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obiome changes in aerobic
granular sludge saline wastewater treatment using
a slow stepwise salt increase strategy†

Ana M. S. Paulo, *a Oihane Salazar,a Joana Costa,b Daniela P. Mesquita,bc

Eugénio C. Ferreira, bc Paula M. L. Castroa and Catarina L. Amorim a

Saline wastewaters mainly result from various industrial activities. In response to water shortage, seawater is

increasingly utilized for diverse purposes, leading to an increased production of saline wastewater. The

presence of salts in wastewater frequently impairs the efficiency of biological wastewater treatment

technologies. Among these, aerobic granular sludge (AGS) has emerged as the most effective aerobic

biological treatment process for treating saline wastewater, primarily due to the high biomass

aggregation and self-protection afforded by granules. In this study, the AGS biomass was acclimated to

saline wastewater through a slow stepwise salt increment strategy over a period of ca. 250 days, from

0 to 14 g NaCl L−1. This acclimation strategy facilitated stable and efficient removal of carbon (>90%),

phosphorus (>95%), and ammonium (>98%), without nitrite accumulation in the effluent. Notably, it was

observed that the increase in extracellular polymeric substance (EPS) content was concomitant with the

enrichment in EPS-producing bacteria, in the AGS biomass. Other salt tolerant bacteria were also

enriched in the biomass, particularly those from the Lysobacter and Rhodocyclus bacterial genera,

related to nutrient removal and AGS stability. Besides, the high nutrient removal performance was

corroborated by the identification of bacteria responsible for these processes. Thus, by employing a slow

stepwise increase of wastewater salinity, the AGS process successfully adapted by maintaining the

metabolic diversity necessary for various biological removal processes. This study underscores the

microbial selection and plasticity inherent in AGS processes, highlighting their significant potential for

upgrading saline wastewater treatment.
Environmental signicance

The increased production of saline wastewater poses several challenges to wastewater treatment processes. In recent years, the granular sludge technology has
emerged as a robust process for the treatment of wastewater, owing to its remarkable efficiency and capability to deal with wastewater-related stressors,
including salts. Nevertheless, the granular sludge process adaptation to salinity is still poorly understood, especially at the microbiome level. Thus, this study
aims to provide a comprehensive evaluation of the system performance during adaptation to high salinity through a slow salt stepwise addition strategy. By
focusing on the community composition and ecosystem functioning, we strive to ascertain on how communities restructure and which taxa are key to
maintaining systems functionality under stress. These new insights will contribute to the advancement of the granular sludge technology and foster the
understanding on the microbiome adaptation and resilience, which is essential for optimizing and managing the treatment systems.
Introduction

Population growth and climate changes are affecting water
resources all over the world. Earth contains 97.5% of seawater,
Centro de Biotecnologia e Qúımica Fina –

Biotecnologia, Rua Diogo Botelho 1327,

ucp.pt

versidade do Minho, Campus de Gualtar,
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tion (ESI) available. See DOI:

88–1801
unt for human consumption as well as for agriculture and
food production. In addition, it is estimated that 50% of the
world's population lives less than 100 km from the coastline,
a number that is expected to increase due to the aggravation of
social and economic differences between the coast and more
deserted inland regions.1 To reduce the pressure on freshwater
usage, several coastal cities have started to use seawater for
diverse purposes such as re control or even roads and toilet
ushing.2 Besides this, saline wastewater is produced by several
industrial activities such as seafood processing, vegetable
pickling, leather tanning, petroleum rening, and the aqua-
culture industry, among others.1,3 Therefore, saline waste
© 2024 The Author(s). Published by the Royal Society of Chemistry
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streams generated by municipalities and industries that ended
up in wastewater treatment plants (WWTP) are expected to
increase. However, high salinity can inhibit the microbial
activity of biological processes such as those typically found in
WWTPs.4,5 Aerobic granular sludge (AGS) is an innovative
technology used for wastewater treatment, with several advan-
tages compared to the conventional activated sludge systems,
such as faster biomass settling within the reactor tank before
effluent discharge, simultaneous carbon, nitrogen and phos-
phorus removal, and higher microbial protection towards toxic
and inhibitory compounds.6,7 All these advantages have
increased the interest in applying AGS for saline wastewater
treatment. Although NaCl is the main salt present in seawater
and in different types of industrial wastewater streams, NaCl
has been shown to have a different impact in AGS processes
compared to the mixture of other relevant salts present in the
seawater.8 Nevertheless, the instability caused by high salinity
primarily affects sensitive microbial groups, namely nitriers
and phosphate-accumulating bacteria (PAO), highly relevant for
the good nutrient's removal performance.9 Among these,
nitrite-oxidising bacteria (NOB) are the most sensitive, followed
by PAO and ammonia-oxidising bacteria (AOB).4,10 In fact, nitrite
accumulation in effluents discharged by AGS processes treating
saline wastewater was oen reported,4,10,11 eventually affecting
phosphate accumulation and removal.4,12 This inhibition of
biological activity started to occur at salt concentrations above
10 g L−1 or at increased salinity levels.3,10

Different strategies can enhance the long-term performance
and stability of AGS during the treatment of saline wastewater.
Although halophilic microorganisms can be added into the AGS
reactor, the AGS biomass presents a high microbial diversity
which allows selecting for the most salt tolerant bacterial
groups, through acclimation to saline wastewater.11 Besides
this, the microbial response to stress caused by salt can
promote a higher secretion of extracellular polymeric
substances (EPSs). Since EPS production is at the basis of AGS
biomass formation and structural stability,13 it is crucial to
promote a balanced EPS production in the AGS system. This will
keep granules' physical integrity, determinant for the success of
the process, while protecting the microorganisms responsible
for nutrient removal. Most research using AGS for treating
saline wastewater has been performed by using biomass non-
adapted to salt and by performing a fast transition from low to
high salt concentrations, oen resulting in poor removal effi-
ciency processes.3,10,11 One strategy to overcome AGS instability
problems, related either to nutrient removal or biomass
stability, is to perform a stepwise increase in salt content
allowing the AGS biomass to gradually adapt to the stress
caused by salt. This was successfully applied by Bassin et al.,14

achieving good nitrication and biomass stability with salinity
increase up to 20 g NaCl L−1. Li et al.,9 applied a slow salt
increase when treating saline wastewater at low temperature (12
°C) which resulted in effective carbon and nutrient removal as
well as biomass stability, but biomass disintegration occurred
at a salt concentration of 14 g NaCl L−1. Wang et al.3 tested
different conditions for evaluating AGS adaptation to saline
wastewater treatment at lower dissolved oxygen concentrations,
© 2024 The Author(s). Published by the Royal Society of Chemistry
nding that gradual adaptation to salt improved the overall
system efficiency and stability. Amancio Frutuoso et al.15 per-
formed a gradual salt increase up to 10 g NaCl L−1 and, despite
obtaining good nitrication and phosphorus removal, the AGS
biomass collapsed above 7.5 g NaCl L−1. Although Bassin et al.14

focused on nitriers present in the AGS biomass during gradual
salt adaptation, no information was provided regarding PAO.
Wang et al.3 evaluated nitriers, PAOs and GAOs dynamics
under the different tested conditions. In this study, the AGS
process lost PAO activity during adaptation to salt at low dis-
solved oxygen concentrations. Amancio Frutuoso et al.15 and Li
et al.9 went further in AGS microbial dynamics, by identifying
a greater diversity of bacteria and their putative functional roles
throughout the salt acclimation process. However, these studies
also revealed performance failure during gradual AGS salt
adaptation. Although all these studies suggest that a slow salt
adaptation can be a good strategy for reaching a more stable
saline AGS wastewater treatment, the continuous addition of
salt might lead to biomass disintegration and/or nutrient
decreased removal, oen causing an irreversible impact on
phosphate removal. Therefore, it remains crucial to continue
exploring the specic impact of salt on the AGSmicrobiome and
process performance, while minimizing the uncertainties
surrounding the response of AGS processes to overlapping
stress factors commonly encountered in real conditions. In this
study we aimed to evaluate how and to what extent a salt
adaptation strategy by slow stepwise feeding alters the micro-
biome composition and function with the objective of keeping
the efficiency and stability of the AGS treatment. For that, over
250 days of operation, a very slow transition from 0 to 14 g NaCl
L−1 in wastewater salt level was applied, at an increment oen
lower than 2 g NaCl L−1. The AGS reactor performance in terms
of carbon, nitrogen and phosphorus removal as well as the
granules' features concerning their morphology and EPS
production was assessed, while identifying the main bacter-
iome changes occurring during AGS adaptation to saline
wastewater.

Materials and methods
AGS reactor setup and operation

An AGS-SBR (sequencing batch reactor) with a working volume
of 2.5 L was operated in four successive treatment cycles of 6 h
per day, each including 60 minutes of static plug ow anaerobic
feeding, 292 minutes of aeration, 3 minutes of settling and 5
minutes of effluent withdrawal, according to Paulo et al.12 The
AGS used as inoculum was collected from another lab-scale
reactor that had been previously exposed to NaCl concentra-
tions up to 2.5 g L−1, on average.16 The reactor was fed with
a synthetic wastewater consisting of ca. 632 ± 56 mg L−1 of
sodium acetate (686± 61mg O2 L

−1; 258± 23mg TOC L−1). The
medium also contained 18.3 ± 2.6 mg PO4

3−–P L−1 and 40.2 ±

5.9 mg NH4
+–N L−1 and was prepared similarly to previous

studies.17 Most of the chloride containing compounds present
in the feed composition were replaced by compounds with the
required cation and an alternative anion, in their molecular
formula, for a better monitoring of the salinity level. The pH of
Environ. Sci.: Adv., 2024, 3, 1788–1801 | 1789
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the feed varied from 7 to 7.5. A slow stepwise addition of NaCl to
wastewater was performed along reactor operation, divided into
9 operational phases, according to the NaCl concentration in
the wastewater (Table 1). In phase I, NaCl was absent from the
wastewater. Thereaer, in each operational phase the NaCl
concentration in the wastewater increased gradually by 1–2 g
L−1 of NaCl except for phases II and IX (ca. 2.7 and 2.4 g L−1,
respectively). Initially, the salt increase steps were applied
during shorter periods of time but, due to the cumulative salts
in the feed, higher salt contents were applied in the later phases
and the exposure period was extended to guarantee microbial
adaptation and avoid system failure. The pH of the AGS process
was monitored over time but not controlled.
Analytical methods

The AGS process performance was evaluated bymeasuring organic
carbon and nutrient removal fromwastewater. For this, bulk liquid
reactor samples were collected at the beginning (in) and at the end
of the aeration period (outlet), when reactor bulk liquid was
completely mixed, guaranteeing a representative sampling. Sus-
pended solids were removed by using syringe nylon membrane
lters (0.45 mm pore-size) and the ltrate was used for the subse-
quent analysis. A Total Organic Carbon (TOC) Analyzer (Shimadzu,
Japan) was used for evaluating organic carbon removal from
wastewater. The concentrations of ammonia, nitrate, nitrite,
phosphorus, and chloride were measured using appropriate
photometric test kits (Spectroquant®, Merck Millipore, USA),
following the manufacturer's instructions. The chloride concen-
trationwas used as an indirectmeasurement of NaCl present in the
wastewater. Total suspended solid (TSS) and volatile suspended
solid (VSS) concentrations in the outlet were quantied according
to standard methods.18 Tomonitor potential process disturbances,
the pH in the outlet was measured on sampling days.
EPS extraction and composition

AGS samples were collected for EPS quantication and
biochemical analysis. EPSs were extracted from the granules
using a sodium carbonate (Na2CO3) aqueous solution, heat and
constant mixing, as described by Felz et al.19 Proteins, poly-
saccharides and humic acid like substances were quantied
using colorimetric-based methods.20–22
Table 1 NaCl concentration in the wastewater during each reactor
operational phase; average ± standard deviation values are presented

Phase Day NaCl concentration (g L−1) Duration (days)

I 0–7 0 8
II 8–21 2.7 � 0.1 13
I 22–35 4.3 � 0.3 15
IV 36–64 5.9 � 0.6 29
V 65–90 6.8 � 0.4 26
VI 91–124 8.0 � 0.5 34
VII 125–168 9.7 � 0.9 44
VIII 169–203 11.6 � 0.5 35
IX 204–249 14.1 � 0.6 44

1790 | Environ. Sci.: Adv., 2024, 3, 1788–1801
Quantitative image analysis

AGS samples were collected in duplicate during reactor opera-
tion and preserved according to Paulo et al.12 Structural char-
acteristics of the granules were followed by quantitative image
analysis (QIA), for describing size and morphological parame-
ters variations, namely the equivalent diameter (Deq), number
(%Nb), convexity (Conv), robustness (Rob) and roundness
(round) of the granules, according to Costa et al.23 Two granular
biomass size classes were considered based on the Deq: small
granules (SG) (Deq lower than 1500 mm) and large granules (LG)
(Deq above 1500 mm).

AGS microbial community analysis

DNA extraction. In each operational phase, granules were
collected during the aeration period and aseptically crushed
using a pottering tube and a pestle. Genomic DNA from the
crushed granules was extracted using the UltraClean Microbial
DNA Isolation Kit (Qiagen, Germany), according to the manu-
facturer's instructions. The Qubit Fluorometer (Thermo Fisher
Scientic, USA) was used for measuring the DNA concentration
and the extracted genomic DNA was stored at−20 °C for further
processing.

Next-generation sequencing (NGS). NGS of the extracted
genomic DNA and data analysis, including DNA amplication,
library preparation, sequencing and bioinformatics analysis,
were performed at GATC-Eurons (Konstanz, Germany). The
16S rRNA phylogenetic gene paired-end sequencing was per-
formed to cover the V3–V4 hypervariable region (IlluminaMiSeq
platform) by using primers 357F – TACGGGAGGCAGCAG24 and
800R – CCAGGGTATCTAATCC.25 The microbiome analysis and
proling were performed as described in Paulo et al.12 The raw
sequence data are deposited in Sequence Read Archive (SRA)
from the NCBI database, within the BioProject with accession
number PRJNA1129501.

Statistical analysis

Results from EPS biochemical composition (carbohydrates,
proteins, humic acids, PN/PS ratio and total EPS) were statisti-
cally analysed by one-way ANOVA. Signicant differences
between the means were determined by Tukey's post hoc test
using the SPSS program (SPSS Inc., Chicago, IL Version 24.0).

Results
AGS reactor removal performance

The wastewater used to feed the reactor had an average
concentration of 632 ± 56 mg L−1 of sodium acetate (258 ± 23
mg TOC L−1; 686 ± 61 mg O2 L−1) (Fig. 1a), and an estimated
OLR of 1.8 ± 0.2 g O2 L−1 day−1 was applied throughout the
operation. Despite the unstable carbon removal observed
during the rst 50 days of operation (till themiddle of phase IV),
ranging from 78 to 89%, overall, carbon removal reached 90 ±

4%, resulting in a nal effluent oen containing less than 60mg
O2 L

−1, below the legal discharge limit (125 mg O2 L
−1). Most of

the carbon was removed during the anaerobic feeding period,
with initial instability matching the adaptation of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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phosphate removal process. Before day 50 (middle phase IV), 50
to 60% of phosphate was removed by the end of each cycle.
From phase V onwards, phosphate accumulation stabilized
until the end of AGS operation, reaching an average value of
111.1 ± 10.1 mg L−1 with up to 99% of phosphate removal
(Fig. 1b).

Ammonium removal reached values close to 100%
throughout the AGS reactor operation (Fig. 1c). Considering the
amount of ammonium expected in the reactor bulk liquid aer
the anaerobic feeding period, part of the ammonium content
was possibly assimilated by the AGS biomass. During phases I,
II and III (day 35), about 20 to 25% of the ammonium in the
Fig. 1 TOC (a), phosphate (b), ammonium (c), nitrate (d), nitrite (e) and
salt (f) concentrations along AGS-reactor operation. Concentration in
the wastewater (C), in the reactor bulk liquid after anaerobic feeding
( ) and outlet (B) are shown.

© 2024 The Author(s). Published by the Royal Society of Chemistry
wastewater was assimilated by the AGS decreasing to values
between 15 and 20% until the middle of phase VI (day 150), and
even further (between 15% and 10%) until the end of operation.
Complete nitrication was reached throughout the operation,
with nitrate as the main product in the outlet (Fig. 1d). The
lowest concentrations of nitrate in both the outlet and in the
bulk liquid aer the anaerobic feeding period were achieved
until the end of phase III (day 35), increasing thereaer until the
end of reactor operation, possibly due to an increased ammo-
nium availability during the aerated period. Nitrite did not
accumulate in the reactor outlet at the end of each treatment
cycle (Fig. 1e). The amount of nitrite present in the bulk reactor
aer the anaerobic period showedmore variability until the end
of phase VIII, exhibiting a decreasing trend until the end of
operation. The pH in the reactor outlet was always between 8
and 9 (Fig. S1†), indicating the potential completion of the
nitrication process. In addition, the lack of abrupt oscillations
on the pH values indicate that the performance of the reactor
was stable during most of its operation.
Granular biomass dynamic properties

EPS content and composition. The biochemical composition
of EPSs present in the AGS biomass changed over time. Proteins
were the most abundant component, followed by humic acids
and carbohydrates (Fig. 2 and Table 2). Overall, changes in
protein and humic acid contents contributed to an increase of
the EPS concentration in the AGS biomass. At the beginning of
operation, EPSs were mainly composed of proteins, with their
content decreasing between phases IV and VI, before increasing
to its highest level aer phase VI. Conversely, humic acids were
present in the EPS composition at lower concentrations at the
beginning of the process and increased aerwards, stabilizing
between phases IV and VII. The upward trend of the concen-
tration of humic acids in the EPSs continued during phases VIII
and IX. Although carbohydrate concentration in the EPSs uc-
tuated signicantly over the operational phases, its content was
not signicantly different between day 50 (phase IV) and day 248
(phase IX). The protein to polysaccharide ratio (PN/PS) was
variable along reactor operation without signicantly different
values between phases I, VII and IX.

Granular biomass size and morphology. QIA data were used
for evaluating changes in the size of the granular biomass,
distributing granules within two categories: small and large
granules (SG and LG, respectively). Despite the initial size and
distribution uctuations, a decrease of the average diameter of
LG and an increase of the SG size were observed over reactor
operation (Fig. 3a). Over reactor operation, the AGS biomass was
mostly composed of SG, which consisted of 78 to 97% of the
total biomass (Fig. 3b). At the beginning of operation, the
granular biomass was composed of 88% of SG (average Deq of
ca. 436 mm) and 12% of LG (average Deq of ca. 2800 mm). Aer
a uctuation in size and distribution between phase II and
middle of phase V, the SG number percentage increased in
abundance by the end of phase V (Deq z 482 mm), reaching
97% of the total AGS. Between phases VI and VII, the number
percentage of SG decreased to 78% (Deq z 570 mm), and from
Environ. Sci.: Adv., 2024, 3, 1788–1801 | 1791
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Fig. 2 Total EPS content and its biochemical composition based on the polysaccharides, proteins, humic acids content on different sampling
days. Superscript letters represent the statistical analysis. Means with different letters for the same parameter differed significantly according to
Tukey's post hoc test (P < 0.05).
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this point onwards, SG increased in size but presented a stable
abundance percentage until the end of reactor operation (Deq
z 769 mm, 81%). During the initial operational phases and up
to the middle of phase IV, the biomass had the highest
percentage of LG (ca. 17.5%) and higher size variations of such
granules (between 2555 and 2920 mm). During phase V, the
average Deq of LG decreased to ca. 2150 mm as well as LG
percentage value (3%) in the AGS biomass. From this point on
and until the end of the operation, LG increased their
percentage up to 19% and kept a stable size (Deq z 2025 mm).

The granules were also morphologically characterized based
on compactness and robustness (Fig. 3c and d). In general, LG
exhibited compact and elongated structures with regular
boundaries across all phases. In contrast, SG became more
compact and elongated with more regular boundaries along the
operation, though with greater variability.

AGS bed-height and solid washout

The amount and structure of the AGS biomass changed along
the operation. At the start of the process, the AGS was mostly
composed of granular biomass, with a bed height of 20 cm,
Table 2 Total EPS content and its biochemical composition based on th
ratio on different sampling daysa

Sampling
day – phase

Proteins
(mg gVSS

−1 � SD)
Carbohydrates
(mg gVSS

−1 � SD)

d0 – I 456.7 � 36.7a 69.3 � 4.8a

d50 – IV 331.0 � 27.0b 87.8 � 2.0b

d122 – VI 298.3 � 12.0b 58.6 � 1.7c

d168 – VII 502.3 � 17.6a 78.9 � 3.4d

d199 – VIII 657.8 � 31.0c 75.1 � 2.8d

d248 – IX 615.2 � 21.3c 91.8 � 0.8b

a PN/PS – protein – polysaccharide (carbohydrate) ratio. The results are exp
statistical analysis. Means with different letters in the same column diffe

1792 | Environ. Sci.: Adv., 2024, 3, 1788–1801
which decreased during the rst operational phases (Fig. 4a).
Simultaneously, accumulation of suspended biomass on the
top of the granular biomass started to be observed aer day 65
(end of phase V), persisting until day 110 (middle of phase VII).
During this same period, the granular biomass bed height
decreased until ca. 7 cm. Between days 110 and 205 (end of
phase VIII), the AGS bed height increased, reaching ca. 22.5 cm,
and concomitantly the suspended biomass fraction decreased
and remained like that until the end of operation.

The concentration of TSS in the outlet was variable until the
end of phase V but stabilized towards the end of reactor oper-
ation (Fig. 4b). The highest concentration of TSS in the outlet
was observed throughout phase IV (max. 190 mg TSS L−1). From
phase V onwards, the outlet TSS concentration tended to
decrease and during the two last operational phases (VIII and
IX), the TSS concentration was, on average, 100 mg TSS L−1. The
VSS concentration in the outlet followed the trend of TSS, and
the percentage of VSS decreased until the end of operation,
from ca. 100 to 80% (day 150, phase VII), to ca. 65% (phase VIII)
and nally to ca. 53% (phase IX).
e content of carbohydrates, proteins, and humic acids and the PN/PS

Humic acids
(mg gVSS

−1 � SD) PN/PS
Total EPS
(mg gVSS

−1 � SD)

143.8 � 11.6a 6.6 � 0.4a 669.8 � 51.3a

288.7 � 11.2b 3.8 � 0.4b 707.4 � 32.4a

251.9 � 0.4c 5.1 � 0.2c 603.9 � 18.9b

247.7 � 11.8c 6.4 � 0.4a 828.9 � 15.1c

325.7 � 16.1d 8.8 � 0.7d 1080.4 � 4.3d

588.4 � 2.8e 6.7 � 0.3a 1315.6 � 23.5e

ressed as average ± standard deviation. Superscript letters represent the
red signicantly according to Tukey's post hoc test (P < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Granules average diameter (a); percentage number (b); compactness (c) and robustness (d) along reactor operation. The granules were
divided into two main categories according to their diameter: LG (C) and SG (B) granules.
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Fig. 4 AGS bed height (a) (C – granular; B – granular + suspended biomass) and outlet TSS (C) and VSS (B) concentrations (b) along reactor
operation.
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AGS microbiome diversity and compositional dynamics under
small stepwise salt increments

Taxonomic composition. The bacterial community present
in the AGS biomass was more diverse during phases I and II,
compared to the remaining operational phases, encompassing
Proteobacteria, Bacteroidetes, Actinobacteria, Gemmatimona-
detes, Acidobacteria, Cyanobacteria, Ignavibacteriae and
Nitrospirae (Fig. 5a). Most of these bacterial phyla were kept in
the AGS biomass but with different relative abundances, despite
the identication of Proteobacteria and Actinobacteria as sole
phyla during phases III and IV. Ignavibacteriae and Nitrospirae
were detected between phases IV and IX, as well as Gemmati-
monadetes, Acidobacteria and Cyanobacteria, although at lower
relative abundancies. Proteobacteria and Bacteroidetes were the
predominant bacterial phyla in the AGS community at the
beginning of operation (phases I and II), contributing together
for ca. 80% of the total relative abundance. Throughout reactor
operation, the number of microorganisms affiliated to Proteo-
bacteria increased between 50 and more than 80% of relative
abundance, while the ones affiliated to Bacteroidetes decreased
from ca. 30 to ca. 10%. Most of the remaining bacterial phyla
were detected with relative abundance values between 0 and
2%.

The diversity of bacterial classes identied in the AGS
biomass decreased substantially between the initial phases and
the following ones, with some classes being enriched and
others reduced (Fig. 5b). Proteobacteria were initially composed
1794 | Environ. Sci.: Adv., 2024, 3, 1788–1801
of Alpha, Beta, Delta and Gammaproteobacteria classes. Del-
taproteobacteria, presented the lowest relative abundance and
lost in number to other bacterial classes, such as Gammapro-
teobacteria. Initially less abundant (6%), members of the
Gammaproteobacteria class increased in relative abundance
during phases III and IV (between 49 and 100%) and became
dominant until the end of operation. On the other hand, both
Beta and Alphaproteobacteria were present at high relative
abundance at the beginning of AGS operation (ca. 25 and 17%,
respectively) and by the end of operation their relative abun-
dance was like the one present in the inoculum (27 and 21%,
respectively). While Alphaproteobacteria relative abundance
was kept stable over time, Betaproteobacteria abundance
greatly varied, reaching a high relative abundance by the end of
phase V (60%) which was then lost. Bacteria belonging to the
Proteobacteria which were not further classied, increased
along reactor operation from 0.4 (phase I) to 17.9% (phase IX).

Bacteroidetes diversity was also higher during phases I and
II, compared to the next phases. Cytophagia and Flavobacteriia
bacterial classes remained in the biomass with higher relative
abundancies (>2 and 5%, respectively) when compared to Chi-
tinophagia and Saprospiria, which decreased in numbers aer
phase IV (between 0 and 1.2%).

Acidobacteriia and Holophagae bacterial classes, from
Acidobacteria phylum, were identied during phases I and II
but were no longer detected during most of the following
operational phases. Only the Actinobacteria bacterial class was
identied within Actinobacteria phylum. Despite some
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Relative abundance of bacterial phyla (a) and classes (b) in AGS biomass at different days, throughout the corresponding operational
phases. Others include classes and families with relative abundances lower than 1%.
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variation, this bacterial class presented a similar relative
abundance in the AGS biomass at the beginning and end of
operation (7.5 and 5.2%, respectively). Meanwhile, Gemmati-
monadetes were only detected during phases I and II while
Ignavibacteriae were identied along reactor operation
(between 0.3 and 1.7%) as well as Nitrospirae (from 0.6 to 4.6%).

Dominant bacterial genera in AGS. At the beginning of the
process, Thauera, Chrysolinea, Dermatophilus, Hal-
iscomenobacter and Flavobacterium were the dominant bacterial
genera, together comprising 25.4% of the total relative abun-
dance of the inoculum (Fig. 6). Aer two weeks of reactor
operation, most of the bacteria genera reduced their numbers
in the AGS biomass, being oen close to zero (Fig. 6). The
Chrysolinea genus was an exception, as it was identied in the
biomass at low but consistent relative abundance ranging from
1.1 to 3.9%. Brevundimonas persisted in the AGS biomass at an
abundance between 3.3 and 6.4% while Mariniexile, detected
from the beginning to the end of reactor operation, increased
up to 11.8% by the end of phase V. Nitrospira was identied in
the inoculum and along the reactor operation, with relative
abundance between 0.6 and 4.6%. Lysobacter, Frigoribacterium,
Pseudolabrys and Legionella were not identied in the inoculum,
© 2024 The Author(s). Published by the Royal Society of Chemistry
but increased their relative abundance in the AGS biomass,
mostly at the end of phase III. Among these bacterial genera,
only Lysobacter and Frigoribacterium remained within the AGS.
In fact, Lysobacter presented a very high relative abundance
during phase III (73.8%), being the only genus detected at
middle of phase IV. This bacterium genus remained in the
biomass, keeping a relative abundance between 10.1 and
15.4%, during phases VII and VIII. Rhodocyclus, also not iden-
tied in the inoculum neither during the rst operational
phases, was identied at high relative abundance by the end of
phase V (49.7%), becoming the most abundant taxa during that
phase, and persisting like that until the end of reactor operation
(between 22.1 and 60.2%). From phase V onwards, also Chrys-
eobacterium and Pseudofulvimonas increased from a low or
undetected relative abundance to 3.5 and 4.4%, respectively.
Both Paracoccus and Pseudoxanthomonas, present at low relative
abundance in the inoculum (up to 1.3 and 1.8%, respectively),
increased their relative abundance by the end of phase VI (up to
7.2 and 4.7%, respectively), which were kept in the biomass
until the end of the operation (with 1.5 and 0.5%, respectively).

Microbiome functional prediction. The presence of different
bacterial genera in the AGS biomass allowed identifying
Environ. Sci.: Adv., 2024, 3, 1788–1801 | 1795
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Fig. 6 Heatmap presenting the evolution of the dominant bacterial genera in the AGS biomass along the reactor operational phases, considering
the first five dominant bacterial genera from each biomass sample.
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putative key players in metabolic functions associated with
phosphorus and nitrogen removal, and EPS production (Fig. 6
and S2†), important for the AGS process performance and
stability. Nitrosomonas was the only AOB identied in the AGS
biomass, while two NOB were identied, Nitrospira and Nitro-
bacter. Nevertheless, the Nitrospira genus was dominant in AGS
over Nitrobacter (maximum 4.6 vs. 0.4%, respectively). Several
putative PAOs were identied within the AGS microbiome,
namely Tetrasphaera, Gemmatimonas, Candidatus Accumu-
libacter, Rhodocyclus and Dechloromonas. Deuviicoccus, a deni-
trifying GAO, was detected from the end of phase VI, reaching
its highest relative abundance by the end of the operation
(2.9%). A wide number of bacteria associated with denitrica-
tion was also identied, including Nitratireductor, Deni-
tratisoma, Azoarcus, Ralstonia, Lysobacter, Pseudofulvimonas,
Devosia, Pseudoxanthomonas, Hydrogenophaga, Phaeodactyli-
bacter, Denitromonas, Thauera and Paracoccus. Several bacteria
identied in the AGS biomass were also associated with EPS
production, namely Chryseobacterium, Flavobacterium, Para-
coccus, Acidovorax, Rhodocyclus, Devosia,Pseudoxanthomonas,
Denitromonas and Thauera. The relative percentage of putative
EPS producers during the rst two weeks of operation was ca.
15%, being dominated by Thauera and Flavobacterium bacterial
genera. The enrichment of Rhodocyclus contributed to the
increase of putative EPS-producers in the AGS biomass from ca.
16% to ca. 31% of the total of identied bacteria at the end of
operation. As Rhodocyclus is a PAO-related bacterium, its
enrichment also increased the presence of this functional group
in the AGS biomass from ca. 3% to ca. 23%.

Discussion

The acclimation of the AGS process to a slow salt stepwise
increase resulted in a high and stable carbon, ammonium and
1796 | Environ. Sci.: Adv., 2024, 3, 1788–1801
phosphate removal performance, associated with gradual
changes of the microbiome at a structural and taxonomic level.
During the acclimation process, the microbiome of the AGS
biomass changed through the selection of more adapted
bacterial genera, some known as halotolerant. The low salt
increments combined with their application for shorter periods
of time during the initial acclimation period, might also have
promoted a faster microbial composition adaptation. Never-
theless, a stable bacteriome composition was achieved when
treating wastewater containing the highest tested salt concen-
trations, likely due to the longer adaptation periods. The
greatest uctuations in reactor performance as well as in the
AGS microbiome were observed while treating wastewater with
a salinity increase up to ca. 6 g NaCl L−1. The initial variability in
the carbon removal efficiency was concomitant with the period
of greater instability in phosphate removal, which occurred
during the rst 50 days of operation. Aer that, both carbon and
phosphate removal reached their maximum efficiency, and
remained consistent till the end of operation. Corroborating
previous studies, salinity increase did not affect carbon
removal.11,12,26 Several bacteria associated with carbon uptake
were identied in the AGS biomass, namely denitriers and
putative EPS producers. These last ones, well represented in the
biomass microbiome by different taxa, also included bacteria
with denitrifying capacity (e.g., Denitromonas, Thauera and
Paracoccus).

Phosphate removal improved during salt acclimation. The
lower PAO activity observed during initial salt load is not ex-
pected to be associated with a salt inhibitory effect, since PAO
activity improved and stabilized despite the salinity increase up
to 14 g NaCl L−1. In an AGS process treating saline wastewater,
the PAO activity was affected at 11 g L−1 of NaCl, being out-
competed by GAO,10. The salt step increase of 11 g L−1 applied
(from 0 to 11 g L−1) might not have allowed the adaptation of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the AGS biomass to salt. Aer the beginning of the reactor
operation and before the last operational phase, the applied salt
increment was gradual and oen lower than 2 g NaCl L−1. This
might have allowed for a better adaptation of PAO, which were
identied in the AGS biomass from the start until the end of the
process, with a relative abundance up to 2.4%. During phase IV,
the high abundance of Rhodocyclus, a PAO-related microor-
ganism, matched the increase of phosphate accumulation and
its subsequent removal during the aerated stage of the treat-
ment cycle (Fig. 1b). The Rhodocyclaceae family was also
enriched in AGS salt-supplemented reactors, adapted to salt
stepwise increase, although the Rhodocyclus genus was not
further identied.15 Although Rhodocyclus is not typically clas-
sied as a PAO, it is known to accumulate substantial amounts
of phosphate and has been identied in biological processes
associated with phosphate removal.27 Also, this genus capability
to thrive in saline environments was previously reported.28 The
possibility of Rhodocyclus to tolerate high salinity and to
produce EPSs,29 might have favoured its enrichment in the AGS
biomass, contributing to an increased level of phosphate
accumulation by the biomass. Considering that phosphorus
removal during saline wastewater treatment, even under
gradual salt increase, might depend on the type of PAOs present
in the inoculum,3 a high diversity of PAOs identied in the AGS
biomass might have allowed a better adaptation to increased
salinity, and outcompete GAOs, whose capacity to deal with salt
stress is higher when compared to PAOs.3

At the beginning and before reaching its highest activity,
PAO might have been outcompeted by PHA accumulating
bacteria and/or by denitrifying bacteria, since GAO were only
identied towards the latter phases of operation. Thauera and
Plasticicumulans (not shown) are putative PHA accumulating
microorganisms30,31 which were identied in the AGS biomass
during the initial phases. Lysobacter is among the most abun-
dant denitrifying bacteria identied in the AGS biomass. This
bacterium might have been involved in different processes
during granules disintegration and granulation, contributing
for AGS stability. Lysobacter is a bacterium related to carbon
uptake and incomplete denitrication in AGS processes, asso-
ciated with EPS production and to enhanced AGS stability,
being also known for its lytic activity on other
microorganisms.32–34 Despite the lower numbers in the micro-
biome, some bacterial genera identied as putative denitriers
increased their relative abundance with increased wastewater
salinity, namely Nitratireductor, Pseudofulvimonas, Hydro-
genophaga, and Denitromonas, while Azoarcus was present in the
reactor biomass throughout the entire operation. With
increased salinity, Thauera lost its dominance to other bacteria,
such as Paracoccus. Thauera might be halotolerant bacteria
since members of this genus were found to be dominant in an
AGS system treating saline wastewater (up to 10 g NaCl L−1).35

However, in the present study, Thauera might have been out-
competed by bacteria with similar functional roles in nitrogen
removal but also by EPS producing bacteria, such as Paracoccus,
but also by Chryseobacterium or Pseudoxanthomonas, all putative
EPS producers.12 Nitratireductor, Denitromonas and Paracoccus
were identied in an AGS process treating hypersaline
© 2024 The Author(s). Published by the Royal Society of Chemistry
wastewater (90 g NaCl L−1).36 Azoarcus and Pseudofulvimonas
were identied in an AGS reactor treating wastewater with
increased salt concentration (up to 20 g L−1).37 Azoarcus was also
enriched in an AGS process subjected to slow salt increase up to
10 g NaCl L−1, under low temperature.9 Hydrogenophaga is an
autotrophic denitrier previously identied in a AGS process
treating shale gas owback saline water.38 The relative abun-
dance of Chryseobacterium increased throughout the operation,
and Pseudoxanthomonas persisted in the process without
signicant changes in numbers. Scarce information is available
on Chryseobacterium or Pseudoxanthomonas salt tolerance in
AGS or other aerobic treatment processes, but our results
indicate that these bacteria might be able to thrive in saline
environments. On the other hand, Flavobacterium decreased
along the salt acclimation period. Flavobacterium was found to
be affected by salinity increase in wastewater treated by an AGS
process37 and decreased in abundance during the granulation
of an AGS process treating saline wastewater at low tempera-
ture.9 Despite decreasing in relative abundance with increasing
salt concentrations, Phaeodactylibacter, a denitrifying bacte-
rium, was identied in a biolm reactor treating hypersaline
wastewater (>100 g NaCl L−1).39

Nitrication was not affected during salt acclimation, with
AOB (e.g., Nitrosomonas) and NOB (e.g., Nitrospira) being iden-
tied in the AGS biomass throughout the operation. Nitro-
somonas was the only AOB identied in this study and the fact
that this bacterium was enriched in an AGS process adapted to
gradual salinity increase,9 indicates that Nitrosomonas can
thrive in AGS processes subjected to salt stress. Although several
studies have shown that nitrication occurring in an AGS
process is not expected to be affected by salt content bellow 30 g
L−1 of NaCl,10 there are also several studies showing contra-
dictory results. In a study using AGS for treating a mixture of
synthetic wastewater and seawater, nitrite accumulation
occurred when wastewater contained 20 to 100% of seawater
(between 7 and 35 g L−1 of salinity).1 Besides Nitrospira, Nitro-
bacter was also detected in the AGS biomass aer nitrite levels
increase in the outlet. Possibly Nitrobacter has shown to be
better adapted to higher nitrite concentrations compared to
Nitrospira.14 Devosia, a nitrier bacteria observed in the micro-
biome at the end of salt acclimation, was a dominant bacterial
genus in an AGS process treating saline wastewater containing
aromatic compounds, where the salt content reached up to 29 g
L−1.40

Deuviicoccus, a GAO, was identied in the biomass aer
exposure to the highest salt concentrations, thus validating
previous observations related to GAOs high salt tolerance.10,39

Despite this, GAO presence in the microbiome did not affect
phosphate accumulation and removal efficiency at a salt
concentration of 14 g L−1, different from the observations made
byWang et al.3when testing a salt concentration of 15 g L−1. The
slow salt increase might have avoided nitrite accumulation and
its known detrimental effect on PAO activity.4,10 In fact, Pronk
et al.4 have shown that when NOB are not inhibited, PAO can
deal with NaCl concentrations up to 21 g L−1 of NaCl.

Mariniexile, a bacterium commonly found in saline water,
and Frigoribacterium, a psychrophilic bacterial genus, were
Environ. Sci.: Adv., 2024, 3, 1788–1801 | 1797
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identied in the AGS biomass throughout its gradual acclima-
tion to high salt levels. This indicates the ability of both bacteria
genera to thrive under saline conditions.

On the other hand, the intolerance to salt might have
resulted in the disappearance of some bacterial genera, namely
of Candidatus Kuenenia (Anammox) and Candidatus Accumu-
libacter (PAO) that were present in the inoculum but were not
further identied in the AGS microbiome along operation.

The granule's structure presented a dynamic behaviour.
Despite the slow salt increments, TSS monitoring conrmed the
partial degranulation of the AGS biomass, mostly during the
rst three months of operation, which was followed by a fast
granulation and formation of stable bigger granules. The
adaptation to a different wastewater composition together with
a salinity increase (above 4 g NaCl L−1) might have promoted
a greater biomass washout. But the continuous slow salt
increase and the enrichment of Rhodocyclus and Lysobacter,
both associated with EPS production and AGS stability, could
have contributed for the fast recovery and granulation of the
biomass. The EPS concentration in the granules increased with
higher salt concentration, which is in accordance with previous
studies showing that increased salinity can stimulate EPS
production,13 and result in a higher AGS stability. In fact,
salinity, associated with the presence of Na+ but also of Ca2+ and
Mg2+ ions in wastewater can improve the physical strength of
AGS, being this related to EPS production and its effect in the
granulation process, as observed in a study performed by Li
et al.1 Different from our results, concentrations higher than 10
g NaCl L−1 led to AGS disintegration and process failure.9 In this
different study, a sharp salinity increment (ca. 10 g L−1 of NaCl)
might have promoted the granule's destabilization. Regarding
EPS composition, polysaccharides concentration in the EPSs
was found not to be as relevant as the EPS protein content.
Polysaccharides are known to form the backbone of the AGS
granular structure41 and proteins are believed to be important
for AGS integrity, associated with a higher surface hydropho-
bicity and reduced negative charge on the surface, being
secreted as a protective mechanism to resist salinity.1 Therefore,
an increased protein content in the EPS of the granules was
expected with salt increase. The increased concentration of
humic acids in the AGS granules is not as commonly deter-
mined as protein concentration. However, the presence of
humic substances in the EPS matrix is also considered to play
a key role in the ionic binding of particles alongside proteins.42

The fact that humic acid concentration increased with salt
concentration, can also be an indication of a response to the
osmotic stress induced to the AGS system, possibly also
contributing to the AGS performance stability and granule
integrity. The EPS production might have contributed to gran-
ules physical integrity, as suggested by QIA results, which
demonstrated stable values for both granule robustness and
compactness.

In this study, a slow and gradual salt stepwise increase up to
14 g NaCl L−1 was shown to keep the stability of the AGS
biomass while keeping the system performance, in terms of
carbon and phosphate removal as well regarding nitrication.
Although these results contribute to a general understanding
1798 | Environ. Sci.: Adv., 2024, 3, 1788–1801
that a gradual and possibly longer period of adaptation of the
AGS processes to high salinity wastewater can be a good strategy
for reaching process stability, it is not possible to establish
a general rule. AGS stability might be more challenging under
less optimal operational conditions such as those in a real
scenario. Despite applying a gradual salt increase, Li et al.9 were
not able to keep a stable AGS process for treating saline
wastewater with 14 g NaCl L−1 possibly due to the low temper-
ature (12 °C). In a different study also working with acclimation
to gradual salinity increase,3 it was only aer the increase of the
dissolved oxygen concentration from 2.5 to 8 mg L−1 that an
AGS process was able to recover its nitrication activity.
However, in this later case, this was not sufficient to recover the
PAO activity, determinant for process stability. While Bassin
et al.14 achieved good nitrication rates by applying a gradual
salt increase, no results were shown concerning phosphate
removal or PAO presence in the AGS microbiome. On the other
hand, Pronk et al.,4 noticed a much lower phosphate removal
rate when increasing salt concentration up to 13 g L−1, as well as
a lower accumulation of phosphate in the reactor at this
concentration. Wang et al.3 also tested the effect of a gradual
salt increase, while applying a lower DO level. The stress caused
by both salt and low DO concentration affected PAO activity
irreversibly, while nitriers were able to recover when higher
DO levels were applied. Nitriers seem to have the capacity to
recover faster from the different stress conditions, being more
difficult for PAO to recover their activity. Therefore, there is an
indication that a gradual salt increase can allow a better AGS
adaptation to salt if it does not affect PAO activity. Although AGS
processes have been designed to promote complete nitrogen
removal through denitrication, the removal of nitrate from the
reactor bulk liquid was not observed. As denitriers are facul-
tative aerobes, abundant in the AGS biomass, this was possibly
due to carbon and nitrate transfer limitations, to the inner
layers of the granule. Carbon uptake was probably performed
mostly for anaerobic processes associated with phosphate
uptake and EPS production.

Although additional strategies could still be tested, such as
evaluating the effects of higher salinity levels on granules
structural stability and test real wastewater with similar salt
concentrations, these results can be applied to saline waste-
water resulting from very diverse types of industrial
processes.26,43 Despite this, there are challenges associated with
the application of this strategy to a scaled-up system. For
example, the rst months of operation of a full scale AGS reactor
treating saline wastewater would need to be dedicated to the
adaptation to wastewater with incremental salt concentrations,
in a controlled industrial setting. This would represent
consuming more time and resources during the rst opera-
tional phases but seems to guarantee a better reactor perfor-
mance in the longer time span, avoiding future operational
problems. Considering that AGS wastewater treatment
processes are cost effective, this would reduce the need for an
expensive tertiary treatment before wastewater discharge. On
the other hand, if the WWTP is located nearby the coastline, the
treated water can reach the required quality to be discharged in
the sea. Nevertheless, if the treated wastewater is discharged
© 2024 The Author(s). Published by the Royal Society of Chemistry
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into freshwater streams, it can cause uctuations in their
salinity levels and as such a desalination treatment should be
considered.
Conclusions

The slow salt adaptation of AGS allowed for stable and efficient
removal of carbon, phosphorus, and ammonium by promoting
the gradual adaptation of the microbiome. No signicant nitrite
accumulation in the effluent was observed, indicating that AGS
nitrifying bacteria effectively managed salinity levels up to 14 g
NaCl L−1. Phosphate removal reached its highest efficiency
during salt acclimation, coinciding with the enrichment of
Rhodocyclus bacterial genus.

The dynamic response of the AGS microbiome to the slow
salt increase led to an enrichment of halotolerant species pos-
sessing diverse metabolic capabilities. The application of slow
salt increments proved crucial for maintaining high stability in
AGS removal performance, as this strategy favoured the
persistence of key microbial players, namely related to phos-
phate removal. This approach can be highly valuable for treat-
ing industrial wastewater containing salts in their composition.
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