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a b s t r a c t

The membrane-aerated biofilm reactor (MABR) is a novel wastewater treatment technology based on
oxygen-supplying membranes. The counter diffusion of oxygen and electron donors in MABRs leads to
unique behavior, and we hypothesized it also could impact predation. We used optical coherence to-
mography (OCT), microsensor analyses, and mathematical modeling to investigate predation in
membrane-aerated biofilms (MABs). When protozoa were excluded from the inoculum, the MAB's OCT-
observable void fraction was around 5%. When protozoa were included, the void fraction grew to nearly
50%, with large, continuous voids at the base of the biofilm. Real-time OCT imaging showed highly motile
protozoa in the voids. MABs with protozoa and a high bulk COD (270mg/L) only had 4% void fraction.
DNA sequencing revealed a high relative abundance of amoeba in both high and low-COD MABs. Fla-
gellates were only abundant in the low-COD MAB. Modeling also suggested a relationship between
substrate concentrations, diffusion mode (co- or counter-diffusion), and biofilm void fraction. Results
suggest that amoeba proliferate in the biofilm interior, especially in the aerobic zones. Voids form once
COD limitation at the base of MABs allows predation rates to exceed microbial growth rates. Once
formed, the voids provide a niche for motile protozoa, which expand the voids into a large, continuous
gap. This increases the potential for biofilm sloughing, and may have detrimental effects on slow-
growing, aerobic microorganisms such as nitrifying bacteria.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Membrane-aerated biofilm reactors (MABRs) are a novel
wastewater treatment technology based on air or oxygen-
supplying membranes. The membranes deliver oxygen directly to
biofilms growing on the membrane outer surface, achieving up to
100-percent oxygen transfer efficiency (Ahmed et al., 2004; Martin
and Nerenberg, 2012; Pankhania et al., 1994; Perez-Calleja et al.,
2017; Semmens et al., 2005). Interest in MABRs has increased
significantly in recent years. This is partly due to the launch of
several commercial MABR applications (Peeters et al., 2017).

In order to develop effective MABR applications, a fundamental
understanding of the behavior of MABR biofilms (MABs) is needed.
MABs behave differently from conventional, or “conventionally
pperezca@nd.edu (P. Perez-
(J.P. Pavissich), nerenberg.1@
aerated” biofilms (CABs) due to the counter-diffusion of the elec-
tron donor and acceptor (Nerenberg, 2016). For example, CABs have
the highest dissolved oxygen (DO) and COD concentrations at the
biofilm exterior (Fig. 1a). Thus, their highest metabolic activity al-
ways is at the biofilm exterior. In MABs, in contrast, the DO pene-
trates from the base of the biofilm, so the highest activity can occur
anywhere in the biofilm (Fig.1b) (Nerenberg, 2016). This can lead to
differences in biofilm microbial community, morphology and ac-
tivity (Downing and Nerenberg, 2008, 2007; Matsumoto et al.,
2007; Pellicer-N�acher and Smets, 2014).

Our research was motivated by the observation of large voids at
the base of heterotrophic MABs, totally disconnected from the bulk
liquid. These voids were absent from CABs grown under similar
conditions. The voids appeared after a few days, and quickly
expanded to form near-continuous gaps along the base of the
MABs. No previous research reported similar phenomena. In this
paper, we refer to biofilm “voids” as empty biofilm spaces that lack
connection to the bulk liquid. We avoided the term “porosity,” as its
use commonly includes spaces connected to the bulk liquid.

We hypothesized that void formation in MABs resulted from
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Fig. 1. Substrate profiles and microbial activity in CABs and MABs. Activity is the
product of the electron donor and acceptor Monod terms, which is zero if either donor
or acceptor is zero. (a) CAB: high DO and high COD in bulk-liquid, low DO and low COD
at attachment surface (b) MAB: low DO and high COD in bulk liquid, high DO and low
COD at attachment surface. The conventional biofilm typically has the maximum ac-
tivity (growth rate) at the outer edge, while the MAB may have the maximum activity
in the biofilm interior.
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protozoan predation, as our real-time imaging showed putative
protozoa actively moving within these internal voids. If true, this
could have important implications for the stability of MABs. A
better understanding of this phenomena could allow the devel-
opment of strategies to encourage or discourage this phenomenon,
as needed.

Predation by higher organisms is known to impact the structure
and function of environmental biofilms, although few studies have
quantified predation within biofilms. It has not been considered
explicitly in past biofilm models. Common protozoa in wastewater
systems include amoebae, flagellates, and ciliates (Jürgens and
Matz, 2002; Lee and Welander, 1996; Madoni, 2011). Amoeba
typically are predominant in biofilms (Arndt et al., 2003). They
establish themselves on or within biofilms, and may significantly
influence biofilm growth patterns and structure (Jackson and Jones,
1991; Scherwass et al., 2016). Flagellates can glide over the biofilm
exterior and feed on suspended or attached biomass (Arndt et al.,
2003). Ciliates are able to “walk” over the substratum with their
cilia. They browse on loosely attached bacteria or suspended bac-
teria (Arndt et al., 2003).

Protozoa can impact biofilms in a variety of ways. For example,
protozoan metabolism can re-mineralize nutrients and stimulate
biofilm growth (Scherwass et al., 2016). They also can disturb the
initial stages of biofilm development (Rychert and Neu, 2011).
Protozoa can indirectly enhance solute transport in biofilms by
their movement, increasing porosity and causing morphological
changes in the biofilm matrix (B€ohme et al., 2009). Ciliates can
modify biofilm internal structure by creating holes and channels,
driving the biomass morphology to grazing-resistant microcolonies
(B€ohme et al., 2009; Dopheide et al., 2011) or biofilm structures
(Weitere et al., 2005). Amoeba can disrupt biofilms by moving
through its matrix and grazing on biomass, potentially causing
biofilm sloughing (Jackson and Jones, 1991) and forming cavities
(Derlon et al., 2012). Given that most protozoa prefer aerobic en-
vironments (Fenchel, 2014; Finlay, 1990), and the aerobic zones
differ between CABs and MABs, the effects of predation may differ
as well.

Metazoa, such as worms, also have important effects on bio-
films, consuming biomass and creating rough biofilmmorphologies
at a macro scale (Derlon et al., 2013; Klein et al., 2016). Also, some
pure-culture biofilms have been observed to “hollow out” the
interior of mushroom structures, reportedly due to starvation and
degradation of EPS (Hunt et al., 2004). Growth conditions and
detachment can also affect the porosity of biofilms (Marchal et al.,
2011). Despite these known effects, there are no previous reports of
large, continuous voids forming entirely within the biofilm, with no
connection to the bulk liquid.
This research explores void formation in MABs. The research
strategy was to study mixed-culture, heterotrophic MABs with low
bulk COD, such that COD limitation occurred at the base of the
biofilm. Controls included an MAB inoculated without protozoa, an
MAB with high bulk COD, and a CAB with low bulk COD. Studies
included biofilm imaging with optical coherence tomography
(OCT), profiling with DO microsensors, and DNA sequence analysis.
Also, mathematical modeling was used to qualitatively explain the
mechanisms of void formation.

2. Materials and methods

2.1. Biofilm growth experiments

Heterotrophic biofilms were grown in bench-scale flow cells
containing a single hollow-fiber membrane (Fig. 2). The flow cells
were either operated as MABs or CABs. For MAB operation, the bulk
liquid was maintained anaerobic by recirculating the flow through
a reservoir with N2 sparging. The membrane lumen was pressur-
ized with air. For CAB operation, the recirculation reservoir was
sparged with air, providing a DO of 5± 0.2mg/L in the bulk liquid,
and the membrane lumen was pressurized with N2, allowing aer-
obic conditions in the outer part of the biofilm and anaerobic in the
inner part. Air or N2 was supplied to the membrane at a relative
pressure of 34.5 kPa (5 psig). This pressure results in DO concen-
tration at the membrane surface about 8e10mg/L for the MAB. The
air or N2 gas spargingwas at approximately 15mL/min. The effluent
was pumped out of this reservoir from a fixed elevation in the
reservoir, maintaining a constant water level. The flow cell was a
square-sectioned glass tube, with a 6-mm inner dimension and 40-
cm length, with a single, 460-mm diameter silicone hollow-fiber
membrane in the center (Oxymem Ltd., County Westmeath,
Ireland) (Fig. 2). The membrane was located at the bottom of the
flow cell, supported at both ends by an air-supplying manifold. The
membrane was glued to a plastic support, with the upper half
exposed to the liquid and the bottom half embedded in glue. Fixing
the membrane to the bottom of the flow cell minimized movement
caused by the water flow and improved the OCT imaging. The other
end of the membrane was open-ended in all experiments. The flow
cell had seven ports, located every 5 cm along the flow cell, for
microsensor DO measurements. A recirculation flow rate of
15.2mL/min resulting in a laminar flow of 0.01m/s (Re¼ 70),
provided well-mixed conditions and hydraulic shear on the biofilm
(Masterflex L/S, Cole Parmer). No sloughing or significant detach-
ment was observed in biofilms exposed to this shear stress during
experiment duration (up to 100 h). Oxygen in the bulk liquid was
measured using a portable dissolved oxygen probe (IntelliCal LDO
Probe, HACH).

2.2. Growth media

Growth media and acetate solutions were purged with N2 to
remove DO, then pumped into the reactor using peristaltic pumps
(Dynamax RP-1, Rainin Instrument Co). The feed solution was
supplied to the flow cell at a constant rate of 1.5mL/min. The
influent mixture consisted of 50% of a 100e500mg/L acetate
(CH3COO�) stock solution (electron donor) and 50% of the growth
medium. The growth medium was prepared with distilled water
amended with 2.77 g/L Na2HPO4, 1.7 g/L KH2PO4, 0.41 g/L
MgSO4$7H2O, 0.2 g/L (NH4)2SO4, as well as a 2mL of trace mineral
and 2mL of a calcium-iron (Ca-Fe) solutions per liter. The CaeFe
solution contained, per liter: 1 g CaCl2-2H2O and 1 g FeSO4-7H2O.
The trace mineral solution contained, per liter: 100mg ZnSO4-
7H2O, 30mg MnCl2-H2O, 300mg H3BO3, 200mg CoCl2-6H2O,
10mg CuCl2-2H2O, 10mg NiCl2-6H2O, 30mg Na2MoO4-2H2O, and



Fig. 2. Experimental set up, indicating the flow cell, OCT unit, and microelectrode system.
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30mg Na2SeO3 (Nerenberg et al., 2002). The pH was maintained at
approximately 7.
2.3. Experimental conditions

A summary of experimental conditions for the tests performed
in this study is shown in Table 1. The flow cell was operated at room
temperature, approximately 22 �C. It was inoculated with mixed
liquor from a local wastewater treatment plant. The plant was a
conventional activated sludge plant with COD removal and nitrifi-
cation, and a solids retention time of around 10 days. For the control
test (Experiment 1), protozoa were removed by three filtration
steps with 1.2-mm pore size filters (Isopore Membrane Filters,
Millipore) (Wey et al., 2012). For the other tests, the reactors were
inoculated with 10mL of the supernatant of mixed liquor that had
been vigorously mixed and allowed to settle for 30min. The inoc-
ulated reactor was allowed to recirculate for 24 h before starting
the influent flow, which was considered the beginning of the
experiment (“time zero”). From the time of inoculation, the mem-
brane lumen was pressurized with air and the bulk liquid was
continuously sparged with N2 to prevent DO accumulation. See
sparging bottle on the magnetic stirrer in Fig. 2.

For the MAB, “low” and “high” COD concentrations were used to
evaluate the effect of donor limiting conditions inside the biofilm.
All experiments were carried out over 80e100 h, when the biofilms
had reached a stable thickness.
2.4. Imaging of biofilm internal structure

OCT was used to image 2D vertical biofilm sections, i.e., sections
perpendicular to attachment surface (Ganymede II Spectral Domain
OCT System, THORLABS, Inc.). The image collection software was
ThorImage OCT, Version 4.3, THORLABS Inc. (www.thorlabs.com).
The biofilm flow cell was kept under the OCT for the duration of
each experiment, and biofilm development and void formation
were observed for a fixed location. This locationwas 15 cm from the
Table 1
Experimental conditions.

Experiment Protozoa in
inoculum

Influent COD concentrati
[mg/L]

1. Control Low-COD MAB (without
predation)

No 58

2. Low-COD MAB Yes 60
3. High-COD MAB Yes 288
4. Low-COD CAB Yes 60
liquid and air inlet side of the reactor and covered approximately
6e7mm of biofilm length. The OCT resolution was approximately
8 mm, so the observed voids were only those larger than 10 mm
(Fortunato et al., 2017; Wagner et al., 2017). In our experiments,
both biofilm/water and biofilm/substratum interfaces were clearly
detectable. This is because the maximum biofilm thickness, of
around 250 mm, allowed full OCT penetration down to the mem-
brane surface. No shadowing effects were identified. Images were
captured every 3e5 h. Real-time imaging was collected over
10e20 s periods to visualize predator movement within the bio-
film. Videos showing the movement of predators were made using
ImageJ-1.50b (Wayne Rasband, National Institutes of Health, USA).
A typical video is provided in the supplementary material.

The OCT images were digitally processed to estimate biofilm
thickness, area and void fraction. MATLAB programs (MATLAB
R2013a, The Mathworks, Inc) were adapted from Lewandowski and
Beyenal (2013). Image processing included (a) digital correction of
OCT image including the deletion of background noise from raw
OCT captures and isolation of the biofilm structure; (b) conversion
of corrected image to a binary black and white format to allow post
processing and parameter estimation. The thresholding procedure
used was the iterative selection method (Lewandowski and
Beyenal, 2013); (c) estimation of void fraction, area and thickness
of the biofilm, where void fraction is the number of internal void
pixels (disconnected from the bulk liquid) divided by the total
number of pixels (void and biofilm), biofilm area is the total
number of pixels, and biofilm average thickness is the biofilm area
divided by the image length in the membrane direction. All initial
calculations were made in terms of pixels. Final results were
transformed to metric units using scale data from OCT software.
2.5. DO measurements

Oxygen microelectrodes were used to measure the DO profiles
in the biofilm. Profiles spanned from the membrane surface, across
the biofilm, and into the bulk. Clark-type oxygen microelectrodes
on Bulk COD concentration
[mg/L]

Bulk O2 concentration
[mg/L]

Gas supplied in
membrane

36 <0.2 Air

38 <0.2 Air
267 <0.2 Air
29 5± 0.2 N2

http://www.thorlabs.com


Table 3
Matrix of process rates for heterotrophic growth and predation.

Process rate (gCOD/m3$day)

Heterotrophic bacteria
Aerobic growth

mm;H
SO2

KH;O2
þ SO2

SCOD
KH;COD þ SCOD

XH

Decay bHXH

Hydrolysis
qH

XS=XH

kx þ XS=XH
XH

Predators
Aerobic growth

mm;P
SO2

KP;O2
þ SO2

XH

Decay bPXP
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(Unisense, Denmark) with a 25 mm tip diameter were used to
measure DO concentrations at 20-mm intervals perpendicular to the
membrane. The microelectrode movement was controlled with a
micro-manipulator (Model MM33-2, Unisense A/S).

The DO profiles typically reached a distance of around
600e1000 mm from the membrane surface into the bulk liquid.
Each plotted DO profile corresponds to the average of four repli-
cates profiles made at different biofilm locations at a measuring
port located 15-cm from the entrance of the flow cell. DO mea-
surements were used to verify the location of aerobic and anaerobic
areas within the biofilm and were matched with simulated oxygen
profiles.

2.6. DNA extraction, sequencing, and data analysis

Total community DNA was extracted from biofilm samples and
the inoculum using the PowerSoil DNA kit (Mo Bio Laboratories,
Carlsbad, CA). A Nanodrop spectrophotometer (Nanodrop 2000,
Thermo Scientific) was used to quantify the concentration and
check the quality of the extracted DNA. Primer sets 515F/926R
(Walters et al., 2016) and Euk1391F/Euk_Br (Amaral-Zettler et al.,
2009) were used to amplify bacterial and archaeal 16S rRNA gene
V4-V5 variable region and eukaryotic 18S rRNA V9 region, respec-
tively. The PCR amplicons were purified using the UltraClean PCR
Clean-Up kit (Mo Bio Laboratories, Carlsbad, CA) to remove primer
dimers and other non-specific DNA. DNA sequencing using Illumina
Miseq with paired-end reads was sequenced at the Center for
Research Informatics (CRI) (Chicago, IL). Raw sequencing data were
submitted to the NCBI SRA database under the accession number
SRP 139044. Sequences less than 250 bases were discarded. Sub-
sequently, chimeric sequences were checked and filtered using the
USEARCH algorithmwith the GreenGenes 13_8 reference sequence
database (McDonald et al., 2012). Sequencing data was then pro-
cessed and de novo operational taxonomic unit (OTU) clusters were
generated using QIIME 1.9.1 with the UCLUST method at 97% sim-
ilarity to obtain taxonomic summaries (Caporaso et al., 2010).

2.7. Modeling biomass and predator growth on the heterotrophic
biofilm

In order to qualitatively explain themechanisms of predation on
void formation, MABs and CABs were simulated with a one-
dimensional biofilm model implemented in AQUASIM 2.1
(Reichert,1994). Based in our experimental observations, where the
void formed near-continuous layer parallel to the substratum, we
felt that a one-dimensional model would be able to capture pre-
dation and void formation adequately. A discussion of the model
assumptions and limitations is included in the modeling results
section. Stoichiometric coefficients (Table 2) and process rates
(Table 3) for heterotrophic bacteria were adapted from Matsumoto
et al. (2007), and for predation from Moussa et al. (2005).

The predation process is a function of bacterial concentration
Table 2
Matrix of stoichiometric coefficients for heterotrophic growth and predation.

Process Soluble variables Particulate var

SCOD (gCOD/m3) SO2 (gO2/m3) XH (gCOD/m3)

Heterotrophic bacteria XH

Aerobic growth �1/YH -(1-YH)/YH 1
Decay �1
Hydrolysis 1

Predators XP

Aerobic growth �1þYP$(1-fi)þfi �1
Decay 1-fi
and reduction of active predators was simplified in one decay
process (Moussa et al., 2005; Revilla et al., 2016). The short hy-
draulic retention time (approximately 3 h) precluded appreciable
accumulation of suspended growth. COD (SCOD) and DO (SO2) were
modeled as soluble variables, whereas heterotrophic bacteria (XH),
inerts (XI), predators (XP), slowly degradable substrate (XS), and
voids (XV) were modeled as particulate variables.

Xv is a fictitious particulate compound, acting as a placeholder
for empty space in the biofilm (voids). In order to occupy the same
volume as the lost biomass, it has the same density as the other
particulate components. XV increases when the decrease of XH to
predation and decay exceeds the increase due to growth. XV de-
creases when there is net growth. Once XV is fully consumed, i.e.,
the void is completely filled with XH, further increases in XH
contribute to an increase in biofilm thickness. It was assumed that
predator biomass inside the void does not affect Xv. Note that Xv
has no reaction rate associated with it, and it has the diffusivity of
water. So it behaves like a void, despite having a fictitious density.

Model parameters are shown in Table 4. Note that detachment
was assumed to be erosive, affecting the outer biofilm only. Erosive
detachment is simulated in AQUASIM by a biofilm “detachment
velocity” at its outer edge. By setting the detachment velocity equal
to the biofilm growth velocity, once a desired biofilm thickness has
been reached, further increases in thickness are prevented. Since
voids in our experiments developed without any appreciable
sloughing, we felt erosive detachment was justified. Further study
into the effect of detachment on void formation may be warranted
if different timescales or shear conditions are considered.

The model assumed substrate diffusion coefficients vary inside
the biofilm as a function of the void fraction, which is the same
concept as porosity. For q ¼ qf , Df ¼ ð1� f ÞDw (no predation). If q ¼
1 then, Df ¼ Dw (void) and for qf < q<1,

Df ¼ ð1� f ÞDw þ
�
q� qf

�0@Dwð1� f Þ�
1� qf

�
1
A:

where, Df is the effective diffusivity inside the biofilm, Dw the
iables

XI (gCOD/m3) XS (gCOD/m3) XP (gCOD/m3) XV (gCOD/m3)

fi 1-fi
�1

fi YP$(1-fi) 1
fi �1



Table 4
Model parameters.

Model parameters Designation Value Unit Reference

Experimental parameters
Membrane surface area am 3$10�4 m2 This study
Membrane diameter øm 2.5$10�4 m This study
Membrane O2 transfer coefficient Km,O2 2.6 m/d This study
Liquid boundary layer Ll 1$10�4 m This study
MABR volume V 3.5$10�4 m3 This study
Inlet flow Qin 5$10�3 m3/d This study
Oxygen pressure pO2 5 psig This study
Inlet COD concentration SCOD,in 50 and 250 mg/L This study

Physical parameters
Oxygen diffusivity in water Dw,O2 1.73$10�4 m2/d Stewart (2003)
COD diffusivity in water Dw,COD 8.2$10�5 m2/d Stewart (2003)
Biofilm/Water diffusivity factor for O2 fO2 0.6 e Stewart (2003)
Biofilm/Water diffusivity factor for COD fS 0.25 e Stewart (2003)
Biofilm initial void fraction qf 0.25 e Assumed

Kinetic and stoichiometric parameters for heterotrophic bacteria
Maximum specific growth rate mm,H 6 1/d Matsumoto et al. (2007)
COD half-saturation constant KH,COD 4 mg/L Matsumoto et al. (2007)
O2 half-saturation constant KH,O2 0.2 mg/L Matsumoto et al. (2007)
Yield YH 0.63 e Matsumoto et al. (2007)
Decay coefficient bH 0.4 1/d Matsumoto et al. (2007)
Biomass density r 5$104 mg/L Matsumoto et al. (2007)
Hydrolysis rate constant qH 3 1/d Matsumoto et al. (2007)
Particulate half-saturation constant kX 0.1 gXS/gXH Matsumoto et al. (2007)
Inert content in lysis biomass fi 0.1 e Matsumoto et al. (2007)

Kinetic and stoichiometric parameters for predators
Maximum specific growth rate mm,P 0.24 1/d Moussa et al. (2005)
O2 half-saturation constant KP,O2 0.2 mg/L Moussa et al. (2005)
Yield YP 0.5 e Moussa et al. (2005)
Decay coefficient bP 0.15 1/d Moussa et al. (2005)

Fitted parameters
Biofilm detachment coefficient kdet 1.2 e This study
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diffusivity inwater, f is the relative biofilm/water diffusivity, qf is the
initial biofilm void fraction and q is the void fraction (void partic-
ulates/total particulates). The predation rate is a function of bac-
terial concentration and the oxygen concentration, following
Moussa et al. (2005) and Revilla et al. (2016).

3. Results and discussion

3.1. Predation experiments

3.1.1. Low-COD MAB without predators (control)
This experiment provided a baseline of MAB growth and void

fractionwithout predation. This test was carried out on a MAB with
low COD (58mg/L), and the inoculum was sequentially passed
through three 1.2-mm filters to remove predators. The biofilm
developed quickly to a thickness of around 220 mm, but the void
fraction remained very low, around 7%. An image of the final biofilm
(after 77 h) is provided in Table 5.

3.1.2. Low-COD MAB
In the Low-COD MAB, the influent COD was 60mg/L and the

effluent 38mg/L. The average biofilm thickness reached 192 mm
and the void fraction reached 45% after 80 h (Table 5b). While the
thickness was somewhat lower than the LowCOD Control, the void
fraction was much greater. The voids seemed to coalesce into a
single, continuous void or gap at the base of the biofilm. When
tracking void development in time, they originated inside the
biofilm once it reached a 50e100 mm thickness (Fig. 3b). It is not
clear whether the first, small voidswere formed due to predation or
due to biofilm streamers or dendritic structures attaching to the
biofilm surface. However, at later stages the voids consolidate and
expand in an internal area of the biofilm, while new biomass grew
in upper zones closer to the bulk liquid where COD concentration
was higher (Fig. 3d). At the end of the experiment (about 80 h)
voids combined into large, near-continuous gaps close to the
membrane surface, where COD was limiting (Fig. 3e).

The DO profile for the Low-COD MAB is shown in Fig. 4a.
Following Fick's Second Law, changes in substrate slopes in biofilms
indicate microbial reaction. Thus, straight DO profiles indicate lack
of microbial activity in that zone. Based on the profile, the meta-
bolically active zone was from around 260e320 mm, indicated with
shading. The inner biofilm was aerobic, but inactive due to COD
limitation, while the outer biofilm had excess COD, but was inactive
due to DO limitation. As seen in Table 5, the voids in the Low-COD
MAB were primarily in the inner, inactive aerobic zone. Given the
extent and location of the voids, it appears that predation played a
role in the formation of the void at the base of the biofilm.
3.1.3. High-COD MAB
The High-COD MABR had an effluent COD of 267mg/L. After

approximately 80 h, the average thickness was 223 mm, slightly
higher than the LowCOD MAB. However, the void fraction was
significantly lower, only 3.9%. This is more similar to the Low-COD
MAB Control. Dendritic formations were observed at the outer edge
of the biofilm (Table 5).

Based on the DO profile for the High-COD MAB (Fig. 4b), the
biofilm activity was much deeper (closer to the membrane surface)
than for the Low-COD MAB. This is expected, given the higher COD
penetration into the biofilm. Based on the DO profile, the High-COD
MAB had a much smaller aerobic zone, which was nearly all active.
Also, it had a much larger, outer zone that was inactive due to DO
limitation. The lack of voids, despite the presence of protozoa in the
inoculum (verified with OCT videos and DNA sequencing results),
may result from the high growth rates in the biofilm interior, off-
setting predation.



Table 5
Structure, average thickness and average void fraction in time for the MAB and CAB experiments. The error term is one standard deviation and was calculated from the average
thickness values of experimental replicates.

Image Biofilm age (h) Average total thickness (mm) Average void fraction (%)

a. Low-COD MAB Control 77 220± 23 7± 6.5

b. Low-COD MAB 80 192± 22 45.4± 5.4

c.High-COD MAB 96 223± 40 3.9± 0.4

d.Low-COD CAB 80 247± 8.5 24.5± 2.1

Fig. 3. MAB void progression. Scale bar represents 100 mm. The early voids may have
formed due to folding of clusters or streamers. But at later stages, the voids greatly
expand, even though they are completely covered by the outer biofilm.
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3.1.4. Low-COD CAB
The Low-COD CAB experiment was run under the same condi-

tions as the Low-COD MAB, but the membrane was supplied with
N2, and the bulk was maintained at 5mg/L DO. This is more typical
of conventional, co-diffusional biofilms. After 80 h, the average
biofilm thickness was 247 mm and the void fraction reached 24%.
Voids were more evenly distributed across the biofilm depth in
comparison to the Low-COD MAB case (Table 5b and d).

The differences in void location and percentage between the
CAB and MAB may be due to the differing growth patterns. In the
CAB, high growth rates occur in the aerobic exterior, while the
interior usually becomes anaerobic when the biofilm is thick
enough, potentially protecting it from aerobic predators. On the
other hand, the high growth rates at the exterior can offset the
effects of predation. The more uniform void distribution may be
caused by predation in the earlier stages of biofilm growth, or
possibly by DO penetration into the three-dimensional mushroom
structures, allowing DO penetration in the deeper regions where
CODmay be limiting. This void fraction can affect biofilm activity, as
well as its deformation and possible detachment under fluid shear
stress.
3.2. Void fraction development over time

Fig. 5 shows the void fraction and thickness development for the
Low-COD MAB Control, Low-COD MAB, High-COD MAB, and Low-
COD CAB tests. The increase of void fraction for Low-COD with
predators’ test started at approximately 20e30 h (Fig. 5a), which
corresponds to a biofilm thickness of 50e100 mm (Fig. 5b). When
the biofilm reaches this thickness, COD diffusion starts to limit
bacterial growth, thus favoring void formation by high predation
and low bacterial growth rate at the bottom of the biofilm. High-
COD and Low-COD Control tests did not show a significant in-
crease in void fraction, even after 80 h. In the CAB, void fraction
increased to 10% quickly, but then stabilized. At 100 h, it increased
to nearly 30%.

The High-COD MAB never developed a high void fraction, nor
did the Low-COD MAB Control (no predation). Interestingly, the
Low-COD CAB had low void fraction, below 10%, until around 80 h.
At that point, it suddenly increased to around 30%. It is possible that
the mushroom shape allowed greater DO penetration. It also is
possible that the DO profiles and growth patterns delayed preda-
tion in the CAB.
3.3. Factors affecting void formation in flow cell experiments

Biofilm development is a complex and differentiated phenom-
enon, where both nutrient uptake and detachment processes play a
key role (Hall-Stoodley et al., 2004). Furthermore, fluid shear can
strongly affect biofilm morphology, causing deformations in their
structures and detachment (Xavier et al., 2005; Persat et al., 2015;
Wagner et al., 2010). OCT images did not reveal sloughing of biofilm



Fig. 4. O2 profiles for (a) the Low-COD MAB, and (b) the High-COD MAB. The solid line is the model simulation, as explained in Section 3.4. Standard deviation bars are from four
replicates DO measurements at different locations. Measurements were performed at the end of experiments (approximately 80 h).

Fig. 5. Void fraction (a) and biofilm thickness development (b) for all experiments.
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during flow cell experiments (MABs and CABs), with or without
predation. However, biofilm detachment and growth patterns with
predation could differ significantly comparing to biofilms without
predation, and further studies are needed to evaluate the conse-
quences of predation on detachment.

Our observations suggest void formation depends mainly on
substrate limitation inside the biofilm, and on bacterial and pred-
ator growth rates. Hollowing of biofilms has been observed by in
pure culture biofilms (Hunt et al., 2004). In their study, the release
or detachment of internal cells (close to the substratum) was
induced by a localized and persistent nutrient starvation, associ-
ated with cell lysis, EPS degradation and cell dispersal. This resulted
in large pieces of biofilm loosely attached to the substratum and
prone to sloughing. Similar to Hunt et al., (2004), we observed the
formation of voids at the biofilm base (close to the membrane)
when the COD was limiting at the base of the MAB. It is possible
that void formation in our experiments was similarly initiated by
starvation, EPS degradation, and cell dispersal due to starvation.
However, minimal voids formed during the control tests without
protozoa, suggesting that predation plays a critical role in void
formation.

Research by others with OCT has revealed internal voids in some
non-MAB biofilms. For example, protozoan predation also caused
cavities in biofilm in gravity-driven membranes filtration systems
subject to protozoan predation (Derlon et al., 2012). Similarly to the
MABs, the voidswere predominantly at the base of the biofilm, near
the filtration membrane surface. The advective flow of DO-
containing water through the biofilm, or possibly the transfer of
DO from the membrane, could have stimulated predation at the
base of the filter biofilm.
3.4. Visual evidence of predators in biofilm

OCTwas used to explore the presence of predators in the biofilm
during flow cell experiments. As biofilm and protozoa have a
similar optical density, it was not possible to visualize predators
inside the biofilm with OCT. However, real time OCT imaging
revealed the presence of numerous oval-shaped organisms, with a
greater dimension of 20e70 mm, moving inside in the voids (see
Fig. 6a and f, as well as real-time video in Supplementary Infor-
mation). Microscopic observations of fresh MAB samples showed
free-living protozoa (Fig. 6g) (Nikon Eclipse 90i epifluorescence
microscope, 10� objective). Fig. 6h shows a protozoan captured by
SEM (Magellan 400, FEI Company). Organisms located inside large
voids were distinguished from the biofilm as they were continu-
ously moving. Recirculation flow was stopped during imaging to
improve image quality and avoid biofilm matrix movement by
liquid flow. Protozoa were not detected on the biofilm exterior.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.watres.2018.10.084

https://doi.org/10.1016/j.watres.2018.10.084


Fig. 7. Relative abundance of dominant eukaryotic microorganisms in inoculum and
biofilms at genus-level.
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3.5. Biological community composition

Samples were collected from the inoculum and from two MABs
experiments (high and low-COD) and sequenced for Bacteria and
Eukarya domains. The relative abundance of the proteobacteria
phylum was highest for all samples, representing 58% in the inoc-
ulum, 65% in the High-CODMAB, and 54% in Low-CODMAB. Among
bacterial species in the biofilms, the highest relative abundancewas
for members of the Dechloromonas and Zoogloea genera of the
Betaproteobacteria and the Flavobacterium genus of the Bacter-
oidetes, which are common in systems with organic donors and
aerobic conditions.

Based on Eukaryotic sequences, the inoculum (mixed liquor
activated sludge) was dominated by the ciliates Tetrahymena and
Paramecium spp., with nearly 20% and 10% relative abundance
respectively (Fig. 7). Tetrahymena is a filter-feeding protozoan that
preys effectively only on suspended bacteria (Arndt et al., 2003).
Amoeba and flagellates only accounted for 3% of the total Eukary-
otic abundance of the inoculum. These results are consistent with
protozoan communities found in aeration tanks with stable con-
ditions where biomass growsmainly in suspension (Madoni, 2011).

Unlike the inoculum, the biofilms were dominated by the
amoebaNaegleria spp., with 64% in High-CODMAB and 42% in Low-
COD MAB (Fig. 3.4). The High-COD MAB also had substantial
abundance of other amoeba, Vermamoeba spp. (5%) and Acantha-
moeba spp. (8%). Amoebae feed only on attached biomass (Weitere
et al., 2005). They can penetrate biofilms down to the attachment
surface, creating significant disruptions in the biofilm structure
(Jackson and Jones, 1991). Most likely they are attracted to the
aerobic base of the MAB (Fenchel, 2014). No ciliates were identified
in MAB samples. Ciliate protozoa have been found in flow cell ex-
periments under co-diffusional configuration. However, as ciliates
mainly feed on suspended or recently attached biomass, they
should not significantly affect internal voids (B€ohme et al., 2009).
Interestingly, the Low-COD MAB had a high abundance of the
flagellate Discicristata (20%). As with amoeba, this group of flagel-
lates are known to feed preferentially on attached biomass (Parry,
2004). Presence of the flagellated protozoa Spumella spp. resulted
in a porosity increase of almost four times greater than biofilms
without predation (B€ohme et al., 2009). In this study, though,
porosity includes spaces connected to the bulk liquid. Also, the
pores were distributed within the biofilm matrix, in contrast to our
Fig. 6. (a) to (f) Time-lapse images showing three putative predators moving inside a biofilm
The real-time video from which these stills were captured can be found in the Supplementa
MABs. Scale bars 10 mm.
results, where voids were mostly located at the biofilm base.
In our research, OCT revealed abundant protozoa in the internal

voids in the Low-COD MAB (Fig. 6). The outer biofilm would not be
amenable to surface feeders, given the high flow rate and anaerobic
conditions. However, the inner voids were ideal environments for
gliders and attached protozoa, given the high DO concentration,
lack of fluid flow, and availability of exposed biofilm surfaces.

The sequencing results, together with our experimental results,
suggest the following ecological succession in the Low-COD MABs:
1) During the initial stages of biofilm formation, the thin biofilm is
almost fully penetrated with COD and DO, allowing rapid microbial
growth in the biofilm. Given the lack of voids, amoeba dominate the
biofilm, clustering near the aerobic base and avoiding the outer-
most, anaerobic zone. Free-swimming ciliates, feeding preferen-
tially on suspended bacteria, are washed out of the system along
with planktonic biomass; 2) As the biofilm thickness increases, the
base become COD-limited, decreasing the microbial growth rate in
that location. Amoeba predation in the nutrient starved base
void at 75 h age. The red dots indicate predators. Flow was turned off during imaging.
ry Information. (g) Light microscopy, and (h) SEM image of a ciliate protozoa found in
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creates small voids, providing a habitat for browsing flagellates; 3)
Rapid-growing and mobile flagellates consume the biofilm more
quickly. This leads to the formation of a large, continuous void in
the aerobic zone. The void expands up to the “active zone” of the
biofilm, which has high growth rates, exceeding predation rates; 4)
Flagellates and amoeba continue to graze on the active zone,
possibly reaching a steady state between growth and predation. As
mentioned, absence of ciliates in MABs can be due to wash-out.
However, ciliates and flagellates could also be affected by preda-
tion (Parry, 2004).

For a CAB, voids may form if the DO penetrates deeper than the
COD. In this case, an aerobic zone with low growth rates is formed,
allowing for predation without replacement. This growth zone and
underlying voids would expand upwards as the biofilm grows. It is
not clear if this is what occurred in the Low-COD CABs. Previous
studies with co-diffusional flow cells (similar to our CAB) suggested
that porosity increased within the biofilm in presence of flagellates.
However, it remained statistically similar when free-swimming
biomass grazing protozoa feed on the surface of the biofilm
(B€ohme et al., 2009; Rychert and Neu, 2011). This is discussed in the
next section.

3.6. Modeling

A one-dimensional mathematical biofilm model, including
predation and void development was developed and used to
qualitatively and mechanistically explain the experimental results.
The actual biofilmwas quite rough in some cases (see Table 5), but a
one-dimensional model was considered adequate to describe the
void formation in a non-quantitative fashion. The model detach-
ment coefficient (erosive detachment) was adjusted to obtain the
observed average biofilm thickness from the respective test. All
other parameters used were extracted from literature and this
study (Table 4). Note that detachment can have an important effect
on biofilm areal porosity (Xavier et al., 2005; Wagner et al., 2010).
However, areal porosity commonly includes the pores that are
connected to the bulk liquid. For example, dendritic biofilm struc-
tures contribute to areal porosity, but not to internal voids (Beyenal
et al., 2004; Wagner and Horn, 2017). Also, there was no observable
detachment or re-attachment during the period in which the voids
were formed (see Fig. 3). Further research is needed to incorporate
the effect of detachment on biofilm voids, and the effects of voids
on detachment, in a biofilm model.

The model was able to accurately capture DO profiles, experi-
mentally measured for the Lowand High-CODMABs (Fig. 5). For the
Low-CODMAB, the COD is depleted in themiddle of the biofilm. DO
penetrates further into the biofilm, moving the zone of high activity
towards the middle (Fig. 8a and d). The maximum growth rate is
lower than the High-COD MAB case. where both substrates are at
relatively high concentrations. Maximum predation activity occurs
in the central part of the biofilm, but also exists close to the
membrane, where the conditions are highly aerobic. The high
predation activity and low bacterial growth results in the formation
of voids, as seen in Fig. 8g. The maximum voids fraction is around
17%. This fraction is distinct from the biofilm “porosity” that in the
AQUASIM biofilm model, which considered the concentration of
cells within the biofilm matrix. This porosity was taken as 75% in
our model.

For the High-COD MAB, there is less DO penetration into the
biofilm, so the maximum microbial growth rates, as well as the
maximumpredation activity, is closer to themembrane (Fig. 8b and
e). As both growth rates are high, void formation is offset by new
biomass (Fig. 8h).

Finally, for the Low-COD CAB (Fig. 8c, f and i), the highest growth
rate of both is located at the biofilm/water interface, where both
donor and acceptor concentrations are highest. As with the High-
COD MAB, predation in this zone can be offset by growth, pre-
venting the formation of voids. Voids seemmore evenly distributed
throughout the biofilm thickness, as observed experimentally. This
may be due to the slightly greater penetration of DO compared to
COD. This may allow for small aerobic zone with low growth rates
that progresses outwards and the biofilm thickness increases.

The modeled phenomena, consisting of substrate transport and
utilization, biofilm growth and erosive detachment, was able to
predict void formation inside the biofilm. The model supports the
general hypothesis that voids form when biofilms affected by
predation have aerobic zones with lowgrowth rates. In these zones,
the predation is not offset by new biomass formation. Although not
shown here, the model predicts the same would occur if the con-
ventional biofilm has high bulk DO and low bulk COD concentra-
tions, such that an aerobic, low-growth zone forms in the interior.

Note that the model was only qualitative, and not intended to
show all possible effects of predation on MABR biofilms. It may not
be applicable to conditions different from those in our experiments.
As sloughing was not observed during the course of our experi-
ments, the model only included erosive detachment. Thus, only
bacteria at the biofilm surface were subject to detachment. At
longer timescales, predation could cause sloughing. Also, ourmodel
only included a single protozoan species and single microbial
species. Future research should determine if amoeba and flagellates
have substantially different growth rates or modes of growth and
should be modeled separately. The model assumes predators are
fixed within the biofilm, e.g., non-motile. This may not be accurate
for flagellates or ciliates, which can move in voids, and amoeba,
which may be able to migrate towards aerobic zones. Thus, in the
model, when there are high bacteria growth rates near the base of
the membrane, the predators are “pushed out” of the biofilm
(Fig. 8h and i). Predators only develop to higher concentrations
when the bacterial growth rates are low near the membrane
(Fig. 8g).

The impacts of predation on biofilm morphology, void
spreading, and the effects of fluid flow on biofilm deformation and
detachment would be better captured with a multidimensional
biofilm model, although this would require a significant compu-
tational effort. Such an effort is beyond the scope of this research.

The model only considered readily biodegradable COD. Also, the
predator kinetics should be further explored. In our model, pred-
ators had a low maximum specific growth rate, mmax, of 0.24 d�1

(Moussa et al., 2005). However, a more recent model of an MBBR
process by (Revilla et al., 2016) has a mmax of 2.2 d�1.

Specific bacterial groups, such as nitrifiers or anammox, can be
targeted by predators, greatly decreasing removal rates in biofilm
systems (Lee and Welander, 1994; Suarez et al., 2015). Future
modeling could consider multispecies biofilms, and also the ability
of certain microbial species (e.g., filaments, AOB clusters) to protect
themselves against predation. Furthermore, particle-based biofilm
models could be evaluated to account for massive sloughing events
(Martin et al., 2015) when fluid shear plays a relevant role in biofilm
morphology development.

The large voids in the Low-COD MABs can impact MABR pro-
cesses. The larger voids close to the membrane would probably
have a higher diffusivity than biofilm, increasing the O2 mass
transfer towards the outer biofilm. The nearly continuous void
along the membrane could affect the biofilm adhesion, allowing
biofilm sloughing. Previous studies have also suggested that hollow
cell clusters with reduced viscosities weaken biofilm attachment to
the substratum, favoring massive detachment (Hunt et al., 2004).
Although not studied systematically, we observed biofilm detach-
ment when increasing the recirculation flow rates at the end of our
experiments. It appeared that the biofilm completely lost its



Fig. 8. Simulation results for the Low-COD MAB, High-COD MAB, and Low-COD CAB scenarios. The initial biofilm thickness was 1 mm. Results are for 2e3 days of biofilm growth,
which appeared to be steady state operation. Predators growth rate has a 10� factor for clarity. High void fraction only occurs in the Low-COD MAB, where high DO coincides with
low heterotrophic growth rates. Model-predicted effluent COD concentrations were within 20% of the measured effluent concentrations.
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adhesion to the surface of the membrane being able to slide around
it freely. This may also explain massive biofilm sloughing in aMABR
study with flat sheet membranes (Semmens et al., 2005).
4. Conclusions

Our research suggests:

� When biofilm predation occurs in aerobic zones with little or no
growth, large voids form
� When predation occurs in zones of active biofilm growth, no
voids form, as biofilm loss is offset by biofilm formation

� In MABs, the biofilm base tends to be inactive and aerobic, fa-
voring predation and void formation

� Predation in biofilms appears to be initiated by amoeba. Once
amoeba create voids, they are colonized by flagellates, further
enlarging them

� The extended voids separate the biofilm from the membrane.
This may result in biofilm sloughing, especially in flat sheet
MABs
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Future work should assess the effects of predation over specific
bacterial groups, such as heterotrophs, nitrifiers, and anammox
bacteria. Future studies could evaluate how structures change over
longer time periods due to debris accumulation, biofilm structure
consolidation and microbial community changes.

Declaration of interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests.

Acknowledgements

Primary funding for this work was from Water Environment
Research Foundation project U2R14 to Robert Nerenberg.; NSF
Grant CBET1605177 to Robert Nerenberg; and CONICYT Becas Chile
grant to Marcelo Aybar.

References

Ahmed, T., Semmens, M.J., Voss, M.A., 2004. Oxygen transfer characteristics of
hollow-fiber, composite membranes. Adv. Environ. Res. 8, 637e646.

Amaral-Zettler, L.A., McCliment, E.A., Ducklow, H.W., Huse, S.M., 2009. A method for
studying protistan diversity using massively parallel sequencing of V9 hyper-
variable regions of small-subunit ribosomal RNA genes. PLoS One 4 e6372.

Arndt, H., Schmidt-Denter, K., Auer, B., Weitere, M., 2003. Protozoans and Biofilms.
In: Fossil and Recent Biofilms. Springer, Dordrecht, pp. 161e179.

Beyenal, H., Lewandowski, Z., Harkin, G., 2004. Quantifying biofilm structure: facts
and fiction. Biofouling 20, 1e23.

B€ohme, A., Risse-Buhl, U., Küsel, K., 2009. Protists with different feeding modes
change biofilm morphology. FEMS Microbiol. Ecol. 69, 158e169.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Pẽa, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J.,
Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7, 335.

Derlon, N., Koch, N., Eugster, B., Posch, T., Pernthaler, J., Pronk, W., Morgenroth, E.,
2013. Activity of metazoa governs biofilm structure formation and enhances
permeate flux during Gravity-Driven Membrane (GDM) filtration. Water Res.
47, 2085e2095.

Derlon, N., Peter-Varbanets, M., Scheidegger, A., Pronk, W., Morgenroth, E., 2012.
Predation influences the structure of biofilm developed on ultrafiltration
membranes. Water Res. 46, 3323e3333.

Dopheide, A., Lear, G., Stott, R., Lewis, G., 2011. Preferential feeding by the ciliates
Chilodonella and Tetrahymena spp. and effects of these protozoa on bacterial
biofilm structure and composition. Appl. Environ. Microbiol. 77, 4564e4572.

Downing, L.S., Nerenberg, R., 2008. Effect of oxygen gradients on the activity and
microbial community structure of a nitrifying, membrane-aerated biofilm.
Biotechnol. Bioeng. 101, 1193e1204.

Downing, L.S., Nerenberg, R., 2007. Performance and microbial ecology of the hybrid
membrane biofilm process for concurrent nitrification and denitrification of
wastewater. Water Sci. Technol. 55, 355e362.

Fenchel, T., 2014. Protozoa and oxygen. Acta Protozool. 53, 3e12.
Finlay, B.J., 1990. Physiological ecology of free-living Protozoa. In: Marshall, K.C.

(Ed.), Advances in Microbial Ecology. Springer US, Boston, MA, pp. 1e35.
Hall-Stoodley, L., Costerton, J.W., Stoodley, P., 2004. Bacterial biofilms: from the

natural environment to infectious diseases. Nat. Rev. Microbiol. 2, 95e108.
Hunt, S.M., Werner, E.M., Huang, B., Hamilton, M.A., Stewart, P.S., 2004. Hypothesis

for the role of nutrient starvation in Bio lm detachment. Appl. Environ.
Microbiol. 70, 7418e7425.

Jackson, G.J., Jones, E.B.G., 1991. Interactions within biofilms: the disruption of
biofilm structure by protozoa. Kiel. Meeresforsch. 8, 264e268.

Jürgens, K., Matz, C., 2002. Predation as a shaping force for the phenotypic and
genotypic composition of planktonic bacteria. Antonie van Leeuwenhoek. Int. J.
Gen. Mol. Microbiol. 81, 413e434.

Klein, T., Zihlmann, D., Derlon, N., Isaacson, C., Szivak, I., Weissbrodt, D.G., Pronk, W.,
2016. Biological control of biofilms on membranes by metazoans. Water Res. 88,
20e29.

Lee, N.M., Welander, T., 1996. Reducing sludge production in aerobic wastewater
treatment through manipulation of the ecosystem. Water Res. 30, 1781e1790.
Lee, N.M., Welander, T., 1994. Influence of predators on nitrification in aerobic
biofilm processes. Water Sci. Technol. 29, 355e363.

Lewandowski, Z., Beyenal, H., 2013. Fundamentals of Biofilm Research. CRC press.
Madoni, P., 2011. Protozoa in wastewater treatment processes: a mini review. Ital. J.

Zool. 78, 3e11.
Marchal, M., Briandet, R., Halter, D., Koechler, S., DuBow, M.S., Lett, M.C., Bertin, P.N.,

2011. Subinhibitory arsenite concentrations lead to population dispersal in
Thiomonas sp. PLoS One 6 e2381.

Martin, K.J., Nerenberg, R., 2012. The membrane biofilm reactor (MBfR) for water
and wastewater treatment: principles, applications, and recent developments.
Bioresour. Technol. 122, 83e94.

Martin, K.J., Picioreanu, C., Nerenberg, R., 2015. Assessing microbial competition in a
hydrogen-based membrane biofilm reactor (MBfR) using multidimensional
modeling. Biotechnol. Bioeng. 112, 1843e1853.

Matsumoto, S., Terada, A., Aoi, Y., Tsuneda, S., Alpkvist, E., Picioreanu, C., van
Loosdrecht, M.C.M., 2007. Experimental and simulation analysis of community
structure of nitrifying bacteria in a membrane-aerated biofilm. Water Sci.
Technol. 55, 283e290.

McDonald, D., Price, M.N., Goodrich, J., Nawrocki, E.P., Desantis, T.Z., Probst, A.,
Andersen, G.L., Knight, R., Hugenholtz, P., 2012. An improved Greengenes tax-
onomy with explicit ranks for ecological and evolutionary analyses of bacteria
and archaea. ISME J. 6, 610e618.

Moussa, M.S., Hooijmans, C.M., Lubberding, H.J., Gijzen, H.J., Van Loosdrecht, M.C.M.,
2005. Modelling nitrification, heterotrophic growth and predation in activated
sludge. Water Res. 39, 5080e5098.

Nerenberg, R., 2016. The membrane-biofilm reactor (MBfR) as a counter-diffusional
biofilm process. Curr. Opin. Biotechnol. 38, 131e136.

Nerenberg, R., Rittmann, B.E., Najm, I., 2002. Perchlorate reduction in a hydrogen-
based membrane-biofilm reactor. J. Am. Water Works Assoc. 94, 103e114.

Pankhania, M., Stephenson, T., Semmens, M.J., 1994. Hollow fibre bioreactor for
wastewater treatment using bubbleless membrane aeration. Water Res. 28,
2233e2236.

Parry, J.D., 2004. Protozoan grazing of freshwater biofilms. Adv. Appl. Microbiol. 54,
167e196.

Peeters, J., Adams, N., Long, Z., Côt�e, P., Kunetz, T., 2017. Demonstration of innovative
MABR low-energy nutrient removal technology at Chicago MWRD. Water Pract.
Technol. 12, 927e936.

Pellicer-N�acher, C., Smets, B.F., 2014. Structure, composition, and strength of nitri-
fying membrane-aerated biofilms. Water Res. 57, 151e161.

Perez-Calleja, P., Aybar, M., Picioreanu, C., Esteban-Garcia, A.L., Martin, K.J.,
Nerenberg, R., 2017. Periodic venting of MABR lumen allows high removal rates
and high gas-transfer efficiencies. Water Res. 121, 349e360.

Persat, A., Nadell, C.D., Kim, M.K., Ingremeau, F., Siryaporn, A., Drescher, K.,
Wingreen, N.S., Bassler, B.L., Gitai, Z., Stone, H.A., 2015. The mechanical world of
bacteria. Cell 161, 988e997.

Reichert, P., 1994. Aquasim - a tool for simulation and data-analysis of aquatic
systems. Water Sci. Technol. 30, 21.

Revilla, M., Gal�an, B., Viguri, J.R., 2016. An integrated mathematical model for
chemical oxygen demand (COD) removal in moving bed biofilm reactors
(MBBR) including predation and hydrolysis. Water Res. 98, 84e97.

Rychert, K., Neu, T.R., 2011. Protozoan impact on bacterial biofilm formation. Biol.
Lett. 47, 3e10.

Scherwass, A., Erken, M., Arndt, H., 2016. Grazing effects of ciliates on microcolony
formation in bacterial biofilms. In: Microb. Biofilms - Importance Appl. InTech.

Semmens, M.J., Shanahan, J.W., Cole, A.C., 2005. Membrane Technology : Pilot
Studies of Membrane-aerated Bioreactors. Water Environment Research
Foundation, Alexandria, USA.

Stewart, P.S., 2003. Diffusion in biofilms. J. Bacteriol. 185, 1485e1491.
Suarez, C., Persson, F., Hermansson, M., 2015. Predation of nitritation-anammox

biofilms used for nitrogen removal from wastewater. FEMS Microbiol. Ecol. 91
fiv124.

Wagner, M., Horn, H., 2017. Optical coherence tomography in biofilm research: a
comprehensive review. Biotechnol. Bioeng. 114, 1386e1402.

Wagner, M., Taherzadeh, D., Haisch, C., Horn, H., 2010. Investigation of the meso-
scale structure and volumetric features of biofilms using optical coherence
tomography. Biotechnol. Bioeng. 107, 844e853.

Walters, W., Hyde, E.R., Berg-Lyons, D., Ackermann, G., Humphrey, G., Parada, A.,
Gilbert, J.A., Jansson, J.K., Caporaso, J.G., Fuhrman, J.A., Apprill, A., Knight, R.,
2016. Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal internal
transcribed spacer marker gene primers for microbial community surveys.
mSystems 1 e00009-15.

Weitere, M., Bergfeld, T., Rice, S.A., Matz, G., Kjelleberg, S., 2005. Grazing resistance
of Pseudomonas aeruginosa biofilms depends on type of protective mechanism,
developmental stage and protozoan feeding mode. Environ. Microbiol. 7,
1593e1601.

Wey, J.K., Jürgens, K., Weiterea, M., 2012. Seasonal and successional influences on
bacterial community composition exceed that of protozoan grazing in river
biofilms. Appl. Environ. Microbiol. 78, 2013e2024.

Xavier, J.B., Picioreanu, C., Van Loosdrecht, M.C.M., 2005. A general description of
detachment for multidimensional modelling of biofilms. Biotechnol. Bioeng. 91,
651e669.

http://refhub.elsevier.com/S0043-1354(18)30901-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref1
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref2
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref3
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref4
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref5
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref6
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref8
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref9
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref10
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref11
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref12
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref13
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref14
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref15
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref16
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref17
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref18
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref19
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref20
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref21
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref22
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref23
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref24
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref25
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref26
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref27
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref28
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref29
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref30
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref31
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref32
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref33
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref34
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref35
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref36
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref37
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref38
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref38
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref39
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref40
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref41
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref41
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref42
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref43
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref44
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref45
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref46
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref47
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref48
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref49
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref7
http://refhub.elsevier.com/S0043-1354(18)30901-1/sref7

	Predation creates unique void layer in membrane-aerated biofilms
	1. Introduction
	2. Materials and methods
	2.1. Biofilm growth experiments
	2.2. Growth media
	2.3. Experimental conditions
	2.4. Imaging of biofilm internal structure
	2.5. DO measurements
	2.6. DNA extraction, sequencing, and data analysis
	2.7. Modeling biomass and predator growth on the heterotrophic biofilm

	3. Results and discussion
	3.1. Predation experiments
	3.1.1. Low-COD MAB without predators (control)
	3.1.2. Low-COD MAB
	3.1.3. High-COD MAB
	3.1.4. Low-COD CAB

	3.2. Void fraction development over time
	3.3. Factors affecting void formation in flow cell experiments
	3.4. Visual evidence of predators in biofilm
	3.5. Biological community composition
	3.6. Modeling

	4. Conclusions
	Declaration of interests
	Acknowledgements
	References


