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The impact of substratum surface property change on biofilm community structure was investigated using laboratory biological
aerated filter (BAF) reactors and molecular microbial community analysis. Two substratum surfaces that differed in surface
properties were created via surface coating and used to develop biofilms in test (modified surface) and control (original surface)
BAF reactors. Microbial community analysis by 16S rRNA gene-based PCR-denaturing gradient gel electrophoresis (DGGE)
showed that the surface property change consistently resulted in distinct profiles of microbial populations during replicate reac-
tor start-ups. Pyrosequencing of the bar-coded 16S rRNA gene amplicons surveyed more than 90% of the microbial diversity in
the microbial communities and identified 72 unique bacterial species within 19 bacterial orders. Among the 19 orders of bacteria
detected, Burkholderiales and Rhodocyclales of the Betaproteobacteria class were numerically dominant and accounted for 90.5
to 97.4% of the sequence reads, and their relative abundances in the test and control BAF reactors were different in consistent
patterns during the two reactor start-ups. Three of the five dominant bacterial species also showed consistent relative abundance
changes between the test and control BAF reactors. The different biofilm microbial communities led to different treatment effi-
ciencies, with consistently higher total organic carbon (TOC) removal in the test reactor than in the control reactor. Further un-
derstanding of how surface properties affect biofilm microbial communities and functional performance would enable the ratio-
nal design of new generations of substrata for the improvement of biofilm-based biological treatment processes.

Fixed-growth (or biofilm) processes are important environ-
mental biotechnologies for wastewater treatment. The biofilm

processes possess numerous advantageous features, including low
energy consumption, smaller footprint, and shock load resistance,
which are largely attributable to their excellent biomass retention
and heterogeneous microbial community structures (1, 2). Tradi-
tionally, the substratum surface for biofilm growth has been pri-
marily viewed as a biomass carrier (3–5), while recent studies have
shown that the substratum surface properties, such as surface
roughness (6, 7), surface hydrophobicity (7, 8), and surface charge
(9, 10), could affect bacterial cell attachment. Different cell attach-
ment strengths not only can lead to preferential colonization by
some bacterial populations over others at the beginning of biofilm
formation but also may create different biofilm depths that favor
different microbial populations due to diffusion-limited substrate
mass transfer and continuous microbial metabolism along the
biofilm depth (2, 11).

Recent advancements in molecular biology and next-genera-
tion sequencing technologies have made it possible to investigate
how substratum surface properties affect microbial community
structures. PCR amplification of environmental 16S rRNA genes
and subsequent sequencing and database comparison have en-
abled the detection of microbial populations without cultivation,
greatly expanding the coverage of microbial diversity (12). The
16S rRNA gene-based microbial community fingerprinting tech-
niques, such as denaturing gradient gel electrophoresis (DGGE)
(13), provide a rapid tool for comparative analysis of major pop-
ulations among multiple microbial communities. The recently de-
veloped bar-coded pyrosequencing of 16S rRNA gene PCR ampli-
cons has further deepened the coverage of microbial community
analysis because of its ability to generate a large number of se-
quence reads, revealing both phylogenetic and abundance infor-
mation of individual microbial populations (14). The use of bar-
coded pyrosequencing in microbial community analysis has been

demonstrated in studies on human gut microbiota (15, 16), soil
microbiomes (17, 18), and microbial communities in wastewater
treatment plants (19, 20).

In this study, we aimed to use microbial community finger-
printing and pyrosequencing techniques to investigate the impact
of substratum surface property changes on biofilm microbial
community structure and subsequently treatment performance of
laboratory biological aerated filter (BAF) reactors. Two substra-
tum surfaces with different surface roughness and similar surface
hydrophobicity properties were created via surface coating and
used to develop biofilms in the test BAF reactor (modified surface)
and in the control BAF reactor (original surface). The functional
performance of the test and the control BAF reactors was com-
pared based on the total organic carbon (TOC) removal efficiency
during independent reactor start-ups and under various organic
loading regimes. Microbial communities of the BAF reactors un-
der steady-state operational conditions were determined using
16S rRNA gene-based DGGE analysis to compare community
profiles. Bar-coded pyrosequencing was subsequently performed
to characterize the microbial communities (i.e., determining the
phylogenetic information and relative abundance of bacterial
populations), which were then compared to further assess the im-
pact of surface modification on microbial community structures.
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MATERIALS AND METHODS
Surface modification and characterization. Surface properties of spher-
ical acrylic plastic beads were modified by coating them with a conductive
paint (Electrodag 502; Ted Pella, Redding, CA), which was selected to
change surface roughness without significantly changing surface hydro-
phobicity. The coating process involved submerging the beads in bu-
tanone-diluted paint (1:1 dilution ratio) and subsequent curing in the air,
which was repeated three times. Surface roughness was quantified using
atomic force microscopy (AFM) using the following procedure. Topo-
graphical images were first obtained in air with the contact mode using an
Innova AFM (Bruker, Santa Barbara, CA). A silicon nitride cantilever with
a spring constant of 0.12 N/m and a nominal tip radius of 2 nm was used.
Each sample was characterized at multiple scan areas to obtain a good
representation of the surface structures (see Fig. S1 in the supplemental
material for example AFM images). Surface roughness was calculated us-
ing Nanoscope software and is expressed as the arithmetic mean (rough-
ness average, Ra) over a scan area of 5 by 5 �m based on a procedure
previously described by Zuo et al. (21). Surface hydrophobicity was de-
termined by measuring the static contact angle of sessile drops of ultra-
pure water. The contact angle was determined from the sessile drop image
using axisymmetric drop shape analysis (ADSA) (22). The surface modi-
fication introduced 10 times higher surface roughness to the modified
surface than the original, while surface hydrophobicity was not signifi-
cantly altered (Table 1).

BAF reactor setup and start-up. The BAF reactors consisted of a cy-
lindrical container, four air diffusers for aeration, a peristaltic pump for
fluid handling, and the acrylic beads as substratum for biofilm growth
(Fig. 1). The cylindrical reactor (inner diameter, 12.7 cm; height, 20.3 cm;
volume, 2.32 liters) consisted of a lower compartment housing the influ-
ent inlet and air diffusers and an upper compartment housing the beads
and an effluent outlet. Four stone air diffusers were placed at the bottom
of the reactor to eject compressed air for aeration and agitation. The
influent was delivered from a storage tank using a peristaltic pump. Plastic
beads (diameter, 8 mm; 1.2 liters), either the original ones (control) or the
ones with modified surface properties (test), were used as the substratum
for biofilm growth in two otherwise identical BAF reactors.

The test and control BAF reactors were started up independently three
times and operated to steady state at room temperature (ca. 22°C). The
reactors were inoculated with 5 ml of activated sludge freshly collected
from the Honouliuli wastewater treatment plant at Honolulu, HI. The
same inocula were used for the test and control BAF reactors, but different
inocula were used in the independent reactor start-ups. Between different
reactor start-ups, the beads were thoroughly cleaned with sterile deion-
ized (DI) water, air dried, and reused in subsequent experiments. A con-
stant airflow (1.0 liters/min) was provided in both reactors throughout
the experiments. Artificial wastewater at pH 7.5 (23) was amended with
sucrose as the single carbon source to make different influent TOC con-
centrations. The first reactor start-up used a flow rate of 0.24 liters/h and
an influent TOC concentration of 82 mg/liter, while the second reactor
start-up used a flow rate of 0.58 liters/h and an influent TOC concentra-
tion of 190 mg/liter, resulting in a higher organic loading rate. A third
reactor start-up was performed specifically to quantify biofilm biomass
quantity, and this used the same organic loading as the second reactor
start-up. Steady-state operation was indicated by the maintenance of a
stable effluent TOC concentration for multiple days.

Biofilm biomass quantification. The amount of biofilm biomass was
estimated using both culture-dependent heterotrophic plate counts

(HPC) and culture-independent 16S rRNA gene-based quantitative PCR
(qPCR) quantification. Three beads were randomly collected from each
BAF reactor daily as replicates during the third reactor start-up. The beads
were placed in individual microcentrifuge tubes with 0.8 ml of sterile
deionized (DI) water and 0.2 g of glass beads (ca. 0.25 mm in diameter)
and vigorously shaken using a bead beater (Bio-Rad, Hercules, CA) for 1
min to dislodge biomass from the bead surface into water. For HPC de-
termination, the biomass extracts underwent 10-fold serial dilutions be-
fore being plate counted on tryptic soy agar (TSA) plates, which were
incubated at 37°C for 2 days before colony enumeration. The biomass was
expressed as HPC per bead.

For 16S rRNA gene-based qPCR quantification, the extracted bio-
masses were first centrifuged at 13,000 � g for 10 min to pellet the bio-
mass, which was then subjected to total genomic DNA extraction using a
PowerSoil DNA isolation kit (MO-Bio, Carlsbad, CA) according to the
manufacturer’s instructions. The DNA extracts were quantified in tripli-
cate by qPCR to determine bacterial concentration. The qPCRs were per-
formed in a total volume of 20 �l using iTaqMan Universal PCR Master
Mix (Applied Biosystem, Foster City, California) containing a 0.25 �M
concentration of each of the universal forward (5=-TCCTACGGGAGGC
AGCAGT-3=) and reverse primers (5=-GGACTACCAGGGTATCTAA
TCCTGTT-3=) and the 0.125 �M fluorogenic probe (6FAM-5=-CGTAT
TACCGCGGCTGCTGGCAC-3=-TAMRA, where 6FAM is 6-carboxy-
fluorescein and TAMRA is 6-carboxytetramethylrhodamine) (24) in an
ABI 7300 real-time PCR system (Applied Biosystem). The thermocycler
conditions were 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for
15 s and 60°C for 1 min. Exponential-stage Escherichia coli cells were used
as qPCR calibration standards, and the bacterial biomass densities were
expressed as calibrator cell equivalents (CCE) per bead.

BAF reactor performance assessment. The BAF reactors during the
second reactor start-up were operated under five different hydraulic re-
tention times ([HRT] 1.6, 2.3, 3.5, 4.7, and 5.8 h) and five different influ-
ent TOC concentrations (126, 168, 252, 337, and 505 mg/liter). The HRT
values and TOC concentrations were selected based on typical HRT values
used in BAF operation and the range of TOC concentrations typically
encountered in municipal wastewater and high-strength industrial waste-
water, and the values reported were calculated by measuring the actual
flow rate and influent TOC concentration. The combinations of HRT and
influent TOC concentration produced 25 different organic loading rates
(0.05 to 0.66 kg m�3 · h�1). The experiments started with the lowest
influent TOC concentration and proceeded stepwise toward the highest
influent TOC concentration. For each influent TOC concentration, the
five different HRT were tested before backwashing was conducted by in-
creasing the airflow rate to 5 liters/min, which was necessary to remove
excessive biomass buildup in the BAF reactors. Each organic loading rate
was operated for 2 days before samples were taken for subsequent analysis.
For each organic loading level, the influent and effluent of the BAF reac-
tors were simultaneously sampled to determine TOC removal efficiency.

FIG 1 Schematic illustration of the BAF reactor setup.

TABLE 1 Surface properties of the original and modified acrylic plastic
beads

Surface property Original Modified

Water contact angle (°) 88 � 1 91 � 1
Surface roughness (nm) 4.2 � 0.1 44.6 � 3.8
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PCR and DGGE. The steady-state BAF reactors during the first two
reactor start-ups were sampled by randomly collecting five beads at dif-
ferent depths of the reactors, which were used as biofilm sample replicates.
Biofilm biomass extraction from the samples and total genomic DNA
extraction followed the procedure described above. PCR-DGGE analysis
of the bacterial community was based on the procedure described previ-
ously by Feng et al. (25). Briefly, the SYBR green I-stained gels were visu-
alized on a UV transilluminator, and the gel digital image was analyzed
using a GelCompar software package (Applied-Maths, Sint-Martens-La-
tem, Belgium). The software carries out a density profile analysis for each
lane with background subtraction and least square filtering. The lanes
were auto-detected, and the distortion of the lanes was modified manu-
ally. Subsequently, the lanes were normalized with a reference position
and auto-detected to identify the bands. The areas of the peaks for each
band were then used to calculate a similarity matrix using Pearson’s cor-
relation. Similarities between the bacterial community profiles were de-
termined by drawing a dendrogram using the unweighted pair group
method with arithmetic means (UPGMA) for cluster analysis.

Pyrosequencing. DNA extracts from the five replicate samples for
each BAF reactor during each start-up were pooled to make four compos-
ite DNA samples. The 454 pyrosequencing of the bar-coded 16S rRNA
gene amplicons of the four DNA samples was performed using bacterial
tag-encoded FLX amplicon pyrosequencing (bTEFAP) with 16S rRNA
gene primers 104F and 530R for bacteria (26). The sequence data were
first denoised by removing reads without a similar or exact match on the
region and by constructing consensus sequences of the clustered se-
quences to correct base pair errors using the USEARCH program (27).
Potential chimeras in the denoised sequences were detected and removed
using the de novo method of UCHIME with the entire sequence reads of
the region as reference. The resulting sequence reads were then quality
checked to remove sequences with low-quality tags, primers, or ends and
lengths of less than 250 bp. The resulting high-quality sequence reads were
then queried against a 16S rRNA gene database derived from NCBI using
BLASTN� (KrakenBLAST). The BLAST queries generated identity scores
to well-characterized 16S rRNA gene sequences, and different threshold
identity scores were used for the resolution at different taxonomic levels
(the species level, �97% identity; the genus level, 95% to 97% identity; the
family level, 90% to 95% identity; the order level, 85% to 90% identity; the
class level, 80 to 85% identity; and the phylum level, 77% to 80% identity).

Chemical measurement and data processing. The water samples
were first filtered through glass fiber membranes, and the filtrates were
analyzed using a TOC analyzer (Shimadzu, Columbia, MD) to determine
TOC concentration according to the manufacturer’s instructions. Biofilm
biomass quantities of samples collected from the test and control BAF
reactors were compared using Student’s t test. The default significance
level is a P value of �0.05 unless stated otherwise.

RESULTS
BAF reactor start-ups and steady-state operation. During the
independent start-ups, the test reactor (with a modified substra-
tum surface) and the control reactor (with the original substratum
surface) took similar times (between 1 and 2 days) to reach steady-
state operational conditions, which was indicated by the mainte-
nance of a stable effluent TOC concentration for more than 7 days
(data not shown). During the first reactor start-up, which used an
organic loading of 0.008 kg · m�3 · h�1, the TOC removal efficien-
cies of the test reactor (93.4% � 0.2%) and the control reactor
(91.8% � 2.2%) were very similar at the steady state. During the
second reactor start-up, which used a high organic loading of 0.05
kg · m�3 · h�1, higher average TOC removal rates were observed in
the test reactor (89.1% � 5.0%) than in the control reactor
(76.3% � 8.6%). The third reactor start-up used the same organic
loading rate as the second one, and a similar TOC removal pattern
between the test BAF reactor (93.5% � 2.8%) and the control BAF

reactor (84.7% � 14.8%) was observed. During the third reactor
start-up, biofilm biomass in the test and control reactors was
quantified (see Fig. S2 in the supplemental material); samples
from the test BAF reactor contained 7.76 � 0.34 log CFU (by
HPC) and 7.64 � 0.38 log CCE (by qPCR) per bead, while sam-
ples from the control reactor contained 7.72 � 0.26 log CFU
and 7.74 � 0.32 log CCE per bead, which indicated no signifi-
cant difference.

The impact of substratum surface properties and of the result-
ing biofilm communities on BAF reactor performance was inves-
tigated by comparing their respective treatment efficiencies under
various organic loading regimes (Fig. 2). TOC removal efficiencies
in both the test and control BAF reactors decreased as the organic
loading increased. Higher TOC removal was consistently ob-
served in the test reactor than in the control reactor under all
organic loadings tested. Among the 25 different organic loadings,
the test BAF reactor showed 0 to 10% improvement in TOC re-
moval in 14 loadings (loading range, 0.06 to 0.66 kg · m�3 · h�1),
10 to 20% improvement in 8 loadings (loading range, 0.10 to 0.31
kg · m�3 · h�1), and 20 to 30% improvement in 3 loadings (loading
range, 0.09 to 0.16 kg · m�3 · h�1).

Steady-state biofilm communities. The impact of substratum
surface properties on the biofilm microbial community in the BAF
reactors under steady-state operational conditions was first exam-
ined by community fingerprinting using 16S rRNA gene-based
PCR-DGGE. Considerable differences in the microbial commu-
nity structures emerged between the test reactor and the control
reactor, and the communities clustered separately (Fig. 3); in-
trareplicate similarity was 83.6% for the first reactor start-up (T1
versus C1) and 62.9% for the second reactor start-up (T2 versus
C2). This contrasts with the highly similar bacterial community
structures observed in replicate biofilm samples from the same
reactor. Interreplicate similarity was 86. 0% (test sample 1 [T1])

FIG 2 Comparison of TOC removal efficiencies of the test reactor (y axis) and
control reactor (x axis) with the same organic loadings (according to the color
gradient). A total of 25 different organic loadings were tested, and the organic
loadings ranged from 0.05 to 0.66 kg m�3 h�1. The black dotted line is the
quadratic regression curve of the data, and the dotted gray lines are the 95%
confidence bands of regression. The gray gradient within the symbol indicates
organic loading rates.
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and 88.3% (control sample 1 [C1]) for the first reactor start-up
and 70.4% (test sample 2 [T2]) and 89.3% (control sample 2 [C2])
for the second reactor start-up, indicating that the community
differences between the two reactors were caused by the different
biofilm substratum surfaces. The difference in microbial commu-
nity structures from the two different reactor start-ups were more
pronounced than the difference between the test reactor and the
control reactor during the same start-up, corresponding to the
different microbial inocula used in the different reactor start-ups.

Pyrosequencing of bar-coded 16S rRNA gene amplicons was
subsequently conducted for deep community sequencing and
identification of unique phylotypes. Since the replicate samples
exhibited highly similar microbial community structures based on
DGGE analysis (Fig. 3), DNA extracts from the replicates were
pooled to make four composite DNA samples (C1, T1, C2, and
T2) for subsequent pyrosequencing. After various quality-control
measures, a total of 13,154 sequence reads were obtained for the
four samples, and 72 unique phylotypes were identified (Table 2).
The sequencing effort appeared to have covered the majority of
the bacterial diversity in the reactors, as indicated by the observed
species richness (Sobs) and the richness estimator (Chao 1). The
diversity indices, including Shannon’s index (H=), Shannon’s eq-
uitability index (EH), and Simpson’s reciprocal index (1/D), indi-
cated that bacterial species diversity in the samples was low, which
indicated that the community composition was skewed toward
the most dominant populations.

Bacterial community composition. The relative abundances
of bacterial populations at the phylum and order levels were esti-
mated from the detection frequencies of the corresponding se-
quence reads, which showed clear differences between the test
reactor and the control reactor during both experimental start-

ups (Fig. 4). Among the 19 orders of bacteria detected, Burkhold-
eriales and Rhodocyclales of the Betaproteobacteria class were nu-
merically dominant and accounted for 90.5 to 97.4% of the
sequence reads. The bacterial communities in the test reactors
contained more members of the Burkholderiales (70.9% for test 1
and 81.2% for test 2) than those from the control reactors (39.8%
for control 1 and 44.2% for control 2). Rhodocyclales showed an
opposite pattern; the test reactors contained fewer members of the
Rhodocyclales (26.4% for test 1 and 9.3% for test 2) than the con-
trol reactors (54.4% for control 1 and 52.1% for control 2).

Twelve major bacterial species (relative abundance of �1%)
and five dominant species (relative abundance of �10%) were
detected, and their relative abundances differed between the test
reactor and the control reactor (Fig. 5). Three of the five dominant
bacterial species, Zoogloea sp., Acidovorax sp., and Comamonas
sp., showed relative abundance changes between the test and con-
trol reactors that were consistent during both start-ups. Zoogloea
sp. was the most dominant species in the control reactor (48.8%
and 39.1% for the first and second start-ups, respectively), while
its relative abundance was significantly reduced in the test reactor
(24.5% and 8.1%). Acidovorax sp. showed the same pattern, being
more dominant in the control reactor (13.8% and 17.8%) than in
the test reactor (7.3% and 14.5%). Comamonas sp. showed the
opposite pattern, being more dominant in the test reactor (23.8%
and 40.1%) than in the control reactor (3.6% and 24.5%).

DISCUSSION

The surface modification procedure in this study resulted in two
surfaces with different surface roughness and similar hydropho-
bicity properties (Table 1). Surface roughness and hydrophobicity
were targeted in the surface modification because they were gen-
erally considered important factors in biofilm formation. Surface
roughness helps biofilm development through the provision of
nearby surfaces to which detached biofilm pieces can reattach (7)
and thus enhances bacterial adhesion and biomass retention (6, 7,
28), while surface hydrophobicity can affect bacterial adhesion
and subsequent biofilm growth (7, 8). It is experimentally difficult
to determine the contribution of individual surface properties to
the observed biofilm microbial community change, primarily due
to the technical difficulties in creating surfaces that differ only in
one surface property. For example, the two surfaces in this study
also differed in surface conductivity and potentially other surface
physical and chemical characteristics that were not targeted for
characterization, which may also contribute to a change in the
biofilm microbial community. Nevertheless, it is clearly shown

TABLE 2 Pyrosequencing and biodiversity of bacterial communities of
the test and control BAF reactors

Samplea

No. of
readsb Sobs

c Chao 1 H=d EH
e 1/Df

C1 2,195 27 27.9 1.60 0.48 3.8
T1 2,803 32 35.5 1.81 0.51 3.6
C2 2,383 35 38.0 2.07 0.56 4.5
T2 5,773 51 51.1 1.70 0.43 3.9
a C1 and C2, control samples; T1 and T2, test samples.
b Number of high-quality sequence reads.
c Observed species richness.
d Shannon’s index.
e Shannon’s equitability index.
f Simpson’s reciprocal index.

FIG 3 Steady-state bacterial community structures revealed by DGGE in the
test reactors (T1 and T2) and the control reactors (C1 and C2) during two
independent experimental start-ups. Each group contained five replicate bio-
film samples.
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that the two different surfaces resulted in different biofilm micro-
bial communities in the BAF reactors (Fig. 3, 4, and 5).

The impact of different surface properties on biofilm commu-
nity structure was first demonstrated using 16S rRNA gene-based
PCR-DGGE. One advantage of using DGGE-based community
analysis is the ability to analyze multiple samples in parallel, which
enabled direct comparisons of biofilm communities from repli-
cate samples of the same reactor as well as samples from different
treatments. DGGE was used in this study to determine the simi-
larity in microbial community structure among individual repli-
cate samples of the same experimental treatment as well samples
between different treatments. The high interreplicate similarities
in the community profiles (Fig. 3) highlighted the differences ob-
served between the test reactor and the control reactor.

One limitation of DGGE, however, is that the sensitivity
threshold of this method is estimated to be 1% of the total popu-
lation (13), and hence the DGGE-based community analysis was

limited to detecting only the major bacterial species. While the
major microbial populations are often the focus of microbial
community characterization because of their expected significant
contribution to the process outcome, rare populations may also
play important roles. Rare populations are essential for maintain-
ing microbial diversity, which confers functional robustness and
versatility against environmental perturbation and changes (31).
Rare populations may also be more metabolically active than the
major species, thus contributing disproportionally to ecosystem
functions (32). The bar-coded pyrosequencing of 16S rRNA gene
amplicons, due to its ability to generate a large number of se-
quence reads for each sample, provided a very useful tool to cap-
ture both major and rare species. Out of the 72 unique bacterial
populations detected, 12 were identified as major populations
based on a relative abundance cutoff value of 1%, while the rest
(also the majority) belong to rare populations (Fig. 4).

The detection frequencies of unique sequence reads from py-

FIG 4 Relative abundances of different orders of bacteria detected in the control reactor (open bars) and the test reactor (filled bars) during the first (A) and the
second (B) independent experimental start-ups.

FIG 5 Relative abundances of major bacterial species detected in the control reactor (open bars) and the test reactor (filled bars) during the first (A) and the
second (B) independent experimental start-ups.
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rosequencing efforts are commonly used to estimate the relative
abundances of bacterial populations in the community (15, 17,
18). Although this method may be biased by different 16S rRNA
gene copy numbers (29), different DNA extraction efficiencies
(33), and the intragenomic heterogeneity of the 16S rRNA gene
(34), its use in community comparison should be acceptable, with
the assumption that the same bias occurs to all samples. The de-
tection frequencies of microbial populations in both the test reac-
tor and the control reactor indicated that the majority of the pop-
ulations belong to the Burkholderiales and Rhodocyclales orders of
the Betaproteobacteria class (Fig. 4). The Betaproteobacteria were
commonly found to be the most dominant class in biological
wastewater treatment processes (19, 20). Previous works have
shown that microbial populations belonging to Burkholderiales
and Rhodocyclales can rapidly increase their relative abundances in
response to labile organic substrates such as sucrose (35), which
was used as the single carbon source in this study. The use of
sucrose as the single carbon source can also explain the small mi-
crobial diversity observed in this study (Table 2 and Fig. 4), which
is significantly less than that observed in actual wastewater treat-
ment processes that treat complex organic wastes (19, 20).

Among the 12 major bacterial populations detected in the BAF
reactors, Acidovorax and Comamonas of Burkholderiales and
Zoogloea of Rhodocyclales were detected as dominant populations
and showed consistent relative abundance levels between the test
reactor and the control reactors during both reactor start-ups
(Fig. 5). These groups are well documented in bacterial popula-
tions in wastewater biological treatment processes. Acidovorax
spp. were frequently detected in wastewater (36, 37) and were
credited for the degradation of various organic substrates (30).
Comamonas spp. have been frequently observed in wastewater as
important degraders of various organic compounds and have
been shown to form biofilms using a range of organic substrates
(38). Zoogloea spp. are known components of activated sludge,
tend to aggregate to form flocs (39), and are commonly found in
wastewater-activated sludge processes (19).

Modifying the substratum surface appeared to have altered the
proportions of these microbes within the biofilm communities.
Looking at the order level, 10 out of 14 orders and 11 out of 15
orders had increased relative abundances in the test reactor com-
pared to the control reactor during the two independent experi-
mental start-ups, respectively (Fig. 4). This is especially apparent
in the abundance levels of the two most dominant orders, Burk-
holderiales and Rhodocyclales, where the test BAF reactor with
modified surface apparently contained more bacteria belonging to
the Burkholderiales and less belonging to the Rhodocyclales than
the control reactor. Looking at the species level, the increase of
Burkholderiales in the test reactor resulted from the interplay of
multiple species, including Comamonas sp. and Pelomonas sp.
(Fig. 5). Since Comamonas sp. is found in biofilm processes (38)
but not as a major group in suspended growth processes, such as
activated sludge processes (19, 40), its relative abundance increase
in the test reactor suggests that the modified surface enhanced
biofilm formation. The Pelomonas sp. showed a significant in-
crease in relative abundance in the test reactor during the first
reactor start-up but was not detected at all during the second
reactor start-up, indicating the bacteria’s transient and fortuitous
behavior in the process, which was consistent with its infrequent
detection in the environment (41).

The surface modification also resulted in reduced abundance

of multiple populations in the test reactor, including Zoogloea sp.
and Dechloromonas sp. of Rhodocyclales and Acidovorax sp. of
Burkholderiales. Interestingly, Zoogloea sp. (19, 39, 40), Dechlo-
romonas sp. (19, 40), and Acidovorax sp. (30, 42) were all com-
monly associated with activated sludge processes, where microor-
ganisms engage primarily in suspended growth mode rather than
attached growth mode. Therefore, their decreases in relative
abundance in the test reactor further corroborate the notion that
the modified surface enhanced biofilm formation and promoted
microbial populations suited for biofilm growth.

The test BAF reactor with the modified substratum surface
exhibited improved TOC removal at various organic loadings rel-
ative to the control reactor (Fig. 2). Since the modified substratum
surface did not appear to increase the amount of biomass carried,
this improved functional performance should be primarily attrib-
uted to the microbial community structure changes as a result of
the surface modification. It is particularly interesting that the mi-
crobial community analysis showed that the surface modification
reduced the abundance of some microbial populations typically
associated with suspended growth, including Zoogloea sp., Dechlo-
romonas sp., and Acidovorax sp., but increased the abundance of
populations typically associated with biofilm processes, such as
Comamonas sp.

To our knowledge, this is the first direct demonstration of the
effects of substratum surface properties on biofilm community
structures and reactor treatment performance in a biofilm pro-
cess. Previous studies on clinically relevant biofilms were almost
exclusively focused on the interaction between substratum sur-
faces and single bacterial strains, while studies on wastewater
treatment processes that involved mixed microbial communities
have predominantly focused on biomass density, distribution,
and the resulting treatment performance. Further studies to un-
derstand how different surface properties mechanistically affect
biofilm microbial communities and functional performance are
needed to enable the rational design of new generations of sub-
strata for the improvement of biofilm-based biological treatment
processes.
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