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Abstract The aim of this work was to investigate the
dynamics of assembly of bacterial populations in activated
sludge flocs. We approached this question by following the
development of active bacterial populations during floc
development in four replicated lab-scale activated sludge
reactors, in which solid retention time (SRT) was set at
4 days. The null hypothesis was that the similarities in
community composition could be accounted for by the
probability that the same organisms occur in more than one
replicated reactor. Microscopic imaging showed that the
size of flocs in reactors with biomass retention increased
during the first few days until a steady-state size was
reached. The diversity and community structure of the
sludge in all reactors were analyzed during a period of up to
ten SRT, using denaturing gradient gel electrophoresis
(DGGE) of reverse-transcription polymerase chain
reaction-amplified 16S rRNA. High rates of change in
DGGE profiles from consecutive sampling points suggested
a high level of dynamics in all reactors. This conclusion
was confirmed by the application of the Raup and Crick
probability-based similarity index (SRC) for the comparison
of rRNA-based fingerprinting patterns, which indicated that
bacterial communities within reactors were not significantly
similar after three SRT 0:05 < SRC < 0:95ð Þ and became
significantly dissimilar after five SRT (SRC<0.05). More
importantly, significant similarity between replicate reactors
was observed at all times analyzed (SRC>0.95). The fact
that the patterns between replicates were more reproducible

than expected by chance under highly dynamic conditions
allowed us to reject the null hypothesis that activated sludge
floc communities assemble randomly from the available
source pool of bacteria. We suggest that communities
progressively recruit from the available pool of bacterial
species, each with particular ecological requirements that
determine their time of emergence into the community.

Introduction

Most biological wastewater treatment systems have the
ability to exhibit stable performance in the context of a
variable microbial community structure. Research from
several laboratories showed that bacterial communities in
bioreactors are highly dynamic and may diverge with time
in replicated systems, even in the absence of external
disturbances [11, 12, 15, 21, 22, 24, 28, 37]. The overall
process performance appears to be maintained by numerous
coexisting species performing similar functions [29]. In
principle, the existence of functional redundancy could
allow the assembly of differently composed communities in
replicated systems. Lab-scale reactors, too, contain a high
diversity of species, which assemble to form a functional
community. Thus, the issue of reproducibility of microbial
community dynamics in replicated systems relates to the way
in which microbial communities assemble. Accordingly,
examining the degree of determinism is important for
elucidating the underlying mechanisms of microbial
community assembly.

Efficient aggregation is essential to the activated sludge
process since the operational success depends largely on
good settling sludge [5]. The continuous recycle in
conventional activated sludge, as well as the repetition of
the settling process in sequencing batch reactors, selects for
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microorganisms living in flocs. The aim of this work was to
investigate whether the selected populations in actively
growing activated sludge flocs are stochastically recruited
from a pool of redundant species in the community or
whether there are assembly rules, which albeit unknown,
determine the observed patterns. We approached this
question by following the evolution of active bacterial
populations during floc development in four replicate
lab-scale activated sludge reactors. The null hypothesis
was that the similarities in community composition could
be accounted for by the chance that the same organisms
occur in more than one reactor. Using appropriate
statistical tests, we concluded that the observed assembled
communities in all replicates were significantly more similar
than expected by random collection of species from the source
community.

Materials and Methods

Seed Preparation and Reactor Setup

Sludge was collected from the aeration basin of a small full-
scale domestic wastewater treatment plant in the Province
of Buenos Aires (3,500 p.e.). In order to study the
dynamics of flocculation, it was necessary to disrupt the
activated sludge flocs into smaller particles and to enrich
the biomass in planktonic populations. After vigorous
vortexing, samples were incubated at 20°C for 7 days, with
daily addition of sterile 20-fold concentrated synthetic
sewage (3.2 g/l peptone, 2.2 g/l yeast extract, 0.6 g/l urea,
0.18 g/l NaCl, 0.08 g/l CaCl2·2H2O, 0.04 g/l MgSO4·7H2O,
0.56 g/l K2HPO4) and a corresponding amount of dilution
water, without biomass wasting. Synthetic sewage was used
to avoid community shifts due to changes in feed
composition. Its composition is similar to that of domestic
sewage. After dilution, this synthetic sewage contains
approximately 105 mg/l of C, 46 mg/l of N, and 5 mg/
l of P, and the pH was between 7.0 and 7.5 [20]. The
nonflocculent biomass suspension (800 ml) was then
diluted fourfold with synthetic sewage and used to seed
four replicates of lab-scale bioreactors. All reactors were
fed with sterile synthetic medium. Therefore, the compo-
nents of the bacterial community detected throughout the
time course of polymerase chain reaction (PCR)–denaturing
gradient gel electrophoresis (DGGE) experiments were
already present in the seed inoculum.

The reactors (800 ml of working volume) were placed
inside a temperature-controlled cabinet (Aqualytic) at a
constant temperature of 20±1°C and operated for 40 days
in a sequencing batch mode with biomass retention.
Aeration and stirring were disconnected for 30 min every-
day to allow sludge to settle, and 150 ml of clarified

supernatant was decanted manually. Once mixing and
aeration was resumed, each reactor was fed separately
with 350 ml of sterilized synthetic sewage at a flow rate
of 0.3 ml/min, using a peristaltic pump. At the end of the
feeding plus aeration phase, 200 ml of sludge was
wasted, resulting in a hydraulic retention time of 54 h
and a solid retention time (SRT) of 4 days. The samples
were taken at this time, centrifuged, and stored at −70°C
until analysis.

Microscopy

Flocs were visualized in an epifluorescence microscope
BX41 (Olympus) using the LIVE/DEAD BacLight
bacterial viability staining kit (Invitrogen). For each
sample, ten microscopic fields were examined at
random. Floc area was determined by outlining the floc
manually using the Freehand tool in the ImageJ software
(rsbweb.nih.gov/ij). Areas were subsequently converted to
average floc diameter, as if they were approximately
spherical.

RNA Extraction

All materials and solutions used were RNAse free. Pellets
from 1,000-μl sludge were resuspended in 500 μl of
Tris–EDTA (TE) buffer (pH 8.0) and transferred to 2-ml
screw-capped tubes with 0.5-g zirconia silica beads
(Biospec Products, OK, USA). Fifty microliters of 10%
sodium dodecyl sulfate was added, and the tube was
immediately filled with 250 µl of RNAse-free phenol
equilibrated with buffer TE, pH 8.0 and chloroform–isoamyl
alcohol (24:1). Cells were physically disrupted by shaking for
30 s in a bead beater (Biospec Products, OK, USA) at
2,500 rpm. The aqueous phase was transferred to a clean tube
and re-extracted twice with chloroform–isoamyl alcohol
(24:1). Nucleic acids were precipitated with two volumes of
ethanol 100% and 0.1 volumes of 3M sodium acetate, pH 5.2,
and washed twice with 70% ethanol. The pellet was
resuspended in 50 μl of RNAse-free buffer and treated with
RNAse-free DNAse (Promega).

RT-PCR Assay of 16S rRNA

The reverse-transcription (RT) reaction contained 4 μl of
5× buffer (Promega), 20 µM of dNTPs, 0.6 µM of primer
534r [30], and RNAse-free water to a volume of 20 µl.
The mix was preincubated for 10 min at 37°C, after which
200 U of RT MMLV (Promega) was added, and the
reaction was incubated for an additional 50 min at 37°C.
Control RT reaction mixtures included no-template reactions
with or without RT and purified RNA templates with or
without RT.
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PCR–DGGE

Each PCR contained 2 ng of cDNA template. DGGE
was performed as described [30]. DGGE system (CBS
Scientific, DelMar, CA) was used as specified by the
manufacturer. After electrophoresis, gels were soaked for
30 min in SYBR Gold nucleic acid stain (Invitrogen,
1:10,000 dilution in Tris–acetic acid–EDTA; pH=8.0).
The stained gels were immediately photographed on an
UV transillumination table combined with a camera
module and imaging system (Syngene).

Fingerprinting Analysis

The obtainedDGGE patterns were analyzed using Bionumerics
software version 2.0 (Applied Maths, Sint-Martens-Latem,
Belgium, licensed to Mario Aguilar, Universidad Nacional
de La Plata).

The diversity of the bacterial community was examined by
the Richness, the Shannon index of general diversity, and the
Evenness. Richness (R) referred to the number of bands in
each DGGE lane. The Shannon diversity index (H′) was
calculated as: H' ¼ �Pn

i¼1
pi: ln pi, where pi is the proportion of

the total intensity for each band in a track. It was calculated
from pi=ni/N where ni is the area of a peak, and N is the sum
of all peak areas in the densitometric curve. Evenness (E)
was calculated as: E ¼ H 0

lnR .
Moving-window analysis was performed to reflect the

dynamics of bacterial community structure [27]. The analysis
consisted of plotting the change in time of the Bray–Curtis
similarity index between two consecutive dates [32].

Statistically significant similarity and dissimilarity at the
95% confidence level in species composition was measured
using the probabilistic Raup–Crick index (SRC) for
absence–presence of data [34, 36], followed by clustering
using the unweighted pair group method with arithmetic
mean. The SRC similarity index uses a Monte Carlo
procedure to compare the observed number of species
common to two assemblages and the probability distribution
of the expected number of common species as a measure of
the similarity between the two assemblages [34]. The
probability of seeing c species in common between two
samples was calculated based on the global diversity in all
samples. Assuming that the total number of species (bands in
the DGGE gel) for each sample is indicated by n1 and n2, c
ranges from 0 to the number of bands in the sample with the
lower richness. By comparing the observed number of
species occurring in both assemblages with the distribution
of co-occurrences from 200 random replicates, one obtains
the probability that the observed number of species
in common was a result of random sampling from the
global observed diversity. SRC values above 0.95 indicate
significant differences with random assortments of the

same species, i.e., the two assemblages are significantly
similar. SRC values below 0.05 indicate that samples were
significantly dissimilar. The SRC was calculated with
the PAST program (Palaeontological Statistics, version
1.85) available from the University of Oslo web site link
(http://folk.uio.no/ohammer/past).

Results

Floc Development

Four replicate lab-scale reactors were seeded with an activated
sludge inoculum, which had been previously enriched in
planktonic populations. Figure 1 shows the changes in floc
size observed in the four replicate reactors immediately after
the operation was switched to the sequencing batch mode
with biomass retention. The floc particles at the time of
startup had an average diameter, considering spherical shape,
of 80 µm. During the first 10 days, the average diameter of
flocs increased monotonically, reaching their mature stage of
about 200 µm. As expected, a large range of sizes was
observed comparing floc sizes within replicated reactors as
well as between reactors. Sizeable changes in settling
properties were not observed, although the actual sludge
volumetric indices were not measured. In all cases, a clear
supernatant was formed after 30 min of settling.

Population Dynamics During Floc Development

The diversity and community structure of the sludge in all
reactors were analyzed during a period of up to ten SRT
using DGGE of RT-PCR-amplified 16S rRNA (Fig. 2).
Analysis of rRNA was selected in order to reduce the
interference from nonactively growing bacteria in the
community.

Moving-window analysis of RNA-based DGGE profiles
of the bacterial communities of all reactors showed a
similar shifting pattern in rRNA community structure
throughout the 40 days of reactor operation (Fig. 3). The
average degree of change between consecutive DGGE
profiles of the same community over a time interval of
3 days was 36.6±6%. A moderate decreasing trend was
observed along the timescale, from a maximum of 45±5%
during the first days of operation, down to a minimum of
27±6% at the end of the experiment. In every case, these
rates of change were indicative of a very high level of
dynamics.

A complementary view of community dynamics was
obtained by application of the Raup and Crick probability-
based similarity index (SRC). Figure 4 shows the pairwise
comparison of community profiles between day 4 and the
following dates for each individual reactor. Despite the
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small offset between curves, DGGE profiles of all reactors
showed an almost identical trend. After three SRTs, the
bacterial communities were no longer significantly similar
0:05 < SRC < 0:95ð Þ, and they become significantly
dissimilar after five SRTs (SRC<0.05). Similar results were
obtained when other dates were used for pairwise comparison
of similarity between bacterial communities within each
reactor (data not shown).

Comparison of Community Structure Between Reactors

Despite the dramatically high temporal changes in species
composition, measures of richness, evenness, and Shannon
indices showed little variation (i.e., small standard devia-
tion) when they were averaged over the total time of the run
(Table 1). These results indicate that the detectable bacterial
diversity remained approximately constant throughout the

Figure 1 Photomicrographies showing activated sludge flocs from
reactors R1 (a, e, i, m), R2 (b, f, j, n), R3 (c, g, k, o), and R4 (d, h, l, p)
at 1 day (a–d), 4 day (e–h), 7 days (i–l), and 10 days (m–p) after
startup. Flocs were visualized in an epifluorescence microscope using

the LIVE/DEAD BacLight bacterial viability staining kit. Scale bar
100 µm. q–t Average diameter of flocs as a function of operation time.
Bars are standard error of the mean
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period. Pairwise comparison of evenness and Shannon
diversity indices did not reveal significant differences
between reactors. Richness was similar between reactors,
yet reactors 1 and 4 contained significantly more bands
than reactors 2 and 3 (Table 1, average pairwise comparison
between reactors 1 and 2, 1 and 3, 2 and 4, and 3 and 4,
p=0.05, as determined by Student's t test).

PCR-amplified ribosomal cDNAs from the four replicated
reactors taken at days 4, 22, and 39 of operation,

corresponding to one, 5.5, and ten SRTs, were loaded into a
DGGE for similarity analysis (Fig. 5). The dendrogram
generated using the Raup and Crick probability-based
similarity index (SRC) for the comparison of rRNA-based
fingerprinting indicated that replicate reactors clustered
together at all times, with significant similarities (SRC>0.95).

Discussion

The assembly of microorganisms within the activated
sludge may be regarded according to two contrasting
theories put forward to describe the abundance and
distribution of species in any environment. Niche-based
theories focus primarily on tradeoffs, such as competitive
ability, implying a deterministic selection of specific
organisms that are best adapted to the environment [9]. In
opposition, neutral theories rely on stochastic processes of
births, deaths, and immigration of species, which are
considered functionally equivalent [4, 19]. The application
of neutral community models in microbial ecology has
attracted considerable attention lately for their success in
providing a quantitative description of bacterial community
assembly [33, 40, 41]. However, it is generally recognized

Figure 4 Raup and Crick similarity data (SRC) from DGGE profiles.
Pairwise similarity between bacterial communities of day 4, and the
following dates were calculated separately for each reactor. R1 (filled
circles), R2 (empty squares), R3 (empty triangles), R4 (filled diamonds)

Figure 3 Moving-window analysis based on pairwise similarity Bray–
Curtis coefficients from DGGE data to evaluate the dynamics of bacterial
communities during floc development in activated sludge reactors R1
(filled circles), R2 (empty squares), R3 (empty triangles), R4 (filled
diamonds). Percent change is defined as 100 − %similarity [27]

Figure 2 Representative DGGE profiles of 16S rRNA fragment
amplified by RT-PCR amplification, showing shifts in bacterial
communities during activated sludge floc formation in reactor R1. S is
the acclimated seed used as inoculum to start up all reactors (time 0). The
numbers on top of the lanes indicate the time of operation after startup

Table 1 Diversity indices for the bacterial communities in four
replicate activated sludge reactors

Reactor Richness Evenness Shannon (H)

R1 41.6±4.4 0.72±0.06 3.39±0.16

R2 37.4±4.6 0.76±0.05 3.34±0.15

R3 37.2±3.7 0.73±0.10 3.29±0.20

R4 40.1±4.0 0.73±0.06 3.37±0.14

The results are expressed as mean ± SD deviation of the mean of the
index averaged over the 40-day study
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that the underlying biological activity of wastewater
treatment may be deterministic [10]. A considerable effort
is currently being given to the search of a combination of
both theories that can fit and predict the observed species
abundance patterns [1, 18]. This work provides indirect
evidence for an ordered path during floc formation, which
constrains floc assemblage to certain structural patterns of
the microbial community.

The acclimation period was designed with the aim of
enriching the planktonic populations, while maintaining the
richness of the original activated sludge community. In this
way, the original inoculum constituted the source community
from which any “invader” species were derived. Successful
colonization occurredwhen a given species became detectable
with the fingerprinting technique used. Thereof, we followed
the definition by Marzorati et al., interpreting dynamics as the
number of species that on average come to significant
dominance (above the detection limit of the technique) during
a defined time interval [27].

It is generally believed that a high degree of diversity
confers stability to wastewater treatment reactors [6]. A
highly diverse community would guarantee the presence of
several different organisms, which are capable of carrying
out the same function in the ecosystem, presumably across
a wide range of environmental conditions [29]. Despite the
high dynamics of bacterial communities, the individual
mean indices of diversity were remarkably similar over
time and across reactors. This may likely be an indication
of functional redundancy. When one organism is lost from
the system, another organism may occupy the open niche

within the system to allow the maintenance of the system
function.

Quantitatively, dynamics of microbial communities in
the activated sludge reactors were monitored using a
moving-window analysis [32]. A constantly drifting pattern
of bacterial communities was observed in the absence of
external perturbations. This result is in agreement with
previous work showing the dynamic character bacterial
community structures in functionally stable reactors [11,
12, 15, 21, 24, 28, 37]. High dynamics of bacterial
communities at startup was also observed in sequencing
bath reactors and membrane bioreactors (MBR) and has
been attributed to the change of the food to microorganism
ratio (F/M) upon biomass splitting [11]. Nonetheless, the
rates of changes of the bacterial communities observed in
this study were higher than those reported in comparable
experiments performed by others [2, 11]. A number of
reasons can be advanced to account for these differences.
Firstly, in this study, a period of acclimation to the
sequencing batch mode was purposefully avoided, in order
to follow the dynamics of floc development. Therefore,
high bacterial turnover was expected, as the reactors
operated under non-steady-state conditions. Because the
bacteria in the outer parts of the flocs are loosely bound to
the floc matrix [39], it is conceivable to infer that floc
growth involves repeated changes in bacterial community
structure. Aggregation dynamics, as well as floc morphology,
are related to sludge age. Figure 1 shows that newly formed
flocs exhibited the typical irregular shape of young flocs,
ascribed to a cluster–cluster reversible aggregation, rather

Figure 5 16S rRNA-based fingerprinting of samples from reactors 1 to 4,
taken at days 4, 22, and 39 of reactor operation. The dendrogram is based
on the Raup and Crick similarity analysis. SRC<0.95 and SRC>0.05:

similarity no greater than expected by chance (null hypothesis holds),
SRC<0.05: significant dissimilarity and SRC>0.95 significant similarity
(null hypothesis is rejected)
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than the round and compact older flocs that reflect a low or
no aggregation dynamics [8]. In agreement with this
conjecture, activated sludge community of a sequencing
batch reactor operated under stable conditions exhibited a
very high rate of changes during reflocculation [16],
although lack of quantification of the level of dynamics did
not allow for a direct comparison with our results.
Additionally, we have monitored the dynamics of operating
replicate bench-scale reactors by looking at the rRNA, rather
than the rRNA genes. This is important as staining with the
bacterial viability staining kit indicated that the centers of the
flocs contain a number of dead cells (Fig. 1), which may
contribute significant amounts of DNA to the total DNA
pool, leading to the underestimation of the actual dynamics.

Interestingly, as shown in Fig. 3, all reactors followed
similar dynamics. Yet parallel courses of consecutive
pairwise similarities do not necessarily imply identical
trajectories of species turning into dominance and species
becoming undetectable. In order to gain insight into the
routes of assembly, DGGE band profiles were compared
along the timescale and across replicated reactors using
the Raup–Crick index as a measure of similarity. The
Raup–Crick index is a probabilistic measure, which
distinguishes similarities in band matching between samples,
at a greater or lesser level than expected by chance [34, 36].
When all reactors were evaluated independently, it was
observed that changes in SRC index followed a similar course
but showed a small offset between each other. However, the
fact that the community fingerprinting between replicates
was more reproducible than expected by chance under
highly dynamic conditions allowed us to reject the null
hypothesis that activated sludge floc communities assemble
randomly from the available source pool of bacteria [3, 35].
Instead, we suggest a succession process, in which bacteria are
progressively recruited from the available pool of bacterial
species, each with particular ecological requirements that
determine their time of emergence into the community.
Successful invaders must be able to survive within the
biomass and become transiently dominant, displacing the
established species, when their fitness are higher relative to
those of established species.

Although the data did not allow for a rigorous test of
community assembly models, the results of this work add to
the empirical evidence obtained previously by us and other
researchers, pointing to a niche-oriented character of the
assembly of bacterial communities: the increase in the
proportion of nonculturable types of bacteria with succession
has previously been attributed to the selection for organisms
with greater niche specialization [14]. Competition experi-
ments with two phenol-degrading bacteria showed that the
fitness prevailed over the manipulation of immigration rates
[26]. In this work, low invasion rate was expected, as all
reactors were fed with sterile medium. Therefore, the effects

of selection from the inocula community were likely more
prevalent than neutral dynamics driven by immigration. It has
been shown that environmental factors such as wastewater
composition play a major role in structuring bacterial
communities in activated sludge [13], influencing also the
taxa turnover of the taxa–time relationship along a gradient
of increasing industrial wastewater concentrations [38].
Interestingly, van der Gast et al. demonstrated that the
temporal turnover, defined as the number of bacterial species
eliminated and replaced per unit time, in a range of
wastewater treatment reactors, was maximum when the
incoming wastewater was municipal wastewater. They also
suggested that the community assembly switched to a more
deterministic or niche-based character with increasing
industrial wastewater concentration [38]. The composition
of the synthetic sewage chosen in this study mimicked the
nutrient composition usually found in domestic sewage but is
markedly less heterogeneous. Therefore, it would be
expected that the synthetic sewage used would drive
selection more than real municipal wastewater. In addition,
neutral dynamics would be reduced because of the low rate
of invasion from the sterilized feed compared to real
wastewater which would contain high number of bacterial
cells.

Results from a high-throughput environmental tag
sequencing study of an extreme natural environment
suggested that the distribution of the most abundant microbial
taxa was dictated by niche differentiation [31], in an
analogous way of an estuarine fish community, where the
core community was accompanied by a large number of
transient rare species, whose occurrence depended on
immigration [25]. The possibility that neutral changes in
community composition might only be evident in low
abundance populations that are not detected by conventional
analyses was also suggested by Akarsubasi et al. [2].

This study shows that it is possible to attain reproducible
changes in microbial communities in controlled laboratory
experiments. Similar observations have been made under
comparable experimental setups, such as activated sludge
operating at different SRT [37], denitrifying bioreactors [28],
activated sludge systems fed with nonionic surfactants [24],
and MBR previously acclimated to laboratory conditions
[11]. Yet, bacterial communities of replicate reactors did not
evolve identically over time, and it is possible that the
trajectories of the replicate reactors would have continued to
diverge further if the experiments had been run in excess of ten
SRTs. The increase in variance in DGGE profiles in time was
apparent from the decrease in the mean and the increase in the
variance of the Bray–Curtis similarities of day 4 (0.83±0.05),
day22 (0.60±0.06), and day 39 (0.54±0.09).

This suggests a small role for ecological drift due to
stochastic forces acting on the systems that overprint the
deterministic signal, albeit in this experiment the signal
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from deterministic selection is stronger than the influence
of neutral dynamics. Others have observed that replicated
communities developed differently in terms of species
richness and community composition [7, 15, 23, 35]. As
originally suggested [21], divergent trajectories of replicated
communities can also be due to chaotic behavior of bacterial
communities. Chaos, which results from a deterministic
process, was already demonstrated during biological
nitrification [17].

In conclusion, we have shown that active communities
display significant changes in their bacterial constituents
during the development of the activated sludge floc and that
those changes are subjected to strong deterministic
constraints. Further work on these ecologically relevant
mixed communities can help to advance the search of the
mechanisms that underlie community assembly.

Acknowledgment We thank Dr. Mario Aguilar for the use of
GelCompar software. We also thank an anonymous reviewer for
many valuable suggestions and comments. This work was partly
funded by FONCyT (PICT 2005 no. 31705) and CONICET (PIP
5548). L.G. is a fellow and L.E. is a career member of CONICET.

References

1. Adler PB, Hillerislambers J, Levine JM (2007) A niche for
neutrality. Ecol Lett 10:95–104

2. Akarsubasi AT, Eyice O, Miskin I, Head IM, Curtis TP
(2009) Effect of sludge age on the bacterial diversity of
bench scale sequencing batch reactors. Environ Sci Technol
43:2950–2956

3. Baptista JdC, Davenport RJ, Donnelly T, Curtis TP (2008) The
microbial diversity of laboratory-scale wetlands appears to be
randomly assembled. Water Res 42:3182–3190

4. Bell G (2000) The distribution of abundance in neutral communities.
Am Nat 155:606–617

5. Bossier P, Verstraete W (1996) Triggers for microbial aggregation
in activated sludge? Appl Microbiol Biotechnol 45:1–6

6. Briones A, Raskin L (2003) Diversity and dynamics of microbial
communities in engineered environments and their implications
for process stability. Curr Opin Biotechnol 14:270–276

7. Carrero-Colon M, Nakatsu CH, Konopka A (2006) Microbial
community dynamics in nutrient-pulsed chemostats. FEMS
Microbiol Ecol 57:1–8

8. Chaignon V, Lartiges BS, El Samrani A, Mustin C (2002)
Evolution of size distribution and transfer of mineral particles
between flocs in activated sludges: an insight into floc exchange
dynamics. Water Res 36:676–684

9. Chase JM, Leibold MA (2003) Ecological niches: linking classical
and contemporary approaches. University of Chicago Press,
Chicago

10. Curtis TP, Head IM, Graham DW (2003) Theoretical ecology for
engineering biology. Environ Sci Technol 37:64A–70A

11. Falk MW, Song KG, Matiasek MG, Wuertz S (2009) Microbial
community dynamics in replicate membrane bioreactors—natural
reproducible fluctuations. Water Res 43:842–852

12. Fernandez A, Huang S, Seston S, Xing J, Hickey R, Criddle C,
Tiedje J (1999) How stable is stable? Function versus community
composition. Appl Environ Microbiol 65:3697–3704

13. Figuerola EL, Erijman L (2007) Bacterial taxa abundance pattern
in an industrial wastewater treatment system determined by the
full rRNA cycle approach. Environ Microbiol 9:1780–1789

14. Garland JL, Cook KL, Adams JL, Kerkhof L (2001) Culturability
as an indicator of succession in microbial communities. Microb
Ecol 42:150–158

15. Gentile ME, Lynn Nyman J, Criddle CS (2007) Correlation of
patterns of denitrification instability in replicated bioreactor
communities with shifts in the relative abundance and the
denitrification patterns of specific populations. ISME J 1:714–
728

16. Govoreanu R, Seghers D, Nopens I, De Clercq B, Saveyn H,
Capalozza C, Van der Meeren P, Verstraete W, Top E, Vanrolleghem
PA (2003) Linking floc structure and settling properties to
activated sludge population dynamics in an SBR. Water Sci
Technol 47:9–18

17. Graham DW, Knapp CW, Van Vleck ES, Bloor K, Lane TB,
Graham CE (2007) Experimental demonstration of chaotic
instability in biological nitrification. ISME J 1:385–393

18. Gravel D, Canham CD, Beaudet M, Messier C (2006) Reconciling
niche and neutrality: the continuum hypothesis. Ecol Lett 9:399–
409

19. Hubbell SP (2001) The unified neutral theory of biodiversity and
biogeography. Princeton University Press, Princeton

20. ISO:9887 (1992) Water quality. Evaluation of the aerobic
biodegradability of organic compounds in an aqueous medium.
Semi-continuous activated sludge method (SCAS). In: Book
water quality. Evaluation of the aerobic biodegradability of
organic compounds in an aqueous medium. Semi-continuous
activated sludge method (SCAS)

21. Kaewpipat K, Grady CP Jr (2002) Microbial population dynamics
in laboratory-scale activated sludge reactors. Water Sci Technol
46:19–27

22. Konopka A, Carrero-Colon M, Nakatsu CH (2007) Community
dynamics and heterogeneities in mixed bacterial communities
subjected to nutrient periodicities. Environ Microbiol 9:1584–
1590

23. Langenheder S, Lindstrom ES, Tranvik LJ (2006) Structure and
function of bacterial communities emerging from different sources
under identical conditions. Appl Environ Microbiol 72:212–220

24. Lozada M, Figuerola EL, Itria RF, Erijman L (2006) Replicability
of dominant bacterial populations after long-term surfactant-
enrichment in lab-scale activated sludge. Environ Microbiol
8:625–638

25. Magurran AE, Henderson PA (2003) Explaining the excess of rare
species in natural species abundance distributions. Nature
422:714–716

26. Manefield M, Whiteley A, Curtis T, Watanabe K (2007) Influence of
sustainability and immigration in assembling bacterial populations of
known size and function. Microb Ecol 53:348–354

27. Marzorati M, Wittebolle L, Boon N, Daffonchio D, Verstraete W
(2008) How to get more out of molecular fingerprints: practical
tools for microbial ecology. Environ Microbiol 10:1571–1581

28. McGuinness LM, Salganik M, Vega L, Pickering KD, Kerkhof LJ
(2006) Replicability of bacterial communities in denitrifying
bioreactors as measured by PCR/T-RFLP analysis. Environ Sci
Technol 40:509–515

29. McMahon KD, Martin HG, Hugenholtz P (2007) Integrating
ecology into biotechnology. Curr Opin Biotechnol 18:287–292

30. Muyzer G, de Waal EC, Uitterlinden AG (1993) Profiling of
complex microbial populations by denaturing gradient gel electro-
phoresis analysis of polymerase chain reaction-amplified genes
coding for 16S rRNA. Appl Environ Microbiol 59:695–700

31. Palacios C, Zettler E, Amils R, Amaral-Zettler L (2008) Contrasting
microbial community assembly hypotheses: a reconciling tale from
the Rio Tinto. PLoS ONE 3:e3853

Bacteria Assembly in Activated Sludge Flocs 443



32. Possemiers S, Verthé K, Uyttendaele S, Verstraete W (2004) PCR-
DGGE-based quantification of stability of the microbial community
in a simulator of the human intestinal microbial ecosystem. FEMS
Microbiol Ecol 49:495–507

33. Quince C, Curtis TP, Sloan WT (2008) The rational exploration of
microbial diversity. ISME J 2:997–1006

34. Raup DM, Crick RE (1979) Measurement of faunal similarity in
paleontology. J Paleontol 53:1213–1227

35. Roeselers G, Zippel B, Staal M, van Loosdrecht M, Muyzer G
(2006) On the reproducibility of microcosm experiments—
different community composition in parallel phototrophic biofilm
microcosms. FEMS Microbiol Ecol 58:169–178

36. Rowan AK, Snape JR, Fearnside D, Barer MR, Curtis TP,
Head IM (2003) Composition and diversity of ammonia-oxidising
bacterial communities in wastewater treatment reactors of different
design treating identical wastewater. FEMS Microbiol Ecol
43:195–206

37. Saikaly PE, Stroot PG, Oerther DB (2005) Use of 16S rRNA gene
terminal restriction fragment analysis to assess the impact of
solids retention time on the bacterial diversity of activated sludge.
Appl Environ Microbiol 71:5814–5822

38. van der Gast CJ, Ager D, Lilley AK (2008) Temporal scaling of
bacterial taxa is influenced by both stochastic and deterministic
ecological factors. Environ Microbiol 10:1411–1418

39. Wilen BM, Onuki M, Hermansson M, Lumley D, Mino T (2008)
Microbial community structure in activated sludge floc analysed
by fluorescence in situ hybridization and its relation to floc
stability. Water Res 42:2300–2308

40. Woodcock S, Curtis TP, Head IM, Lunn M, Sloan WT (2006)
Taxa–area relationships for microbes: the unsampled and the
unseen. Ecol Lett 9:805–812

41. Woodcock S, van der Gast CJ, Bell T, Lunn M, Curtis TP, Head IM,
SloanWT (2007) Neutral assembly of bacterial communities. FEMS
Microbiol Ecol 62:171–180

444 J. M. Ayarza et al.


	Nonrandom Assembly of Bacterial Populations in Activated Sludge Flocs
	Abstract
	Introduction
	Materials and Methods
	Seed Preparation and Reactor Setup
	Microscopy
	RNA Extraction
	RT-PCR Assay of 16S rRNA
	PCR–DGGE
	Fingerprinting Analysis

	Results
	Floc Development
	Population Dynamics During Floc Development
	Comparison of Community Structure Between Reactors

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


