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Abstract Wastewater treatment plants use a variety of bioreac-
tor types and configurations to remove organic matter and nutri-
ents. Little is known regarding the effects of different configura-
tions and within-plant immigration on microbial community
dynamics. Previously, we found that the structure of ammonia-
oxidizing bacterial (AOB) communities in a full-scale dispersed
growth activated sludge bioreactor correlated stronglywith levels
of NO2

− entering the reactor from an upstream trickling filter.
Here, to further examine this puzzling association, we profile
within-plant microbial biogeography (spatial variation) and test
the hypothesis that substantial microbial immigration occurs
along a transect (raw influent, trickling filter biofilm, trickling
filter effluent, and activated sludge) at the same full-scale waste-
water treatment plant. AOB amoA gene abundance increased
>30-fold between influent and trickling filter effluent concomi-
tant with NO2

− production, indicating unexpected growth and

activity of AOB within the trickling filter. Nitrosomonas
europaea was the dominant AOB phylotype in trickling filter
biofilm and effluent, while a distinct “Nitrosomonas-like” lineage
dominated in activated sludge. Prior time series indicated that this
“Nitrosomonas-like” lineage was dominant when NO2

− levels in
the trickling filter effluent (i.e., activated sludge influent) were
low, whileN. europaea became dominant in the activated sludge
when NO2

− levels were high. This is consistent with the hy-
pothesis that NO2

− production may cooccur with biofilm
sloughing, releasing N. europaea from the trickling filter into
the activated sludge bioreactor. Phylogenetic microarray
(PhyloChip) analyses revealed significant spatial variation in
taxonomic diversity, including a large excess of methanogens
in the trickling filter relative to activated sludge and attenua-
tion of Enterobacteriaceae across the transect, and demon-
strated transport of a highly diverse microbial community via
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the trickling filter effluent to the activated sludge bioreactor.
Our results provide compelling evidence that substantial im-
migration between coupled process units occurs and may
exert significant influence over microbial community dynam-
ics within staged bioreactors.

Keywords Activated sludge . Ammonia-oxidizing bacteria .

Immigration . PhyloChip . Sloughing . Trickling filter

Introduction

Wastewater treatment plants (WWTPs) are vitally important to
the protection of human health and aquatic ecosystems. Central
to the function of most WWTPs are secondary treatment bio-
reactors—controlled environments for the growth and mainte-
nance of self-assembled microbial consortia that remove
oxygen-depleting organics and nutrients from water. WWTP
bioreactors can largely be divided into two broad categories:
biofilm-based reactors, of which the trickling filter is a common
example, and suspended growth systems, the archetype of
which is the activated sludge process. Application of molecular
tools in recent years has greatly expanded our knowledge of
microbial community structure in both bioreactor types.
Nonetheless, our understanding of factors influencing microbi-
al community composition in these engineered systems, and
temporal and spatial variation therein, remains limited.
Increased knowledge of the ecology of the critical microbial
biocatalysts in these systems is needed for rational development
of operational and design strategies that can improve process
efficiency and stability (Curtis et al. 2003).

WWTP bioreactors also serve as valuable testing facilities
for fundamental questions in microbial ecology. One outstand-
ing question is the importance of immigration in structuring
microbial communities (Sloan et al. 2006). Classically, deter-
ministic factors associated with niche differentiation have been
invoked to explain variations in microbial community struc-
ture. Neutral dispersal processes, of which immigration is an
example, have only recently begun to be explored in microbial
ecosystems (Sloan et al. 2006). Indeed, few studies have
experimentally investigated the taxonomic composition of mi-
crobial immigrants or the potential influence of immigration to
the community assembly process. Lindstrom et al. (2004;
2006) reported taxonomic identity and immigration rate of
microbial constituents to lakes and associated the influence
of inlet bacteria on bulk lake microbial community composi-
tion with hydraulic residence time. More recently, Jones et al.
(2008; 2009) investigated the influence of atmospheric depo-
sition on freshwater bacterial communities and concluded that
this route may not significantly affect community structure.
The taxonomic identity of microbial immigrants and the po-
tential role of immigration in the community assembly process
in WWTP bioreactors remain largely unexamined.

In biofilm-based reactors, detachment is the primary pro-
cess that balances microbial growth and thus sets the steady-
state accumulation of biofilm (Stewart 1993). While mecha-
nistic explanations can be provided for some detachment
phenomena, factors influencing detachment are not well un-
derstood (Morgenroth 2003; Rittmann and Laspidou 2003).
Nonetheless, detachment mechanisms can be divided into four
categories: (1) sloughing, (2) erosion, (3) abrasion, and (4)
predatory grazing (Stewart 1993). The dominant detachment
mechanism in highly loaded trickling filters is expected to be
sloughing—detachment of relatively large portions of biofilm
whose characteristic size is comparable to or greater than the
thickness of the biofilm itself (Morgenroth and Wilderer
2000). Researchers have begun to explore how detachment
processes influence within-biofilm population dynamics
(Elenter et al. 2007), and process engineers have long recog-
nized that influent biomass can impact activated sludge pro-
cess performance by changing solids retention time (Rittmann
and McCarty 2001). However, little is known about the po-
tential role of sloughing and other detachment mechanisms
from biofilm-based reactors as sources of microbial immigra-
tion to downstream process units.

A key step in nitrogen removal in WWTP bioreactors is
nitrification, the microbial oxidation of ammonia (NH3) to
nitrate (NO3

−) via nitrite (NO2
−). The rate-limiting step in

nitrification, oxidation of NH3 to NO2
−, is catalyzed by two

distinct groups of chemolithoautotrophic microorganisms—
ammonia-oxidizing bacteria (AOB) and recently discovered
ammonia-oxidizing archaea (AOA). Unfortunately, nitrifica-
tion failures inWWTPs are common, thereby leading to excess
discharge of reactive nitrogen to natural environments, and the
reasons for these failures are often obscure. Failures have been
linked in some cases to shifts in microbial community structure
(Wittebolle et al. 2005), but the key factors influencing nitrifier
community structure and dynamics in activated sludge, includ-
ing a potential role for immigration, are not well defined.

We previously documented a strong correlation between
influent NO2

− to the activated sludge bioreactor and AOB
population dynamics during a 1-year time series of weekly
samples from a full-scale WWTP (Wells et al. 2009).
Activated sludge bioreactor influent NO2

− concentrations
(e.g., NO2

− in the effluent from an upstream trickling filter)
were strongly positively correlated with the relative abun-
dance of AOB from the Nitrosomonas europaea lineage and
strongly negatively correlated with a novel Nitrosomonas-like
lineage. Here, we compile independent converging lines of
retrospective evidence suggesting that this influent NO2

− may
be a signature of microbial immigration via sloughing from an
upstream trickling filter (detailed in “Results” section). To
further examine this association, we subjected biological
replicate biomass samples from a transect along the plant
treatment train to a variety of molecular analyses. The goals
of this study were twofold: (1) to prospectively test the
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hypothesis that significant within-plant microbial immigration
occurs and may in turn influence dynamics in microbial
community structure in downstream processes and (2) to
profile biogeography (spatial variation) in microbial commu-
nity structure along a transect through a full-scale WWTP.

Materials and methods

Site description and sampling procedure

Samples described in this study were obtained at the Palo Alto
Regional Water Quality Control Plant (PARWQCP) in Palo
Alto, CA (37.2631° N, 122.0835° W). The PARWQCP treats
100,000–170,000 m3/day of predominantly municipal waste-
water, and treated effluent is discharged to the South San
Francisco Bay. Raw sewage proceeds through grit screen
and primary sedimentation prior to secondary treatment,
which consists of two independent unit processes operated
in series in a roughing reactor/activated sludge process con-
figuration. Primary effluent is first equally distributed between
two forced draft trickling filters (29 m diameter), normally
operated without recirculation. Corrugated PVC plastic media
(6.6 m depth) provide support for attached biological growth,
thereby promoting ∼65% of total COD removal with minimal
NH4

+ removal. Second, trickling filter effluent proceeds to a
highly aerated activated sludge bioreactor operated for nitrifi-
cation and remaining COD removal. No settling tank or other
solids separation unit separates these two processes, ensuring
that all biomass sloughed from the trickling filter enters the
activated sludge bioreactor. The activated sludge bioreactor
consists of four parallel 6,880 m3 aeration basins, previously
demonstrated to be well mixed with respect to community
structure (Wells et al. 2009). Activated sludge bioreactor
solids and hydraulic retention times average 21 days and
6.2 h, respectively.

Sampling along a transect (Fig. S1) within the PARWQCP
occurred on 12 November 2008. Upon temporary shutdown
of the rotating distributor arm in one of the trickling filters, a
surface PVC media module (0.9 m deep) was removed from
the reactor, and 1–3 g biofilm samples were obtained with a
sterile spatula, placed in sterile 1.5-ml tubes, weighed, and
stored at −20 °C. Concurrently, samples of influent, trickling
filter effluent, and activated sludge were obtained. Activated
sludge samples represented a 24-h composite from the com-
bined outlet of all four aeration basins using a Sigma 900
refrigerated automatic sampler (Hach, Loveland, CO). Eight
1.5 ml activated sludge samples were centrifuged onsite for
5 min at 5,000 g, decanted, and stored at −20 °C. Raw influent
and trickling filter effluent grab samples were transported on
ice to the laboratory, vacuum filtered in 10 ml aliquots onto
0.22 μm Hydrophilic Durapore PVDF filters (25 mm diame-
ter, Millipore, Billerica, MA), and archived at −20 °C.

DNA extraction

Activated sludge and trickling filter biofilm samples were
washed using 1-ml Tris-EDTA buffer (1 mM, pH=7.0) and
genomic DNA (gDNA) was extracted in triplicate using the
FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH)
following the manufacturer’s protocol, except for the initial
bead-beating step. A Vortex Adapter (MO BIO laboratories,
Inc., Carlsbad, CA) with the Vortex Genie 2 T (Scientific
Industries, Inc., Bohemia, NY) was used to physically disrupt
cells in lysing matrix at maximum speed for 15 min. gDNA
extraction from raw influent and trickling filter effluent
proceeded via incubation of filters in lysis solution (800 μl
water, 100 μl 10 % SDS (Invitrogen, Carlsbad, CA) and
100 μl 10 mg/ml Proteinase K (Invitrogen, Carlsbad, CA) at
55 °C for 2.5 h). Filtrate from the lysis incubation was purified
with the FastDNA Spin Kit for Soil (MP Biomedicals, Solon,
OH) following the manufacturer’s protocol but without the
initial bead-beating step.

PCR, T-RFLP, qPCR, and clone library analyses

A 491 bp region of the betaproteobacterial ammonia
monooxygenase subunit A (amoA) gene was PCR amplified
in triplicate from gDNA using primers amoA-1F and amoA-
2R, as previously described (Wells et al. 2009). Each 25 μl
PCRmixture consisted of 0.4 μMof each primer, 1X Fail-Safe
PCR buffer F (Epicentre, Madison, WI), 1 U AmpliTaq LD
Taq polymerase (Applied Biosystems, Inc., Foster City, CA),
and 20–50 ng of gDNA. The PCR temperature profile was as
follows: 94 °C for 3 min, followed by manual addition of Taq
polymerase; then 40 cycles consisting of 94 °C for 60 s, 55 °C
for 90 s, and 72 °C for 60 s, with a 10 min final extension at
72 °C. AOB amoA-based dual-labeled T-RFLP and qPCR
analyses followed previously described protocols (Wells et al.
2009) (detailed in supplementary methods.) archaeal 16S
rRNA genes (∼900 bp) were amplified with primers 21F (5′-
TTCCGGTTGATCCYGCCGGA-3′) and 958R (5′-YCCGGC
GTTGAMTCCAATT-3′). Each 50 μl PCR mixture consisted
of 0.2 μM of each primer, 1X Fail-Safe PCR buffer F, 1.25 U
AmpliTaq LD Taq polymerase, and 20–50 ng gDNA. The
PCR temperature profile was as follows: 94 °C for 5 min, then
30 cycles consisting of 94 °C for 90 s, 55 °C for 90 s, and 72 °C
for 90 s, with a 7 min final extension at 72 °C. Cloning,
sequencing, and phylogenetic analyses followed Wells et al.
(2009). Gene sequences have been deposited in GenBank
under accession numbers HQ450810–HQ450847,
JF305759–JF305767, and HQ592631–HQ592642.

PhyloChip analyses

We assessed overall microbial diversity in biological triplicate
samples from the trickling filter biofilm, trickling filter
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effluent, and activated sludge and biological duplicate sam-
ples from the plant influent (due to limited biomass available)
via the PhyloChipTM assay (Second Genome, Inc., San Bruno,
CA). The PhyloChip is a high-density oligonucleotide 16S
rRNA gene microarray targeting 8,741 microbial taxa (OTUs,
∼3 % sequence divergence) representing all 121 demarcated
prokaryotic orders (Brodie et al. 2007). PCR amplification of
16S rRNA genes for microarray hybridizations employed the
bacterial-specific primer set 27F.1 (5′-AGRGTTTGAT
CMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTAC
GACTT-3′) and the archaeal specific primer set 4Fa (5′-
TCCGGTTGATCCTGCCRG-3′) and 1492R. Processing,
scanning, probe set scoring, and data normalization followed
previously defined methods (Brodie et al. 2007), as described
in detail in the electronic supplementary materials (ESM) 1.
PhyloChip data has been deposited in the NCBI Gene
Expression Omnibus Web site (https://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE52079.

2.5 Statistical analyses

Spearman rank correlation analyses, ANOVA, and Student t
tests were performed in SPSS v18 (SPSS Inc., Chicago, IL).
Nonmetric multidimensional scaling (NMDS) analyses,
multiresponse permutation procedures (MRPP), and analyses
of similarity (ANOSIM) were performed in R v2.11.1 using
the package “vegan.” Nearest shrunken centroid, heatmap,
and hierarchical clustering analyses were performed in R
using packages “pamr” and “made4,” respectively. Detailed
statistical methods are provided in the electronic supplemen-
tary materials (ESM) 1.

Results

A puzzling previous association: influent NO2
− as a putative

signature of microbial immigration

The motivation for the current study stems from a previously
documented strong association between activated sludge bio-
reactor influent NO2

− and AOB population dynamics at the
PARWQCP (Wells et al. 2009). This association was puzzling
for two reasons: (1) the NO2

− levels (0.05–1.18 mg N/L)
entering the reactor were significantly below levels expected
to influence AOB community structure (Anthonisen et al.
1976) and (2) the well-mixed activated sludge community is
actually exposed to NO2

− that is diluted and degraded to even
lower levels (0.01–0.1 mg N/L).

At municipal wastewater treatment plants, NO2
− in both

the raw influent and the primary effluent rarely exceeds
0.1 mg NO2

− N/L (Tchobanoglous et al. 2002). This is also
true of the PARWQCP, but at this plant, we observed a small
but consistent increase in NO2

− concentration when primary

clarifier effluent passed through a trickling filter designed for
BOD removal (Fig. S2). Partial nitrification—as opposed to
partial denitrification—was the most probable explanation:
NH4

+ levels (23.2±0.8 mg N/L) consistently dwarfed NO3
−

levels (0.5±0.34 mg N/L) in the trickling filter influent, and
the highly variable change in NO3

− across the trickling filter
(0.34±0.37 mg N/L) was insufficient to explain the observed
NO2

− accumulation.
Based on the data above, we reasoned that activated sludge

bioreactor influent NO2
− originates at least in part from small

levels of partial nitrification (NO2
− accumulation) in the up-

stream trickling filter biofilm, despite filter operation strictly
for BOD removal. We hypothesize that small but highly
variable levels of partial nitrification are modulated by expo-
sure of dormant, cloistered AOB populations to increased
levels of oxygen after biofilm sloughing. Such control of
biofilm nitrification and NO2

− accumulation by sloughing of
heterotrophic bacteria that have overgrown the biofilm surface
has been predicted previously by mathematical modeling
(Elenter et al. 2007; Morgenroth and Wilderer 2000; Wanner
and Gujer 1986). We further hypothesize that sloughing in
turn provides a significant microbial “seed” to an activated
sludge unit located downstream from the trickling filter, there-
by explaining observed correlations between bioreactor influ-
ent NO2

− and AOB population dynamics. Influent NO2
− may

thus be a surrogate measure of immigration via sloughing
from the upstream trickling filter.

Biofilm sloughing events are little understood and apparent-
ly sporadic (Morgenroth and Wilderer 2000) and are therefore
difficult to predict or control, particularly in full-scale systems.
Directly testing our hypothesis that sloughing of trickling filter
biofilm is linked to both NO2

− accumulation (via partial nitri-
fication) and downstream activated sludge population dynam-
ics (via microbial immigration) is thus extremely challenging.
However, this hypothesis suggests a number of readily testable
corollaries that are the focus of this paper:

Corollary (1) AOB are present in the upstream trickling
filter, despite operation solely for BOD re-
moval, and are transported via immigration
in the trickling filter effluent to the activated
sludge bioreactor.

Corollary (2) Distinct AOB communities coexist under nor-
mal operating conditions in the trickling filter
and activated sludge bioreactor. Specifically,
we hypothesize that the trickling filter AOB
community is dominated by the N. europaea
lineage, while the activated sludge community
is dominated by the “Nitrosomonas-like” line-
age. This hypothesis is consistent with the
strong positive correlation previously ob-
served between the N. europaea lineage and
influent NO2

−.
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Corollary (3) Distinct heterotrophic communities also coex-
ist in the trickling filter and activated sludge
bioreactor. Specifically, we hypothesize that
the trickling filter harbors a diverse heterotro-
phic microbial assemblage, including anaer-
obes (e.g., methanogens) due to anaerobic mi-
croenvironments within the biofilm, and pro-
vides a seed of microbial diversity via the
trickling filter effluent to downstream activat-
ed sludge.

We employed retrospective and prospective lines of evi-
dence to test these corollaries. Our intent was to test the
hypothesis that significant within-plant microbial immigration
occurs and to profile within-plant biogeography (spatial vari-
ation) in microbial community structure.

Retrospective evidence of within-plant microbial immigration

Corollary 3 implies that if influent NO2
− is indeed a surrogate

measure of sloughing and associated microbial immigration, a
significant association between influent NO2

− and activated
sludge heterotrophic community structure (including anaer-
obes) should be evident. Three independent and converging
lines of retrospective evidence support this corollary, as sum-
marized in Table 1. We have noted these connections to
influent NO2

− previously in passing in a Ph.D. thesis (Wells
2011) and (for 16S rRNA-based T-RFLP results) in a publi-
cation (Wells et al. 2011), but these associations have not been
analyzed in detail, nor have these lines of evidence been
presented together.

First, over the same time period in which we detailed
associations between AOB population dynamics and bioreac-
tor influent NO2

−, we observed a significant correlation
(p=0.014) between influent NO2

− and overall bacterial com-
munity dynamics, based on redundancy analysis of 16S
rRNA-based T-RFLP assays (Wells et al. 2011).

Second, bioreactor influent NO2
− was significantly posi-

tively correlated to activated sludge taxonomic richness (ρ=
0.8, p=0.001 [one-way test of significance]), based on
PhyloChip analyses of 12 monthly samples from the same
time series (Wells 2011). PhyloChip analyses also indicated
the routine presence of a diverse community of putative
anaerobes, particularly methanogens, and the relative abun-
dance ofMethanomicrobia was significantly positively corre-
lated to influent NO2

− (ρ=0.49, p=0.05 [one-way test of
significance]). An archaeal 16S rRNA PCR clone library
confirmed the presence of methanogens (Fig. S3).

Third, influent NO2
− to the activated sludge bioreactor was

also significantly positively correlated to functional gene rich-
ness (ρ=0.52, p=0.05 [one-way test of significance]), based
on functional gene microarray (GeoChip 3.0) analyses of 12
monthly activated sludge samples over the same time period
(Wells 2011). This correlation is consistent with the hypothe-
sis that elevated influent NO2

− levels cooccur with immigra-
tion of a functionally diverse microbial consortium to the
activated sludge bioreactor, thus leading to elevated functional
gene richness in this location.

Taken together, these three lines of retrospective evidence
provide support for corollary 3 and suggest that immigration
between coupled process units (putatively associated with
influent NO2

−) may be substantial and may play an important
role in structuring the PARWQCP activated sludge microbial
community. To prospectively test the hypothesis that substan-
tial immigration occurs between process units and to profile
within-plant microbial biogeography, we subjected replicate
biomass samples from a transect through the PARWQCP
(Fig. S1) to a battery of independent but complementary
molecular analyses: qPCR to quantify bacterial amoA
gene abundance, bacterial amoA-based T-RFLP corroborated
by clone libraries to assess spatial variation in AOB commu-
nity structure, and phylogenetic microarray (PhyloChip)
analyses to characterize spatial variation in overall microbial
diversity.

Table 1 Summary of statistical associations between bioreactor influent NO2
− and activated sludge microbial community structure at the PARWQCP

Statistical analysis method Strength of
association

Significance
(p value)

Reference

N. europaea lineage relative abundance
(amoA-based T-RFLP)a

Spearman’s rank correlation analysis ρ=0.37 0.007 Wells et al 2009

Nitrosomonas-like lineage relative abundance
(amoA-based T-RFLP)a

Spearman’s rank correlation analysis ρ=−0.36 0.006 Wells et al 2009

Overall bacterial community dynamics
(16S rRNA-based T-RFLP)a

Redundancy analysis F=1.54 0.014 Wells et al 2011

Taxonomic richness (PhyloChip)b Spearman’s rank correlation analysis ρ=0.80 0.001c Wells 2011

Unique functional gene richness (GeoChip)b Spearman’s rank correlation Analysis ρ=0.52 0.05c Wells 2011

aApplied to weekly activated sludge samples for 1 year
b Applied to monthly activated sludge samples for 1 year
c One-way test of significance
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Bacterial amoA gene abundance across a WWTP transect

Betaproteobacterial AOB amoA gene abundances at transect
sampling points are documented in Fig. S4. AOB amoAwas
not detectable in the plant influent but was readily quantifiable
in both the trickling filter biofilm and effluent. This result
supports our hypothesis that despite operation solely for
BOD removal, AOB are present in significant quantities in
the trickling filter (corollary 1). Moreover, successful AOB
amoA quantification in trickling filter effluent and not in plant
influent demonstrates a net accumulation, and thus growth, of
AOB in the trickling filter itself, and provides strong prospec-
tive evidence of transport of AOB from this reactor to the
downstream activated sludge bioreactor (corollary 1), i.e.,
immigration into the activated sludge bioreactor. Trickling
filter effluent AOB amoA gene abundance averaged 2.6×
104 copies/ml (1.2×105 copies/(μg DNA)), while biofilm
samples from the top of the trickling filter averaged 1.1×
106 copies/g biofilm, wet weight (1.2×104 copies/(μg
DNA)). Activated sludge averaged 5.1×106 copies/ml (2.0×
106 copies/(μg DNA)), more than two orders of magnitude
greater abundance per volume than the trickling filter effluent.
AOA amoA was not detected via PCR screening of all
samples.

Spatial variation in AOB community structure

To characterize variation in AOB community structure along
this WWTP transect, all sampling locations except the plant
influent were successfully subjected to dual-labeled AOB
amoA-based T-RFLP analysis, and clone libraries were gen-
erated in parallel. In silico analyses of sequences allowed
association of T-RFs with specific AOB lineages (Fig. S5).
Dual-labeled T-RFLP yields two electropherograms per
digested sample—one each corresponding to forward and
reverse T-RFs. Forward T-RFs identified in this study were
48, 219, 354, and 491 bp, while 135, 206, 270, and 491 bp
reverse T-RFs were measured. In this study and previous
studies (Wells et al. 2009), the 270 bp reverse T-RF associated
exclusively with the N. europaea lineage. Similarly, the
354 bp and 48 bp forward T-RFs and 135 bp reverse T-RF
associated exclusively with the Nitrosomonas oligotropha
lineage in this WWTP, and the 491 bp T-RFs (forward and
reverse) associated with N. oligotropha or N. communis line-
ages. We previously documented a unique Nitrosomonas-like
cluster as the dominant AOB lineage in >70 % of 52 weekly
activated sludge samples from this bioreactor (Wells et al.
2009). As confirmed here, this Nitrosomonas-like cluster is
distinct from previously reported AOB lineages and has a
unique 219 bp forward and 206 bp reverse T-RF pair. The
219 bp forward T-RF is shared with the N. europaea lineage.
Subtraction of the normalized 219 bp T-RF peak height in a
given electropherogram from the normalized 270 bp T-RF

peak height (diagnostic for N. europaea) thus yields the rela-
tive abundance of this unique Nitrosomonas-like cluster.

Variations in AOB community structure across sampling
locations are documented in Fig. 1. The N. europaea lineage
predominated in both the trickling filter biofilm (76±2 %) and
trickling filter effluent (89±2 %). The Nitrosomonas-like and
N. oligotropha lineages constituted minority members in these
locations. In contrast, the Nitrosomonas-like lineage main-
tained a large majority (72±2 %) of the AOB community in
the activated sludge bioreactor. The N. europaea lineage con-
stituted <3 % of the activated sludge AOB population. T-
RFLP and clone library results thus provide strong support
for our hypothesis of spatial variation in AOB community
structure across this WWTP transect (corollary 2) and dem-
onstrate immigration via trickling filter effluent of the
N. europaea lineage from an area of high relative abundance
(the trickling filter) to an area of low relative abundance (the
activated sludge bioreactor).

Spatial variation in overall microbial diversity

In addition to dramatic shifts in AOB abundance and commu-
nity structure, PhyloChip analyses revealed significant spatial
variation in overall microbial taxonomic diversity across this
WWTP. In general, microbial species richness increased along
the transect (Fig. S6). Indeed, one-way ANOVA indicated that
richness differed significantly between the four sampling lo-
cations (p=0.014). Richness varied at the OTU level (∼97 %
identity (Brodie et al. 2007)) from minimums of 1,110±76
and 1,098±162 in the plant influent and trickling filter bio-
film, respectively, to a maximum of 1,527±155 in activated
sludge. Richness was significantly higher (p=0.05, Tukey’s
HSD test) in activated sludge than in plant influent or trickling
filter biofilm. Trickling filter effluent displayed an intermedi-
ate level of richness (1,341±41 OTUs), in agreement with its
status as a combination of trickling filter biofilm and plant
influent. Trickling filter effluent richness was significantly
higher (p=0.02, Student’s t test) than the plant influent, al-
though this result was not confirmed by Tukey’s HSD test in
conjunction with one-way ANOVA.

We used NMDS to visually represent patterns of taxa
relative abundance between sampling locations in a reduced
set of ordinates (Fig. 2). Based on NMDS analysis, global
microbial community composition overlapped substantially in
biological replicates. In contrast, microbial communities
diverged substantially between sampling locations, based on
ANOSIM (R=1, p=0.0004) and MRPP (A=0.6297,
p=0.001) tests. Interestingly, raw influent, activated sludge,
and trickling filter biofilm microbial community structures
define the boundaries of the ordination, while trickling filter
effluent community composition was intermediate between
these three locations. This is consistent with our view of the
trickling filter effluent as a composite of the trickling filter

4728 Appl Microbiol Biotechnol (2014) 98:4723–4736



biofilm and plant influent, as well as a source of diversity for
the downstream activated sludge bioreactor (corollary 3).

We plotted mean differences in PhyloChip hybridization
intensities to explore spatial variations in relative abundance
across broad taxonomic affiliations between the trickling filter
biofilm and activated sludge (Fig. 3). Of 430 detected

subfamilies, 179 displayed statistically significant hybridiza-
tion intensity differences (p=0.05; indicated by columns ex-
tending beyond the gray region in the plot) in pairwise com-
parisons between these locations. In some cases, entire phyla
showed consistent differences. All ten euryarchaeal subfam-
ilies displaying statistically meaningful signal intensity differ-
ences were more abundant in trickling filter biofilm than in
activated sludge. Six of these euryarchaeal subfamilies belong
to the Methanomicrobia, in line with our hypothesis that the
trickling filter provides anaerobic habitats for methanogens
(corollary 3). Similarly, all five cyanobacterial subfamilies
with significantly different mean signal intensities were more
abundant in the trickling filter than in activated sludge.
Biofilm samples were collected by necessity from the upper
3 ft of the trickling filter, where phototrophic (i.e., green)
biomass was present. In contrast, all subfamilies with statisti-
cally significant mean signal intensity differences associated
with the Nitrospira (two subfamilies), TM7 (two subfamilies),
Planctomycetes (six subfamilies), and Verrucomicrobia (nine
subfamilies) were more abundant in activated sludge than in
the trickling filter.

A reduced microbial set diagnostic for spatial variation
across the WWTP

To explore the dominant microbial constituents differentiating
the trickling filter biofilm and activated sludge biomass, we
employed the method of nearest shrunken centroids
(Tibshirani et al. 2002), with the goal of deriving a reduced
set of OTUs that can both accurately classify samples and is of
manageable size. Our analysis yielded a core set of 50 OTUs
that enabled 100 % accuracy in classifying samples from the
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trickling filter biofilm and the activated sludge bioreactor.
Hierarchical cluster analysis of these 50 OTUs is shown in
Fig. 4. This minimal OTU set mirrored broad variations
identified via difference plot analysis. Approximately 40 %
of the OTUs were more abundant in the trickling filter biofilm
than in activated sludge, including eight methanomicrobial
OTUs (putative methanogens), four cyanobacterial OTUs,
and four gammaproteobacterial OTUs associated with the
Chromatiales (putative purple sulfur bacteria capable of
anoxygenic photosynthesis). Of 31 diagnostic OTUs more
abundant in activated sludge, five Nitrospira-associated
OTUs (putative nitrite oxidizing bacteria (NOB)) were ob-
served, as were three OTUs each associated with the
Verrucomicrobia and Planctomycetes, five actinobacterial
OTUs, and a variety of alpha-, beta-, and gammaproteobacterial
OTUs.

Both difference plot and nearest shrunken centroid analy-
ses indicated a substantial reservoir of putative methanogens
in the trickling filter biofilm relative to activated sludge.
Heatmap analysis of all detected methanomicrobial OTUs
suggests that the trickling filter biofilm is a reservoir specifi-
cally for methanogens associated with the family
Methanosarcinaceae, while the plant influent is abundant in
Methanosaetaceae (Fig. 5a). Indeed, all four observed
Methanosaetaceae OTUs displayed significantly higher rela-
tive abundances in raw influent than trickling filter biofilm
(one-way t test, p<0.005). Similarly, five of six observed
MethanosarcinaceaeOTUs displayed significantly higher rel-
ative abundances in the trickling filter biofilm than in the
influent (one-way t test, p<0.005). Both families were also

detected in trickling filter effluent and activated sludge,
though at reduced levels relative to the influent and trickling
filter biofilm. Phylogenetic inferences of archaeal 16S rRNA
sequences previously recovered from PARWQCP activated
sludge confirmed the presence of both methanomicrobial
families (Fig. S3).

Attenuation of enteric bacteria

Of the minimal 100 PhyloChip OTUs adequate to properly
classify each of our four sampling locations with 100 %
accuracy via nearest shrunken centroid analysis, 35 associated
with the Enterobacteriaceae family (data not shown). Nearly
all Enterobacteriaceae OTUs included in this set were
most abundant in the plant influent. We used hierarchical
cluster analysis to further explore spatial variation in
Enterobacteriaceae (Fig. 5b). Of 70 total Enterobacteriaceae
detected, 68 displayed higher mean abundance in the plant
influent than the trickling filter biofilm or activated sludge.
Sixty-four of these OTUs were more abundant in the trickling
filter effluent than in either the trickling filter biofilm or in
activated sludge. The average change in Enterobacteriaceae
OTU hybscore between plant influent and activated sludge
was >1,000 FU, indicating approximately an order of magni-
tude change in abundance between these locations. Our results
demonstrate attenuation of Enterobacteriaceae along this
transect, with moderate survival across the trickling filter
followed by a strong decrease in abundance in the activated
sludge bioreactor.
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Fig. 3 Difference plot in PhyloChip hybridization intensities at the
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in the plot are statistically significantly different at the p=0.05 level.
Phyla demonstrating consistent mean signal intensity differences between
locations are highlighted in the difference plot
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Discussion

As hypothesized in corollary 1, we demonstrated a population
of AOB in the trickling filter biofilm, despite operation solely
for BOD removal, and substantial transport (immigration) of
AOB between coupled unit processes—namely, between an
upstream trickling filter and a downstream activated sludge
unit. We also observed significant differences in AOB com-
munity structure between the trickling filter biofilm and the
downstream activated sludge bioreactor, with the upstream
biofilm dominated by the N. europaea lineage and the down-
stream activated sludge dominated by a “Nitrosomonas-like”
lineage, precisely as predicted in corollary 2. Finally, as pos-
tulated in corollary 3, PhyloChip analyses revealed highly
distinct heterotrophic microbial communities and immigration
of a diverse microbial consortium between these staged
bioprocesses. The observed (and predicted) differences

between trickling filter and activated sludge microbial com-
munity structures may be due in part to species sorting via
spatial niche partitioning. Within the AOB community, the
Nitrosomonas-like lineage that dominates PARWQCP activat-
ed sludge is only distantly related to known AOB isolates,
with 80–81% amoA sequence identity to the closest cultivated
isolate, N. communisNM33 (AF272399). Speculation regard-
ing the ecophysiology of this unique lineage is thus premature.
However, the N. europaea lineage that dominates the trickling
filter biofilm and effluent is well studied. This lineage is often
found in eutrophic environments embedded in flocs or
biofilms (Koops and Pommerening-Roser 2001). Moreover,
selected N. europaea strains have exceedingly high affinities
for oxygen (Park and Noguera 2007). AOB populations in the
trickling filter biofilm are exposed to high NH4

+ and low O2,
relative to the activated sludge bioreactor. It is tempting to
speculate that this combination of conditions promotes selective

Sampling Site
Methanomicrobia: 2223 Methanosarcina frisius
Methanomicrobia: OTU_2143 Methanosarcina lacustris str. MS
Methanomicrobia: OTU_2101 Methanosarcina baltica str. GS1
Methanomicrobia: OTU_2127 Methanosarcina acetivorans str. C2A
Methanomicrobia: OTU_2149 Hydrothermal Vent Clone
Thermoprotei: OTU_2582 (Unclassified Thermoprotei)
Methanomicrobia: OTU_2274 Methanoculleus marisnigri
Crenarchaeota C1: 2583 Suiyo Seamount hydrothermal vent water
Methanomicrobia: OTU_2215 Guaymas Basin Clone G72-C12
Betaproteobacteria: OTU_7809 Sludge Clone H13
Cyanobacteria: OTU_5215 Lyngbya aestuarii str. PCC 7419
Cyanobacteria: OTU_5006 Chlorella sorokiniana str. 211-8k
Unclassified (Cyanobacteria): OTU_5030 Hapalosiphon welwitschii
Cyanobacteria: OTU_ 5189 Oscillatoria sancta str. PCC 7515
Gammaproteobacteria: OTU_8546 Thiocapsa litoralis
Gammaproteobacteria: OTU_8736 Thiocapsa roseopersicina str. ML2
Gammaproteobacteria: OTU_9316 (unclassified Chromatiales)
Bacteroidetes: OTU_5568 (unclassified Bacteroidales)
Gammaproteobacteria: OTU_9251 Thiorhodovibrio sibirica
Methanomicrobia: OTU_2291 Methanococcoides burtonii
Gammaproteobacteria: OTU_9351 Bacterioplankton clone ZA233c
Gammaproteobacteria: OTU_8362 Klebsiella pneumoniae str. ASR1
Gammaproteobacteria: OTU_9324 Pseudoalteromonas ruthenica str. KMM300
Gammaproteobacteria: OTU_8596 Marine Clone Arctic95B-7
Gammaproteobacteria: OTU_8176 Thiothrix eikelboomii
Sphingobacteria: OTU_5592 EBPR sludge clone Ebpr18
Planctomycetes: OTU_4676 Aerobic basin clone CY0ARA031E04
Planctomycetes: OTU_4652 Anoxic Basin Clone 
Sphingobacteria: OTU_6055 Forest Soil Clone C0108
Nitrospira: OTU_542 Forested Wetland Clone
Actinobacteria: OTU_1385 Streptomonospora salina str. YIM90002
Nitrospira: OTU_179 Great Artesian Basin clone G19
Nitrospira: OTU_984 Uranium mining waste pile clone
Actinobacteria: OTU_2014 Marine Sediment Clone MB-A2-100
Firmicutes: OTU_3012 Clostridium bartlettii str. WAL 16138
Actinobacteria: OTU_1888 Mycobacterium brisbanense str. W6743
Actinobacteria: OTU_1308 Mycobacterium pyrenivorans str. DSM 44605
Alphaproteobacteria: OTU_7425 Horsetooth Reservoir clone HTC6
Nitrospira: OTU_860 Nitrifying sludge clone A-11
Planctomycetes: OTU_4750 Nostocoida limicola III Str. Ben220
TM7-1: OTU_3746 Lab-scale Sludge Clone SBR2013
Acidobacteria: OTU_867 Sludge clone H3
Verrucomicrobia: OTU_475 Elbe River clone DEV179
Alphaproteobacteria: OTU_6758 Soil isolate Ellin333
Alphaproteobacteria: OTU_6640 Rhizosphere clone wr0007
Alphaproteobacteria: OTU_7463 (Unclassified Alphaproteobacteria)
Actinobacteria: OTU_1791 Mammoth Cave Clone CCM13a
Verrucomicrobia: OTU_671 Prosthecobacter vanneervenii
Nitrospira: OTU_864 Nitrifying sludge clone GC86
Verrucomicrobia: OTU_661 Prosthecobacter fusiformis
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Fig. 4 Heatmap and hierarchical clustering analysis of the 50 microbial
OTUs diagnostic for differences between activated sludge and trickling
filter biofilm, based on Nearest Shrunken Centroid analysis of PhyloChip
data with a shrinkage parameter of Δ=2.814. The shrinkage parameter
was chosen based on visual inspection of the cross-validation error.
Sampling locations are clustered on the x axis, and the reduced microbial
set is clustered on the y axis. Class-level associations of OTUs are color-

coded to the left of the heatmap. Blue indicates low relative abundance
across an OTU (row); yellow indicates high relative abundance. The color
key indicates correspondence between blue–yellow coloring and standard
deviations from the mean signal intensity (e.g., z score) within an OTU. A
representative sequence type associated with each OTU number is given
on the far right of the heatmap. These sequence types were identified from
the greengenes G2_Chip phylogeny (prokMSA; greengenes.lbl.gov)
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Sampling Site
OTU_433 coal effluent wetland clone RCP2-6
OTU_646 Opitutus sp. str. SA-9
OTU_9293 USA clone 14/7
OTU_8236 Vryburgia amaryllidis symbiont
OTU_8775 (Unclassified Enterobacteriaceae)
OTU_8283 Heteropsylla texana symbiont
OTU_8286 Cyphonococcus alpinus symbiont
OTU_8607 Amonostherium lichtensioides symbiont
OTU_8225 (Unclassified Enterobacteriaceae)
OTU_9157 Symbiont clone 5B 
OTU_8282 Antonina pretiosa symbiont
OTU_8504 Dysmicoccus neobrevipes symbiont
OTU_8558 Erwinia chrysanthemi str. ATCC 11663
OTU_8642 Erwinia chrysanthemi str. 580
OTU_8974 Salmonella subsp. enterica serovar Agona str. Sa1
OTU_9309 Buchnera sp
OTU_8627 Australicoccus grevilleae symbiont
OTU_9420 (Unclassified Enterobacteriaceae)
OTU_8182 Proteus vulgaris str. IFAM 1731
OTU_9135 intestine Zophobas mori clone
OTU_1206 Dermacentor variabilis symbiont
OTU_8968 Morganella morganii str. JU27
OTU_8313 Erwinia chrysanthemi str. 571
OTU_8603 Melanococcus albizziae symbiont
OTU_8700 Baumannia cicadellinicola
OTU_9290 Baumannia cicadellinicola
OTU_8773 (Unclassified Enterobacteriaceae) 
OTU_8758 Pectobacterium cypripedii str. ATCC 29267
OTU_9337 Rahnella genosp. 3 str. DSM 30078
OTU_9358 Salmonella subsp. enterica serovar Waycross str. Swy1 
OTU_8631 Planococcus ficus symbiont
OTU_8624 Erium globosum symbiont
OTU_8936 Klebsiella oxytoca str. ChDC OS31
OTU_8640 Serratia marcescens c4
OTU_8554 Kluyvera ascorbata 69
OTU_8770 (Unclassified Enterobacteriaceae) 
OTU_9142 Erwinia amylovora str. DSM 30165
OTU_9345 Erwinia amylovora str. BC199(=Ea528)
OTU_8379 Erwinia amylovora EA G-5
OTU_9302 Pantoea subsp. stewartii str. GSPB 2626
OTU_8251 Nitrogen-fixing isolate str. CANF3
OTU_8890 Raoultella planticola str. DR3
OTU_8530 Enterobacteriaceae CF01Ent-1
OTU_8711 Serratia odorifera str. DSM 4582
OTU_9274 Enterobacter sp. CC1
OTU_8505 Buttiauxella warmboldiae str. DSM 9404
OTU_9390 Enterobacter nimipressuralis str. LMG 10245-T
OTU_8693 Pantoea agglomerans str. A40
OTU_8529 Raoultella planticola 7
OTU_9361 Enterobacter intermedius str. JCM1238
OTU_8362 Klebsiella pneumoniae str. ASR1
OTU_8892 Aranicola proteolyticus
OTU_8467 Serratia marcescens subsp. sakuensis str. KRED .
OTU_8739 Serratia entomophila str. DSM 12358
OTU_9417 Serratia fonticola str. DSM 4576
OTU_8712 Serratia proteamaculans str. DSM 4543
OTU_9265 Rahnella aquatilis k 8
OTU_8473 Hafnia alvei
OTU_9651 Pectobacterium subsp. atrosepticum str. GSPB 1710
OTU_8528 Enterobacter cloacae Nr. 3
OTU_8740 Erwinia chrysanthemi str. 573
OTU_8510 Klebsiella pneumoniae str. DSM 30104
OTU_9060 Enterobacter ludwigiistr. EN-119
OTU_8885 Morganella morganii str. AP28
OTU_8934 Pestobacterium subsp. carotovorum str. E155
OTU_8886 Salmonella typhimurium LT2 str. SGC142
OTU_8742 New York isolate str. KN4
OTU_9496 Escherichia Coli str. K12
OTU_9363 Citrobacter fruendii str. CDC 621-64
OTU_8783 Alterococcus agarolyticus str. ADT3
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Fig. 5 Heatmap and hierarchical clustering analysis of Methanomicrobia
(a) andEnterobacteriaceae (b) OTUs detected by the PhyloChip. Sampling
locations are clustered on the x axis, and OTUs on the y axis. Blue indicates
low relative abundance across an OTU (row); yellow indicates high relative
abundance. The color key indicates correspondence between blue–yellow

coloring and standard deviations from the mean signal intensity (e.g., z
score) within an OTU. Representative sequence types for OTUs are
displayed on the far right of both heatmaps, and Methanomicrobial OTUs
affiliated with the familiesMethanosaetaceae andMethanosarcinaceae are
highlighted on the far left of the heatmap in (a)
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maintenance of the N. europaea lineage over other AOB pop-
ulations in the trickling filter and that inverse conditions in the
activated sludge bioreactor may explain the low relative abun-
dance of the N. europaea lineage in this process unit.

The initial impetus for this study stemmed from the hy-
pothesis that microbial immigration via trickling filter
sloughing events—likely linked to production of small levels
of NO2

− due at least in part to partial nitrification in the filter
itself—are associated with microbial population dynamics in
the downstream activated sludge bioreactor. It should be em-
phasized that directly testing this hypothesis is not the goal of
this paper, given the long time scales needed and the extreme
difficulty in predicting and sampling over mass sloughing
events in a full-scale reactor. Rather, our goals here are to test
the related hypothesis that substantial within-plant immigra-
tion occurs and to profile biogeography in microbial commu-
nity structure across this full-scale wastewater treatment plant
transect. Nonetheless, a back-of-the-envelope examination of
potential trickling filter biomass production and detachment
by nitrifiers is informative to assess the theoretical impact of
AOB immigration from the upstream trickling filter on the
downstream activated sludge microbial community. Based on
previously described methods (see electronic supplementary
materials (ESM) 1) (Rittmann and McCarty 2001), we esti-
mate that ∼6 % of AOB biomass in the activated sludge is
theoretically attributable to growth, detachment, and immigra-
tion from the upstream trickling filter. It should be emphasized
that this is a rough estimate of average AOB biomass theoret-
ically attributable to detachment and immigration. We previ-
ously noted significant variations in influent NO2

− to the
activated sludge bioreactor (Wells et al. 2009), suggesting that
detachment (and thus AOB immigration rates) may vary
strongly over time.

A similar estimation of heterotrophic detachment and im-
migration is complicated by the fact that both aerobic and
anaerobic heterotrophs likely play important roles in the trick-
ling filter biofilm. Growth yields differ substantially between
these groups, and thus estimation of biomass production is
difficult. However, roughly 65 % of COD removal occurs in
the PARWQCP trickling filter, suggesting substantial biomass
accumulation and intermittent detachment is necessary to
avoid plugging. Based on daily measurements over a 2-
week period, organic carbon removal in the trickling filter
averaged 98 mg COD/L, while COD removal over 1 year in
the activated sludge bioreactor averaged 49mg COD/L (Wells
et al. 2009). A conservative estimate based on typical anaer-
obic biomass yields (Rittmann and McCarty 2001) suggests
that roughly 19 % of total activated sludge biomass is theo-
retically attributable to growth, detachment, and immigration
from the upstream trickling filter. Critically, no solids separa-
tion (e.g., settling tank) separates the trickling filter from the
downstream activated sludge bioreactor. Thus, detached bio-
mass from the trickling filter proceeds directly to the activated

sludge unit. It should be noted that TSS values in the effluent
from the trickling filter would therefore likely provide a sim-
ple proxy for assessing the magnitude of filter sloughing
events over time. While trickling filter effluent TSS was not
routinely monitored here, the results of this study prompted
initiation of a long-term monitoring program for this parame-
ter. We anticipate that results from this monitoring program
will further elucidate both the magnitude and frequency of
sloughing events and the impacts of such events on down-
stream community structure and dynamics.

Coexistence of heterotrophs and autotrophic AOB in
biofilms analogous to biomass from the trickling filter exam-
ined here has been documented both experimentally and via
mathematical modeling. Kissel et al. (1984) modeled compe-
tition between autotrophs and heterotrophs and suggested that
heterotrophs come to dominate biofilms at high organic car-
bon concentrations, independent of NH4

+ concentrations.
Subsequent studies confirmed that the majority of O2 in
systems with high organic substrate loadings, such as the
PARWQCP trickling filter, is used by heterotrophs dominat-
ing the biofilm surface, and within-biofilm nitrification can
thus be O2-limited (Elenter et al. 2007; Okabe et al. 1995).
Indeed, by employing the methods of Elenter and colleagues
(Elenter et al. 2007) (see electronic supplementary materials
(ESM) 1), we predict that under steady-state conditions in the
PARWQCP trickling filter, aerobic heterotrophs are strongly
O2 limited and active nitrifiers are outcompeted.

However, modeling has also demonstrated that competition
between autotrophs and heterotrophs is significantly influ-
enced by the extent and frequency of detachment
(Morgenroth and Wilderer 2000; Wanner and Gujer 1986).
Kissel et al. (1984), whose model did not include detachment,
acknowledged that periodic sloughing or continuous shearing
can lead to reduced biofilm thickness and altered microbial
community composition that can substantially effect biofilm
behavior, notably by promoting loss of the fastest growing
organisms (e.g., aerobic heterotrophs). Morgenroth and
Wilderer (2000) arrived at a similar conclusion via simulations
of competition in biofilms with different detachment patterns.
Elenter et al. (2007) also suggested via 1D mathematical
modeling that sloughing increases NH4

+ oxidation by AOB
in biofilms if surficial heterotrophic bacteria are removed,
assuming a stratified biofilm structure with faster growing
heterotrophs overlying autotrophs, as has been shown exper-
imentally in a some systems (Okabe et al. 1995). When
nitrification was observed in Elenter’s model, NH4

+ was ox-
idized solely to NO2

− with no NO3
− accumulation. The ap-

parent lack of activity of NOB was attributed to competition
for space and O2 between NOB and AOB. We documented a
similar increase in NO2

− with minimal NO3
− production

across a full-scale trickling filter, with significant variations
in NO2

− accumulation that may be linked to biofilm sloughing
and microbial immigration events.
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We recognize that some of the production of NO2
− in the

trickling filter may be due to heterotrophic denitrification.
However, given the low levels of NO3

− relative to NH4
+ in

the trickling filter influent and the fact that change in NO3
−

across the trickling filter is insufficient to support heterotro-
phic denitrification as the sole source of NO2

− accumulation,
we reason that NO2

− in the influent to the activated sludge
bioreactor originates at least in part from partial nitrification in
the upstream trickling filter biofilm. Results from our qPCR,
T-RFLP, and clone library analyses fully support this reason-
ing, as do prior modeling studies of nitrifier/hererotroph com-
petition in biofilms (Elenter et al. 2007; Kissel et al. 1984).
Moreover, regardless of the fraction of NO2

− production at-
tributable to partial nitrification or heterotrophic denitrifica-
tion in this system, our primary intent in this study was to
provide evidence that significant within-plant immigration
occurs between coupled process units. Retrospective and pro-
spective lines of evidence support this contention by verifying
corollaries 1, 2, and 3.

In addition to investigating immigration between coupled
process units, the second goal of this study was to profile
microbial biogeography across a transect in a full-scale
WWTP. We documented strong spatial variation in microbial
richness and community structure, including significant dif-
ferences in community structure and abundance of
Methanomicrobia at all sampling sites profiled. Given its
highly aerated nature and the sensitivity of methanogens to
even low levels of oxygen (Jarrell 1985), methanogens are
likely allochthonous to the activated sludge bioreactor. Gray
et al. (2002) also found low levels of methanogens in aerated
activated sludge bioreactors and attributed their presence to
both immigration from raw sewage and to putative active
growth in the anoxic secondary settlers and return activated
sludge line. Interestingly, of methanomicrobial OTUs detected
along our transect, those associated with the family
Methanosaetaceae tended to be more abundant in the plant
influent, while those associated with the family
Methanosarcinaceaeweremore abundant in the trickling filter
biofilm. Methanosaetaceae are strictly acetoclastic
methanogens, while Methanosarcinaceae can catabolize
methyl compounds as well as display acetoclastic or
hydrogenotrophic metabolisms (Kendall and Boone 2006).
Dominance of Methanosarcinaceae in the trickling filter
may thus reflect a greater diversity of catabolic substrates
relative to the plant influent. Our results provide support for
corollary 3 and suggest that observed methanogens in activat-
ed sludge are likely immigrants in part from anaerobic habitats
in the trickling filter (Methanosarcinaceae) and raw influent
(Methanosaetaceae).

We a l so obse rved a s t r i k ing a t t enua t i on o f
Enterobacteriaceae across this WWTP transect, with high
abundance in 68 of 70 OTUs in the plant influent, moderate
survival across the trickling filter (with low abundance in the

trickling filter biofilm), and a strong decrease in
abundance in activated sludge. Enterobacteriaceae are
gammaproteobacterial facultative anaerobes and are often as-
sociated with human or animal gut microflora (Brenner and
Farmer 2001). Indeed, the common fecal indicator bacteria
(FIB) Escherichia coli is a member of this family, as are
several common pathogens in the genera Enterobacter,
Shigella, Salmonella, Erwinia, Yersinia, Klebsiella, and
Serratia (Brenner and Farmer 2001). Few studies have
employed molecular methods to monitor FIB or pathogen
attenuation at multiple sampling points within a WWTP,
and, to our knowledge, none have offered a high resolution
picture of the relative abundance ofEnterobacteriaceae across
this environment. Wéry et al. (2008) monitored four patho-
genic or indicator bacteria, including two Enterobacteriaceae
members, at five points in a municipal WWTP, and concluded
that survival rates were variable. Shannon (2007) monitored
pathogens via 13 qPCR assays at five locations across a
WWTP, and found three to four order of magnitude declines
in abundance between raw wastewater and final effluent of
E. coli, K. pneumoniae, Clostridium perfringens, and
Enterococcus faecilis. Attenuation of these pathogens is some-
what higher than that suggested by our PhyloChip data for
Enterobacteriaceae OTUs, although direct comparison is dif-
ficult due to the different platforms employed and to the fact
that we did not monitor final effluent microbial community
composition or abundance. Interestingly, our data suggests
that biofilm-based reactors may be less efficacious at remov-
ing potentially harmful microbial invaders such as
Enterobacteriaceae than dispersed growth reactors.
Additional work is warranted to accurately assess attenuation
of pathogens and FIB at multiple locations within biological
WWTPs, particularly in attached and suspended growth sys-
tems designed for similar functions (e.g., for both C removal
and nitrification) and to test the efficacy of different treatment
plant configurations on pathogen removal.

Both AOB and heterotrophic microbial community dy-
namics in PARWQCP activated sludge were recently found
to be consistent with a combined neutral and niche-based
community assembly model (Ofiteru et al. 2010). Neutral
community assembly processes specify random dispersal
and chance as predominant drivers of community structure.
The evidence we present here of significant immigration
between coupled process units suggests that neutral dispersal
processes may be an important contributor to the microbial
community assembly process in this plant, but additional
work is necessary to test this hypothesis.

Our data also suggest that the related process of mass
effects (Leibold et al. 2004) may be important for at least
some microbial guilds. Mass effects refer to the mechanism
for spatial dynamics in which there is a net flow (dispersal) of
individuals from local areas of high success (core areas) to
unfavorable areas. Mass effects always function to increase
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alpha diversity and have been shown in some cases to have
strong influences on observed relationships between local
conditions and community structure (Shmida and Wilson
1985). We observed a high relative abundance of putative
methanogens in the trickling filter (presumably a favorable
habitat) and low but significant associated populations in
trickling filter effluent and in downstream highly aerated
activated sludge (likely an unfavorable habitat). It is likely
that the observed methanogen diversity in activated sludge is
maintained by immigration from the more favorable upstream
trickling filter—that is, by mass effects.

Microbial immigration between coupled process units has
potentially profound implications for bioprocess engineering
and control. Our data suggests that upstream biofilm reactors
can serve as a continuous inoculum of functionally important
organisms to dispersed growth reactors—essentially a form of
unplanned or “blackbox” bioaugmentation. Analogous to the
“rescue effect” in classical ecology (Leibold et al. 2004)—the
prevention of extinction of a species in a local community by
immigration—within-plant microbial immigration may serve
to protect against process upsets by preventing washout of
critical microbial populations. It may also maintain desirable
catabolic capabilities.

This work demonstrates significant microbial immigration
between staged unit bioprocesses coupled to strong biogeo-
graphical (spatial) variation in microbial community structure
across a full-scale wastewater treatment plant. It also assem-
bles converging lines of retrospective and prospective evi-
dence supportive of the hypothesis that immigration impacts
downstream bioreactor community structure and dynamics,
with important implications for bioprocess design and opera-
tion. Additional work is needed to assess the quantitative
impact of such immigration relative to environmental (local)
parameters and the nature of the indigenous microflora on
both microbial community structure and on process perfor-
mance. A rigorous statistical framework, such as the variance
partitioning approach of Cottenie (2005), would be of value
for this purpose, especially in conjunction with a well-
controlled lab-based system.
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