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Abstract
A scaled-down batch reactor system, modelled on traditional laboratory scale batch reactors, was developed for the preliminary assessment of the role of a number of factors on microbial aggregation. Long-term batch reactors were used to
investigate the role of extracellular DNA in the re-granulation of crushed granular sludge, while short-term reactors were
used to assess the impact of protozoan grazing on aggregation and microbial community structure. Extracellular DNA was
observed as halos and honeycomb structures within granules and was found to be integral to granular architecture. Grazing
by heterotrophic protists was shown to increase and maintain aggregate size as well as significantly affect the microbial
community structure.
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Introduction
The treatment of wastewater, imperative for both human
and environmental health, has traditionally involved the use
of activated sludge, a native microbial consortium used to removal nutrients from wastewaters. Anaerobic granular technology has been widely studied and implemented for wastewater treatment in the form of upflow anaerobic sludge
blanket reactors (UASB). The disadvantages of anaerobic
granular systems include long start up times, the inability to
treat low nutrient loads due to incomplete nutrient remov-

al and the requirement for further treatment of effluent [1].
Aerobic granule technology offers more efficient treatment,
as these self-aggregating microbial communities encased in
an extracellular matrix, have faster settling times [2], the capacity to withstand low and high nutrient loads [3-6] and the
ability to degrade more toxic wastewaters [7-9]. Sequencing
batch reactors (SBRs) used for aerobic granulation combine
both aerobic and anaerobic conditions, and thus they can be
successfully manipulated to achieve simultaneous nitrate
and phosphorous removal [10-13].
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In the laboratory, scaled down SBRs are used to assess the capacity of sludge to treat a range of wastewaters in real time.
These reactors mimic full scale SBRs in all aspects, including
the 4 major steps of operation; influent fill, reaction, settlement and effluent removal, while a range of parameters are
used to assess reactor performance. The installation, running
and maintenance of laboratory-scale SBRs can be costly as
they require specialised laboratories and equipment, and are
typically controlled and monitored by online systems. Moreover, the onset of granulation can be extremely variable and
unpredictable, which makes the investigation of operational
variables difficult. This time and labour intensive approach
to assessing granulation of sludge also means there is limited
scope to study other factors, such as biological and molecular
influences. Manipulation of the system and the running of replicates are often not feasible, and thus there is little capacity to
assess the multitude of ecological variables which may affect
granulation. Here we report the implementation of a simplified, manually operated batch reactor system, which we propose can be used as a relatively quick and simple approach
for screening of a range of environmental factors involved in
granulation. Here this system was used to study the impact of
extracellular DNA and predation by heterotrophic protists on
granule formation.

Many aspects of granule formation, such as the production
of extracellular polymeric substances (EPS) [14-17] and resistance to antimicrobials and other toxic compounds [9,18],
mirror that of surface attached microbial communities (known
as biofilms) [19-21]. Thus, granules can be viewed as self-immobilised biofilms. Granulation has been largely studied in the
context of engineering principals and reactor design, however,
as with other surface-associated communities, a range of biological factors may also play significant roles in community
structure and function.
Extracellular DNA (eDNA) is observed to be an important
component of biofilm EPS, with emerging evidence suggesting a significant role for eDNA in biofilm development in both
Gram-negative and Gram-positive bacterial species. Extracellular DNA had been shown to be important for initial biofilm
formation of Streptococcus pneumoniae and Pseudomonas
aeruginosa species [22,23] and for dispersal of Caulobacter
crescentus and Acidovorax temperans biofilms [24,25]. Nucleic
acids, DNA in particular, have also been consistently observed
as part of the extracellular matrix of both granules and activated sludge [14,26,27]. Emerging evidence suggests that eDNA
is important for floc structure in activated sludge biofilms,
with Dominiak et al [28] demonstrating a localisation of eDNA
around microcolony clusters and deflocculation with DNase I
addition [28]. The abundance of eDNA has also been shown
to vary among bacterial clusters within both aerobic activated
and granular sludge, suggesting that active secretion of eDNA
may also occur within these wastewater communities [28,29].
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Despite the growing evidence for the importance of eDNA in
the development and maintenance of complex biofilm structures, the role of eDNA in granulation remains largely unexplored.

Heterotrophic protists are single-celled eukaryotic organisms
common to aquatic environments, and indigenous to activated
sludge communities. Known to graze on bacteria, protozoa use
a variety of feeding strategies to capture and ingest their prey
[30,31]. Due to their sensitivity to changes in environmental
conditions, protozoa have long been used as indicator organisms for sludge health in wastewater treatment systems [32].
The presence and activity of indigenous protozoa can affect
the bacterial community composition. For example, grazing by
protozoa has been shown to decrease Escherichia coli numbers
in both estuarine and wastewaters [33,34], while protozoan
predation in activated sludge systems can reduce the number
of suspended solids in the effluent [35].
Protozoan grazing may also impact processes such as nitrification, which are vital for nutrient removal in wastewater treatment systems. Decreased grazing of activated sludge by protozoa has been correlated to a decrease in the rate of nitrification
[36], while overgrazing of nitrifying populations by protozoa
has been reported to decrease the overall nitrifying capacity of
sludge [35]. Despite the evidence suggesting that protozoa play
an important and complex role in activated sludge processes,
very little work has been done to explore the role of protozoa
in granulation. Here we assess the role of predation by heterotrophic protists, both a native sludge isolate and a previously
isolated cilate, and eDNA in the aggregation of sludge using a
simplified, scaled-down reactor system.

Materials and Methods
Experimental Overview

Reactors were run initially over a 43 day period to assess feasibility of re-granulating crushed granular sludge. Once this was
established, experiments adding DNA and protozoa were performed in reactors of working volume 250 and 50 ml, respectively. Two separate experiments involving protozoa were performed. In the first, protozoa native to the granular sludge that
was used throughout all experiments were isolated, grown and
added to reactors with crushed sludge in controlled numbers.
In a second set of experiments, a previously isolated freshwater ciliate was added to the reactors with crushed sludge in
controlled numbers and made inactive using the eukaryotic
antimicrobial cycloheximide.
Batch reactor setup and operation

Carbon-removing granular sludge was collected from bioreactors established for use in batch reactor experiments at the
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Two hundred millilitres of granular sludge were crushed to
smaller flocs using a mortar and pestle or homogenised manually. One hundred millilitres of crushed sludge were added to
two 500 ml measuring cylinders containing 400 ml synthetic
wastewater (mg l-1: NaOAc, 1000; NH4Cl, 100; K2HPO4, 22.5;
CaCl2•2H2O, 15; MgSO4•7H2O, 12.5; FeSO4•7H2O, 10) and 1 ml
trace elements (mg l-1: H3BO3, 0.05; ZnCl2, 0.05; CuCl2, 0.03;
MnSO4•H2O, 0.50; (NH4)6•Mo7O24•4H2O, 0.05; AlCl3, 0.05; CoCl2•6H2O 0.05; NiCl2, 0.05). Continuous mixing was achieved
by bubbling air through reactors with air stones. At 10 and 14
h intervals, biomass was allowed to settle and 250 ml of the
spent media was removed using a syringe and replaced initially with 250 ml of synthetic wastewater. The reactors were run
for several days using these cycle conditions in order to acclimatise the sludge. For the experiments where the sludge was
removed and tested, the air supply was stopped and the sludge
was allowed to settle for a fixed period before the supernatant
was removed using a syringe.
Sample collection and determination of aggregate size

Sampling of three 1 ml aliquots of the settled biomass in batch
reactors was performed every 2-3 days. Two aliquots were
centrifuged and the cell pellets were frozen and stored for DNA
extraction, and the third was used immediately for microscopy.
Suspended biomass samples were also collected (up to 3 x 10
ml), centrifuged and stored at -20oC for DNA extraction.

Aggregate size was determined by analysis of micrographs
using the image analysis program Image J [37]( Microscope
images were taken using a Nikon Eclipse 80i for initial floc to
granule experiments and a Leica DM LB phase microscope for
eDNA addition experiments.
Extracellular genomic DNA addition to batch reactors

Extracellular DNA was obtained by extraction of genomic DNA
from E. coli 4295 and added to batch reactors (250 ml working volume) at final concentrations of 1 and 10 µg ml-1. At 10
and 14 h cycles, 100 ml of supernatant were removed from the
reactors and replaced with 100 ml of fresh media containing
eDNA. Control reactors with no eDNA were also included and
all treatments were run in triplicate and repeated two times.

Genomic DNA was extracted from E. coli 4295 using a modified
XSP buffer extraction method [38]. Briefly, 500 ml of an overnight culture of E. coli 4295 was centrifuged (Beckman Coulter,
Avanti ™ J-25I) and the cell pellet was resuspended in 10 ml XS
buffer (1% w/v potassium ethyl xanthogenate, 20% v/v 4 M
ammonium acetate, 1% v/v 1 M Tris-HCl, pH 7.2, 4% 0.45 M
EDTA, pH 8.0, 4% v/v SDS, water to 50 ml) and 10 ml of phenol
(Research Organics) and incubated at 65oC for 15 min. After
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incubation, the tubes were vortexed briefly and cooled on ice
for 1 - 2 min, followed by centrifugation (5min at 10,000 x g).
The upper layer was extracted twice with equal volumes of a
1:1 phenol/chloroform solution; DNA was precipitated by the
addition of 2 volumes of ethanol and 1/10 volume of 3 M sodium acetate and the tubes were incubated on ice for 45 min.
The DNA was pelleted by centrifugation (15 min at 13,000 x g),
the supernatant was removed and the pellet was washed with
1 ml of 70% ethanol and air-dried. The DNA was resuspended
in 1 ml of molecular grade water and the concentration was
determined using a spectrophotometer (Thermo Scientific
NanoDrop™1000).
Visualisation of eDNA in sludge

One-millilitre aliquots of sludge samples were centrifuged for
5 min at 16,060 x g and the cell pellet was resuspended in 1
ml of PBS. One microliter of a 1:10 dilution of the nucleic acid
stain, BOBO-3 (Molecular Probes®), and the EPS stain, FITC-conA (Molecular Probes®) were added and the sample was incubated for 20 min in the dark and observed by microscopy
(Olympus FV1000).
Assessment of DNase activity in sludge

E. coli 4295 genomic DNA was added to 1 ml aliquots of granular sludge, cell-free supernatants and molecular water at final
concentrations of 50 or 100 µg ml-1. The aliquots were left to
incubate at room temperature for 24 h, with 50 µl being removed every 2 h for the first 8 h and at 24 h. Ten microliters
from each time point were electrophoresed on a 1% (w/v)
agarose gel run at 80 V, 400 A for 30 min. DNA was visualised
under UV (BioRad, GelDoC XR) after staining with 1 µg ml-1
ethidium bromide.
Maintenance of protozoa

Native sludge protozoa isolated from an Enhanced Biological Phosphorous Removal (EBPR) reactor and the freshwater
ciliate Tetrahymena pyriformis were routinely maintained in
synthetic wastewater and fed heat-killed Pseudomonas aeruginosa PAO1. Protozoa were enumerated by fixing with Lugol’s
Solution and counted by light microscopy (Leica DM LB phase
microscope).
Native sludge protozoa addition

Replicate 50 ml falcon tubes were used for mini reactors containing 40 ml crushed sludge in synthetic wastewater. Before
use, native protozoa isolated from the sludge were incubated
at room temperature for several days in order for cell numbers
to reach a minimum of 103 cells ml-1. One millilitre of cells was
added to each triplicate reactor and the protozoa were enumerated as described above.
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Reactors were aerated for a total of 72 h, with media being replenished every 24 h. At the end of each 24 h cycle, samples
were taken for aggregate size determination and community
analysis. Reactors were allowed to settle for 5 min, after which
20 ml of supernatant was removed. Protozoa in this spent supernatant were enumerated and the same number of them was
added back to the reactor along with fresh media. Suspended
biomass was collected from the supernatant by centrifugation
at 10,000 × g for 10 min and used for community analysis.
T. pyriformis addition

Experiments using T. pyriformis were performed as above (section 2.7.1), but were run for a total of 168 h. Initially, a single
reactor was inoculated with crushed sludge and 1 ml of a 105
cells ml-1 culture of T. pyriformis, and run for 96 h to acclimatise
the sludge. A control reactor with T. pyriformis addition was
also included. After this acclimation period, half of the sludge
in test reactors with T. pyriformis was transferred to new reactors and both sets of reactors were made up to 40 ml with
synthetic wastewater. To one reactor, a final concentration of
10 µg ml-1 of cycloheximide was added to inactivate the protozoa. Reactors with T. pyriformis addition, cycloheximide addition and control reactors were aerated for a further 48 h, with
fresh media being replaced every 24 h. Cycloheximide was also
replenished at a final concentration of 10 µg ml-1 at the end
of each cycle. Enumeration of protozoa and collection of suspended biomass were also performed as above (section 2.7.1).
All conditions were run in triplicate.
Analysis of genomic DNA from sludge samples

Genomic DNA from sludge samples was extracted as described
by Griffiths et al [39]. DNA concentration was determined by
spectrophotometry (Thermo Scientific NanoDrop™1000),
while DNA quality was determined by electrophoresis (1%
agarose gel in 1 x TBE).

Variable regions of the 16S ribosomal DNA were amplified using the forward primer 341F with a 33 base pair GC-clamp at
the 5’ end of the primer and reverse primer 534R [40]. The
PCR reaction contained 40 ng of DNA template, 5 µl of 10 x buffer, 100 nmol MgCl2, 12.5 nmol dNTPs, 10 pmol each of forward
and reverse primer, 0.2 µl of Taq polymerase and molecular
grade water for a final volume of 50 µl. The PCR conditions
were as follows: 95oC for 2 min, followed by 30 cycles of 95oC
for 30 s, 60oC for 30 s, 72oC for 90 s, with a final extension of
72oC for 10 min.

Regions of the 18S ribosomal RNA gene were amplified using
the forward primer 300F with a 39 base pair GC-clamp at the
5’ end of the primer (5’-CGCCCGCCGCGCCCCCGCCCCGGCCCGCCGCCCCCGCCCGAGGGTTCGATTCC-3’) and reverse primer
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EK555sR (5’-GCTGCTGGCACCAGACT-3’) [41]. The PCR reaction contained 80 ng DNA template, 5 µl of 10 x buffer, 75 nmol
MgCl2, 2.5 µl of DMSO, 10 nmol dNTPs, 20 pmol each of forward, and reverse primer, 0.5 µl of Taq polymerase and molecular grade water to a final volume of 50 µl. The PCR conditions
were as follows: 95oC for 2 min, followed by 25 cycles of 95oC
for 30 s, 61oC for 30 s, 72oC for 30 s, with a final extension of
72oC for 10 min. PCR products were electrophoresed on a 1%
agarose gel and stained with 1 µg ml-1 ethidium bromide.

Amplified DNA was submitted for pyrosequencing (Research
and Testing Laboratories LLC, Texas, USA) [42]. Primers 28F
(5’-AGAGTTTGATCMTGGCTCAG-3’) and 519R (5'-GWATTACCGCGGCKGCTG-3’) were used for sequencing the bacterial community, while 300F (5’-AGGGTTCGATTCCGGAG-3’)
and EK555sR (5’-GCTGCTGGCACCAGACT-3’) were used for
sequencing of the eukaryotic community. Analysis of the pyrosequencing data was performed using Mothur v.1.16.1 [43].
Briefly, reads obtained from pyrosequencing were trimmed to
remove primer and barcode sequences as well as to remove
poor quality sequences. Unique sequences were then extracted and aligned to the SILVA reference database, after which
chimeric sequences were removed. The remaining sequences were then pre-clustered to reduce sequencing noise from
the pyrosequencing data. Operational taxonomic units (OTUs)
were then assigned to sequences that were 3% divergent for
bacterial communities and unique for eukaryotic communities.

Statistical analyses

Statistical analyses were performed using Prism software
(GraphPad Software Inc.). Pair-wise comparisons were performed using unpaired two-tailed t-tests with confidence
intervals of 95% or more. Where the variance was unequal,
Welch’s correction was applied. One-way ANOVAs were performed in Prism using the nonparametric Kruskal-Wallis test
and the Dunns post-test. Again, P values with confidence intervals of 95% or more were used.

Results

Long-term batch reactors
Initial batch reactors with a working volume of 500 ml, were
set up in duplicate and run in parallel to assess whether
crushed granules would re-granulate under simplified conditions. After 6 days, the mean aggregate size for reactors 1 and 2
was 9.62 × 104 µm2 ± 7.64 × 104 and 8.45 ×104 µm2 ± 9.15 × 104,
respectively (Figure 1). The aggregate size increased significantly (p < 0.001) over time with the mean aggregate size for
reactors 1 and 2 at day 43 reaching 6.30×105 µm2 ± 3.80x105
and 9.85×105 µm2 ± 4.81x105, respectively. The transition from
small, irregular aggregates to large, smooth granules was also
tracked visually and is summarised in Figure 2.
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of eDNA to sludge in this manner had no significant effect
on granule size or the rate of granulation (data not shown).
Treatment of granules with varying concentrations of DNase
I resulted in no significant difference in mean aggregate size.
However, the presence of the enzyme did result in differences in the aggregate size range, the smallest aggregate size in
DNase I treated samples was at least 10-fold smaller than that
in untreated controls (Figure 3).

Figure 1. Mean aggregate area of sludge from batch reactors operated
over 43 days.

The mean aggregate area of duplicate reactors was calculated by
microscopy (Nikon Eclipse 80i) over a period of 43 days as sludge
transitioned from flocs to granules. By day 43, the aggregate size had
increased significantly (p < 0.001). Error bars represent standard deviations. Experiments were run in duplicate and repeated two times.

Figure 2. Microscope images of sludge samples over a 43-day period.
Samples from days 4 (A), 12 (B) and 20 (C) were stained with the fluorescent dye DAPI and visualised by fluorescent microscopy (Nikon
Eclipse 80i) while visualisation of day 43 (D) samples was done using
a stereomicroscope. Scale bars for all images represent 100 µm.

Role of extracellular DNA in granules

Batch reactors of 250ml working volumes were run over 43
days, with genomic DNA from E. coli 4295 added at final concentrations of 1 or 10 µg ml-1, every 10 and 14h. Control reactors with no DNA addition were also included. The addition

Figure 3. Box and whisker plots of aggregate sizes in reactors treated
with DNase I.

Samples from control reactors (A), reactors with 1 µg ml-1 eDNA
addition (B) and reactors with 10 µg ml-1 (C) taken after 40 days of
treatment with 10 and 100 µg ml-1 DNase I. The bars represent the
maximum and minimum values, while the box represents the 25th to
the 75th percentile range, the line represents the median value. Experiments were run in triplicate and repeated twice.

To confirm the penetration of DNase I into the granules, samples were stained with BOBO-3 and FITC-conA in order to visualise eDNA and EPS, respectively, via confocal microscopy.
There was less eDNA visible in DNAse I treated samples, as
indicated by the decrease in red fluorescence in treated samples, particularly those treated with the higher (100 µg ml-1)
concentration of DNase I (Figure 4C). The red fluorescing filaments seen in all images, particularly in Figure 4C, were auto-fluorescing filamentous microbes and not eDNA.

Figure 4. Detection of eDNA in DNase I treated sludge.

Control sludge (A), and sludge treated with 10 (B) and 100 µg ml-1
(C) of DNase I were stained with the DNA stain BOBO-3 (red) and the
EPS stain FITC-conA (green) and visualised by fluorescent confocal
microscopy (Olympus FV1000). The circles indicate areas of eDNA,
while arrows indicate fluorescent filaments. The scale bars represent
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50 µm.

Extracellular DNA within granules is protected from native sludge DNase activity
E. coli 4295 g DNA was added to samples of sludge and cell free
supernatants from reactors at 50 and 100 µg ml-1, and incubated at room temperature (Figure 5). Aliquots were sampled
over 24 h and the DNA visualised on agarose gels. The eDNA
started to visibly degrade after 6 h in sludge samples and was
completely digested after 24 h (Figure 5).
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Figure 6. Visualisation of eDNA in granules.
Granules were stained with BOBO-3 (red) and FITC-conA (green) and
visualised by confocal microscopy (Olympus, FV-1000) at 20 x magnification (A) at 200 x magnification (B) and at 100 x magnification (C
and D) and show halos (circles) and honeycomb structures (arrows)
of eDNA. Scale bars are 50 µm for A and 5 µm for B – D.

Addition of protozoa to small-scale, short-term batch
reactors

Protozoa isolated from sludge and the freshwater ciliate, T. pyriformis, were added to small scale (50 ml), short-term batch
reactors to assess their effect on aggregate formation. The addition of native sludge protozoa to crushed sludge resulted in a
shift in aggregate size distributions, with a trend towards larger aggregate size compared to the untreated control (Figure 7).
The addition of T. pyriformis to crushed sludge did not affect
aggregate formation over time (Figure 8A). The removal/inactivation of protozoa by cyclohexamide significantly reduced
aggregate size in reactors with protozoa addition, but not controls reactors (Figure 8B).

Figure 5. Detection of E. coli 4294 genomic DNA.

Agarose gel electrophoresis of E. coli 4295 gDNA incubated in sludge
and cell free supernatant for 1 (A), 6 (B) and 24 h (C). Fifty (lanes 1,
3, 5) and 100 µg ml-1 (lanes 2, 4, 6) of DNA was incubated in sludge
(lanes 1, 2), cell free supernatant (lanes 3, 4) or water (lanes 5, 6).
Controls with no DNA were also included. Agarose gels were 1 %
(w/v) and stained with 1 µg ml-1 ethidium bromide.

eDNA within granules were observed as halos and honeycomb structures (Figure 6). Halos were consistently observed
around dead or membrane compromised cell clusters (i.e., red
fluorescing cells) within granules, while honeycomb structures
were consistently free of both dead (red fluorescing) cells and
EPS (green fluorescence), indicating an association with live
cells.

Figure 7. Effects of native sludge protozoa on sludge aggregate size.

Aggregate size distributions were calculated for crushed sludge with
the addition of excess ciliates isolated from an EBPR reactor. The bars
represent the maximum and minimum values, while the box represents the 25th to the 75th percentile range, with the line representing the median value. Experiments were performed in triplicate and
repeated 3 times.

DNA extracted from samples was submitted for pyrosequencing. Analysis of pyrosequencing data showed that microbial
community structure (both bacterial and eukaryotic communities), was affected more by time than by protozoa addition
(data not shown). The addition of T. pyriformis to sludge did
however significantly alter the contribution of a number of
individual members (OTUs) to the overall community. These
OTUs were referred to as being differentially represented or
differentially abundant.
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While no significant changes in the overall community structure were observed between treated and control samples,
there were a number of OTUs in both bacterial and eukaryotic communities that were differentially represented with T.
pyriformis addition (Table 1). In eukaryotic communities, 13
OTUs were represented differentially, all of which increased
significantly (p < 0.05) with the addition of T. pyriformis. In
bacterial communities, there were a total of 29 OTUs that were
differentially abundant (p < 0.05), with 9 OTUs increasing and
20 decreasing with T. pyriformis addition. In eukaryotic communities, all the OTUs differentially abundant with treatment
were also differentially abundant with time; however, of the
29 OTUs in the bacterial community, there were 4 OTUs that
were differentially represented with treatment only, and not
over time. This suggests that the abundance of these 4 taxa
was affected by the presence of T. pyriformis. These OTUs were
identified and are summarised in Table 2.
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75th percentile range, with the line representing the median value.
Experiments were performed in triplicate and repeated 2 times.

Table 1. Summary of differentially represented OTUs in batch reactors with T. pyriformis addition (p < 0.05).
Community

Bacterial

Eukaryotic

Total OTUs

29

13

Increased OTUs

9

13

Decreased OTUs

20

0

Table 2. Summary of differentially represented OTUs in the bacterial
community with T. pyriformis addition (p < 0.05).
OTU

Taxa

Identity

Increase/Decrease

44

Family

Planctomycetaceae

Increase

80

Genus

Steroidobacter

Increase

90

Genus

Stella

Decrease

101

Order

Rickettsiales

Decrease

Discussion
Development of Mini Batch Reactors
Scaled down bioreactor systems have traditionally been used
to screen large numbers of experimental conditions [44], with
small-scale microbial bioreactors often used to characterise a
range of bioprocesses. Bioreactors scaled from 7 L down to 10
ml have been used to characterise microbial fermentation processes of E. coli cells [45]. Similarly, scaled down bioreactors
were used to characterise transcriptional responses of E. coli
to dissolved oxygen gradients in order to better understand
scale-up parameters for ethanol and organic acid production
[46]. Based on these suspension bioreactors, small-scale bioreactors are also used as reproducible systems to culture stem
cells, both for research and clinical use [47,48].

Figure 8. Effects of T. pyriformis grazing on aggregate size.

Aggregate size distributions were calculated for crushed sludge with
excess T. pyriformis addition (A) and after removal of protozoa by
cycloheximide addition (10 µg ml-1) (B). The bars represent the maximum and minimum values, while the box represents the 25th to the

In the work presented here, an experimental design that uses
scaled down batch reactors based on laboratory scale SBRs,
with smaller working volumes, was explored. This system
allows manipulation of various biological parameters to be
tested for short-term effects on granulation. Batch reactors of
500 ml working volume were run in duplicate and granule development of crushed sludge was monitored daily (Figure 1).
Granulation occurred by day 43, where mean granule size had
plateaued over time but was significantly larger (p < 0.001)
than the starting sludge. Thus, using this small-scale batch reactor system, crushed granules were able to re-granulate.
Crushed granules have also been shown to be effective in decreasing reactor start-up times, maintaining reactor biomass
and retaining nutrient removal capacity throughout granula-
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tion in laboratory scale systems. In a recent study by Pijuan et
al. [49], aerobic bioreactors containing a mixture of floccular
sludge and crushed granules not only decreased granulation
time, but also resulted in biomass retention, when compared to
control reactors without crushed granules. The use of fluorescent beads and confocal microscopy revealed that the crushed
granules acted as an anchor for the floccular sludge, thereby
reducing biomass washout and retaining both biomass and nutrient removal [50].
Effect of eDNA on granule development

It is becoming increasingly evident that extracellular DNA
plays an important role in intercellular adherence and biofilm
formation in a range of bacterial species. Extracellular DNA has
been shown to contribute to the architecture of P. aeruginosa
biofilms [51], promote biofilm formation of Staphylococcus epidermidis [52] and provides structural support in Staphylococcus aureus biofilms [53]. Moreover, eDNA has been observed
in planktonic aggregates of P. aeruginosa [54] and addition of
DNA to E. coli cultures has been shown to promote cellular aggregation [55].

The batch reactor system described in this paper was therefore used to assess the role of eDNA in granule formation and
stability, by using externally added genomic DNA to mimic
eDNA. Batch reactors of 250 ml working volume were set up in
triplicate with the addition of 1 or 10 µg ml-1 of E. coli genomic
DNA and a triplicate control set in which no DNA was added.
The aggregate size of sludge in the reactors was followed over
a 44-day period, until it was established that granulation had
occurred. A significant increase in aggregate size was observed
from day 0 to day 44 across all treatments, however no significant differences in aggregate size was observed between reactors with 1 µg ml-1 DNA addition, 10 µg ml-1 DNA addition and
control reactors (data not shown). These results indicated that
the external addition of DNA to crushed sludge did not influence the granule size and its development.

In order to determine if native eDNA plays a role in the development and stability of granules, batch reactors were treated
with DNase I. Results indicated that the enzyme was able to
penetrate and was active within the granules (Figure 4). Treatment with DNase I resulted in an increase in the number of
smaller aggregates compared to untreated controls (Figure
3), indicating that the enzyme had an effect on aggregate size.
These results suggested that eDNA was important for granule
stability. However, there was no significant change in the overall mean aggregate size for DNase I treated samples compared
to controls, indicating that eDNA alone did not maintain granule architecture, but rather did so in combination with other
EPS components. EPS has been previously shown to be important for granule stability with granule disintegration on exposure to enzymatic treatments reported [56].
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The crushed granular biomass used in this study conferred
native DNase activity, degrading externally added genomic
DNA within 6 h, with complete degradation after 24 h, while
cell-free sludge supernatants showed no enzymatic activity
(Figure 5). The results indicated that DNase activity was associated with cellular biomass and was not extracellular. This
observation may explain why the addition of DNA to batch
reactors had no effect on granule development; the externally added DNA was digested by native enzymes rather than incorporated into the granules. In contrast, a previous study by
Vallom and McLoughlin [57] demonstrated that the addition
of DNA extracted from sludge was able to induce flocculation
in sludge isolates, while Lui et al. [55] showed the addition of
various DNA types (herring sperm, pUC18 and lambda DNA)
promoted aggregation of E. coli cells. The biomass used in this
study comprised a complex microbial community, compared
to the individual isolates and single species used by both the
above studies, and is the probable explanation accounting for
these contrasting results.
Despite the ability of sludge biomass to degrade gDNA (Figure
5), the presence of DNA observed in the extracellular matrix
within granules using fluorescent dyes and confocal microscopy (Figure 6), indicated that this eDNA was protected from
native sludge DNase activity. These results suggested that this
eDNA was excreted from within the granules themselves, and
not incorporated from the externally added gDNA. Two differing structures of eDNA were observed within the granules, halos and honeycomb structures, which were reported here for
the first time in granules (Figure 6). To date, highly organised
honeycomb structures within biofilms have been reported for
a number of bacteria including S. epidermidis [58,59] and P.
fluorescens [60], however there is little evidence that eDNA is
a component of these structures.
The appearance of distinct eDNA structures suggests that
different subpopulations or species within the granules are
responsible for eDNA production. These distinct structures
may also reflect varying mechanisms of eDNA release, namely
through cell lysis or active excretion. The release of eDNA via
the lysis of a subpopulation of cells and has been demonstrated for a number of bacterial species including P. aeruginosa,
S. aureus and S. epidermidis [52,61-63], while active secretion
of DNA without the occurrence of cell lysis has been reported
for Neisseria gonorrhoeae, which is able to excrete eDNA via a
specific type IV secretion system [64].
Effect of heterotrophic protists on granulation

Protozoa are a common constituent of microbial sludge communities and are consistently observed in wastewater granules [65,66]. They are known to affect biological processes and
sludge communities in wastewater treatment, their presence
can be both advantageous and detrimental to the treatment
process. Dempsey et al. [67] reported that the overgrowth of a

Cite this article: McDougald D. Assessment of the Role of Extracellular DNA and Protozoan Grazing in Aerobic Granular Sludge Development. J J Biotech Bioeng. 2014, 2(1): 008.

Jacobs Publishers
stalked ciliate reduced the existing nitrifying biofilm community resulting in the breakdown of the treatment process of an
expanded bed reactor. The batch reactor concept developed in
this work was utilised to investigate the role of protozoan grazing under short-term conditions, using both a native sludge
protozoan isolate and the ciliate T. pyriformis.

The addition of a native sludge protozoa resulted in a shift towards larger aggregates, suggesting that native sludge protozoa contribute, in part, to the formation of aggregates. The observed increase in aggregation could be a consequence of the
ingestion of planktonic (ie: non-aggregating) bacteria by the
protozoa, leaving behind aggregating populations. Alternatively, aggregation may be a strategy used by bacterial sludge community for grazing resistance. Bacterial aggregate formation in
response to predation has been reported for freshwater Sphingobiumsp. [68], Pseudomonas sp. MWH1 [69] and P. aeruginosa [70]. The presence of protozoan grazers has been reported
to increase the rate of microcolony formation in P. aeruginosa
and Vibrio cholerae species, while cells within differentiated
biofilms remain resistant to grazing [70,71]. By forming cell
aggregates and biofilms, bacteria are able to avoid predation
by making themselves inaccessible to grazers.
While grazing by T. pyriformis has been shown to induce biofilm formation in V. cholerae [71], no difference in aggregate
size was observed with the addition of T. pyriformis to batch
reactors. However, inhibition of grazing via cycloheximide
addition resulted in a decrease in aggregate size (Figure 8B).
While the majority of the literature on the role of protozoa in
activated sludge communities credit protozoa for maintaining
effluent clarity [32,35] and acting as indicator organisms for
healthy sludge [32], the results presented here suggest that
protozoa also play a role in driving aggregate formation and
maintaining aggregates.
The effect of grazing on the microbial community structure
was also investigated. While analysis of pyrosequencing data
showed that microbial community structure was affected
more by time than by protozoa addition (data not shown),
the addition of T. pyriformis to sludge did significantly alter
the contribution of some members to the overall community
(Table 1). In eukaryotic communities, there was an increase
across all 13 differentially represented OTUs, suggesting that
the presence T. pyriformis may stimulate the growth of certain
eukaryotes. Of the 29 bacterial OTUs that were significantly
different with T. pyriformis addition, 4 of these were unique to
the treatment and not to time (Table 2). Of these, 2 increased,
while 2 decreased. One explanation for these results is that
OTUs with decreased reads, namely Stella and Rickettsiales
were consumed by T. pyriformis, thus allowing the growth of
Planctomycetaceae and Steroidobacter, the reads of which increased. Protozoan grazing has also been demonstrated to alter the community structure of SBRs bioaugmented with nitri-
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fying communities, with predation affecting nitrifiers but not
reactor performance [72].

Conclusion

This research focused on establishing a simplified, manually
operated batch reactor set-up that allows for the manipulation of a range of biological parameters in replicate. We have
demonstrated the viability of this system by re-granulating
crushed granular sludge. Using this system, we have demonstrated the importance of eDNA in maintaining granule architecture. However, it is only eDNA released from the community
itself, and not externally added DNA, which plays a role. We
also reported for the first time distinct halo and honeycomb
eDNA structures within granules. Based on the data presented,
both grazing by indigenous sludge protozoa and inhibition of
grazing by the ciliate T. pyriformis played a significant role in
the formation and maintenance of granular sludge aggregates.
Altered microbial community structure in the presence of T.
pyriformis, suggests that the effect of protozoa on this specific
sludge community is complex, and the impact of protozoa on
the granulation process, microbial sludge community composition and reactor performance warrant further investigation.
We propose this simplified system as a tool in the preliminary
assessment of a range of ecological factors and conditions that
may be involved in granulation.
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