Therefore, two independent lab-scale AnMBRs
(i.e., A, B) were also operated for this study. Both AnMBRs were filled
with cylindrical ceramic packing medium, each of 1.5 cm diameter. A
and B had 4 L and 2 L working volumes, respectively. The sludge in both
reactors was originally seeded with a mixture of camel manure and
anaerobic sludge from a wastewater treatment plant in Riyadh, Saudi

Arabia (Harb et al., 2015). Both reactors had been maintained at a
temperature of 35 °C (mesophilic conditions) for 4 years prior to this
study, and were fed with synthetic wastewater of 800mg/L chemical
oxygen demand (COD) at pH 7. The synthetic wastewater was made up
of a mix of organic and inorganic compounds as well as trace metals, as
shown in Table S5 (Nopens et al., 2001). This equates to an organic
loading rate (OLR) of 0.43 g COD L−1 day−1 in A and 0.86 g COD
L−1 day−1 in B. External cross-flow flat sheet polyvinylidene difluoride
(PVDF) microfiltration (MF) membrane (GE Osmonics, Minnetonka,
MN, USA) were connected to both AnMBRs. The membranes had a
nominal pore size of 0.3 μm. The flux of both reactors was maintained
at approximately 6 L/m2/h (LMH). Biogas was used to scour the
membrane surface at a gas sparging rate of 300mL/min and the total
recirculation rate of both AnMBRs was maintained at 600mL/min.
Changes in transmembrane pressure (TMP) were recorded by a pressure
gauge connected to each membrane module. 20mL of biomass was
sampled from both AnMBR weekly, which resulted in a solids retention
time (SRT) of approximately 1400 d for A and 700 d for B. To minimize
regrowth contamination that may occur in the post-MBR tubing, all
downstream tubing was replaced with new ones before sampling for
effluent. The effluent was sampled weekly for COD quantification, cell
count and DNA extraction.

2.3. Biogas measurement

Biogas produced from reactors A and B was captured continuously
in gas bags from the headspace of the reactor. CH4, O2, N2, and H2 were
measured on an SRI Model 301C gas chromatograph (SRI instruments,
CA, US) with a molecular sieve column using argon as a carrier gas
followed by a thermal conductivity detector (TCD). CO2 was measured
on a separated SRI Model 301C gas chromatograph with a silica column
using helium as the carrier gas followed by a TCD. Each biogas sample
was measured three times.

2.4. Sampling, cell counts and DNA extraction

Membranes connected to reactors A and B were harvested for their
biofilm after 1, 2 and 4weeks of filtration using protocols described
earlier (Cheng et al., 2016). New membranes were connected to re-
actors immediately to replace the harvested membranes and to main-
tain the OLR. Total cells in sludge biomass, membrane biofilm, and
effluent samples were determined by flow cytometry on Accuri C6 (BD
Bioscience, NJ, US). Briefly, biomass and sludge samples were vortexed
at highest speed for 2min and then put into QSonica Q500 Sonicator
(Qsonica LLC, Newton, CT, USA) for 2min at 25% frequency and 2 s
intervals. One mL of treated biomass and sludge liquid suspension was
then aliquot and diluted to 10,000-fold by 1× PBS. For effluent, 1 mL
sample was aliquot and diluted by 100-fold. Samples were first in-
cubated at 35 oC and in the dark for 10 min. Subsequently, 10 μL 100×
SYBR green (Thermo Fisher Scientific, MA, US) was added into 1mL of
diluted samples to stain cells, and then incubated in 35 oC and in the
dark for 10min before flow cytometry. 50 μL aliquots of stained sam-
ples were injected with 35 μL/min flow rate to enumerate the total
cells. Three replicates were conducted for each sample. Genomic DNA
of the biofilm, sludge biomass, and AnMBR effluent were extracted by
the UltraClean ® Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad,
USA) with slight modifications (Hong et al., 2011).

2.5. 16S rRNA gene based amplicon sequencing

PCR amplification of the 16S rRNA genes was applied with 515F (5′-
Illumina overhang- GTGYCAGCMGCCGCGGTAA- 3′) and 907R (5′-
Illumina overhang- CCCCGYCAATTCMTTTRAGT- 3′). All amplicons
were of the anticipated size of approximately 550 bp and the negative
control had no amplification. PCR amplicons were cleaned up by
AMPure XP beads (Beckman Coulter, CA, USA). After that, index PCR
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was conducted to attach dual indices provided by the Nextera XT Index
Kit (Illumina Inc., San Diego, CA, USA) based on the manufacturer's
protocol. Indexed PCR amplicons were cleaned up by AMPure XP beads
(Beckman Coulter, CA, USA). Equimolar concentrations of the samples
were mixed together and submitted to KAUST Core lab for Illumina
MiSeq sequencing. All high-throughput sequencing files were deposited
in the Short Read Archive (SRA) of the European Nucleotide Archive
(ENA) under study accession number PRJEB30378.

2.6. High-throughput sequencing data analysis

Amplicon sequences obtained in our study had Phred score > 30
and sequencing length > 280 nt. Primers, adaptors, and index se-
quences were removed by an in-house perl script. All sequencing data
and downloaded raw data were identified and removed for their chi-
meras by UCHIME (Edgar et al., 2011). Chimera-free sequences were
then analyzed through two approaches. The first approach was con-
ducting a taxonomical assignment using the Ribosomal Database Pro-
ject (RDP) Classifier at 95% confidence level with copy number ad-
justment (Wang et al., 2007). Relative abundance at genus level was
calculated for each sample. Core microorganism in this study was de-
fined as the microorganisms that always occur in 90% of analyzed
samples (i.e., 79 biofilm samples and 63 sludge samples). The bench-
marked criterion of 90% was made based on a similar approach un-
dertaken (Calusinska et al., 2018). In the second approach, sequence
files were identified as unique operational taxonomic units (OTUs).
Briefly, chimera-free sequences were combined with an in-house
written Perl script. The combined sequence was then sorted for unique
OTUs at 97% 16S rRNA gene similarity using CD-Hit (Li and Godzik,
2006). Relative abundance was calculated. Taxonomy classification was
conducted using QIIME based on RDP database (Caporaso et al., 2010).

2.7. Calculation of net growth rate from amplicon data

To characterize the activity of core microorganisms in the reactor,
the net growth rates of an organism can be described as its growth rate
minus its decay rate, and can be calculated based on mass balance

(Saunders et al., 2016). Given reactors C, D, E, F, G, H, I, J, K, L, and M
did not have paired biofilm/sludge/effluent sequencing (Table S4) and
cell counting data, therefore, we operated reactors A and B and then
conducted the calculation on them as the representative (Mei et al.,
2016; Saunders et al., 2016) (see Supplementary methods). The calcu-
lation is briefly described in Eq. (1). Here, we assume that growth and
decay rate can be described as a first-order process, and net growth rate
can be described as k. More detailed calculations can be found in
Supplementary information 1.

= − + − −dN dt kN n n n n/x sludge x sludge x biofilm x feeding x sampling x effluent, , , , , ,

(1)

where,

Nx,sludge number of organism x in the sludge of the reactor
k net growth rate constant [d−1]
nx,biofilm number of organism x attached on biofilm per day [d−1]
nx,feeding number of organism x entering the reactor through the
feeding process per day [d−1]
nx,sample number of organism x exiting from the reactor through the
sampling process per day [d−1]
nx,effluent number of organism x exiting from the reactor through the
effluent per day [d−1]

2.8. Correlation analysis

To visualize the correlations in a network interface, all possible
pairwise Spearman's rank correlations between the core microorgan-
isms in the sludge of A and B were calculated to construct a correlation
matrix. Spearman's rank correlation coefficient and their corresponding
p-value were calculated by Himisc package in RStudio. The matrix was
further visualized by another package, corrplot, in RStudio.

2.9. Sloan neutral community model fitting

To assess the role of neutral process in the assembly of the AnMBR
bacterial communities, the Sloan neutral model (Sloan et al., 2006;

Table 1
Operational parameters in all reactors.

Reactor Geographic
regions

Time Feeding Temperature (°C) HRTa (h) OLRb (g COD
L−1 d−1)

SRTc (d) Reported CH4 (mL/g
CODfeeding)

CODd removal
efficiency

Reference

A SAh 2018 SWe 35 44 0.43 1400 231.3 96.6% This study
B SA 2018 SW 35 22 0.86 700 219.9 96.2% This study
C SA 2017 SW 35 11 0.86 700 244.0 > 94% Unpublished
D SA 2017 SW 35 11 0.86 700 NA >93% (Cheng and Hong,

2017)
E SA 2016 SW 35 18.5 0.65 710 NA 90% (Xiong et al., 2016)
F SA 2015 SW 35 26 0.72 355 196.5 90–96% (Harb et al., 2015)
G SA 2015 SW 35 26 0.72 325 217.4 90–96% (Harb et al., 2015)
H USi 2015 SW 3-15 17 0.63 300 229.8 86% to 96% (Smith et al., 2015b)
I US 2015 SW 15 16 0.67 300 NA 67.9% to 81.8% (Smith et al., 2015a)
J ESPj 2018 RWf+FWg 25-28 22-30 0.45-0.67 42–70 49.2–144.5 > 76.9% (Zamorano-Lopez

et al., 2018)
K CNk 2019 SW 25-35 6-24 0.57–2.31 300 NA 71.6–93.5% (Ding et al., 2019)
L CN 2017 SW 35 24 0.46–17 NA 305.3 95% (Li et al., 2017)
M CN 2013 RW 8-32 2.2 4.51 35 NA 81.9% (Ma et al., 2013)

a HRT: hydraulic retention time.
b ORL: organic loading rate.
c SRT: sludge retention time.
d COD: chemical oxygen demand.
e SW: synthetic wastewater.
f RW: real wastewater.
g FW: food waste.
h Saudi Arabia.
i United States.
j Spain.
k China.
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Sloan et al., 2007) was examined to fit the relative abundance of the
rarefied OTUs in the meta community (sludge/biofilm and biofilm/ef-
fluent) and their observed detection frequency using R according to the
method developed by Burns et al. (Burns et al., 2016). Parameter m
denotes the estimated immigration rate, which represents the prob-
ability that a dead individual is replaced by an immigrant in a local
community through dispersal from the meta-community (Roguet et al.,
2015). This parameter m was estimated using the best fit by both non-
linear least square and the maximum likelihood approaches. All sam-
ples were sub-sampled at same sequence depth. After the fitting, OTUs
from the pool were subsequently sorted into three partitions depending
on whether they occurred more frequently than (‘above’ partition),
within (‘neutral’ partition), or less frequently than (‘below’ partition)
the 95% confidence interval of the Sloan neutral model predictions
(Burns et al., 2016). The taxa above the partition indicate they were
actively being selected for, while taxa below the partition indicate that
they were actively being selected against. The goodness-of-fit for the
Sloan neutral community model was evaluated using the root mean
square error (RMSE) and the generalized R-squared (Rsqr= 1-the sum
of squares of residuals/the total sum of squares) (Östman et al., 2010).
The higher an R2 value (maximum value of 1) would imply that a
neutral process of dispersal and ecological drift contribute more to-
wards community assembly, while a low R2 value (e.g.< 0.2) would
imply poor fitting and other processes (i.e., selective growth/attach-
ment) contributing to the community assembly (Ling et al., 2018;
Venkataraman et al., 2015).

2.10. Statistical analysis

The degree of similarities of the microbial communities attached
onto the three kinds of membranes was analyzed by Primer E version 7
(Clarke and Gorley, 2015). Briefly, the abundances of the bacterial and
archaeal genera were input into Primer E version 7, and square-root
transformed before computing for their Bray-Curtis similarities. The
Bray-Curtis similarities matrix was then used to construct a non-metric
threshold multidimensional scaling (nMDS) plot by multivariate ana-
lysis. Bacterial targets that exhibited>0.7 correlation with the multi-
variate patterns on the nMDS were overlaid as vectors. Analysis of

similarities (ANOSIM) was used to determine if the observed clusters on
nMDS were significantly different. NRG was calculated on Microsoft
Excel 2016. Correlation and Sloan neutral community model were
conducted in RStudio with associated packages.

3. Results

3.1. Performance and microbial communities in different reactors

Thirteen reactors were analyzed in this study (Tables 1 and S3).
Reactors A, B, C, D, E, F, G, and L achieved stable COD removal effi-
ciency of> 90%. In contrast, reactors H, I, J, K, and M which were
operated at lower temperatures, reported lower COD removal efficiency
ranging from 68 to 96% (Table 1). Most of the reactors except reactor G
achieved an average 234 ± 34mL CH4/g COD despite being operated
at different HRT, OLR, temperatures and geographical regions.

Given the similar reactor performances among all reactors, it was
initially hypothesized that the microbial profiles in the sludge and
biofilm would not differ among the reactors. However, multivariate
analysis revealed that sludge and biofilm samples were separated based
on the reactors and therefore the operational conditions used by each
individual reactor (Fig. S1). Biofilm microbiota was also different from
the corresponding sludge microbiota. ANOSIM analysis showed all R
values between sludge and biofilm microbiota were< 0.64 (all
p < 0.08). A further analysis was made to assess the dominant genera
identified in sludge (Fig. S2) and biofilm (Fig. S3) from the individual
reactors. There was no apparent trend that suggested a particular genus
to be consistently dominant in its relative abundance across all sludge
and biofilm samples. Instead, several genera were ubiquitously detected
across all sludge and biofilm samples, suggesting the presence of core
microorganisms in AnMBR systems examined in this study.

3.2. Identification of core genera in AnMBR sludge

A total of 20 core genera was identified to be ubiquitously present in
≥90% of sludge samples. The total relative abundance of these 20 core
microorganisms accounted for 3.5% to 15.6% in each reactor (Fig. 1).
Therefore, most of these core genera were present in a relative

Fig. 1. Core genera and their mean re-
lative abundance (%) in all sludge sam-
ples. The same color indicates samples
from the same geographic region. Purple
represents reactors located in Saudi
Arabia; Blue represents reactors located in
United States; Green represents reactor
located in Spain; and Red represents re-
actors located in China.
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abundance of< 1% of the total microbial community in sludge. Among
these core genera, 3 were methanogens (i.e., Methanobacterium, Me-
thanospirillum, Methanosaeta), 3 were syntrophs (i.e., Smithella, Syn-
trophorhabdus, Syntrophomonas) while the rest were mainly fermenta-
tive bacteria. The potential roles of these genera in anaerobic
fermentation are listed in Table S6.

3.3. Analysis of core microorganisms in AnMBR sludge

To further characterize the core genera in sludge, the NGR of core
genera in A and B sludge were calculated based on mass balance
(Saunders et al., 2016). In A, the average NGR of all 20 core micro-
organisms was 2.56× 10−3 day−1, and it was near to that in B (i.e.,
2.20×10−3 day−1), indicating similar growth rates among the core
microorganisms in both reactors operated independently from each
other (Fig. 2A and B). A further examination indicated that these 20
core genera could be distributed into two main groups based on their
NGR and relative abundance. It is perceived that microorganisms with
low NGR and relative abundance have less activity in the reactor. Using
reactor A as example, group I comprised of mainly fermentative bac-
teria (Fig. 2A, inner panel) that exhibit low relative abundance
(< 0.2%) and low NGR (< 1.75× 10−3 day−1). Group II comprised of
Acinetobacter, Clostridium sensu stricto 1, Desulfovibrio, Geobacter, Me-
thanobacterium, Methanosaeta, Methanospirillum, Petrimonas, Syn-
trophorhabdus and Syntrophomonas, which exhibit either high relative

abundance or high NGR. The same group clustering was observed in
reactor B (Fig. 2B). All 3 core methanogens and 2 out of 3 core syn-
trophs identified were consistently in Group II for both reactors A and
B. In contrast, only selected few fermentative bacterial genera (i.e.,
Clostridium sensu stricto 1, Petrimonas, Geobacter, Acinetobacter, De-
sulfovibrio) were present alongside the methanogens and syntrophs.
Majority of the core fermenters (10 out of 14) exhibited NGR and re-
lative abundance that categorized into group I, suggesting a potential
redundancy in the type of bacterial genera for fermentation and not for
methanogenesis or syntrophy.

Furthermore, correlation analysis of core genera in sludge analysis
indicated that among all the 20 core genera, there were 27 pairs of
significant (p≤ 0.05) correlations identified in reactor A, and 38 pairs
in reactors B (Fig. 3A and B). However, only 11 pairs of positive cor-
relation were consistently identified in both reactors A and B (Table
S7). For instance, Methanobacterium showed a positive correlation with
Syntrophorhabdus in both A and B (r=0.95 and 0.93, respectively).
Geobacter positively correlated with Methanosaeta in both reactors
(r=0.76 and 0.87, respectively). Upon closer examination, it was ob-
served that 7 out of the 11 consistent pairs of positive correlations were
between the genera in group II (Table S7).

3.4. Identification of core genera in AnMBR biofilm

A total of 12 core genera was identified to be ubiquitously present in

Fig. 2. Net growth rate (NGR) and their mean relative abundance (%) of the core genera. (A) Reactor A, and (B) Reactor B. Genus names in blue are fermentative
bacteria; Genus names in purple are syntrophs; Genus names in green are methanogens.
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≥90% of the biofilm samples. Similar to core genera in sludge, all the
core genera in biofilm (except Methanosaeta in reactor I) displayed low
relative abundance, and accounted in total for only 1.38% to 9.67% of
the microbial community (Fig. 4). All the 12 core genera in the biofilm
were shared with that in sludge.

3.5. The fit of the neutral model

Since all the core biofilm-associated genera were shared with the
core sludge-associated genera, it was further hypothesized that the
sludge is the main source of microorganisms for subsequent biofilm
development, and that the core genera from sludge may be selectively
favored for attachment onto the membrane to initiate biofouling (Xu
et al., 2019). To further investigate this hypothesis, a neutral assembly

model was used based on previous studies (Ling et al., 2018;
Venkataraman et al., 2015). In contrast to our hypothesis, the goodness-
of-fit (R2) value of 0.58 and 0.56 was observed in reactors A and B,
respectively (Fig. 5A and B). Estimated migration rates (m) were 0.64
and 0.53 in reactors A and B, respectively (Fig. S4A). Good fitting to
neutral assembly models and high migration rates suggested that the
microbial community in both anaerobic sludge and biofilm were shaped
by a stochastic, random migration process, and were not shaped by
niche-driven selection. However, a number of microbial genera de-
viated from the neutral assembly model (Fig. 5 and S4B). Results in-
dicated that 2.4% and 2.9% of total operational taxonomic units (OTUs)
in both reactors A and B were located above the fit of the neutral model,
indicating that these OTUs were present in a higher frequency than that
predicted by the model. Among the top 10 predominant OTUs that were

Fig. 3. Spearman correlation matrix of the relationships between the core sludge genera. (A) Reactor A, and (B) Reactor B. The colors and size of the dot indicate the
value of the correlation coefficient. Darkest blue indicates a perfect positive correlation (r= 1), darkest red indicates a perfect negative correlation (r=−1), and
fading colors indicate a gradual loss in correlation. Purple circle indicates a consistent trend in both reactors. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. Core genera and their mean relative abundance in all biofilm samples. The same color indicates samples from the same geographic region. indicates the

mean relative abundance of Methanosaeta in Reactor L is out of the range (i.e., 43.0%). Purple represents reactors located in Saudi Arabia; Blue represents reactors
located in United States; and Red represents reactors located in China.
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deviated from the model, Acinetobacter and Methanobacterium were
consistently identified to occur in both reactors at a higher frequency
than predicted. In contrast, a similar analysis indicated that 1.5% and
2.5% of total OTUs in both reactors were located below the fit of the
neutral model, indicating that these OTUs were present in a frequency
lower than that predicted by the model. Among them, OTUs assigned to
Pseudomonas were consistently identified among the top 10 pre-
dominant OTUs in this outlier group (Fig. 5).

We also examined the fit between biofilm and effluent community
in both reactors A and B. The R2 for neutral assembly model was 0.07
and 0.16 in reactors A and B, respectively (Fig. S5), suggesting a niche-
driven selection process for the community in the anaerobic permeate
over the neutral theory. Estimated migration rates were likewise low at
0.14 and 0.15 for reactors A and B, verifying a selective rejection rather
than a stochastic migration event. Specifically, OTUs assigned to
Clostridium was consistently identified at a higher occurrence frequency
in the permeate stream, while OTUs assigned to Acinetobacter,
Syntrophomonas, Methanobacterium, Geobacter were consistently identi-
fied at a lower occurrence frequency (Fig. S5).

4. Discussion

This study identified 20 core sludge genera from 11 different
AnMBRs. Previous studies have focused on coming up with the pre-
dictive and quantitative relationship between microbial descriptors and
methane production rate from digesters treating high organic strength
wastes (> 2 g COD/L-d). Methanogens (i.e., Methanosarcina), syntrophs
(i.e., Syntrophomonas), and fermenters (i.e., unclassified Bacteroidales,
Cytophagaceae, Petrimonas, Lutispora) were identified to exhibit posi-
tive correlation with methane production (Bocher et al., 2015;
Venkiteshwaran et al., 2017). Using traditional clone library ap-
proaches, Riviere et al. further determined Methanosarcinales, Metha-
nomicrobiales, Chloroflexi, Betaproteobacteria, Bacteroidetes and Sy-
nergistetes to be the core OTUs present in anaerobic digesters treating

high organic wastes (Riviere et al., 2009). Despite the differences in the
organic strength fed into the digesters, five microbial populations re-
ported earlier (e.g. Methanosarcinales, Methanomicrobiales, Syn-
trophomonas, and Petrimonas) were also determined to be core genera in
the sludge of AnMBR treating low strength (< 1 g COD/L-d) municipal
wastewaters in this study (Fig. 1).

When the core sludge genera were further compared for their net
growth rate, it was observed that a proportionally higher number of
methanogens and syntrophs that were identified as core genera were
also active as exemplified from either a relatively higher net growth
rate and/or higher relative abundance (i.e., Group II, Fig. 2). This is in
contrast to the core fermenters where a lower proportion falls within
the active groups and that there seems to be higher variation in active
fermenters from one biologically independent reactor to the other. It is
generally thought that hydrolysis is the rate-limiting step in anaerobic
fermentation (Adekunle and Okolie, 2015), and this may account for
the higher diversity of active fermenters in both reactors so as to in-
crease the probability of functional redundancy to ensure that the as-
sociated process can be carried out effectively.

Furthermore, many of these active core sludge genera also estab-
lished consistent and positive correlations between each other (Fig. 3).
Based on known roles observed from isolated bacterial species from
each genus (Table S6), many of the positive correlations could be ac-
counted for by beneficial interactions. To exemplify, the single isolated
species in genus Syntrophorhabdus degrades aromatic compounds to
produce acetate, H2 and CO2 (Nobu et al., 2015; Qiu et al., 2008), and
these products could be utilized by both Methanobacterium (a hydro-
genotrophic methanogen) and Methanosaeta (an acetoclastic metha-
nogen), as well as by Geobacter as an electron donor to support Fe3+

reduction (Coates et al., 2001; Shelobolina et al., 2007). Similarly, the
single species isolated in genus Anaerovorax degrade putrescine that is
produced during the breakdown of amino acids to butyrate (Matthies
et al., 2000), which is then converted to acetate, H2, CO2 by Syn-
trophomonas. In addition, the positive correlation between Geobacter

Fig. 5. The fit of the neutral model. The predicted occurrence frequencies for sludge and biofilm community in (A) Reactor A, and (B) Reactor B. OTUs that occur
more frequently than predicted by the model are shown in purple while those that occur less frequently than predicted are shown in green. The relative abundance of
the top 10 predominant OTUs in each outlier group is indicated in pie charts. Others denote the cumulative relative abundance of all other OTUs not included in the
top 10 OTUs. Red dash lines represent 95% confidence intervals around the model prediction (blue line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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with both acetoclastic and hydrogenotrophic methanogens were sup-
ported based on past observations that interspecies electron transfer can
happen either directly or indirectly through H2/formate/conductive
oxides, respectively, within an anaerobic reactor (Gao et al., 2017;
Rotaru et al., 2014a; Rotaru et al., 2014b). However, there are also
three pairs of positive correlations that were not explained for by their
known roles (e.g. Methanospirillum with Paludibacter, Syntrophomonas
with Petrimonas, and Anaerovorax with Petrimonas). It may be possible
that the currently known roles associated with genera Paludibacter,
Petrimonas and Anaerovorax were derived from a single isolate from
each individual genus and thus do not fully capture the entire spectrum
of possible functions and roles these fermenters can play in anaerobic
fermentation.

Coincidentally, many of these core sludge genera were also com-
monly shared with the core biofilm-associated genera (Fig. 4). This is
despite the difference in the overall microbial community between
anaerobic sludge and membrane biofilm (Fig. S1). The presence of core
biofilm-associated microorganisms was not unique to anaerobic biofilm
as it was also previously detected in full-scale aerobic MBRs, and that
these biofilm-associated microbial community is distinctly different
from that present in activated sludge (Matar et al., 2017). Reversible
biofouling is traditionally thought to be resulted from the colonization
of the membrane surface by pioneer microorganisms (Piasecka et al.,
2012; Zhang et al., 2006). These pioneer microorganisms likely origi-
nate from the sludge, and were able to exhibit a competitive edge over
other bacteria to attach onto a surface, presumably due to motility traits
(Pang et al., 2005) or ability to secrete sticky extracellular polymeric
substances (Miura et al., 2007). This was further supported by a recent
study by Matar and coworkers, who concluded through high-
throughput sequencing and statistical analysis that the presence of the
core microorganisms on the aerobic membrane was unlikely to be
driven by stochastic random migration process (Matar et al., 2017). In
another study by Gao et al., they found that OTUs that are present in
high relative abundance on the anaerobic membrane biofilm may not
be in equally high relative abundance in suspended sludge (Gao et al.,
2010). These studies suggested a selective attachment of specific bac-
terial groups on biofilm based on a selection or niche-driven process.

While the observation made by Gao and coworkers was also ob-
served in our study (data not shown), current high-throughput se-
quencing data from reactors A and B suggest a good fit of microbial
community based on neutral assembly model (Fig. 5). The neutral as-
sembly model is based on the hypothesis that as one microorganism
dies off on the anaerobic membrane, it is rapidly succeeded by another
microorganism in a random and stochastic manner that is not governed
by a selective force or niche. This observation can potentially compli-
cate biofouling control and management strategies, as it would mean
that regardless of the type of control strategy, anaerobic biofouling is a
recurring phenomenon that would be impossible to prevent completely.
Instead, control strategies would have to be devised to delay the oc-
currence for as long as possible. Biofouling is typically controlled by
physical and chemical cleaning methods, as well as through membrane
modification. These approaches do not target a specific group of bac-
terium but rather try to dislodge the biofilm, hinder bacterial attach-
ment or impose antibacterial effect. These may be suitable strategies to
delay a biofouling process given that the assembly was governed by a
neutral model (Cheng et al., 2016).

Alternatively, control strategies can be devised to target genera that
deviated from the model. Despite the overall fit of data to neutral as-
sembly model, it was observed that two core genera, namely
Acinetobacter and Methanobacterium, deviated from the goodness-of-fit
and occurred in higher relative abundance than that predicted by the
model. Acinetobacter was reported to contain a repetitive structure
nucleotide sequence to encode a bacterial cell surface adhesion protein,
which would contribute to biofilm formation (Loehfelm et al., 2008). It
was also shown to be an important pioneer colonizer on membrane
surfaces (Lu et al., 2016; Zhang et al., 2006) and frequently detected on

the fouled membrane (Choi et al., 2006; Zhang et al., 2004). Similarly,
Methanobacterium was found attached on electrodes (Gao et al., 2017;
Siegert et al., 2015). These earlier observations suggest that Acineto-
bacter and Methanobacterium prefer a biofilm-associated mode of life.

Given the importance of Methanobacterium in methanogenesis,
control strategies that target Methanobacterium may bring about unin-
tentional consequences on methane production and are therefore not
feasible. Acinetobacter, in contrast, is a heterotroph and its fermentative
role can be easily replaced by the diverse range of heterotrophs already
present in the AnMBR. Acinetobacter is also reported to participate in
nitrification, denitrification and phosphorus removal, but both pro-
cesses of N and P removal are known to be minimal in anaerobic pro-
cesses. Therefore, it is unlikely to be functionally disruptive to the
AnMBR system if one were to devise biofouling control strategies tar-
geting Acinetobacter. However, Acinetobacter spp. have been found to
persist even in chlorinated effluent through the upregulation of genes
related to cellular repair (Jumat et al., 2018). Hence it is unlikely that
reliance on physical or chemical methods alone would be effective to
delay the biofouling process. Recently, biological-based approach (e.g.
silencing quorum sensing communications between bacteria, bacter-
iophages) was increasingly being considered as an anti-fouling control
strategy. Bacteriophages against Acinetobacter have been isolated and
characterized for their lytic effect (Fan et al., 2017; Merabishvili et al.,
2014). Most bacteriophages were observed to survive harsh environ-
mental conditions to ensure continued infectivity on their intended
hosts (Al-Jassim et al., 2018; Scarascia et al., 2018). It is therefore
proposed that physical and chemical cleaning methods can be used in
combination with bacteriophages specific to Acinetobacter to synergis-
tically maximize control of anaerobic biofouling.

Alternatively, since control strategies are unlikely to achieve total
prevention of anaerobic biofouling, the biofilm on the anaerobic
membrane can be optimally fouled to a level that will facilitate rejec-
tion of the microbial contaminants. In this study, rejection of micro-
organisms demonstrates a poor fit to the neutral assembly model (Fig.
S5), suggesting a selective removal for certain microbial populations
from the anaerobic effluent permeate. Specifically, Acinetobacter and
Methanobacterium, both of which were associated with the fouled
membrane occurred in lower occurrence than predicted in the permeate
stream (Fig. S5). The selective rejection by the anaerobic membrane is
most likely due to size exclusion and adsorption of microorganisms,
particularly those preferring the biofilm mode of lifestyle, onto the
foulant layer (Cheng and Hong, 2017).

Many of the analyses performed in this study were based on data
derived from AnMBRs treating synthetic wastewater with a composi-
tion that approximates to real wastewater. This data limitation is due to
the lack of availability of full-scale AnMBRs that treat municipal was-
tewaters. Therefore, other stressors present in the real wastewater (e.g.
heavy metals and pharmaceutical compounds) that may affect the mi-
crobial community and presence of core genera (Mudhoo and Kumar,
2013) were not considered in these analyses (Table S2). Furthermore,
sequencing data obtained using high-throughput sequencing are of
short read lengths and do not permit identification at the species level.
As AnMBRs become increasingly implemented in the mainstream
wastewater treatment process, it would be beneficial to reiterate these
analyses to further verify the roles of the core sludge genera and Aci-
netobacter spp. in the overall functionality of AnMBR system and
anaerobic biofouling, respectively.

5. Conclusions

This study identified 20 and 12 core genera, respectively, in anae-
robic sludge and biofilm. Net growth rate calculation and correlation
analysis further revealed that a proportionally high number of core
methanogens and syntrophs were present in either high relative abun-
dance or with high net growth rate than that associated with fermen-
ters. Furthermore, many of these methanogens and syntrophs
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established positive correlations with each other or with fermenters.
This indicates that the presence of most of these core sludge genera and
their associated interactions are important in ensuring the overall
functionality of anaerobic digestion in AnMBRs. Many of the sludge
microorganisms become the main source of microorganisms for the
membrane biofilm, and that the microbial composition on the mem-
brane is assembled through random migration. However, Acinetobacter
spp. and Methanobacterium spp. deviated from the neutral assembly
model and may play a relatively more important role than other mi-
croorganisms towards biofouling. A combination of anti-fouling stra-
tegies can be devised not with the goal of complete prevention, but
rather to delay anaerobic membrane biofouling. Alternatively, the
anaerobic membrane can be optimally fouled to provide a selective
rejection based on size exclusion and adsorption of microorganisms.
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