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ARTICLE INFO ABSTRACT

Editor: <Despo Fatta-Kassinos> Aerobic granular sludge reactors usually operate in sequential batch mode, although this configuration limits the
treatment of large volumes of wastewater, and they require a storage system. To implement this technology at
full-scale, it would be necessary to design a simple and compact continuous-flow bioreactor able to treat larger
volumes of wastewater. In this study, four aerobic granular sludge single-chamber continuous-flow reactors (R1,
R2, R3 and R4) were designed and operated at the lab scale to evaluate and select a bioreactor configuration that
achieves high organic matter removal performance while maintaining a stable granulation for long-term oper-
ation, promoting the washout of filamentous microorganisms. Results confirmed that the bioreactor including a
lateral decanter (R1), was able to work in a steady state without loss of granular biomass and reached 95% of
organic matter removal performance. Its granules had excellent compaction, with settling velocity values above
100 m-h™!. The R1 bioreactor also allowed rapid biomass adaptation and therefore a fast start-up (11 days).
Results of this preliminary study at the lab scale suggested that the new and simple bioreactor design could be
promising for its implementation at full scale. For that, future research is required to optimise the current model
and to determine the most suitable operational parameters to treat domestic wastewater at full scale.
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internal layers [10-12]. This fact promotes the stratification of micro-
organisms along the layers, and consequently, it is possible to find

1. Introduction

Aerobic granular sludge (AGS) is a promising biological system for
the treatment of wastewater due to its advantages in comparison with
other technologies, such as conventional activated sludge (CAS) [1-3].
The hydrodynamic shear force and the continuous circular motion
generate compact granules formed by microorganisms fixed and stabi-
lised in a polymeric matrix [4,5]. This dense structure gives rise to the
advantages of this technology because the high density of AGS promotes
a better settleability [6,7], which can be translated into the imple-
mentation of more compact wastewater treatment plants (WWTPs) in
comparison with CAS, due to lower time and space required to separate
liquid-solid phases [2,5,8]. Moreover, the dense granular structure en-
courages a high accumulation of biomass. According to Nancharaiah
et al. [9], AGS technology can reach a biomass concentration greater
than 10 g-L™!. Besides this, the round shape maximises the granular
surface, and the high compactness promotes mass transfer, which cre-
ates differences in terms of oxygen and nutrients from the external to

different metabolisms in the same granule [2-4,13]. Therefore, AGS can
remove organic matter, phosphorous, nitrogen and other substances,
including pharmaceuticals, endocrine disrupters, phenolic compounds,
dyes, heavy metals, particulate matter, nuclear waste and sulphur amino
acids in the same chamber [1,3,8,13-17]. Changes in abiotic factors
could modify influent characteristics [18]. However, AGS is a robust
technology able to adapt to oscillating influent composition [19]. This
capability is promoted by the large amount of extracellular polymeric
substances (EPS) excreted by microorganisms in these aggregates,
encouraging resistance to toxic compounds and high organic loading
rates [13,20]. For all these reasons, AGS systems can be used to treat
urban and industrial wastewater [13,21] as well as drinking water [22].

This technology has usually been operated in sequential batch re-
actors (SBRs), with the following cycles: 1) reactor filling with the raw
water, 2) aeration, 3) settling of granules to separate the treated water
from the biomass and 4) effluent discharge. In the last stage, light flocs
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and filamentous microorganisms are washed out using short settling
times to select the fastest biomass [2]. Filamentous microorganisms are
essential for granule formation because they establish the structural core
[23]. Nevertheless, an excess of these microorganisms would give rise to
a destabilisation of the system, causing biomass washout due to the loss
of granular density [24]. Thus, the wash-out of the excess filamentous
microorganisms is a key step for maintaining granular structural
stability.

Recently, research has been carried out on the development of AGS
continuous-flow reactors (CFRs), as they offer more advantages than
SBRs. A CFR is easier to build, operate and maintain. Moreover, the
constant flow permits the treatment of larger volumes of wastewater and
the compaction of technology, as it does not require the previous storage
system [25-28]. Nowadays, the challenge is to find a good design for
AGS-CFR that concurrently allows granular biomass retention and the
promotion of the wash-out of filamentous bacteria and fungi.

Diverse designs of CFRs for AGS have been proposed. They are based
on bubble columns with baffles, serial multiple chambers, the use of
clarifiers, CFRs with submerged membranes or hybrid SBR-CFR systems
[3]. However, the mentioned configurations present restrictions, such as
granulation limitation, granular destruction by the sludge return system,
proliferation of filamentous microorganisms or complexity of con-
struction and maintenance [29,30]. So, further studies are necessary to
optimise the design and configuration for the selection pressure of
biomass, enhance the operational control and permit full-scale imple-
mentation [29,30].

In this study, four novel and simple AGS-CFR configurations, each
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one equipped with different baffles, were designed and operated. The
goal of this research was to achieve a successful performance using the
most effective design of AGS-CFR, whose configuration allows satisfac-
tory granular growth and stability, as well as the removal of excess
filamentous microorganisms. The new bioreactors had a simpler design
in comparison with those built previously to facilitate their construction
and maintenance while reducing costs. It was also expected that there
would be fewer granular instability problems because a sludge return
system was not required, differentiating itself from most of the preced-
ing models.

2. Material and methods
2.1. Bioreactors configuration and baffles design

The four bioreactors consisted of a methacrylate cylindrical tube of
10 cm in internal diameter and 72 cm in height. The bottom part was a
polyvinyl chloride (PVC) cone where an air sparger was placed. Bio-
reactors 1, 2 and 3 (R1, R2 and R3, respectively) had eccentric cones,
and bioreactor 4 (R4) had a concentric cone (Fig. 1). The total opera-
tional volume of the reactors was 6 L. The influent inlet was located at
half the height of the reactor, and the treated effluent output was located
at the top of the bioreactor (Fig. 1). Four different baffles were con-
figurated to evaluate the most efficient one to avoid the loss of granules
simultaneously to filamentous microorganisms wash-out. First, R1's
baffle was a truncated, conical PVC decanter 6.3 cm in diameter placed
in the water outlet zone and coupled to an elbow tube [31] (Fig. 1). The
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Fig. 1. CFR diagrams from front and side views; reactor 1 with a settler in the superior part; reactor 2 with a vertical plate dividing the cylinder; reactor 3 with an

eccentric position tube; reactor 4 with a concentrical position tube.
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baffle configuration allowed the remotion of floc biomass because flocs,
in contrast to the granular biomass, could reach the overflow zone. This
configuration of baffles allows the free movement of the granules
throughout the reactor. Secondly, R2's baffle consisted of a vertical plate
of methacrylate placed 2.5 cm above the air diffusor to permit the flow
of granular biomass. The diffusor created a circular movement that
forced granules to go up along one column side and fall along the
opposite column side due to the eccentricity of the bottom. The R2
configuration was based on a suction force created on top, which con-
strains the dense particles to go down, while filamentous microorgan-
isms could outflow. This plate restricted the free movement of granules.
Thirdly, R3's baffle was an internal tube 4.6 cm in internal diameter
circumscribed by the bioreactor’s internal structure and was placed at
2.5 cm along the air diffuser. The goal was similar to the R2 baffle, to
create a streamflow that enforces granule settling but allows the output
of undesirable flocs. Finally, the baffle placed in R4 consisted of an in-
ternal concentric tube 5.4 cm in internal diameter placed at 2.5 cm along
the air diffuser. The difference with the R3 design was the position of the
internal tube because R4’s baffle was positioned at the middle of the
reactor, due to its bottom cone being concentric. The premise was that
the streamflow generated would force the settling of compact biomass,
while floccules would be discarded.

2.2. Start-up

The four AGS-CFRs were operated for 55 days with 6 h of hydraulic
retention time. Influent wastewater was introduced by Watson Marlow
peristaltic pumps (United Kingdom). The synthetic medium simulating
urban wastewater was composed of 1.16 g-L”' CH3COONa-3 Hy0,
0.25 g-L ! NH4CI, 0.04 gL KCl, 0.1 g-L. ™! MgSO04-7 H,0, 0.085 g-L ™
K,HPO4 and 0.030 g-L_l KH,PO,4 according to Munoz-Palazon et al.
[32], with slight modification related to carbon source and the trace
solution. Air flowed through a diffuser placed at the bottom of each
bioreactor, giving rise to the hydrodynamic motion.

Each CFR was inoculated with 600 mL of granular biomass from a
lab-scale AGS-SBR located in the Water Research Institute (Granada,
Spain).

2.3. Determination of physicochemical parameters

During the experiment, physicochemical characterisation was peri-
odically analysed. Mix liquor suspended solids (MLSS) were determined
in triplicate for all reactors using standard methods for the examination
of water and wastewater [33]. Granular size and settling velocity were
evaluated to characterise the biomass properties, following Moy et al.
[34]. To determine the organic matter removal efficiency, chemical
oxygen demand (COD) and biological oxygen demand at day 5 (BODs)
were quantified during the experiment by standard methods [33].

2.4. Carbon mass balance

To perform a carbon mass balance in the system, two main reactions
should be considered. There is one corresponding to the removal of
organic matter to CO, by biological processes, according to the
following chemical oxidation reaction:

CnHoOp + 1/4 (4 n+ a - 2b) O2 —» nCO2 + (a/2) H30.

where, for the second term of the equation, the amount of oxygen
required for organic matter oxidation represents the COD.

Since the synthetic wastewater used in the experiments is composed
of a known carbon source (acetate), it is possible to define the stoichi-
ometry of the oxidation reaction of the organic matter contained in the
wastewater:

CH3COO + (7/4) Oz —» 2C0O2 + (3/2) H50.

The reaction of substrate transformation into new biomass was also
determined. On this occasion, although the stoichiometry involved in
this reaction is unknown, it can be experimentally measured as the
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increment of mixed liquor volatile suspended solids (MLVSS). Assuming
that new cells can be represented as CsH;NOo, it is possible to calculate
the oxygen equivalent (COD) for the generation of new biomass, which
can be considered approximately 1.42 gCOD/gMLVSS [35].

CsH,NOz + 5 O3 — 5C0O5 + NH3 + 2 H,0.

(AO2/ACsH7NO32) = (5 x 32 g/mol Oz) / (113 g/mol CsH7NOyz)
= 1.42 g02/gMLVSS.

Therefore, by applying a global mass balance to the system, it is
possible to calculate the generation of carbon dioxide (CO3) in each of
the four reactors from the results of the COD analyses of influent and
effluent samples and the MLVSS analyses.

2.5. Biological sample collection and DNA extraction

The granular biomass samples were collected at days 0, 15, 30 and 55
for each bioreactor. Representative granules were taken in a 15-mL
Falcon tube and immediately centrifuged at 5000 rpm for 20 min at
4 °C. Afterwards, the supernatants were discarded, and pellets were
stored at — 20 °C. The extraction of DNA from the samples stored was
performed using the FastDNA SPIN Kit for Soil (MP Biomedicals, USA)
according to the manufacturer’s protocol. For the final step, the DNA
pools were suspended in 150 uL of deionised water.

2.6. Absolute quantification of target genes

The quantification of the number of copies of the bacterial and
archaeal 16 S rRNA gene, fungal 18 S rRNA gene and functional genes
amoA and nosZ I was carried out by quantitative polymerase chain re-
action (qPCR) using Quant Studio 3 equipment. Plasmid standards were
used to create the calibration curves. For the bacterial 16 S rRNA gene,
107-10% copies-uL. ! serial dilutions were used. For the archaeal 16 S
rRNA gene and fungal 18 S rRNA gene, 10’-102 dilutions were used; for
amoA, 108-10* dilutions were used, and for nosZ I, 108-10° dilutions
were used. The reaction mixture contained 2.5 L of buffer with MgCl,,
0.5 uL of dNTPs (10 mM), 0.15 pL of forward and reverse primers
(10 uM), 0.125puL. of SYBR Green, 0.125puL of Taq polymerase,
0.0625 pL of BSA and 2 pL of DNA samples diluted 1:25. The primers
and qPCR conditions used were described by Munoz-Palazon et al. [36].

2.7. Next-generation sequencing and post-processing

Ilumina next-generation sequencing was performed using a pair of
primers: 16 S Pro341 forward 5-CCTACGGGNBGCASCAG-3' and
Pro805 reverse 5'-GACTACNVGGGTATCTAATC -3 for 16 S rRNA of
Prokarya and Euk1391F 5-GTACACACCGCCCGTC-3' and reverse EukB
5-TGATCCTTCTGCAGGTTCACCTAC-3' for 18 S rRNA of Eukarya [37,
38]. The raw data were analysed using Mothur v 1.39.4 [39]. First,
forward and reverse reads were merged into contigs. Then they were
screened to remove sequences with >8 homopolymers and
> 0 ambiguous bases. After that, reads were aligned against the SiLVA
seed v132 database using the Needleman conditions. Following, se-
quences that were not correctly aligned in the forward and reverse po-
sitions were removed. The VSEARCH algorithm was used for chimera
detection, using the sample reads as the reference [40]. The chimeras
were removed, and the remaining sequences were classified against
SiLVA nr v132 database through the k-nearest-neighbour method, and
then they were clustered into operational taxonomic units (OTUs) with a
similarity cut-off of 97% for Prokarya and 95% for Eukarya [41].

2.8. Ecological and statistical analysis

The a-diversity and B-diversity were calculated for prokaryotic and
eukaryotic sample groups using PAST3.14 software. Bioreactor differ-
ences were statistically significant for physicochemical data, and qPCR
results were calculated using one-way PERMANOVA using PAST3.14
software. The similarity percentages analysis (SIMPER) was done to
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quantify the contribution of each OTU to the dissimilarity between pairs
of samples. To calculate SIMPER, PAST3.14 software was employed
using the Bray-Curtis algorithm. Principal component analysis (PCA)
was carried out using R project v4.2.1 software, complemented with the
transformation to centred logarithm using CoDaPack software to cluster
the compositional data of the microbial community distribution.

Multivariate redundancy analysis was determined to evaluate the
relationship between the microbial community with more than 1% of
relative abundance, operational parameters and bioreactor perfor-
mance. Due to the variability of bioreactor performance during the start-
up phase, the physicochemical data were expressed as average values for
periods corresponding to the following operational days: Inoculum:
from day O to day14, Day 15: from day 15 to day 29, Day 30: from day 30
to day 44 and Day 45: from day 45 to day 55. Before the analysis,
physicochemical and diversity data were transformed according to the
following equation: log (data + 1). Then, 999 Monte Carlo simulations
under a full permutation model were computed using CANOCO 4.5
software [42].
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3. Results and discussion
3.1. Characterisation of granular sludge

The mean size and the settling time are parameters providing valu-
able information about the compactness and stability of granules.
Regarding the mean size (Fig. 2), no differences were detected among
the granules of R2, R3 and R4 reactors during the first 15 days, with a
value of around 5 mm. In the same period, the R1 bioreactor had slightly
larger granules, reaching 8 mm. After day 15, the mean R1 and R2
biomass size increased until a value of around 12 mm, while the gran-
ular size of R3 and R4 enlarged only to 7 mm.

Concerning the settling velocity of granules, there were no great
differences between the different CFR designs during the first 15 days, a
period in which the settleability decreased, from a velocity of 50 m-h~!
to 35 m-h? (Fig. 2). Afterwards, there was an increase in the settling
velocity of granules from the R1 bioreactor exceeding 100 m-h~},
whereby it became the bioreactor with the fastest granules, which
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means that those granules were the most compact [6,7]. On the other
hand, R4 was the configuration with the highest presence of filamentous
microorganisms, due to the settling velocity of its granules only reaching
40 m-h™. The settleability of granules from the R2 and R3 bioreactors
achieved intermediate values, ranging from 50 to 65 m-h™!. The gran-
ular properties pointed out that the configuration of R1 was the most
optimal design to promote compact granules and the wash-out of fila-
mentous microorganisms. The R1 design produced granules that ach-
ieved higher settling velocities than other aerobic granular systems,
regardless of whether they were operated in continuous-flow or
sequential batch mode. On the same operational day (day 55), R1’s
granules had a greater average settling velocity (106.5m-h™!) than
those operated in the SBR reported by Munoz-Palazon et al. [36], with
values ranging from 65 to 90 m-h~?, emphasising the fast start-up of the
R1 bioreactor. Also, the values for R1 were higher than the velocities
registered (68-74 m-h™!) in the SBR operated by Kocaturk and Erguder
[43]. In addition, it was clear that the R1 bioreactor had the fastest
granular biomass than other CFRs. For example, Liu et al. [44] stated a
maximum of 39.6 m~h_l, while Cofré et al. [45] reported a maximum of
113 m-h~! but needed two chambers. Thus, despite the optimum value
achieved under the best operating conditions, their system was disad-
vantageous because of the added difficulties of construction and oper-
ation of the reactor in two chambers. For a high settling velocity that was
translated to an excellent granular conformation and no proliferation of
filamentous microorganisms, the R1 configuration is possibly a more
profitable design relative to the previously described by other authors.

The in vivo observations during the whole experiment corroborated
the settling velocity results. It was possible to see how R1’s granules
were the most compact (Fig. S1), followed by the granular biomass of R2
and R3 bioreactors, while the R4 configuration had flocculent biomass
over operational time.

The monitoring of granule stability was also carried out considering
the biomass concentration. During the first week, no statistically sig-
nificant differences were detected between reactors (with a p-value of
0.5749 based on Bray-Curtis PERMANOVA), in which the biomass
concentration in terms of MLSS was less than 0.5 g-L’1 (Fig. 2). From
day 11, the R1 bioreactor reached values of 1.5 g-L’l, while the R2, R3
and R4 reactors had a concentration below 1 g-L™1. After day 22, the
difference in biomass concentration between the R1 and the other
configurations was declining, and all the reactors had oscillating values
ranging from 1.5 to 3 g-L L. At the end of the experimental period, the
R2 and R3 bioreactors had an increase in MLSS concentration, but this
rise was principally due to an increment of floc biomass instead of
granular biomass in the bioreactors. Briefly, all assayed CFR configu-
rations reached a significant biomass concentration (higher than
1.5 g'L™Y) but comparatively, the R4 bioreactor showed the lowest
values of biomass concentration, while the R1 bioreactor showed the
highest values. In addition, all biomass in the R1 bioreactor was inte-
grated by granules of high quality in terms of size and compactness, with
a rapid start-up period of 11 days.

These results could be positively compared with AGS reactors
operated on sequential batch cycles, because MLSS concentration, as
well as the settling velocity and mean size, were similar to previously
described research [36,46-49]. Additionally, this research reported how
the settling ability of granules and the wash-out of flocs are essential
parameters, demonstrating the success of the R1 configuration for both
factors, even in absence of feast-famine periods, which promote the
selection pressures in AGS [50].

3.2. Organic matter removal performance and carbon mass balance

The organic matter removal performance was evaluated to decide on
a better continuous bioreactor design and setup. This parameter was
determined by COD and BODs. During the first 15 days, the reactor with
the highest COD and BODs removal capacity was the R1 bioreactor
(Fig. 2), which reached mean removals of 75% and 70% respectively.
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Throughout the experiment, the CFRs achieved stability and increased
their organic matter removal rate. The COD removal capacity of the R1,
R2 and R3 bioreactors increased to around 90%, while for the R4
bioreactor, fluctuations around 60-78% were recorded. Similar results
were observed for the BODs values, with the R1 bioreactor presenting, in
general terms, a greater capacity (95%) of BODs removal than the other
configurations, particularly relative to bioreactor R4.

All these facts suggested that again, the R1 configuration, whose
baffle was a small settler located in the water outlet zone, was the more
suitable design to maintain a rapid stable granulation and high organic
matter removal rates. This conclusion was corroborated by the effluent
characteristics since the treated water from the R1 bioreactor was clear.
On the contrary, the water treated in the bioreactors R2, R3 and R4,
presented a murky effluent with evident turbidity and suspended solids.
Also, bioreactors R2, R3 and R4 showed an unstable granulation,
particularly in R3 and R4, where the growth of filamentous microor-
ganisms was remarkably greater than in the R1 bioreactor.

Table 1 shows the carbon mass balance for each reactor. The results
showed that the R1 bioreactor achieved higher organic load remotion,
with values of 9.84 and 7.32 g O5-d~! of COD and BODs, respectively.
On the contrary, the lowest average values in terms of removal efficiency
were obtained in the R4 bioreactor, with values of 6.72 and
4.62 g 05-d™! of COD and BODs, respectively. These results promoted
the selection of R1's design as the most profitable configuration. The
average values of CO, generation were the highest for the R1 reactor and
lowest for the R4 reactor. Part of the consumed carbon was incorporated
into new biomass, reflected in MLVSS values, and the rest was emitted as
CO, gas from the oxidation of organic matter by microorganisms. No
remarkable differences were detected in terms of the production of
biomass (MLVSS) among reactor configurations. However, biomass
concentration was not the only important parameter since it would need
to be granular compact biomass to be functional in terms of perfor-
mance, as was reported in Section 3.1.

3.3. Dynamics of microbial community

The changes in prokaryotic and eukaryotic communities were ana-
lysed to identify the microorganisms present in the different CFRs and
their population dynamics.

3.3.1. Prokaryotic community dynamics

The prokaryotic community in the reactors was represented by 62
OTUs with more than 1.0% of the total relative abundance, all of them
from the superkingdom Bacteria (Fig. 3). The populations were different,
following a clear pattern marked by the baffle design and reactor
configuration. Among the dominant OTUs in the inoculum sample, the
most dominant phylotype was OTUO02, affiliated with the Chitinopha-
gaceae family, with 8.8% of total relative abundance, followed by
OTUO04 (8.3%), which belonged to the Allorhizobium-Neorhizobium-Par-
arhizobium-Rhizobium genus, OTUO1 (7.1%), affiliated with the Bre-
vundimonas genus, and OTUO06 (5.9%), which belonged to the
Xanthobacteraceae family. All these OTUs represented more than 30% of
the total bacteria population in the aerobic granular sludge used as
inoculum, which was obtained from a lab-scale AGS-SBR bioreactor.
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium has been reported
by He et al. [51] as contributing to nitrate removal in an up-flow fix-
ed-bed bioreactor. Denitrifying activity has been described for the Chi-
tinophagaceae family [52] and for the Brevundimonas genus [53], which
was also reported for its excellent ability to secrete extracellular poly-
meric substances (EPS), which are essential for granule formation [54].
According to Hurtado-Martinez et al. [22], the Xanthobacteraceae family
was able to remove nitrogen by partial denitrification and anammox
processes.

The CFRs operation produced changes in the bacterial communities
of granules employed as inoculum. Firstly, a reduction of OTUO1 affil-
iated with Brevundimonas was detected on the R1 bioreactor, which
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Table 1

Carbon mass balance of each bioreactor.
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Q INFLUENT EFFLUENT REMOTION COD AMLVSS (g CO, GENERATION (g
Ld 0yd™! COxd™
L4 cop (g BODs (g COD (g BODs (g COD (g BODs (g zd ™) 2d™)
0xd™) 0zd™) 0xd™) 0-d™) 02d ™) 02d™)
R1  Average 24.00 12.44 9.36 2.93 2.04 9.84 7.32 0.05 15.38
SD 0.00 1.18 1.82 1.20 1.50 0.21 0.84 0.07 0.22
R2  Average 24.00 13.67 9.42 6.80 3.36 7.44 6.06 0.06 11.59
SD 0.00 1.46 2.38 3.54 1.89 3.67 0.69 0.06 5.67
R3  Average 24.00 12.92 9.78 5.49 3.54 7.73 6.24 0.05 12.07
SD 0.00 0.85 1.75 2.76 2.17 2.14 1.56 0.05 3.29
R4  Average 24.00 13.42 10.14 6.96 5.52 6.72 4.62 0.02 10.52
SD 0.00 1.19 2.08 2.03 1.53 0.76 1.40 0.03 1.15
Family Genus R1 k2 R4
Day15 Day30 Day55 | Day1l5 Day30 Day55 | Day15 Day30 Day55 | Day1l5 Day30 Day55 | Color code
C aceae
Chiti Chi X
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Fig. 3. Heat map of the dominant prokaryotic OTUs affiliated with the Bacteria superkingdom, with more than 1% of total relative abundance.

decreased from 8.2% on day 15-0.6% of total relative abundance on day
55. The Xanthobacteraceae family, which was dominant in the inoculum,
was a detriment in the R1 bioreactor, from 5.9% to 1.4% of total relative
abundance at the end of experimentation. A reduction in the Chitino-
phagaceae family (OTU02) was also observed, but it was less pronounced
than for Brevundimonas, from 8.8% to 5.5% of relative abundance.
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium decreased their
relative abundance, but at the end of the experiment, it recovered to
8.1%. OTUO3 appeared and represented 11.1% of the total relative
abundance at the end of the experiment and was taxonomically affiliated

with the Xanthomonadaceae family. This family has been reported to
have a capacity for EPS excretion, and some genera have even been
described with nitrifying and denitrifying activity [55,56]. Other
dominant genera in the R1 bioreactor during the experiment were Aci-
netobacter (OTUO09 and OTU21) and Pseudomonas (OTU16 and OTU20).
Acinetobacter had been reported as filamentous bacteria with denitrify-
ing activity [52]. The initial proliferation and the following detriment of
the total relative abundance of this microorganism could be justified by
the granule formation role that Acinetobacter played [57]. So, its pres-
ence probably indicated a granular maturation process during the first
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month of operation in the R1 bioreactor design. Acinetobacter and
Pseudomonas have been reported as having some strains with strong
self-aggregation ability and syntrophy capacity [58,59]. These results
pointed out that the granular compactness in the R1 configuration could
be related to the high relative abundance of these two genera. The re-
sults suggested that the prokaryotic community of granular biomass in
the R1 bioreactor was stable, and it was quickly selected in response to
the changes in operational conditions, which suggests a short start-up
period.

In bioreactor R2, OTUO1 and OTUO02, affiliated with the Brevundi-
monas genus and the Chitinophagaceae family, increased their total
relative abundances during the first 15 days of the experiment (14.2%
and 9.3%, respectively). Later, their relative abundances had an evident
decrease to 4.8% and 2.8%, respectively. There was also a strong
depletion of the relative abundance of OTU06, from 5.9% in the inoc-
ulum to 0.2% at the end of the experiment. On the contrary, OTU04,
taxonomically affiliated with the Allorhizobium-Neorhizobium-Para-
rhizobium-Rhizobium genus, increased their relative abundance during
the experiment until reaching 16.2%. A similar pattern was observed for
OTUO05, OTUO08 and OTU15, which belonged to the Corynebacterium and
Verrucomicrobium genera and the Xanthomonadales order, respectively,
and were non-dominant OTUs in the inoculum. It is essential to point out
that OTU13, belonging to Shinella, achieved 4.9% of total relative
abundance during the first 15 days, suggesting its potential role in the
granular aggregation process. Cydzik-Kwiatkowska et al. [60] reported
the role played by the Shinella genus in granular formation processes due
to its capability to produce and segregate a significant amount of EPS.
Similarly, the increment at day 55 of Devosia (3.4%), represented by
OTUO7, suggested that granules were not yet well structured nor sta-
bilised at the end of the experiment, because this genus is well-known
for its capacity to excrete EPS, which is essential in the initial stages
of granular formation [61]. Therefore, results could indicate that the R2
configuration needs more time than the R1 configuration to reach a
stable microbial population able to maintain granular biomass in terms
of physical parameters such as mean size and settling velocity.

The bacterial community in the R3 bioreactor showed, as in the case
of the R1 and R2 bioreactors, temporal dynamics relative to the inoc-
ulum initially used for its start-up. The OTUs OTUO1, OTU02 and OTU06
increased their relative abundance during the first month of the exper-
iment. Many dominant OTUs were displaced at day 30, leaving the final
dominance, with more than 5% of total relative abundance, to the
Xanthomonadaceae family (13.5%), the Verrucomicrobium genus (8.3%)
and the Acidovorax genus (5.6%), corresponding to OTU03, OTUO8 and
OTU17, respectively. At day 55, a strong depletion of the inoculum-
dominant phylotypes was noticed, with 2.7%, 3.3%, 3.2% and 2.2% of
total relative abundance for OTUO1, OTU02, OTU04 and OTUO6,
respectively. Again, the results suggested that the configuration of the
CFR was strongly linked to the selection of a granule-forming prokary-
otic community and consequently to the functionality of the technology.

In the same way, as in the previous cases, the bacterial communities
of the R4 bioreactor responded to their design characteristics. Thus, a
proliferation of the Brevundimonas genus (OTUO1) was recorded for
microbial populations, achieving more than 30% of the relative abun-
dance at day 30. On the last day of operation, Brevundimonas decreased
to 11.0%, and the population was codominant with OTUO7 from the
Devosia genus, with 11.4% of the relative abundance. Therefore, these
results suggested the encouragement of Devosia in the presence of Bre-
vundimonas, modifying the dominant bacterial structure. The assistance
of Devosia in granular formation reported by Alves et al. [61] was not
corroborated in this reactor because results obtained in terms of settling
velocity, as well as the in situ observation of the reactor, pointed out the
loss of granular biomass compactness. These differences could suggest
that the promotion of granular compactness in Alves et al. [61] was not
only due to Devosia, but a syntrophic consortium with other genera.
Other microbial dominant phylotypes at day 55 were OTUO02 (8.3%),
OTUO08 (9.9%) and three OTUs belonging to the Burkholderiaceae family
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(OTU10, OTU12 and OTU26), achieving more than 14% of relative
abundance. The dominance of Brevundimonas, which are potential
denitrifying bacteria, demonstrated that the R4 design did not exert the
same selection pressure on the microbial community.

Results suggested that the different configurations of AGS-CFR bio-
reactors tested in our study not only had different hydraulic conditions
and performance but also had differences in the bioreactor prokaryotic
communities that influenced the granulation process and the stability of
the granules formed. According to these results, R1 was the bioreactor
that allowed the fastest start-up period due to its successful microbial
selection.

3.3.2. Eukaryotic community dynamics

In terms of eukaryotic communities, 15 OTUs dominated the bio-
reactors with more than 1% of the total relative abundance (Fig. 4).
Firstly, the inoculum presented a low diversity, due to the dominance of
OTUO01, a microorganism from the Ascomycota phylum with 63.3% of
relative abundance, OTUO2 and OTU04, which belonged to the Hypo-
creales order (13.1%) and the Trichosporonaceae family (12.5%)
respectively, followed by OTU10, affiliated with the Tremellomycetes
class with 3.7% relative abundance. Ascomycota has been reported to
lead to organic compound biodegradation, detoxification and aggrega-
tion of sludge flocs [62] and can act as a core for granule formation given
their filamentous nature [2]. The Trichosporonaceae family has been
reported by having an essential role to form the granular structural core
and acting as a union bridge for microbial colonisation [15]. The
Tremellomycetes class has also been found in aerobic granular sludge,
possibly related to permitting a well-granulated structure and hence
related to good settling ability [32].

The eukaryotic community in the R1 bioreactor was dominated by
OTUO1 (affiliated with Ascomycota), with 62.1% of the total relative
abundance at the end of the experiment. However, some changes were
produced regarding the rest of the OTUs. A reduction of total relative
abundance was detected for the Hypocreales order and the Trichospor-
onaceae family that corresponded with OTU02 and OTUO04, respectively.
At day 55, they only represented 5.5% and 2.3% of the total relative
abundance of the eukaryotic community, respectively, while OTU10 and
OTUO09 almost disappeared. On the contrary, OTU03, which was affili-
ated with the Peronosporomycetes class (formerly the Oomycota class),
was selected for, especially at the end of the experiment, when it reached
15.8% of the total relative abundance. The Oomycota class is a group of
decomposer and pathogen microorganisms of other eukaryotes [63]. In
the same way, OTUO7 was encouraged, reaching 8.1% of relative
abundance.

In the R2 bioreactor, after 15 days of inoculation, OTUO3, from
Peronosporomycetes and with 44.6% of the total relative abundance,
together with OTUO5 (13.5%), taxonomically affiliated with Ascomy-
cota, and OTUO7 (10.3%) produced a displacement of OTUO1 that
decreased sharply their relative abundance until they reached 16.5%.
However, this situation did not endure since a strong increment in the
relative abundance of OTUO1 was recorded, achieving the 92.5% of the
system representation on days 30 and 55. At that moment, the rest of the
OTUs almost disappeared, except OTU02, with 4.1% and 3.1% of total
relative abundance at days 30 and 55, respectively.

Regarding the R3 bioreactor, OTUO1 continued its dominant role on
days 15 and 55, with total relative abundances of 71.6% and 74.5%,
respectively. However, on day 30, there were changes due to the pro-
liferation of OTUO2 and OTUO3.

The eukaryotic community in the R4 reactor did not respond in the
same way as in the rest of the CFRs tested. The diversity of the com-
munity was higher, and contrary to the other designs, OTUO1 was not
the dominant phylotype. At day 15, OTUO3 dominated, with 74.3% of
total relative abundance, while a strong reduction was observed in
inoculum-dominant OTUs, whose relative abundance decreased below
5%. After that, diverse OTUs shared the dominance of the eukaryotic
community, such as OTU02, OTU05, OTUO1 and OTUO03, which
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Fig. 4. Heat map that showed the dominant eukaryotic OTUs with more than 1% of total relative abundance.

codominated with 26.5%, 25.7%, 15.5% and 14.5% of the relative
abundance at day 55, respectively. This change in the population could
be linked to the system destabilisation observed in the R4 bioreactor.
Some representative phylotypes of the Ascomycota phylum, such as
OTUO1, may be related to the stability of the granular microbial
community.

The study of the eukaryotic community in the AGS-CFRs demon-
strated a diversity linked with the design of the bioreactor. It was
evident that the different configurations of the system affected not only
the bacterial community but also the eukaryotic microbial structure. As
a result, the high representation of the Ascomycota fungi in the granules
was linked with better granular configuration and stability. This could
be observed in the R4 bioreactor, where granules disintegrated, possibly
caused by the detriment of these organisms over operational time.

3.4. a and p-diversity

The a-diversity indices for the prokaryotic community are summar-
ised in Table S1. A loss of diversity was recorded in all reactors; how-
ever, regarding the Simpson and Shannon-Wienner indices, results
showed that the R1 bioreactor had the most diverse population at the
end of the experiment. Concerning evenness, all reactors at day 15
experienced a strong depletion, according to the obtained Pielou’s
Evenness values. After that, reactors recovered their evenness except for
the R4 bioreactor, in which a pronounced depletion was perceived,
which was corroborated in the community study by the massive pro-
liferation of the Brevundimonas genus at day 30. In the final period, the
reactor with more evenness was also R1. There was a general decrease in
terms of species richness (Chao-1 index) between the inoculum and the
final period of experimentation. Results suggested that the R4 configu-
ration had an important detriment in terms of diversity, evenness and
species richness generated by the proliferation of OTUO1 (Brevundimo-
nas), while the most diverse and evenness samples belonged to the R1
bioreactor.

These indices were also calculated for the eukaryotic community
(Table S2). In general terms, the prokaryotic community was more
diverse and had more species richness than the eukaryotic community,
following a common trend described by Munoz-Palazon et al. [14].
According to the Simpson and Shannon-Wienner indices, R4 was the
reactor that had more eukaryotic diversity, followed by R1. A sharp
depletion in diversity was detected in the R2 bioreactor, an aspect that
could be corroborated by the community study (Fig. 4), where it was
shown how, at days 30 and 55, an unclassified Ascomycota represented
92.5% of the total relative abundance. Pielou’s evenness followed the
same pattern as previously cited indices, with a rise in the R4 and R1
bioreactors, while R2 and R3 experienced a reduction of evenness.
Regarding the Chao-1 index, there was a very low species richness.
However, this indicator increased for the R1 bioreactor at days 30 and
55 and for the R3 bioreactor at day 55.

The p-diversity indices were calculated for pairs of samples to
compare the microbial community and over the entire experiment on

the different CFR configurations. For the prokaryotic community
(Fig. S2), differences between the inoculum and the R1 bioreactor were
produced at the beginning of the experiment, while for the rest of the
reactors, the differences occurred more progressively and slowly. With
these results, R1’s baffle was able to more quickly select the microbial
species of the biomass, as was previously described in the dynamics of
the microbial community section. Also, it was remarkable that the R3
bioreactor at day 30 had strong dissimilarities when it was compared
with the rest of the reactors and operational times. This could be due to
the proliferation of OTU06, which had 44.4% of the total relative
abundance. For the eukaryotic community (Fig. S2), differences be-
tween samples were less pronounced than for the prokaryotic commu-
nity. High dissimilarities were found between the inoculum and the R1
bioreactor, with a Whittaker index of 0.48 from day 15 to the end of the
experiment. On the other hand, R2 and R3 were the reactors that kept
their community more similar to the granular sludge used as inoculum.
Moreover, the R4 bioreactor had strong differences from the R1 and R2
bioreactors. These results emphasised the efficient selection of biomass
produced by the R1 configuration.

3.5. Similarity Percentages analysis

The SIMPER analysis showed which OTUs were responsible for dis-
similarities between pairs of samples (Fig. S3A). OTUO1 belonged to
Brevundimonas and was responsible for the dissimilarities between R4
and the inoculum as well as the rest of CFR configurations due to strong
proliferation, as was corroborated in the prokaryotic community study
(Fig. 3). OTU02, OTUO3 and OTUO04 also caused differences between
reactors, especially OTUO4 when it was compared to the R3 and R4
bioreactors versus both the inoculum and R2 bioreactor. In addition,
exclusively for the inoculum and the R1 configuration, the OTUs that
most contributed to dissimilarities were OTU09, OTU20 and OTU16,
affiliated with Acinetobacter and two OTUs affiliated with Pseudomonas.
This fact reinforces the cooperation and syntrophic relations of the
bacterial population of the R1, suggesting the role played by these OTUs
in the high performance of R1’s granules. On the other hand, OTU07 and
OTU12 only contributed to the difference between R4 and the rest of the
reactors, whose relative abundances were notably higher on all opera-
tional days in the R4, but it was irrelevant in the rest of the reactors.

Regarding the SIMPER analysis for the eukaryotic community
(Fig. S3B), it was possible to see how OTUO1, belonging to the Asco-
mycota phylum, was the main microorganism that produced dissimi-
larities in all reactors (46.9-78.6%), with a remarkable record in R2. The
Hypocreales order (OTU02) was responsible for dissimilarities for all
samples, especially to differentiate the inoculum for the reactors and R3
against the rest of the CFR configurations. Moreover, the Peronospor-
omycetes class (OTUO3) produced dissimilarities when comparing all
samples, especially for R4. The Trichosporonaceae family (OTU04) was
responsible for causing divergences between the inoculum and the
different CFR designs, due to its high representation in the inoculum
sample and its posterior depletion in the rest of the samples, as was
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corroborated by the community population study (Fig. 4). On the other

hand, OTUO9 and OTU10 were sp

ecifically associated with dissimilar-

ities in the inoculum when it was compared with the reactors. To a lesser
degree, OTUO5, OTU06, OTUO7 and OTUO8 contributed to the dissim-
ilarities between the different bioreactor configurations. The OTUs that
caused preservation of similarity between samples were two unclassified

Eukaryotes (OTU12 and OTU13)

and OTU11, corresponding with a

ciliate of the Oligohymenophorea family, which did not have the impor-
tance and dominance as was reported by some authors [14,64].

3.6. Multivariate redundancy analyses

Multivariate redundancy ana

lyses (RDA) were carried out to
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determine the relationship between the microbial OTUs, biological
samples and physicochemical performance of each configuration of CFR.
The RDAs for dominant prokaryotic OTUs (logarithm), operational days
and operational parameters (logarithm) of each reactor are shown in
Fig. 5. For the R1 bioreactor, the RDA (Fig. 5A) indicated that all pa-
rameters measured had a positive linkage between them and OTUO3,
OTUO05, OTUO7, OTU10, OTU11l, OTU12, OTU22, OTU27, OTU28,
OTU31, OTU33, OTU49, OTU54 and OTU68. There was a strong cor-
relation between the BODs removal ratio and OTUO7 belonging to the
Devosia genus, OTU22 related to the Allorhizobium-Neorhizobium-Para-
rhizobium-Rhizobium genus, OTU27 and OTUS55, taxonomically affiliated
to Taibaiella, OTU31 from the Spirosomaceae family, OTU49 belonging to
the Bdellovibrio genus, OTU54, a microorganism from the env.OPS_17
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Fig. 5. Multivariate redundancy analysis of the most abundant prokaryotes with physicochemical parameters (logarithm) for CFR R1(A), R2(B), R3 (C) and R4 (D)
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genus and OTU68 affiliated with Ferruginibacter. Some of these bacteria
have been reported as hydrolyser microorganisms for acetate and other
substrates, for example, OTU27, OTU54, OTU55 and OTU68 [48,65,66].
This agrees with our results due to simple hydrolysis of acetate corre-
sponds, with an almost complete BODs removal performance.
Contrarily, OTUO1 and OTU02, which were dominant phylotypes, had a
negative and opposite correlation with high physicochemical perfor-
mance and operational parameters. Besides, higher organic matter
removal performance was reached at the end of the operation, on days
45-55, as well as the achievement of the largest mean diameter size and
fastest settling velocity. On the contrary, the beginning of the experi-
ment had a negative correlation with the physicochemical parameters.

The RDA of the R2 reactor is shown in Fig. 5B. The BODs removal
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ratio in the R2 bioreactor was positively correlated with OTU04, OTU07,
OTUO08, OTU10, OTU12, OTU15, OTU31 and OTUS55. Moreover, COD
removal, MLSS, settling velocity and mean size had a strong linkage with
OTUO05, OTU22, OTU33 and OTU49. OTUO5 was a bacterium affiliated
with the genus Corynebacterium, which has been reported as a hetero-
trophic nitrifier with COD removal capacity [67], a fact that agreed with
our results.

For the R3 bioreactor (Fig. 5C), OTUO5, OTU11, OTU12, OTU16,
0TU18, OTU26, OTU28, OTU30, OTU44, OTU50 and OTU79 had a
positive linkage with the BODs and COD removal ratio, MLSS and
settling velocity. These parameters obtained a stronger correlation with
the period between 30 and 44 days, which suggested that a higher
organic matter removal ratio was achieved in this period, while later,
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Fig. 6. Multivariate redundancy analysis of the most abundant eukaryotes with physicochemical parameters (logarithm) for CFR R1(A), R2(B), R3(C) and R4(D)
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the R3 bioreactor decreased in its functional stability in terms of per-
formance. Mean size was positively correlated with OTU03, OTU15,
OTU17, OTU29, OTU31, OTU35, OTU39 and OTUS55.

Finally, RDA calculated for the R4 bioreactor showed that a high
number of its dominant OTUs had a negative correlation with settling
velocity (Fig. 5D). These OTUs were OTUO1, OTU03, OTU07, OTU12
and, to a lesser degree, OTU10 and OTUO2. This fact, joined with the
positive correlation between the inoculum and the settling velocity,
indicated that granules lost density and stability during the experi-
mentation time. Moreover, this result corroborated the idea to reject this
CFR configuration, due to it did not allow the conformation of compact
granules for long-term operation. Concerning the rest of the parameters,
MLSS had a positive linkage with OTU12, OTU28 and OTU82, BODs
removal performance with OTUO1, OTU03, OTU11, OTU16, OTU50 and
OTU63, and finally, mean size and COD removal rate were correlated
positively with OTU07, OTU10, OTU26 and OTU39.

The RDA calculated for eukaryotic communities concerning the R1
(Fig. 6A), showed that all parameters studied had a positive linkage with
OTUO1, which was the most dominant phylotype in the R1, as well as
with OTUO3 and OTUO07 (also dominant OTUs), followed by OTU08 and
OTU11, while a negative correlation with OTU04 from the Trichospor-
onaceae family, an unclassified Eukaryote (OTU09) and OTU10
belonging to the Tremellomycetes class. The positive correlation of all
physicochemical factors and the most dominant phylotypes demon-
strated the high performance and granular structure that the R1 was able
to achieve.

The RDA analysis for the R2 bioreactor (Fig. 6B), showed that
OTUO01, OTUO08 and OTU12, as well as the period from day 30 to day 55
(corresponding with days 30 and 45 in RDA), had a positive correlation
with all the physicochemical parameters. In the same way as the R1
bioreactor, all parameters had a negative linkage with OTU04, OTU09
and OTU10, with the addition of OTU02, a fungus that belongs to the
Hypocreales order. Moreover, OTU03 and OTUO5, which were dominant
in this reactor on day 15, were negatively correlated with the settling
ability, proving the slow conformation of stable granular biomass.

Regarding the R3 configuration, the RDA showed that granular
conformation, represented by the mean size and settling ability, was
positively correlated with OTUO02 and OTUO5, which were well repre-
sented in the system, especially on day 30 (Fig. 6C). On the other hand,
organic matter removal and MLSS had a positive linkage with OTU03,
OTUO07, OTU11 and OTU14. However, OTUO1, which represented more
than 70% of total relative abundance at days 15 and 55, had a strong
negative correlation with the settling velocity, also explaining why this
reactor did not have well-conformed and dense granules.

Finally, for the RDA related to the R4 bioreactor (Fig. 6D), the COD
removal ratio, MLSS and mean size were positively correlated with
OTU03, OTUO05, OTU11 and OTU15, while settling velocity had a pos-
itive linkage with OTUO1 and OTU09. On the contrary, other OTUs that
dominated during the whole experimentation (OTU03 and OTUO5) were
negatively correlated with the settling velocity. This fact could suggest
the destabilisation of granular biomass in the R4 bioreactor.

4. Conclusions

Four aerobic granular sludge continuous-flow reactors were
designed in a single-chamber configuration to evaluate their ability to
maintain a stable granulation and high removal performance at a steady
state. The bioreactor that included a small settler located in the upper
lateral part coupled to an elbow tube (R1 configuration) achieved the
fastest start-up (11 days) and the most efficient results for stable granule
conformation, granular biomass with high microbial diversity (func-
tional diversity) and values above 95% of organic matter removal.
Moreover, the R1 bioreactor was able to remove floccular biomass and
formed highly compact granules, reaching more than 100 mh! of
settling velocity. Analysis of the bioreactors’ microbial community
showed how the R1 bioreactor produced a quick selection of
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microorganisms adapted to the CFR operational conditions. However,
other CFR designs, especially the R4 configuration, were not capable of
maintaining stable granules, giving rise, after 55 days of operation, to
effluents with evident turbidity because of the presence of biomass not
retained in the bioreactors. The R1 configuration at the lab scale could
be used as a model for future research to achieve the implementation of
AGS-CFR at full-scale, due to the simple design and the excellent results
obtained, such as high removal performance, ability to establish dense
and well-structured granular biomass for steady-state and short times of
start-up. For this reason, further research should be tested the design and
determine optimal operational parameters to treat wastewater at full
scale.
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