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• Non-acclimated aerobic granules can
treat fish canning wastewater with var-
iable composition.

• Carbon and nitrogen loads were the
main disturbance factors.

• Main microbial community changes oc-
curred during higher organic load pe-
riod.

• Bacterial groups associated to EPS pro-
duction, carbon and nutrients removal
were resilient.

• Microbiome diversity and adaptation
supported AGS long-term stability.
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The tolerance of aerobic granular sludge (AGS) to variable wastewater composition is perceived as one of its
greatest advantages compared to other aerobic processes. However, research studies select optimal operational
conditions for evaluating AGS performance, such as the use of pre-adapted biomass and the control of wastewa-
ter composition. In this study, non-adapted granular sludgewas used to treatfish canningwastewater presenting
highly variable organic, nutrient and salt levels over a period of ca. 8 months. Despite salt levels up to 14 g NaCl
L−1, the organic loading rate (OLR) was found to be the main factor driving AGS performance. Throughout the
first months of operation, the OLR was generally lower than 1.2 kg CODm−3 day−1, resulting in stable nitrifica-
tion and lowCOD and phosphorous levels at the outlet. An increase inOLR up to 2.3 kg CODm−3 day−1 disturbed
nitrification and COD and phosphate removal, but a decrease to average values between 1 and 1.6 kg COD m−3

day−1 led to resuming of those processes. Most of the bacteria present in the AGS core microbiome were associ-
ated to extracellular polymeric substances (EPS) production, such as Thauera and Paracoccus, which increased
during the higher OLR period. Ammonium-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB) species
were detected in AGS biomass; while AOBwere identified throughout the operation, NOB were no further iden-
tified after the period of increased OLR. Different polyphosphate-accumulating organisms (PAOs) were detected
along the process: Candidatus Accumulibacter, Tetrasphaera and Gemmatimonas. A non-adapted granular sludge
was able to treat the fish canning wastewater and to tolerate salinity fluctuations up to 14 g L−1. Overall, a
high microbial diversity associated to EPS producers allowed to preserve bacterial groups responsible for nutri-
ents removal, contributing to the adaptation and long-term stability of the AGS system.
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1. Introduction

Aerobic granular sludge (AGS) is an eco-innovative technology with
several advantages compared to activated sludge systems, such as
smaller footprint, reduced energy demand and quicker sludge settling
(Guo et al., 2020). AGS is formed by self-immobilized microorganisms,
distributed in spherical layered structures, where aerobic and anoxic
microbes co-exist, allowing for the removal of carbon, nitrogen and
phosphorous in a single reactor (Rollemberg et al., 2018; Winkler
et al., 2018). AGS is composed of extracellular polymeric substances
(EPS) which, together with granules structure, are also relevant for
the protection of bacteria towards stress scenarios, increasing granules
tolerance to toxic substrates and resistance to variablewastewater com-
position (Amorim et al., 2017). All these advantages have resulted in the
widespread of the AGS technology at full-scale wastewater plants (Guo
et al., 2020). However, the stability of granular sludge facing variable or-
ganic loads or the presence of toxics in the wastewater is still poorly re-
ported, crucial when dealing with industrial wastewater (Carrera et al.,
2019). The success of theAGS process depends on a high diversity of bac-
terial groups for performing carbon and nutrients removal, also involved
in granule formation and stability (Weissbrodt et al., 2014; Xia et al.,
2018). AGS processes rely on the balance between polyphosphate-
accumulating organisms (PAOs), ammonium-oxidizing bacteria (AOB)
and nitrite-oxidizing bacteria (NOB) and fast-growing microorganisms,
with ability for hydrolysis, denitrification and EPS production (Szabó
et al., 2017; Xia et al., 2018). These processes are highly dependent on
the type of wastewater (Layer et al., 2019; Rollemberg et al., 2018) and
on the organic load, more than on the reactor operational conditions
(Pishgar et al., 2019).

To date, most of the studies on AGS performance andmicrobial com-
munity dynamics during the treatment of wastewater with variable
composition or organic load were mainly performed under controlled
conditions, using synthetic wastewater (Hamza et al., 2019; He et al.,
2020). Although giving valuable insights on the AGS technology, its ap-
plicability for the treatment of real wastewater is still largely unre-
ported. The fish canning industry produces wastewater with variable
composition in organic matter, nitrogen and phosphorous, and salt
from the brining process, resulting in a diversity of factors affecting
the biological treatment. In the past, the combination of anaerobic and
aerobic processes for treating fish processingwastewater has been con-
sidered an optimal solution, using the anaerobic process as a pre-
treatment (Chowdhury et al., 2010). Carmen et al. (2013) proposed a ni-
trifying/denitrifying system for treating an effluent from an anaerobic
digester treating fish canning wastewater. However, the amount of oil
and grease present in this type of wastewater can easily compromise
its biodegradability (Cristovão et al., 2015), resulting in the need of
other pre-treatments to separate fat from the wastewater. Previous
studies focused on AGS performance and granules stability treating
fish canning wastewater with a very high salinity (Corsino et al., 2016;
Corsino et al., 2017) have shown that the AGS process can be quite sta-
ble at salt concentrations up to 50 g L−1. Carrera et al. (2019) investi-
gated the effect of different feeding strategies using an AGS process to
treat fish canning wastewater, reporting that the anaerobic feeding
phase might not be beneficial for the long-term stability of the AGS.
These latter studies performed granulation of suspended biomass,
either adapted to high salt concentration or to the fish canning waste-
water, for treating sequential batches ofwastewaterwith stable compo-
sition. The main objective of the present work was to investigate if
granular sludge adapted to urbanwastewater was able to treat fish can-
ning wastewater with variable organic load and salinity, without the
need for biomass adaptation and/or granulation. To simulate wastewa-
ter variations associated to fluctuations in the fish canning production
processes, the wastewater composition was not controlled, resulting
in variable carbon, nutrients and salt concentrations within different
operational phases. A lab-scale AGS-SBR (sequencing batch reactor)
operated for 231 days served as a basis for the study. Both AGS
2

performance and microbiome composition were evaluated throughout
the operation, to get a deeper insight on how variability in wastewater
quality can influence the performance and the evolution of the micro-
bial community in response to those changes, which will give a more
complete overview on the AGS application in this industrial sector, by
broadening the range of solutions.

2. Material and methods

2.1. AGS setup and operation

A lab-scale SBR with a working volume of 2.5 L was operated in four
successive treatments of 6 h cycles per day, with 60 min of anaerobic
feeding, 292 min of aeration, 3 min of settling and 5 min of effluent
withdrawal. The reactor was operated at a volumetric exchange ratio
(VER) of 40%. The Sludge Retention Time (SRT) was not controlled
over the operational period. The system was operated in cycles using
an automatic timer (Siemens Logo! 230RC) to start and stop pumps
for influent, aeration and effluent withdrawal. Aeration was provided
at the bottom of the reactor (4 L min−1; superficial air velocity of
84.8m h−1). The initial MLVSS (mixed liquor volatile suspended solids)
was ca. 10 g VSS L−1. AGS from a reactor located in Frielas wastewater
treatment plant (WWTP), Lisbon (Portugal) was used as inoculum.
The reactor was fed with wastewater provided by a fish canning plant
(A POVEIRA, S.A., Póvoa de Varzim, Portugal), collected after screening
and coagulation/flotation processes performed at the plant for removal
of solids and fat. The collected wastewater does not contain water
streams resulting from the brining process as the fish canning plant sep-
arates the brine from the remainingwastewater, decreasing the amount
of salt in the latter. Over almost 8months, a total of 8 different batches
of wastewater were collected at the fish canning plant, and each
batch was used to feed the reactor during each operational phase
(Table 1). In each batch, about 80 L of wastewater were collected
and frozen stored in containers of 5 L, which were further used to
feed the reactor, one by one. This contributes to the representation
of real scenarios where variations in the inflow wastewater are ex-
pected. The AGS-SBR operation was divided into eight phases, corre-
sponding to the different batches of wastewater. The pH of the AGS
process was monitored but not controlled.

2.2. Analytical methods

COD and BOD5 assays were performed in order to evaluate the COD/
BOD5 ratio of the pre-treated wastewater, in accordance with standard
methods (APHA, 1998). Sampling of the influent (wastewater), of the
reactor bulk after anaerobic feeding and of the effluent discharged (out-
let) was performed to assess the performance of the AGS-SBR in terms
of carbon, nitrogen and phosphorous removal. Chloride concentration
was also quantified and used as an indirect measurement of the NaCl
present in thewastewater (Fig. S1). Prior to the physical-chemical anal-
yses, samples were filtered using syringe nylon membrane filters
(0.45 μm pore-size) to remove suspended solids. Only the soluble COD
was analyzed throughout reactor operation, in accordance with stan-
dard methods (APHA, 1998), and total organic carbon (TOC) was mea-
sured for selected wastewater samples using a Total Organic Carbon
Analyzer (Shimadzu, Japan). Total nitrogen (TN), ammonia, nitrate, ni-
trite, phosphorus and chloride concentrations were determined with
photometric test kits (Spectroquant®,MerckMillipore, USA), according
to the manufacturer's instructions. The pH of selected wastewater sam-
ples was checked; the pH at the effluent was measured throughout the
operation (Fig. S2). Free ammonia concentration at the end of the aera-
tion period was calculated according to Anthonisen et al. (1976), using
the pH value and the NH4

+-N concentration at the effluent.
The total suspended solids (TSS) and volatile suspended solids (VSS)

concentrations present in the effluent were determined in accordance
with standard methods (APHA, 1998).
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2.3. Image analysis

Duplicate AGS biomass samples were collected along reactor opera-
tion, more frequently during and after phase IV. Biomass samples were
washed with phosphate-buffered saline (PBS) solution and incubated
with PBS and formaldehyde (4%) (0.25:1), for 2 h at 4 °C. Biomass was
washed with PBS and preserved in a mixture of PBS and ethanol (96%)
(1:1). Morphological and structural characteristics of granules were
followed by quantitative image analysis (QIA), using a sample volume
of 2 mL and with a total magnification of 15×. QIA evaluated the equiv-
alent diameter (Deq), number (%), compactness, and robustness of the
granules, according to Ramos et al. (2017). Equations used to determine
robustness and compactness are presented as Supplementary material
(Eqs. (S1) and (S2)).

2.4. Bacterial community analysis

2.4.1. Genomic DNA extraction
Mixed liquor AGS biomass samples were collected from the reactor

during the aeration period, at the end of each operational phase. Gran-
ules were aseptically crushed using a pottering tube and a pestle. Geno-
mic DNA extraction of the biomass suspensionwas performed using the
UltraClean Microbial DNA Isolation Kit (Qiagen, Germany) according to
manufacturer's instructions. DNA concentration was measured by fluo-
rimetry using Qubit (Thermo Fisher Scientific, USA). The extracted DNA
was stored at −20 °C for further use.

2.4.2. Next-generation sequencing (NGS) and data analysis
NGS was performed using DNA from AGS biomass. The microbial

community analysis was performed based on sample singletons, with-
out replicates. All procedures, from DNA amplification, libraries prepa-
ration, sequencing to bioinformatics data analysis were performed at
GATC-Eurofins (Konstanz, Germany). Paired-end sequencing based on
16S rRNA phylogenetic gene was conducted (Illumina MiSeq platform)
using two primers (357F - TACGGGAGGCAGCAG, Turner et al. (1999);
800R - CCAGGGTATCTAATCC, Kisand et al. (2002)) which cover V3-V4
hypervariable region. The microbiome analysis pipeline consisted of
several steps: demultiplexing, primer clipping,merging, qualityfiltering
and microbiome profiling. All reads with ambiguous bases were re-
moved. Chimeric reads were identified and removed based on the de-
novo algorithm of UCHIME (Edgar et al., 2011) as implemented in the
VSEARCH package (Rognes et al., 2016). The remaining set of high-
quality reads was processed using minimum entropy decomposition
(MED) (Eren et al., 2013; Eren et al., 2015). To assign taxonomic infor-
mation to each OTU, DC-MEGABLAST alignments of cluster representa-
tive sequences to the sequence database were performed. The lowest
common taxonomic unit for each OTU was then selected from the set
of best-matching reference sequences (reference sequences having a
minimum of 70% identity with at least 80% of the representative se-
quence). Further processing of OTUs and taxonomic assignments were
performed using the QIIME software package (version 1.9.1, http://
qiime.org/). Abundances of bacterial taxonomic units were normalized
using lineage-specific copy numbers of the relevantmarker genes to im-
prove estimates (Angly et al., 2014). The core microbiome was assessed
by identifying the bacterial genera (or family) quantified by Illumina se-
quencing in all biomass samples (for phase I, only sample from day 17
was considered). The raw sequence data obtained for the AGS bio-
mass samples was deposited in Sequence Read Archive (SRA) from
NCBI database, associated to the BioProject with accession number
PRJNA645158.

2.5. Statistical analysis

Differences in COD, organic loading rate (OLR), TN, nitrogen loading
rate (NLR), chloride and phosphate concentrations throughout the eight
operational phases were statistically analyzed by one-way ANOVA.

http://qiime.org/
http://qiime.org/
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Significant differences between themeans were determined by Tukey's
post-hoc test in software R (https://www.R-project.org).

3. Results

3.1. Reactor performance

3.1.1. Carbon, phosphorous and ammonium removal
A COD/BOD5 ratio between 2 and 2.5 was obtained for the pre-

treated wastewater, confirming its biodegradability. The fish canning
wastewater was variable in composition and resulted in different car-
bon, nitrogen, phosphorous and chloride loadings applied to the AGS-
SBR (Table 1). Significant differenceswere found for each parameter be-
tween the eight operational phases (Table 1). COD, OLR, TN and NLR
valueswere significantly higher duringphase IV. Chloride concentration
was significantly higher during phase VI, followed by phase IV, but no
major differences were found in its concentration on the remaining
phases. The highest phosphate concentrations were observed during
phases I and IV, significantly different from those of the remaining
phases.

The estimated concentration of salt in inflow wastewater was most
of the time lower than 2.5 g NaCl L−1, with phases IV and VI presenting
significantly higher estimated NaCl concentrations (6.9 and 10.1 g L−1,
respectively) (Table 1). COD at the outlet varied during the AGS-SBR op-
eration in response to the variable loadings (Table 1, Fig. 1a), butmost of
the times was below the discharge limit of 125 mg O2 L−1, with a COD
removal between 70 and 85%. Since the beginning of operation until
phase III, with organic loadings up to 1.2 kg m−3 day−1, most of the
COD was removed during the anaerobic feeding period. Mostly during
phase IV,when the organic loading increased, but also in the succeeding
phases, COD removal also occurred during the aeration period, mainly
when COD in the wastewater was higher than 500 mg L−1.

The concentration of phosphorous in the effluent was lower than
2 mg L−1 during most of the time, in phases I, II, VII and VIII (Fig. 1b).
Whenever phosphate release was higher at the end of the anaerobic
feeding period (e.g. phases I, II and III), an improvement on phosphate
removal during the aerobic period of the cycle was observed. Phosphate
release was variable at the beginning of phase IV, decreasing from the
end of phase IV until phase VII, when phosphate accumulation was
again observed. A disturbance on phosphorous removal was observed
during phase III, in which the phosphate concentration in wastewater
increased. On phase IV, with the even higher increase of phosphate con-
centration in the wastewater, phosphorous removal was impacted to a
higher extent. During phase V, the influent wastewater contained less
than 2 mg P-PO3

− L−1, however, no removal was observed during
phase VI, despite the increase of phosphorous concentration in the
wastewater.

TN in thewastewater was the sumof organic and inorganic nitrogen
(ammonium), in variable ratios. TNwas measured in the influent, in re-
actor bulk liquid after anaerobic feeding, and in the effluent to verify if
all organic nitrogen was hydrolyzed to ammonium during each treat-
ment cycle. Overall, the TN values measured at the beginning and at
the end of the aerobic period were similar (Fig. S3), indicating that
most of the nitrogen compounds remained in the reactor bulk liquid.
Most of the ammonium present in the AGS-SBR bulk liquid was con-
verted to nitrate or to both nitrite and nitrate during the nitrification
process (Fig. 1c, d, e). During the first 3 months of operation (phases I,
II and III), ammoniumwas oxidized to nitrate without nitrite accumula-
tion. Increasing the OLR up to 2.3 kg m−3 day−1 on phase IV, ammo-
nium conversion was temporarily inhibited. However, by the middle
of this phase onwards, the nitrification recovered, mainly converting
ammonium to nitrite and, to a lower extent, to nitrate. Ammonium ox-
idation was again interrupted for a short period at the beginning of
phase VI, when both carbon and nitrogen load increased. Whenever
nitrification started to be inhibited, the pH value and the ammonium
content in the effluent were used to estimate the maximum free
4

ammonium at the end of the aeration period. By the end of the
treatment cycle, the estimated concentration of free ammonia in the
bulk liquid was about 26.2 N-NH3 L−1 on day 98 (Phase IV - pH 8.7,
160 mg N-NH4

+ L−1) and 13.8 N-NH3 L−1 on day 143 (Phase VI -
pH 8.6, 94.8 mg N-NH4

+ L−1) (Figs. S2 and 1c).

3.2. Granular biomass dynamics

The changes in biomass characteristics due to fluctuations in OLR
were evaluated through image analysis and shown in Fig. 2. Representa-
tive images of the granules throughout the operational phases are pre-
sented in Fig. S4. The AGS inoculum was composed of 60% of large
granules (average Deq above 1000 μm) and of 40%of intermediate gran-
ules (average Deq below 1000 μm) (Fig. 2a). This composition rapidly
changed during reactor start-up, with intermediate granules constitut-
ing ca. 70% of the total biomass at the end of phase II. The highest per-
centage of intermediate granules was observed during phases IV and
VIII (99.5 and 97.5%, respectively). Such an increase could be related
to the high strength of the inflow wastewater that caused breakage of
the larger granules. In fact, the Deq of large granules decreased from
±2400 μm (phases I to III) to 1700 μm (phase IV); an increase up to
2600 μm was observed at the end of operation (Fig. 2b). The average
Deq of intermediate granules was less variable along the operation (be-
tween 330 and 420 μm), increasing only during phase V (up to 800 μm).
Despite the variability in granules size and Deq, the robustness and
compactness of the granules did not present a significant variation
over time, being comparable with the inoculum (between 0.7 and 0.8)
(Fig. 2c, d).

The sludge bed volume and the concentration of solids in the efflu-
ent, used to assess the effects of the OLR variation on the reactor bio-
mass content, are presented in Fig. 3. Bed volume was kept within an
average value of 18.0 ± 2.6 cm, between phases I and middle of phase
IV (Fig. 3a). During phase IV, a sudden increase was rapidly followed
by a decrease in bed volume. Between the end of phase IV and middle
of phase VIII, a regular increase was observed. Throughout the opera-
tion, the concentration of TSS in the outlet was higher than 50 mg L−1,
indicating frequent biomass washout (Fig. 3b). The greatest variation
in effluent TSS concentrationwas observed during phase I, with concen-
trations between 135 and 550mg TSS L−1. Biomass washout was stable
during phase IV (±270 mg TSS L−1) and increased to its highest values
during phase VII (±340 mg TSS L−1). The lowest TSS concentrations in
the outlet were measured during phase V, when the bed volume values
were also lower.

3.3. Microbial community analysis

3.3.1. Main bacterial phyla and classes
Proteobacteria were overabundant in the inoculum (relative abun-

dance of 64.8%) followed by Bacteroidetes (17.5%), both representing
up to 82.5% of the total relative abundance. Acidobacteria (5.5%) and
Nitrospirae (1.7%) were also identified in the inoculum. Proteobacteria
and Bacteroidetes increased up to 95% of the total bacterial relative
abundance in AGS biomass over operation, due to a decrease in diversity
from phase IV onwards (Fig. 4a). Proteobacteriawas dominant at almost
all bioreactor phases except at the end of phases I and IV, where
Bacteroidetes were more abundant. Acidobacteria lost relative abun-
dance during and after phase IV and Nitrospirae were only detected
until the end of phase III. The phylumGemmatimonadeteswas identified
for the first time during phase III, presenting higher relative abundance
during phase VIII (4.9%). Regarding the most abundant classes within
Proteobacteria and Bacteroidetes phyla (Fig. 4b, c), Gammaproteobacteria
and Flavobacteriiawere dominant during the initial phases of operation.
From phase IV onwards, Gammaproteobacteria lost abundance to
Betaproteobacteria, while Flavobacteriia lost their high relative abundance
to Saprospiria and Cytophagia.Alphaproteobacteria and Chitinophagiawere
identified along the reactor operation.

https://www.R-project.org


0

200

400

600

800

1000

1200

1400

1600

m
g 

CO
D 

L-1

Phase I Phase II Phase III Phase IV Phase V Phase VI Phase VII Phase VIII

0

10

20

30

40

50

60

70

80

m
g 

P-
PO

4-3
L-1

0

20

40

60

80

100

120

140

160

180

200

m
g 

N
-N

H 4
+

L 
-1

0

10

20

30

40

50

60

70

80

90

100

m
g 

N
-N

O
2-

L-1

d)

0
5

10
15
20
25
30
35
40
45
50
55

0 20 40 60 80 100 120 140 160 180 200 220

m
g 

N
-N

O
3-

L-1

Time (days)

a)

b)

c)

e)

Fig. 1. COD (a), P-PO4
3− (b), N-NH4

+ (c), N-NO2
− (d), and N-NO3

− (e) concentrations along AGS-SBR operation. Concentration in the influentwastewater ( ), in the reactor bulk liquid after
anaerobic feeding ( ) and effluent (○) are shown.

A.M.S. Paulo, C.L. Amorim, J. Costa et al. Science of the Total Environment 756 (2021) 144007

5

Unlabelled image


0

20

40

60

80

100

)
%(reb

mu
N

Phase II Phase III Phase IV Phase V Phase VI Phase VII Phase VIIIPhase I

0

500

1000

1500

2000

2500

3000

3500

)
mμ(

qeD

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

ssentcap
moC

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230

ssentsuboR

Time (days)

a)

b)

c)

d)

Fig. 2. Granules percentage (a); average Deq (b); compactness (c) and robustness (d) for large (●) and intermediate (○) granules along the process.

A.M.S. Paulo, C.L. Amorim, J. Costa et al. Science of the Total Environment 756 (2021) 144007
3.3.2. Most dominant bacterial families and genera
Fig. 5 illustrates the main shifts in dominant bacterial families

and genera between phases. Rhodobacteraceae, Flavobacteriaceae,
Sphingomonadaceae, Methylococcaceae and Comamonadaceae were
the five most abundant bacterial families present in the inoculum,
representing ca. 41.4% of the total relative abundance. Excluding
the Methylococcaceae, these families were present over time.
Methylococcaceae was only detected until phase III, similarly to the
Candidatus Competibacteraceae family, also present in the inoculum.
The Caulobacteraceae family was identified with high relative abun-
dance in all biomass samples, while Haliscomenobacteraceae,
Cytophagaceae and Zoogloeaceae increased in relative abundance
after phase IV.

Methylocaldum, Plasticicumulans, Novosphingobium, Phenylobacterium,
Chryseobacterium bacterial genera and bacteria from the
Rhodobacteraceae family were dominant in the inoculum accounting
in total for ca. 34.8% of the total population. During phase IV, a major
change of the bacterial community occurred, promoting the increase in
Haliscomenobacter, Leadbetterella, Thauera, Taibaiella and Paracoccus
abundancies that together accounted for ca. 37.4% of the total reads.
6

Pseudoxanthomonas and bacteria from the Comamonadaceae family
reached their highest relative abundances between phases II and
V. Micavibrio was only identified during phases V and VI, while
Gemmatimonas, firstly identified in phase III, persisted and increased its
relative abundance in the biomass at the end of operation.

3.3.3. Nitrifiers and PAOs
Nitrifying bacteria were identified in several biomass samples,

sometimes within the most dominant bacterial genera (Fig. 5).
Nitrosomonas, an AOB present in the inoculum, tended to disappear dur-
ing phase I, but reappeared on phase VI achieving its highest relative
abundance, indicating its resilience in the reactor biomass. Nitrospira,
a NOB, was detected in the inoculum and prevailed in the biomass
only until phase III with high relative abundance. Although at low rela-
tive abundance, bacteria associated to phosphorous removal were de-
tected throughout the process. Candidatus Accumulibacter present in
the inoculum (2.42%), progressively decreased in abundance through-
out phases I (0.71%) and II (0.3%) while Tetrasphaerawere detected be-
tween phases II and VIII (between 0.2 and 1%) (data not shown).
Gemmatimonas, also involved in phosphorous removal, were present

Image of Fig. 2
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Family In I a) I b) II III IV V VI VII VIII %
Rhodobacteraceae 11.79 8.25 3.50 8.52 4.43 5.98 12.81 10.86 13.47 3.29 0-1
Flavobacteriaceae 8.37 13.51 58.75 12.66 19.51 23.51 6.25 3.54 5.19 4.93 1-2.5
Sphingomonadaceae 8.15 5.15 2.97 2.91 5.50 1.81 1.29 1.32 0.92 7.94 2.5-5
Methylococcaceae 7.39 13.09 7.10 15.06 3.46 0.00 0.00 0.00 0.00 0.42 5-10
Comamonadaceae 5.68 5.74 5.45 7.46 6.09 8.82 11.62 6.08 7.65 13.63 10-15
Candidatus Compe�bacteraceae 5.54 9.46 5.77 14.05 10.17 0.22 0.00 0.00 0.00 0.00 15-20
Caulobacteraceae 4.84 5.83 3.06 3.73 2.50 1.01 3.05 2.60 4.23 5.03 20-100
Xanthomonadaceae 0.00 0.15 1.87 7.42 10.94 8.27 5.41 1.82 0.81 1.69
Chi�nophagaceae 5.08 3.43 0.52 2.00 9.02 9.56 6.64 4.64 8.25 12.96
Haliscomenobacteraceae 2.10 0.57 0.00 0.11 1.53 11.14 8.80 9.91 10.39 0.58
Cytophagaceae 0.00 0.00 0.00 0.13 1.58 10.64 8.22 7.84 14.02 6.26
Zoogloeaceae 0.00 0.00 0.00 0.00 0.00 8.89 13.00 25.85 15.49 2.54
Best classifica�on
Methylocaldum 7.39 13.09 6.94 14.53 3.46 0.00 0.00 0.00 0.00 0.42
Rhodobacteraceae 7.22 4.40 1.20 3.31 1.31 0.20 0.15 0.50 0.68 0.81
Plas�cicumulans 5.54 9.46 5.77 14.05 10.17 0.22 0.00 0.00 0.00 0.00
Novosphingobium 5.15 2.99 0.85 0.55 0.54 0.00 0.24 0.17 0.00 0.29
Phenylobacterium 4.84 5.83 3.06 3.73 2.50 1.01 3.05 2.60 4.23 5.03
Chryseobacterium 4.70 9.25 57.61 11.62 15.24 19.33 3.63 1.16 3.40 2.57
Nitrospira 1.53 5.70 0.82 2.48 2.77 0.00 0.00 0.00 0.00 0.00
Pseudoxanthomonas 0.00 0.00 1.72 4.74 7.70 8.27 5.20 1.30 0.62 0.97
Comamonadaceae 0.00 0.00 0.68 4.59 4.19 3.29 2.53 0.00 0.00 0.53
Ferruginibacter 2.84 2.15 0.39 1.22 4.90 2.04 2.26 1.03 1.65 3.09
Flavobacterium 3.67 1.77 0.36 0.82 3.72 1.98 1.24 0.79 0.13 0.55
Haliscomenobacter 1.87 0.57 0.00 0.11 1.53 11.14 8.56 9.84 10.39 0.58
Leadbe�erella 0.00 0.00 0.00 0.00 0.19 8.75 5.00 2.37 6.12 4.87
Thauera 0.00 0.00 0.00 0.00 0.00 8.55 12.43 25.60 15.49 2.54
Taibaiella 0.00 0.00 0.00 0.00 0.12 4.71 1.12 0.58 0.00 6.04
Paracoccus 0.69 0.54 0.46 1.91 1.66 4.25 9.29 8.30 11.07 1.21
Micavibrio 0.00 0.00 0.00 0.00 0.00 0.00 7.12 1.99 0.00 0.00
Nitrosomonas 1.60 1.13 0.00 0.30 0.00 0.00 0.00 5.42 0.81 0.00
Ohtaekwangia 0.00 0.00 0.00 0.13 0.52 1.26 2.03 4.69 6.18 0.90
Sphingomonadaceae 1.59 1.40 1.22 1.26 1.90 0.88 0.62 1.15 0.74 5.04
Gemma�monas 0.00 0.00 0.00 0.00 0.33 0.46 0.73 0.38 1.28 4.89

Fig. 5. Heatmap presenting the evolution in dominant bacterial families and in dominant bacterial genera or family (best classification obtained) in the inoculum (In) and AGS biomass
along the reactor operational phases; only the first five dominant bacterial families/genera from each biomass sample were considered.
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in the process from phase III on, reaching the highest abundance during
phase VIII (4.9%) (Fig. 5). Therefore, a succession of genera related to
phosphorous removal was observed with Accumulibacter, Tetrasphaera
and Gemmatimonas detected at higher abundance at the beginning,
middle and end of reactor operation, respectively.

3.3.4. Core microbiome
A detailed analysis revealed that some microorganisms were present

in all biomass samples over the whole period. The bacterial groups
present in the AGS microbiome belonged to the Bacteroidetes
(Ferruginibacter, Terrimonas, Chryseobacterium, Flavobacterium,
Haliscomenobacter), Proteobacteria (Phenylobacterium, Hyphomicrobium,
Rhodobacteraceae, Paracoccus, Rhodobacter, Sphingomonadaceae,
Acidovorax,Ottowia), andCyanobacteria (Microcystis and Prochlorococcus)
phyla. Most of these bacteria presented a high relative abundance, consti-
tuting ca. 31 to 48% of the relative abundance of all AGS biomass samples.
The highest abundance of shared bacterial phylotypeswas obtained at the
endof phase IV (ca. 48%), characterized by an increase inChrysobacterium,
Haliscomenobacter and Paracoccus, which in total comprised almost 35%
of the total abundance (Fig. 5).

3.3.5. Bacteria associated to carbon degradation and accumulation
Several bacteria involved in different processes of carbon

removal were identified in AGS microbiome. Bacterial genera with
proteolytic activity namely Chryseobacterium andHaliscomenobacter
were present in biomass over operation. In addition, members of
the Chitinophagaceae family that present hydrolytic activity,
such as Ferruginibacter, were detected throughout operation,
while Taibaiella was enriched during phase IV. Members of the
Cytophagaceae family (e.g. Leadbetterella and Ohtaekwangia) can
hydrolyze proteins and polysaccharides. Flavobacterium, Thauera,
Paracoccus, Chryseobacterium, Phenylobacterium and members from
8

the Rhodobacteraceae, Xanthomonadaceae and Sphingomonadaceae
families, with high relative abundance in the granular biomass, are as-
sociated to EPS production. Among PHA accumulating microorganisms,
two bacterial genera were identified: Plasticicumulans, abundant in the
inoculum, and Thauera, enriched during phase IV.

4. Discussion

The AGS process was able to treat fish canning wastewater and was
robust to overcome the challenge of treating variable organic loadings
between 0.2 and 2.3 kg m−3 day−1 without the need for biomass accli-
mation. Stable nitrification was achieved, only temporarily inhibited by
higher organic load periods that affected NOB activity, whereas a suc-
cession of different PAO populations assured phosphorous removal to
levels complying with discharge limits. The bacterial groups present in
the core microbiome were mainly associated to EPS production, con-
tributing for the resilience of the system.

The characteristics of the wastewater applied during the initial
phases of reactor operation were favourable to all removal processes:
COD, phosphorous and ammonium concentrations in the outlet com-
plied most of times with the discharge limits. The increase in nitrogen
and phosphorous content in the wastewater during phase III affected
phosphorous and ammonium removal. However, a more pronounced
negative effect on the removal processes was observed during phase
IV, characterized by significantly higher organic and nitrogen loading
rates (OLR, NLR). During this phase, not all carbon uptake was per-
formed during the anaerobic period. This led to the presence of excess
carbon during the aerated period, which allowed for the overgrowth
of suspended heterotrophic bacteria. Similar events were observed
when extra COD was available favouring the growth of fast-growing
heterotrophic microorganisms, charaterized initially as a suspended
biomass layer on top of the aerobic granules bed volume (e.g. phase

Image of Fig. 5
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VIII). The suspended biomass was possibly dominated by filamentous
bacteria, which can grow at the expense of complex substrates while
outcompeting for oxygen, required for nitrification and phosphorous
removal processes (de Kreuk et al., 2005; de Kreuk et al., 2010). Indeed,
from phase IV onwards, the presence of a high relative abundance in the
AGS of Haliscomenobacter, a known aerobic heterotrophic filamentous
bacteria, naturally occurring in activated sludge (Kämpfer et al., 1995),
corroborates this hypothesis. Other studies have shown that filamen-
tous bacteria can proliferate in the presence of extra COD and trigger
the destabilization of the granular biomass (Moura et al., 2018;
Winkler et al., 2018). In fact, the bacterial overgrowth observed during
periods of higher organic load (phases IV and VIII) was also associated
to the main changes in biomass characteristics, presenting the highest
percentage of intermediate granules in the biomass. Slow-growing bac-
teria, such as nitrifiers and PAOs, are important species for establishing
stable granules (Pishgar et al., 2019). The competition for oxygen and
nutrients between filamentous and slow-growing bacteria can, there-
fore, promote a change in the microbial composition within the gran-
ules. In bigger granules, this effect can be more pronounced as the
inner layers of the granule receive a limited amount of oxygen and nu-
trients, and as such the activity and composition of slow-growing bacte-
ria is reduced and the disintegration process is expected to be faster.
Therefore, the increased suspended biomass could have promoted the
disintegration of large granules andworse settling properties, which re-
sulted in biomass washout and sludge bed volume reduction. Despite
this, the process was able to rapidly form larger, and, possibly, denser
granules, which associated with the recovery of the settling properties,
allowed a bed volume increase during the periods with lower organic
load (between phases IV and VIII). This indicates that fish canning
wastewater allows the establishment of dense and stable granules, as
also observed by Carrera et al. (2019). Despite these variations, the
granular biomass did not lose the initial morphological characteristics,
as indicated by compactness and robustness values obtained along the
study.

Suspended biomass overgrowth did not keep COD in the treated ef-
fluent below the discharge limits. Fish canningwastewater is composed
by complex organic molecules, possibly slowly biodegradable, which
need initial extracellular hydrolysis and longer biodegradation periods.
Therefore, an increase in OLRmight not only limit the carbon uptake by
PAOs and other polyhydroxyalkanoates (PHA) accumulating bacteria
during anaerobic feeding, but also the heterotrophic degradation during
the aerobic period (Corsino et al., 2016; de Kreuk et al., 2010).

The high content of solids in the effluent observed throughout the
operation (above 50mgTSS L−1) is possibly expected duringfishwaste-
water treatment. AGS processes treating industrial wastewater with
variable composition can result in solids washout, demanding for a sub-
sequent solids separation system (Carrera et al., 2019).

Regarding nutrients removal, the higher nitrogen load present dur-
ing phase IV resulted in additional stress to ammonium and phospho-
rous removal processes. The interruption of nitrification was possibly
due to a cascade of processes initiated by thehigher OLR entering the re-
actor that allowed for the heterotrophic growth of suspended biomass
and consequently reduced the amount of oxygen available for ammo-
nium oxidation. This event led to the increase in both alkalinity and am-
monium concentration in the reactor bulk liquid, resulting in the
accumulation of high concentrations of free ammonia (up to 26.2 and
13.8 mg N-NH3 L−1, at the beginning of phases IV and VI, respectively).
Free ammonia is a known inhibitor of the nitrification activity in
WWTPs (Liu et al., 2019; Tang and Chen, 2015). Among nitrifiers, AOB
are known to be more resistant to free ammonia than NOB (Anthonisen
et al., 1976; Liu et al., 2019). In a previous study, NOB were found to be
more sensitive than AOB to a concentration of 16.8 mg N-NH3 L−1,
resulting in the accumulation of nitrite after the treatment with free am-
monia (Qian et al., 2017). Nitrosomonas (AOB) were identified in the AGS
at the beginning and at the end of reactor operation, indicating its preva-
lence in the process, whileNitrospira (NOB)were only detectedwith high
9

relative abundance until the end of phase III. This is in agreementwith the
results from reactor performance, which showed a fast recovery of am-
monium but not of nitrite oxidation, corroborating that NOB were the
most affected nitrifiers. The disturbances occurred during phase IV
might have decreased NOB activity but also their numbers, possibly
through biomasswashout, reducing the possibility of a fast process recov-
ery. Besides free ammonia, several studies reported that NOB were more
sensitive than AOB to other operational factors (e.g., carbon to nitrogen
ratio, oxygen dissolved, pH) (Liu et al., 2019; Rollemberg et al., 2018).
Phosphorous removal can also be an unstable process when nitrification
is disturbed, since the activity of PAO can be compromised by both free
ammonia and nitrite accumulation (Liu et al., 2019; Saito et al., 2004).
Free ammonia (17.76 mg N-NH3 L−1) was found to inhibit phosphorous
removal in a granule-based system (Zheng et al., 2013). However, in
other studies the inhibitory effect of nitrite on phosphate removal was re-
ported to be evenmore significant, with concentrations of 6 and 8mg N-
NO2

− L−1 completely inhibiting phosphate removal (Meinhold et al.,
1999; Saito et al., 2004). In addition, Bassin et al. (2011) observed a re-
duced phosphate removal of an AGS process in the presence of a nitrite
concentration above 4 mg N-NO2

− L−1. In the current study, the accumu-
lation of a high concentration of nitrite in bulk liquid during phases IV, V
and VI, together with extremely low phosphorous content present in the
inflowwastewater during phaseV,mayhave caused a negative impact on
PAOs activity and numbers, since phosphate release and consequent re-
moval ability was reduced during phases IV and VI. Different bacteria as-
sociated to phosphorous removal such as Candidatus Accumulibacter, the
most widely known PAO (Marques et al., 2017), Tetrasphaera, a putative
PAO present in high abundance in full-scale plants performing phospho-
rous removal (Marques et al., 2017) and Gemmatimonas, also a PAO
identified in AGS processes, and the only bacterial genera represen-
tative of the phylum Gemmatimonadetes (Li et al., 2020; Zhang,
2003) were successively identified with higher relative abundance
in a chronological sequence throughout reactor operation. The fact
that Candidatus Accumulibacter takes upVFAswhile Tetrasphaera cande-
grade other complex substrates (Marques et al., 2017;Weissbrodt et al.,
2014) might explain the detection of Accumulibacter at earlier phases
while Tetrasphaera was only detected later in the process. Phosphorous
removal was again observed by the end of reactor operation, when ni-
trite concentration decreased, indicating a recovery of this process.
Gemmatimonas bacteria possibly contributed to phosphorous removal
during phase VIII. Besides the effect of nitrite accumulation on PAOs ac-
tivity, the operational periods with lower concentration of phosphorous
in the wastewater were probably detrimental to PAOs, which could be
outcompeted for VFAs and by other PHA accumulatingmicroorganisms,
such as glycogen-accumulating organisms (GAOs), known competitors
of PAOs in the absence of phosphorous (Weissbrodt et al., 2014). Al-
though GAOs were not identified in the AGSmicrobiome, other PHA ac-
cumulating bacteria, such as Thauera (Oshiki et al., 2008) were present
with higher relative abundance at the end of phase IV. These bacteria
could have outcompeted PAOs for carbon uptake during the periods of
lower phosphorous concentration in the influent wastewater, possibly
due to the numerical advantage previously gained over PAOs.

The presence of high salt concentrations in the fish canning waste-
water can also be a source of stress to the biological removal processes
(Corsino et al., 2016). In the present study, the estimated NaCl concen-
tration did not rise above 10.1 g L−1. The sole effect of salt on carbon, ni-
trogen and phosphorous removal in AGS processes treating high salinity
wastewater has been previously investigated by other researchers,
which have shown that COD removal was not affected by salt concen-
trations between 20 and 75 g NaCl L−1 (Corsino et al., 2016; Pronk
et al., 2014). Other studies have also shown that AOB were not affected
by salt concentrations up to 50 g NaCl L−1, while NOB activity was
slightly reduced at 11 g NaCl L−1 and was completely inhibited at con-
centrations above 20 g NaCl L−1 (Bassin et al., 2011; Corsino et al.,
2016; Pronket al., 2014). Phosphorous removalwas found to be affected
by a salt concentration above 21 g NaCl L−1 (Pronk et al., 2014). Several
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researchers observed a cascade inhibition effect in AGS processes: salt
affected first nitrite oxidation which accumulation had in turn a detri-
mental effect on phosphate removal (Bassin et al., 2011; Pronk et al.,
2014). Considering those previous studies, salt would be expected to
have a greater effect on NOB activity, mostly above 10 g NaCl L−1, com-
pared to AOB or PAO activity. The first increase of salt up to ca. 6.9 NaCl
L−1 occurred concomitantly with the increase of carbon and nitrogen
load (phase IV). Results indicate that the organic and nutrients load in-
crease can explain most of the changes occurred on carbon and nutri-
ents removal independently of salt increase. Taking into consideration
the expected high sensibility of NOB, the increased average salt concen-
tration applied during phase VI (ca. 10.1 g NaCl L−1) did not seem to ad-
ditionally affect nitrite oxidation to nitrate, when both carbon and
nitrogen loads were lower. Nevertheless, the combined effect of the in-
crease in free ammonia and salt concentration on NOB activity during
phase IV cannot be excluded.

Although not acclimated, the aerobic granules were able to treat the
fish canning wastewater and despite the disturbances caused by the
variability in wastewater composition, the AGS process did not lose
the ability to remove phosphorous or to perform nitrification. The diffi-
culty in obtaining a higher number of reads of PAO and AOB is probably
associated to the lower numbers present in the biomass when com-
pared to the dominant and diverse fast-growing heterotrophic bacteria,
enriched by the availability of organic matter.

Bacteria with hydrolytic and carbon degradation activity comprised
one of the most abundant groups identified throughout the study.
These bacteria were possibly required for the conversion of complex to
simpler substrates (Weissbrodt et al., 2014). Chryseobacterium are
chemoorganotrophic bacteria with strong proteolytic activity, which
also may present filamentous cells (Hugo et al., 2020). These bacteria
appeared to be outcompeted by other carbon degraders after phase IV.
Possible competitors of Chryseobacteriumwere the filamentous bacteria
Haliscomenobacter, known to have proteolytic activity (Parte et al.,
2010), but also Ferruginibacter and Taibaiella, known aerobic hetero-
trophs found in AGS processes with hydrolytic activity (McBride et al.,
2014; Szabó et al., 2017; Zhang et al., 2019). The ability to degrade com-
plex substratesmight have also led to the enrichment ofmembers of the
Cytophagaceae family during phase IV, associated to the hydrolysis of
proteins and polysaccharides in biological processes (McBride et al.,
2014). Leadbetterella and Ohtaekwangia (Cytophagaceae family mem-
bers) were identified in this study, being also present in other AGS pro-
cesses (Świątczak and Cydzik-Kwiatkowska, 2018; Xia et al., 2018).

Several bacterial families and genera have been assigned to EPS pro-
duction. Flavobacterium, Thauera and Paracoccuswere identified as poly-
saccharide producers able to promote the production of key chemical
factors for granule maturation and long-term integrity (Pishgar et al.,
2019; Szabó et al., 2017). The genus Chryseobacterium has a high auto-
aggregation index, indicating the ability to aggregate and secrete proteins
to strengthen bacterial clusters (Adav et al., 2010) and Phenylobacterium
was identified during the granulation process in a bioreactor (Zhou
et al., 2014). Members of the Rhodobacteraceae family were identified as
biofilm producers, with a role in granulation (Pishgar et al., 2019) and
Xanthomonadaceae and Sphingomonadaceae bacterial families were re-
ported to include EPS producing bacteria (Szabó et al., 2017). Until the
disturbance caused by the organic load, granules structure was possibly
maintained by the presence of Chryseobacterium, Rhodobacteraceae and
Sphingomonadaceae (e.g. Novosphingobium). After this disturbance,
other putative EPS bacterial groups, such as Thauera, Paracoccus and
Xanthomonadaceae (e.g., Pseudoxanthomonas) might have become the
main contributors for granules stability. EPS production plays an impor-
tant role in the formation andmaintenance of granules stability and integ-
rity, protecting bacteria from severe external conditions (Szabó et al.,
2017; Xia et al., 2018). The enrichment of different EPS producing bacteria
along the wastewater treatment observed in this studymay be related to
that. Indeed, regarding the persistency of different bacterial families and
genera until the end of the operation (core microbiome), many share
10
the role of putative EPS producers (Chryseobacterium, Flavobacterium,
Paracoccus, Phenylobacterium, Rhodobacteriaceae and Sphingomonadaceae
members). This supports the importance of EPS producers in the
long-term stability of the AGS treatment process treating industrial
wastewater.

During the higher organic loading period (phase IV), substantial
shifts occurred between dominant hydrolytic bacteria and EPS pro-
ducers, but possibly also between PHA accumulating microorgan-
isms. In this study, Plasticicumulans, a PHA accumulating bacterium
from the Candidatus Competibacteraceae family (Jiang et al., 2011)
might have been outcompeted by Thauera, which can also accumu-
late PHAs (Oshiki et al., 2008).

The overlap of metabolic functions among different bacterial groups
allowed the competition and establishment of microbial communities
better adapted to the wastewater quality, contributing in this way to
the flexibility and increased AGS process stability. This redundancy
allowed that negatively impacted bacteria could be replaced by others
to fill their ecological niche in the microbiome thus avoiding process
failure.

The possibility of using non-adapted granular biomass is advanta-
geous not only for the rapid start-up of reactors but also for posterior ad-
ditions in case of biomass loss to allow fast recovery of AGS processes. In
addition, with the continuous spreading of AGS processes in urban
WWTPs, the access to mature granules for reactors inoculation would
be facilitated and perhaps the AGS biomass surplus can also be used. Al-
though AGS proved to be able to deal with higher organic loads for long
time periods, the AGS process stability, mainly of NOB and PAO activi-
ties, was temporally disturbed. At a larger scale, where equalization
tanks generally exist for collecting and mixing streams, the concentra-
tion of pollutants during such periods could be in part attenuated.
Nevertheless, the AGS systemwas robust and efficient for treating alter-
nate wastewater composition, a scenario that characterizes industrial
streams.

5. Conclusion

Biomass acclimation and granulation was not a pre-requisite for the
start-up and long-term efficient treatment of variable fish canning
wastewater composition using an AGS process. Overall, the non-
adapted AGS presented good performance for all removal processes,
being temporarily disturbed by a period of higher OLR. Carbon removal
was mostly affected by higher OLR (above 2 kg m−3 day−1), while
higher carbon and nitrogen loads promoted a sequential effect on nutri-
ents removal processes. A flow of inhibition steps is proposed: hetero-
trophic overgrowth resulting in nitrification inhibition, free ammonia
accumulation, ammonium oxidation recovery, nitrite build-up and
lower phosphorous removal. The AGS bacterial community was dy-
namic along reactor operation, with a major microbiome change occur-
ring during the higher OLR period. NOB and PAOwere themost affected
bacterial groups, corroborating performance results. In the core
microbiome, a great diversity of dominant heterotrophic bacteria
associated to substrate degradation and EPS production was present,
contributing with their resilience and adaptation capacities to the
long-term stability of the AGS biomass. Salt variationwas not detrimen-
tal to any of the biological processes, possibly due to the presence of
EPS-producing bacteria. This study shows that microbial diversity and
metabolic overlapping are at the basis of the stability of AGS processes,
which, without need for acclimation, can be used to treat food industry
wastewater with variable composition.
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