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A B S T R A C T   

Aquaculture is a crucial industry in the agri-food sector, but it is linked to serious environmental problems. There 
is a need for efficient treatment systems that allow water recirculation to mitigate pollution and water scarcity. 
This work aimed to evaluate the self-granulation process of a microalgae-based consortium and its capacity to 
bioremediate coastal aquaculture streams that sporadically contain the antibiotic florfenicol (FF). A photo- 
sequencing batch reactor was inoculated with an autochthonous phototrophic microbial consortium and was 
fed with wastewater mimicking coastal aquaculture streams. A rapid granulation process occurred within ca. 21 
days, accompanied by a substantially increase of extracellular polymeric substances in the biomass. The 
developed microalgae-based granules exhibited high and stable organic carbon removal (83-100%). Sporadically 
wastewater contained FF which was partially removed (ca. 5.5-11.4%) from the effluent. In periods of FF load, 
the ammonium removal slightly decreased (from 100 to ca. 70%), recovering 2 days after FF feeding ceased. A 
high-chemical quality effluent was obtained, complying with ammonium, nitrite, and nitrate concentrations for 
water recirculation within a coastal aquaculture farm, even during FF feeding periods. Members belonging to the 
Chloroidium genus were predominant in the reactor inoculum (ca. 99%) but were replaced from day-22 onwards 
by an unidentified microalga from the phylum Chlorophyta (>61%). A bacterial community proliferated in the 
granules after reactor inoculation, whose composition varied in response to feeding conditions. Bacteria from the 
Muricauda and Filomicrobium genera, Rhizobiaceae, Balneolaceae, and Parvularculaceae families, thrived upon FF 
feeding. This study demonstrates the robustness of microalgae-based granular systems for aquaculture effluent 
bioremediation, even during periods of FF loading, highlighting their potential as a feasible and compact solution 
in recirculation aquaculture systems.   

1. Introduction 

Aquaculture production is strategic in providing food and nutrition 
and is at a record level, with global production reaching 87.5 million 
tonnes of aquatic animals in 2020 (FAO, 2022). However, land-based 
aquacultures require large water volumes to sustain their productivity, 
generating enormous volumes of effluent carrying suspended solids and 
pollutants (C, N and P) (Ansari et al., 2019). If not properly handled, 
these effluents represent a major environmental issue, leading to, among 

others, the eutrophication of the receiving water bodies (Thomsen et al., 
2020). The intensification of fish farming in land-based aquaculture 
facilities exacerbates the potential negative impacts on surrounding 
environments due to the concentration of pollutants in limited areas (Li 
et al., 2021). On the other hand, aquaculture production is highly 
dependent on some environmental variables (e.g. rainfall, temperature, 
salinity, etc.) and highly vulnerable to the climate change effects 
(Ahmed and Turchini, 2021). Therefore, the aquaculture industry has 
been challenged to maintain its high productivity whilst lowering its 
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ecological footprint, to face water scarcity and environmental issues. 
Recirculating aquaculture systems (RAS) are highly productive 

intensive farming systems that make use of technological solutions to 
effectively treat and recycle aquaculture effluents, reducing the water 
need and dependence whilst maintaining fish production (Ahmed and 
Turchini, 2021; Xiao et al., 2019). Nevertheless, to achieve such high 
standards, successful RAS must ensure a high efficiency of several 
sequential processes, such as solids removal, dissolved pollutants 
removal, oxygenation levels and carbon dioxide removal, and lastly, 
when required, a disinfection step before water recirculation to the fish 
tanks (Ebeling and Timmons, 2012). While mechanical processes can be 
easily monitored and controlled, the dissolved pollutants biological 
removal relies on the interaction of microorganisms, amongst them-
selves and the incoming wastewater, which greatly influences its effi-
cacy (Schreier et al., 2010). 

Although most recent aquaculture practices limit the use of chem-
icals in fish farming, pharmaceuticals, disinfectants, and antifoulants are 
still used (Dauda et al., 2019). That is the case of florfenicol (FF), a 
broad-spectrum antibiotic, which inhibits protein synthesis by binding 
reversibly to the 50S ribosomal subunit (Zhang et al., 2020). It is broadly 
used in veterinary medicine, to prevent and treat infectious diseases due 
to its efficacy, low cost, and high potency (Gao et al., 2018). In fact, since 
the 1990s, FF has been used in aquaculture farms and currently it is the 
most used antibiotic, as it is one of the few authorized pharmaceuticals 
for aquatic medical use (Fernando J. Sutili and Letícia T. Gressler, 2021). 
A significant antibiotic fraction (70-80%) in its active metabolic form 
often ends up in the surrounding environment, posing a threat to those 
ecosystems (Reverter et al., 2020). Indeed, the FF antibiotic has been 
detected in aquatic systems surrounding fish farms at concentrations 
ranging between μg L− 1 to up to mg L− 1 (Zong et al., 2010). Moreover, 
the antibiotics present in aquaculture effluents can negatively impact 
the biological treatment units in RAS, inhibiting organic matter removal, 
nitrification, and denitrification processes (Gao et al., 2018). 

There has been an increasing interest in the use of microalgae for the 
treatment of saline wastewater, and particularly of aquaculture streams, 
due to their high adaptability to different salinities, nutrients and con-
taminants’ removal efficiency, lower greenhouse gas emissions, and 
potential for resource recovery (Lee and Lei, 2019; Li et al., 2019). 
However, the separation of the biomass from the treated effluent rep-
resents a bottleneck in such systems. Microalgae cells’ small size (3-30 
μm), low density, and negative surface charges, greatly contribute to 
their poor settling characteristics (Wang et al., 2022). Granulation of 
microalgae biomass represents an attractive solution to overcome sep-
aration and harvesting issues. 

Several studies have focused on the use of specific microalgae strains 
for the treatment of aquaculture effluents in batch assays, many of which 
aiming at biomass valorization (Ansari et al., 2017; Guldhe et al., 2017; 
Guo et al., 2013; Khatoon et al., 2016; Liu et al., 2019). Limited studies 
reported the use of granular biomass, microalgae-bacterial granular 
sludge and aerobic granular sludge colonized by microalgae, for the 
bioremediation of such effluents (Fan et al., 2021; Rajitha et al., 2020; 
Santorio et al., 2022). The present study aims to demonstrate the 
feasibility to form microalgae-based granules from a native microbial 
consortium occurring in coastal aquaculture streams in a 
photo-sequencing reactor, and their efficiency in treating coastal aqua-
culture effluents. Moreover, the effect of the sporadic presence of FF in 
wastewater on reactor performance and microbial community were 
elucidated. It is anticipated that this work would contribute for the 
application of microalgae-based granules in coastal RAS. 

2. Materials and methods 

2.1. Microalgae-based granules photo-sequencing reactor set-up 

The non-axenic phototrophic microbial consortium used as inoculum 
was assembled with microbial species obtained from water streams from 

a coastal aquaculture facility (Riasearch, Portugal). After inoculation, 
the mixed liquor suspended solids (MLSS) concentration inside the 
reactor wasof 1.3 g L− 1. The column reactor had 2.5 L of working vol-
ume, with 110 cm of height and 5.8 cm of internal diameter. Light- 
emitting diode (LED) light strips (12 V; white color 4000 K; 290 lm 
m‾1) were helically attached to the reactor column and maintained 
permanently on (24 h of light exposure). The pH was measured but not 
controlled using a pH sensor EasyFerm Bio Arc 325 (Hamilton) coupled 
to a Sinope bioreactor controller (Solaris Biotech). Reactor operation 
was conducted at room temperature (20-31 ◦C). During the first 21 days, 
to maximize biomass retention and proliferation inside the reactor and 
potentiate the granulation process, the reactor was operated with 4-h 
treatment cycles, as followed: 60 min of feeding introduced at the 
reactor bottom, during which the reactor was non-aerated; 115 min of 
aeration with an airflow rate of 3 L min‾1 and superficial air velocity of 
68.2 m h‾1; 60 min of settling; and 5 min of effluent withdrawal. Af-
terwards, 3-h treatment cycles were performed as followed: 60 min of 
feeding, during which the reactor was non-aerated; a stepwise increase 
of aeration time from 85 to 112 min; a stepwise decrease of settling time 
from 30 to 3 min; and 5 min of effluent withdrawal. An automatic timer 
(Siemens Logo! 230RC) was used to start and stop influent, aeration, and 
effluent withdrawal. Approximately 35% of the reactor liquid was 
withdrawn in each cycle. 

The reactor operational conditions and wastewater feeding compo-
sition, in terms of dissolved organic carbon (DOC), inorganic carbon 
(IC), phosphate-phosphorous (PO₄3⁻-P), ammonium-nitrogen (NH₄⁺-N), 
nitrite-nitrogen (NO₂⁻-N), and nitrate-nitrogen (NO₃⁻-N), are summa-
rized in Table 1. Acetate was used as a carbon source in the synthetic 
wastewater. During the three operational phases, the influent waste-
water also had 15 g L− 1 of Red sea salts (Red Sea Aquatics). The 
wastewater in phases I and II does not mimic typical effluents from 
coastal aquaculture farms but was used to gradually built-up granules. 
The wastewater in phase III mimics a real effluent from the coastal 
aquaculture facility from where the microbial consortium was obtained 
(Riasearch, Portugal). Four FF shock loads were performed, during 
which the reactor was fed for 2 consecutive days with wastewater spiked 
with the antibiotic, at 5 mg L− 1 (based on the concentration commonly 
used for bath administrations (Jangaran Nejad et al., 2017)). 

2.2. Image analysis 

The granulation process was followed through image analysis, using 
a stereomicroscope (SZ30, Olympus) coupled to a digital camera (C- 
5060WZ, Olympus). Regularly, biomass samples were collected during 
the reactor aeration period to ensure the sample representativeness, and 
multiple images were randomly captured and further analyzed to esti-
mate the granules diameter using automatic tools available in ImageJ 
software (version 1.53a for MacOS, https://imagej.nih.gov/ij/index. 
html). At least 340 granules were analyzed in each sampling day. The 
biomass particles were classified according to their equivalent diameter 
(Deq) into flocs (0.08 mm < Deq < 0.2 mm), small to intermediate 
granules (0.02 mm < Deq ≤ 1.5 mm), and large granules (Deq > 1.5 
mm) (Oliveira et al., 2021, 2020). 

2.3. Analytical methods 

Wastewater, influent and effluent liquid samples were filtered to 
remove biomass using 0.45 µm pore size nylon syringe membrane filters 
(Chromafil® PET filters, Macherey-Nagel). Concentrations of PO₄3⁻-P, 
NH₄⁺-N, NO₂⁻-N, and NO₃⁻-N in the filtrate were determined with 
photometric test kits (Spectroquant®, Merck Millipore). Concentrations 
of DOC and IC in the filtrate were determined using a total organic 
carbon analyzer (TOC-V CSH/CSN, Shimadzu), according to the 
combustion-infrared method. 

Quantification of the FF content in the filtrate was performed using 
high-performance liquid chromatography (HPLC) on a Pump-126 
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Solvent module System Gold (Beckman Coulter) with a LiChroCART 
250-4 LiChrospher 100 RP-18 reversed-phase column, 5 mm particle 
size (Merck), and using a Autosampler Prostar 410 (Varian). Mobile 
phase consisted of 40/60% (v/v) acetonitrile/water acidified with 
trifluoro-acetic acid (pH 2.0); flow rate of 0.8 mL min− 1; running time of 
8 min (FF elution time ca. 5.3 min). Compound detection was performed 
with a fluorescence detector Prostar 363 (Varian), excitation and 
emission wavelengths corresponded to 230 and 284 nm, respectively. 
Fluorine ions concentration in the filtrate was determined as described 
by Duque et al. (2011). 

The microalgae-based granular sludge bed-height was determined 
after the settling time using a graduated scale placed on the reactor 
column. Total suspended solids (TSS), volatile suspended solids (VSS), 
MLSS, and mixed liquor volatile suspended solids (MLVSS) were 
analyzed in accordance with standard methods (APHA, 1998). 

Dissolved oxygen level was measured using a Dual input meter 
HQ40D with a dissolved oxygen probe LDO101 (Hach) during 3 treat-
ment cycles without FF and 3 treatment cycles with FF in the 
wastewater. 

2.4. FF photodegradation 

To ascertain on the contribution of the photodegradation process for 
the FF removal, a control reactor without biomass was setup as 
described in section 2.1, and filled with 2.5 L of a medium with the same 
composition as the reactor influent after feeding: 4.90 mg L− 1 PO₄3⁻-P, 
0.04 mg L− 1 NH₄⁺-N, 2.40 mg L− 1 NO₂⁻-N, 5.0 mg L− 1 NO3⁻-N, 8.9 mg 
L− 1 DOC, 28 mg L− 1 IC, 5.88 mg L− 1 FF, 15 g L− 1 Red sea salts (Red Sea 
Aquatics). The reactor was operated mimicking a 3-h treatment cycle (as 
described in section 2.1) and liquid samples were collected at the 
beginning of the cycle, and beginning and end of aeration to determine 
the FF concentration. A total of three treatment cycles were performed. 

2.5. Extraction and quantification of chlorophyll a, b and total 
carotenoids 

The reactor biomass was collected during the aeration period and 
crushed using a pottering tube and a pestle. Chlorophyll a and b and 
total carotenoids were extracted from the biomass using methanol as an 
organic solvent, without any cell wall disruption method (Henriques 
et al., 2007). The absorbance was determined at 665, 652 and 470 nm 
wavelengths using a spectrophotometer Thermo Spectronic Helios 
Gamma 9423 UVG 1000E UV-VIS. Concentrations of chlorophyll a, b 
and total carotenoids were calculated using the equations established for 
the methanol pigments’ extraction method (Sumanta et al., 2014). 

2.6. EPS extraction and characterization 

The EPS extraction was performed in triplicate (n=3) using 0.5% (w/ 
v) of sodium carbonate, heat (80◦C) and magnetic stirring (400 rpm) for 
35 min. Afterwards, the mixture was centrifuged at 4000 × g and 4 ◦C 
for 20 min, the pellet was discarded, and the supernatant was stored at 
-20 ◦C. Colorimetric methods were used to access the EPS content in 
polysaccharides (Dubois et al., 1956) and proteins (Lowry et al., 1951). 

2.7. DNA extraction and next generation sequencing (NGS) 

Biomass was collected and crushed under aseptic conditions (section 
2.5). The resulting suspension was used for DNA extraction using the 
DNeasy Power Soil kit (Qiagen). 

The variable regions V5-V7 of the 16S rRNA gene and V8-V9 of the 
18S rRNA gene were sequenced on the Illumina MiSeq platform (Euro-
fins Genomics), applying 2×300 bp paired-end read libraries and using 
the following primers set: (799F2 (5’- AACMGGATTAGATACCCGG- 3’)/ 
1193R (5’- ACGTCATCCCCACCTTCC - 3’) (Bodenhausen et al., 2013; 
Bulgarelli et al., 2012), and V8F (5’- ATAACAGGTCTGTGATGCCCT - 3’) 
/1510R (5’- CCTTCYGCAGGTTCACCTAC - 3’) (Amaral-Zettler et al., 
2009; Bradley et al., 2016), respectively. 

The raw paired-end reads were demultiplexed, assembled and 
analyzed using QIIME2 (v2021.4) (Bolyen et al., 2019), to identify ASVs 
(Amplicon Sequence Variants). DADA2 was used for denoising, chimera 
removal and trimming (Callahan et al., 2016). Microbial taxonomy was 
assigned using a naive Bayes classifier trained on the SILVA 132 99% 
database (silva-132-99-nb-classifer) (Quast et al., 2013). Singleton ASVs 
were removed. For 16S rRNA gene datasets ASVs identified as eukary-
otes, mitochondria or chloroplasts, were removed. Inversely, pro-
karyotes were removed from 18S rRNA gene datasets. 

The biomass samples’ raw sequenced data was deposited in the 
Sequence Read Archive from NCBI database, BioProject accession 
number: PRJNA922107. 

2.8. Statistical analysis 

A one-way ANOVA and subsequent post-hoc Tukey comparison, with 
p<0.05 established for significance, were carried out to investigate 
differences in each EPS component concentration and the protein-to- 
polysaccharide ratio (PN/PS ratio), using the SPSS program (SPSS 
Inc., Chicago, IL Version 26.0). Normal distribution was verified with 
the Shapiro-Wilk test (p>0.05). 

Microbiome comparisons and diversity were analyzed using Micro-
biomeAnalyst (Dhariwal et al., 2017). Alpha diversity was calculated 
using Richness (total number of observed ASVs), Shannon (Shannon--
Wiener- H’) and Evenness (Pielou’s evenness index – J’) indexes. Beta 
diversity metrics were visualized using Non-metric MultiDimensional 
Scaling (NMDS) graphics based on Bray–Curtis dissimilarity index, and 
verified using a nonparametric PERMANOVA test with 999 permuta-
tions, followed by a Monte-Carlo test, using Permanova+ (V 1.0.3) for 
Primer 6 (V 6.1.13) (Anderson et al., 2008). A p<0.05 was considered 
significant. Univariate Statistical Comparisons package included in 
MicrobiomeAnalyst was used at feature-level using t-test with a p-value 
cutoff adjusted to 0.05. 

3. Results 

3.1. Development of microalgae-based granular sludge and its 
characteristics 

3.1.1. Granules’ morphology 
The seed biomass was mainly composed by flocs with a loose 

Table 1 
Reactor operational conditions and wastewater composition throughout operation.   

Concentration (mg L− 1) 

Phase Duration (operational days) HRT (h) a DOC IC PO₄3⁻-P NH₄⁺-N NO₂⁻-N NO₃⁻-N 

I 21 (day-0 to -21) 10.5 139 12 9.2 15.4 - - 
II 21 (day-22 to -43) 7.9 55 17 7.3 2.7 0.13 4 
III 144 (day-44 to -188) 7.9 26 26 5.1 0.3 0.25 8 

8 days (b) 7.9 28 26  

a Hydraulic retention time 
b Four FF shock loads were applied during phase III for 2 consecutive days on day-133 to -135, day-139 to -141, day-167 to -169, and day-181 to -183 
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structure. After 21 days, irregularly shaped granules started to appear, 
with floccular and filamentous structures still being observed (Fig. 1). 
These biomass structural changes were accompanied by an increase of 
the biomass settling velocity, from 0.933 to 9.33m h− 1 during the first 
21 days. From day-41 onwards, round regular-shaped granules domi-
nated the biomass (Fig. 1). A transition in the aggregate’s coloration 
from light to dark green was also observed. 

The size distribution of biomass particles and granules was moni-
tored regularly (Fig. 2) and classified according to their equivalent 
diameter (Deq) into flocs (0.08 mm < Deq < 0.2 mm), small to inter-
mediate granules (0.2 mm < Deq ≤ 1.5 mm), and large granules (Deq >
1.5 mm). During phase I, minor changes were observed in the floc’s 
percentage (53 to 51%) and in small to intermediate granules (47 to 
49%), while large granules were present in a neglectable number. The 
high percentage of small to intermediate granules on day-0 occurred 
because the microbial consortium used as inoculum tended to aggregate 
or form large flocs of filamentous biomass during its cultivation prior to 
reactor inoculation. Nevertheless, the biomass clearly shows an evolu-
tion towards granulation between day-0 and -21, showing less flocs with 
a loose structure (Fig. 1). From day-41 onwards, small to intermediate 
granules became predominant in the biomass, and the number of large 
granules increased gradually, reaching up to 27% of the biomass on day- 
146. Flocs numbers increased again towards the end of reactor operation 
as biomass showed a more even distribution between the three estab-
lished Deq ranges. 

During phase I, as the granulation process occurred, the effluent TSS 
and VSS contents (exhibiting identical values) gradually decreased from 
0.4 ± 0.01 to 0.02 ± 0.001 g L− 1, stabilizing thereafter within a low 
range of 0.006-0.037 g L− 1 (Fig. S1). On the other hand, till day-85, the 
MLSS and MLVSS concentrations in the reactor increased from 1.3 to 9.1 
g L− 1 and 1.1 to 7.6 g L− 1, stabilizing thereafter even during FF shock 
loads with average concentrations of 5.5 ± 1.1 g L− 1 and 4.4 ± 0.9 g 
L− 1, respectively (Table S1). In fact, during phase III, when mature 
granules were well established in the reactor, the biomass bed-height 
exhibited overall low values, ranging between 3 and 5.75 cm but the 
sporadic presence of FF in the wastewater did not cause major distur-
bances neither in the effluent’s solids contents nor in the bed-height 

(Fig. S1). 

3.1.2. Dynamics of the EPS content in biomass 
Throughout operation, the EPS composition within the granules 

differed significantly in terms of polysaccharides, proteins, and PN/PS 
ratio (p<0.05) (Fig. 3). The main EPS component varied throughout 
operation, as polysaccharides’ concentration surpassed that of proteins 
on some days (day-0, -64, -85, -126, -167, and -188), and the opposite 
occurred on the remaining analyzed days (day-22, -41, -105, and -147). 
The EPS polysaccharides’ content increased gradually from day-0 to -64, 
followed by a sharp increase on day-85 reaching a maximum concen-
tration of 110 ± 32 mg g− 1 TSS. Afterwards, polysaccharides concen-
trations decreased significantly until day-147 (p<0.05), increasing again 
towards the end of reactor operation (day-167 and -188). A sharp in-
crease of the EPS proteins’ content was observed from day-0 to -22, 0.8 
± 0.05 to 38.5 ± 2.6 mg g− 1 TSS, contributing to the drastic rise of PN/ 
PS ratio (0.1 ± 0.01 to 2.0 ± 0.17). The maximum proteins concentra-
tion in the EPS was detected on day-85, ca. 70 ± 21 mg g− 1 TSS, after 
which only minor variations occurred without significant differences 
(p>0.05), even in periods when FF was present in the wastewater. 
Despite the maximum concentrations of polysaccharides and proteins 
being reached on day-85, polysaccharides’ content had a higher 
contribution for total EPS on that day, leading to the lowest mean PN/PS 
ratio of phase III (0.6 ± 0.01). After day-85, the EPS exhibited signifi-
cant fluctuations in the PN/PS ratio (p<0.05). 

3.1.3. Dynamics of the pigments content in biomass 
A pronounced increase of chlorophyll a, b and total carotenoids 

contents in the biomass was observed from day-0 to -64, reaching ca. 
1546 ± 63 µg mg − 1 TS of total pigments (sum of chlorophyll a and b and 
carotenoids) representing a 23-fold increase (Fig. 4). From day-85 on-
wards, the pigments content stabilized, even in periods when FF was 
present in the wastewater. Throughout operation, chlorophyll a was the 
predominant pigment produced by the biomass, followed by carotenoids 
and chlorophyll b. 

Fig. 1. Microalgae-based biomass morphology in different reactor operational days: day-0 (inoculum), day-21 (phase I), day-41 (phase II), and day-188 (phase III).  
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3.2. Reactor performance and effluent quality 

3.2.1. Carbon removal 
High DOC removal efficiencies were achieved shortly after the 

beginning of operation, with an average removal of 89 ± 21 % and 94 ±
6 % during phases I and II, respectively (Fig. 5a). As the DOC in the 
wastewater decreased in phase III, the system maintained its high 
removal efficiency with minor variations, namely during the FF shock 
loads, during which removal efficiencies ranged between 83 and 100%. 

3.2.2. N species and phosphate removal 
The ammonium removal efficiency (Fig. 5b) during phases I, II and 

early phase III fluctuated greatly (6 to 94%). Complete ammonium 

removal was achieved around day-70 (phase III), with small variations 
in the removal efficiency occurring whenever FF was absent from the 
wastewater, maintaining an ammonium depletion efficiency of ca. 93- 
100%. During the four periods when the antibiotic FF was present in the 
wastewater, a decline of the ammonium removal efficiency occurred to 
74, 78, 74 and 70%, respectively, being reestablished 2 days after the FF 
feeding ceased. 

Nitrate was introduced into the feeding wastewater in phases II and 
III of reactor operation (Fig. 5c). The nitrate removal increased 
considerably during phase II, reaching its maximum efficiency (ca. 
75%). Subsequently, in phase III, nitrate removal fluctuated greatly 
before and during FF shock loads (13-73%). 

Similarly to nitrate, nitrite was integrated into the wastewater from 

Fig. 2. Microalgae-based granule’s size distribution over reactor operation. Arrows mark the FF shock loads.  

Fig. 3. Concentrations (mg g− 1 TSS) of polysaccharides and proteins, and the protein-to-polysaccharide ratio (PN/PS) of EPS. Columns represent the mean of 
triplicates (n=3) and error bars represent the standard deviation. Means that do not share a letter in columns of the same group differed significantly according to 
Tukey’s test at p<0.05. Arrows mark the FF shock loads. 
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phase II onwards (Fig. 5d). On most days, a slight nitrite consumption 
occurred during the aerobic period of the treatment cycle. However, this 
removal was not sufficiently expressive, leading to higher nitrite levels 
in the effluent than those in the feeding and to the accumulation of this 
nitrogen form in the reactor. 

The overall N removal ranged between 93 and 94% during phase I, 
18 and 79% during phase II, and 4 and 62% during phase III, with the 
lowest removal being achieved during a FF shock. 

Phosphate removal efficiency fluctuated during operation, showing 
low overall removal of this compound and a maximum efficiency of 46% 
around day-49 (Fig. 5e). 

3.2.3. Dissolved oxygen and pH in the effluent 
Minimum dissolved oxygen concentrations in the reactor bulk liquid 

were reached during the feeding period of the treatment cycle, during 
which the reactor was non-aerated. Also, the antibiotic presence in the 
wastewater contributed to a slight increase in dissolved oxygen levels, as 
a minimum of 7.4 ± 0.4 mg O2 L− 1 in the absence of FF and 8.4 ± 0.4 mg 
O2 L− 1 in the presence of FF were detected (Fig. S2). 

In phases I, II and III, the pH values during the operational cycles 
ranged from 7.6 to 8.8, 8.2 to 8.5, and 8.4 to 9.2, respectively, stabilizing 
in the last phase. Whenever the wastewater contained FF, no relevant pH 
variations were detected (Fig. S3). 

3.3.4. Fate of FF 
During phase III, the reactor biomass was exposed to the intermittent 

presence of FF in the wastewater for four periods of two consecutive 
days. Table 2 shows the mass balance of FF in the reactor. The FF 
removal in each shock load of the antibiotic was low. Based on the FF 
deficit observed between its concentration in the wastewater and in the 
effluent, microalgae-based granules removed ca. 11.4, 7.9 and 5.3 mg of 
FF in the first, third and fourth shocks, respectively. On the other hand, 
FF was released on the second shock given the higher FF content in the 
effluent (87.1 mg) than in the wastewater (79.8 mg). On the HPLC 
profiles of the effluent samples, no metabolites resulting from FF 
degradation were detected (Fig. S4). Furthermore, fluorine ions content 
in the effluent samples was negligible (Fig. S5). Removal of FF due to 
photodegradation was tested, since the presence of nitrate and dissolved 
organic matter in the medium can affect the FF photolysis, and showed 
to be negligible as the antibiotic was not susceptible to photo-
degradation within the treatment cycles established (Fig. S6). 

3.4. Evolution of the microbial communities in biomass 

3.4.1. Microalgae community 
A total number of 802871 reads were obtained from 10 samples, with 

the vast majority of the ASVs (85%) affiliated with taxonomic groups 
other than microalgae. Microalgae were represented by 13 ASVs 
(712349 reads), distributed over 4 different phyla (Chlorophyta, Char-
ophyta, Bacillariophyta, and Ochrophyta). 

The microalgae community exhibited low diversity (Shannon index 
between 0.02 and 0.724), richness (4 to 10 ASVs per sample), and 
equitability (0.014 to 0.372) (Fig. S7). The genus Chloroidium was pre-
dominant in the inoculum (ca. 99%), but its abundance gradually 
decreased over time, reaching a relative abundance lower than 0.1% 
from day-105 onwards. Concomitantly, an unidentified microalgae 
species from the Chlorophyta phylum, not detected in the inoculum, was 
the most abundant taxa from day-22 onwards (>61%). Also, an ASV 
assigned to the genus Nitzschia was first identified in the biomass on day- 
167 and its abundance increased towards the end of operation, reaching 
ca. 13% on day-188. 

3.4.2. Bacterial community 
Ten samples were sequenced, but on day-0 no reads were obtained. A 

total number of 70124 reads was obtained from the remaining 9 sam-
ples, corresponding to 126 ASVs assigned to 8 different bacterial phyla. 

The community diversity (Shannon index) increased gradually until 
day-126 (Fig. 6a). The presence of FF in the wastewater triggered a 
decrease of the bacterial diversity, showing values ca. 13% lower than 
those on day-126, prior to the first FF shock load. The community 
evenness, on the other hand, showed a general decrease throughout 
operation, with abrupt reductions upon the feeding with wastewater 
mimicking coastal aquaculture effluents (phase III) and upon the load of 
wastewater containing FF. The NMDS ordination plot (Fig. 6b) revealed 
noticeable changes in the bacterial community structure over time, with 
the distribution of the samples in the plot reflecting the sampling 
timeline. In the later sampling times, a greater stability of the commu-
nities is noted, reflected in a tight clustering between samples from day- 
147, -167 and -188. 

Pseudomonadota was the most abundant phylum in all samples, 
representing on average 59.5 ± 8.8%, followed by Bacteroidota (23.2 ±
11.9%), and Planctomycetota (16.6 ± 6.9%). These three phyla were 
present in all samples (Fig. S8). 

At genus level, Marinobacter, Roseovarius, Pseudomonas, an unknown 
Phycisphaeraceae member (SM1A02), and an uncultured genus assigned 
to the Saprospiraceae family were present in all samples collected from 
day-22 to -188, representing together 29.8 to 77.8% of the total bacterial 
community (Fig. 7a). Despite not being detected in all samples, members 
from the Thauera, Muricauda, and Sphingorhabdus genera, represented a 
large portion of the bacterial community as well, particularly in phase 
III. Members of the Thauera and Muricauda genera were detected from 
day-41 and -105 onwards, reaching 17.5 and 27.0% of the total com-
munity on day-188, respectively. The Sphingorhabdus taxon first 
observed on day-64, increased its abundance to 10.1% of the total 
community on day-105. Together, these three genera reached a 
maximum relative abundance of 45.8% on day-188. 

During phase III, the wastewater composition along with the spo-
radic presence of FF in the wastewater changed the bacterial community 
taxonomic composition (Fig. 7b). Upon the introduction of a feeding 
medium that mimics a coastal aquaculture effluent, the relative abun-
dance of several genera increased, as it is the case of Roseovarius, Mur-
icauda, Thaurea, Sphingorhabdus, and Paracoccus, which relative 
abundance by the end of operation increased from 1.3 to 21.7%, 0 to 
11.4%, 2.2 to 9.9%, 0 to 5.6, and 0 to 0.3%, respectively. For other 
community members, the opposite occurred, with their abundance 
decreasing considerably, namely: Pseudomonas (15.6 to 0 %), Mar-
inobacter (6.5 to 0.6%), and Stappia (1.8 to 0%) (Fig. S9). The relative 
abundance of genera Roseovarius, Muricauda, and Filomicrobium 

Fig. 4. Concentrations (µg mg− 1 TS) of chlorophyll a and b and carotenoids in 
the biomass along reactor operation. Columns represent the mean of duplicates 
(n=2) and error bars the standard deviation. Arrows mark the FF shock loads. 
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Fig. 5. Concentration (mg L− 1) of DOC (a), NH4
+-N (b), NO3

− -N (c), NO2
− -N (d), and PO₄3− -P (e) in the wastewater (●), influent after feeding (◆), and effluent (◊), 

and the respective removal efficiencies (-). Gray bars indicate the periods of FF loading shocks. 
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increased from 21.7 to 29.3%, 11.4 to 22%, and 2.8 to 4.6%, respec-
tively, after the first FF shock load. Contrarily, the relative abundances 
of unknown genus SM1A02 of the Phycisphaeraceae family, uncultured 
genus assigned to the Saprospiraceae family, Ruegeria, Sphingorhabdus, 
and Paracocccus decreased during the same period from 18.3 to 13%, 0.6 
to 0.2%, 4.2 to 0.4%, 5.6 to 2.8%, and 0.3 to 0%, respectively (Fig. S9). 
Statistical analysis (t-test, p<0.05) revealed that eleven ASVs showed 
significantly different relative abundances before and after the FF shock 
loadings within phase III. In fact, the relative abundance of five ASVs 
decreased - ASVs assigned to genera Hyphomonas and Thauera, families 
Rhizobiaceae and Saprospiraceae, and order Parvibaculales - whilst the 
remaining ASVs increased their relative abundancies - ASVs assigned to 
genera Muricauda and Filomicrobium, and families Balneolaceae, Rhizo-
biaceae, and Parvularculaceae (Fig. 8). 

4. Discussion 

A microalgae-based granular sludge was developed in a photo- 
sequencing reactor and successfully applied to remove carbon and nu-
trients from coastal aquaculture effluents, even when the antibiotic FF 
was present in those effluents. The chemical quality of the treated water 
would allow recirculation of water back into the fish tanks, representing 
a potential alternative biological treatment system that can be imple-
mented as part of a RAS. 

The phototrophic microbial consortium autochthonous to the water 
streams of a coastal aquaculture facility successfully self-granulated 
within 21 days, without the need of any carrier material (Fig. 1). After 
those 21 days, small to intermediate granules (0.2 mm < Deq ≤ 1.5 mm) 
were the predominant biomass form in the reactor. Nevertheless, 

towards the end of operation (day-169 to -188) the abundance of small 
to intermediate granules and large granules decreased, and the abun-
dance of flocs increased (Fig. 2). The upsurge of flocs is often associated 
with the breakage of large and intermediate granules into smaller 
granules and fragments (Oliveira et al., 2021, 2020), which may be due 
to the long operational period and/or environmental stressors (e.g., the 
antibiotic FF). 

Stable and low biomass bed-height and effluents’ solid (TSS and VSS) 
contents were detected throughout operation. A similar trend was re-
ported by Santorio et al. (2021) that used an aerobic granular sludge 
system to treat freshwater aquaculture effluents. The low carbon and 
nitrogen concentrations in this kind of effluents induce a metabolic se-
lective pressure, only supporting the viability of small biomass portions. 
This low biomass content (5.1 ± 2.2 g MLSS L− 1, Table S1) was indeed 
sufficient to ensure the efficient treatment of the coastal aquaculture 
wastewater, achieving high removal efficiencies, crucial for water 
recirculation. 

Microalgae pigments are indirect biomarkers of cell viability. 
Furthermore, microalgae demonstrate their adaptation to various stim-
uli through changes in enzymes, hydrocarbon, and pigment levels (Vo 
et al., 2020). In the present study, pigments concentrations increased 
sharply until day-65, stabilizing thereafter even in periods when 
wastewater contained FF (Fig. 4). These results, as well as the granules’ 
coloration shift from light to dark green, are likely due to an initial 
microalgae proliferation and subsequent adaptation to the feeding 
composition, granulation process, and dynamics of the bacterial com-
munity co-habiting the granules. 

The EPS production increase in the first days of operation is linked to 
the granulation process and to the biomass higher settleability. More-
over, as pointed out in previous studies, a higher relative hydrophobicity 
is linked to a higher PN/PS ratio, which in turn is considered a triggering 
factor for granulation (Wang et al., 2022). Indeed, a PN/PS ratio sharp 
increase occurred from day-0 to -22, pointing this period as the begin-
ning of the granulation process (Fig. 3). The EPS biosynthesis is an 
intensive energy- and resource-consuming process, inevitably affecting 
microbial growth and competitiveness of EPS producers (An et al., 
2016). A high loaded wastewater was used at the beginning of opera-
tion, so that microorganisms have enough energy to proliferate and 
produce EPS, which could benefit the self-aggregation process. The 
stepwise carbon decrease in the feeding could have contributed for the 
granule’s formation and stabilization in the early stages of operation. 
Perhaps a start-up period to acclimatize the biomass to the operating and 
feeding conditions is not needed. Nevertheless, further research with 
low DOC in the start-up wastewater is needed to confirm this hypothesis. 

Table 2 
Mass balance of FF in the reactor during the four shock loads.   

FF mass balance (mg) 

FF shock load FF in the 
wastewater 

FF in the 
effluent 

FF removed 
* 

1st 97.9 86.5 11.4 
2nd 79.8 87.1 n.d. 
3rd 94.2 86.2 7.9 
4th 105.8 100.5 5.5  

Total in the four shock 
loads 

377.7 360.2 17.4  

* Estimated based on the FF concentrations in the wastewater and effluent. 
n.d.: not detected 

Fig. 6. Alpha and beta diversity analysis and structure of the bacterial community in the reactor biomass. (a) Bacterial community’s diversity (Shannon index, ●), 
equitability (▴), and richness (◆). The gray area indicates the period during which FF loading shocks occurred. (b) NMDS ordination with a stress value of 0.01, 
using Bray-Curtis distance. 
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Fig. 7. Bacterial community taxonomic composition at genus level (a) from day-22 to -188; (b) in grouped samples from phase I and II, phase III before FF shock 
loads, and phase III after FF shock loads. 
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Members of the Flavobacterium, Brevundimonas, and Pseudomonas 
genera, and members of the Sphingomonadaceae family, found in the 
bacterial community, have been identified as EPS producers (Sub-
ramanian et al., 2010; Verhoef et al., 2002; Weissbrodt et al., 2014). Like 
certain bacterial strains, microalgae can also produce EPS (Gaignard 
et al., 2018), but the scarce taxonomic information about the microalgae 
community found in the present study (mostly high taxonomic levels 
assigned) makes it difficult to speculate regarding their EPS producing 
capacity. Interestingly, FF shock loads did not significantly disturb the 
EPS production. Indeed, some ASVs that proliferated during FF feeding 
were assigned to EPS producers (Fig. 8a), such as Muricauda (Han et al., 
2022), while other EPS producers such as Hyphomonas (Quintero et al., 
1998) and Saprospiraceae (Zhu et al., 2022) showed to be susceptible to 
that stressor (Fig. 8b). Interestingly, some members of the Rhizobiaceae 
family, known EPS producers (Alvarez et al., 2018), have shown to be 
susceptible to FF while other members of that family proliferated in the 
same conditions. As reported in previous studies, the microbial com-
munity diversity and functional redundancy are key factors for the 
adaptability and resilience of biological systems under stress factors, 
allowing for populations susceptible to stressors (e.g., antibiotics) to be 
replaced by others more adapted to such conditions, enabling the 
community to cooperate in a synergistic way (Amorim et al., 2018). 

A good chemical and microbiological water quality is of utmost 
importance for the fish growth and survival since their entire life process 
depends on the quality of the surrounding environment. Therefore, 
water quality is determinant for the success of aquaculture productions. 
Table 3 shows the ammonium, nitrite, and nitrate toxicity limits and the 
dissolved oxygen and pH ideal ranges for brackishwater and marine fish, 
as well as their concentrations in the reactor effluent when fed with 
wastewater mimicking coastal aquaculture effluents. Organic carbon 
and phosphate are not toxic to fish, but high concentrations of these 
compounds can potentiate the growth of bacteria naturally present in 
aquaculture pond water, reducing the dissolved oxygen levels, possibly 
inducing hypoxia, health problems, and mortality in fish (Kim et al., 
2013). In the worst-case scenario, it can lead to fish pathogens out-
breaks. The high carbon removal efficiency (83 to 100%), even in the 
presence of FF in the wastewater (Fig. 5a), thus contributes to the high 
quality of the treated water aiming at recirculation in an aquaculture 
facility. Contrarily, a low and variable phosphate removal efficiency 
(<46%) was observed (Fig. 5e), although bacteria assigned to the Sap-
rospiraceae family, frequently abundant in enhanced biological 

phosphorus removal systems (Nielsen et al., 2012), and to Pseudomonas 
genus, known denitrifying polyphosphate-accumulating organisms (He 
et al., 2018), were detected in the biomass throughout operation. 
Microalgae can also use phosphorus for growth, as an essential element 
required for making cellular constituents, or during a stationary phase 
through the assimilation and storage of polyphosphate (Khanzada, 
2020). The well-known Redfield’s ratio sets the optimal nutrient ratio 
required for eukaryotic algae growth as 106:16:1 (C:N:P) (Figler et al., 
2021). When the wastewater mimicked an aquaculture effluent (phase 
III), the C:N:P ratio was of 9.8:1.7:1, which implies a carbon and ni-
trogen deficiency. Furthermore, environmental factors such as light, 
osmotic shocks, and nutrient availability have been found to hinder 
intracellular phosphorus accumulation during microalgae stationary 
phase (Khanzada, 2020). Thus, the low phosphate removal could have 
been due to competition between microalgae and bacteria for the 
available carbon, possibly leading to a low activity of phosphorus 
removing organisms. Another explanation for the low phosphate 
removal is linked to the incomplete nitrification process, since nitrite 
levels as low as 2 mg L− 1 have been shown to decrease the 

Fig. 8. ASVs with significantly different relative abundances before and after the FF shock loads within phase III (t-test, p<0.05): (a) ASVs whose relative abundance 
decreased after FF shocks; (b) ASVs whose relative abundance increased after FF shocks. 

Table 3 
Ammonium, nitrite, and nitrate toxicity limits, and dissolved oxygen and pH 
ideal ranges for brackishwater and marine fish, and concentrations detected in 
the reactor effluent during phase III.   

Reactor 
effluent 
(phase III) 

Brackishwater and marine 
fish toxicity limits or ideal 
ranges 

Reference 

NH4
+-N 

(mg 
L− 1) 

< 0.09 < 0.3-0.6 a, b Franklin and 
Edward (2019) 

NO2
− -N 

(mg 
L− 1) 

< 3.65 < 38.0 a Costa et al. (2008) 

NO3
− -N 

(mg 
L− 1) 

< 7.0 < 10.0 a Camargo et al. 
(2005) 

DO (mg 
L− 1) c 

> 7.0 > 5.0 Bozorg-Haddad 
et al. (2021) 

pH 8.4-9.2 6.5 – 9.0 Makori et al. (2017)  

a LC50 values 
b NH3-N toxicity limit 
c DO - Dissolved oxygen 
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polyphosphate-accumulating organisms activity (Saito et al., 2004). 
Ammonia is the main nitrogenous waste produced by aquatic ani-

mals and is highly toxic to fish (Anusuya et al., 2017). Aqueous ammonia 
occurs in equilibrium with ammonium, and pH and temperature are 
major factors influencing their proportions. Since it is very difficult to 
directly determine the levels of aqueous ammonia, ammonium-nitrogen 
is quantified, and ammonia-nitrogen concentration is estimated 
considering the pH and temperature (Franklin and Edward, 2019). 
Considering the maximum pH and temperature registered during oper-
ation (pH 9.2 and 28.7 ◦C, Fig. S3) and the maximum 
ammonium-nitrogen effluent concentration (0.09 mg L− 1), a maximum 
ammonia-nitrogen effluent concentration of ca. 0.06 mg L− 1 was esti-
mated which is below the fish toxicity limits, even for the most sensitive 
species (Table 3). 

Typically, in the presence of multiple nitrogen sources, microalgae 
often prioritize the ammonium consumption, as this is the most ener-
getically efficient nitrogen source (Perez-Garcia et al., 2011). A slight 
nitrite accumulation in the effluent was observed (Fig. 5d), probably 
caused by the simultaneous ammonium oxidation and nitrate reduction 
into nitrite by microorganisms in the reactor, e.g. members of the genera 
Paracoccus, Thauera and Denitromonas likely play a role in the latter 
(Chen et al., 2020). Nitrate, on the other hand, was degraded by the 
biomass but with a variable removal efficiency (13-73%) (Fig. 5c). These 
observations are corroborated by studies by Kaplan et al. (2000) and 
Huang et al. (2015) who noted that the activity of nitrifying bacteria was 
significantly reduced when exposed to sunlight, and that 
nitrite-oxidizing bacteria (NOB) were more sensitive to sunlight than 
ammonium-oxidizing bacteria, possibly due to the disruption of electron 
transfer from cytochrome c to nitrite reductase in NOB. Aquatic animals 
are also sensitive to nitrite and nitrate contents in the water but despite 
the slight nitrite accumulation and the variable nitrate removal effi-
ciency observed in the present study, the maximum concentrations of 
both pollutants were maintained below brackishwater and marine fish 
toxicity limits (Table 3). 

Even though the reactor wastewater composition already met the 
requirements to be recirculated, with ammonia, nitrite, and nitrate 
concentrations below fish toxicity limits (Table 1 and Table 3), its 
continuous recirculation without applying any treatment process would 
lead to the accumulation of pollutants at levels toxic for the fish. 
Therefore, the biological treatment with the proposed microalgae-based 
granular sludge could improve even further the water quality, theoret-
ically increasing the number of cycles that water could be recycled. 
Nevertheless, at this point it is not possible to estimate the number of 
times that water can be recycled as this study does not take into 
consideration the accumulation of pollutants in the water due to fish 
metabolism, that is dependent on fish species, size of the fish tank, and 
number of fish per tank, and it does not consider the reactor microbial 
community response to the variable pollution levels on each water 
recycling cycle. Further research needs to be performed to attest if 
compounds toxic to fish would build-up or if the microbial community 
would adapt over time and remove them to a higher extent. 

Dissolved oxygen and pH are also important water quality parame-
ters in aquaculture. The pH values in the treated effluent, especially in 
phase III, were considerably higher than advisable (Table 3). Photo-
synthetic reactions undertaken by microalgae continuously assimilate 
CO2 dissolved in the water, rising the pH to values that may not be 
adequate for fish rearing. Nevertheless, this can be easily corrected to 
maintain the pH of the recirculation water within ideal values. 
Contrarily, the dissolved oxygen levels were within the ideal range for 
fish growth (Table 3), even exhibiting slightly higher values whenever 
the FF was present in the wastewater (Fig. S2), probably due to the in-
hibition of the bacterial activity. The dissolved oxygen level is the first 
limiting factor in intensive aquaculture systems and one of the main 
energy consumption components in RAS (Badiola et al., 2018). A bio-
logical treatment system such as the one described in the present study 
represents an attractive solution in RAS, since it reduces the need for 

oxygenation and, potentially, the aquaculture farm operational costs. 
On the other hand, energy costs related to LED lights for microalgae 
survival need to be taken into consideration as well. Further research 
and life cycle assessment needs to be conducted to confirm lower 
operational costs and energy savings of this biological treatment system. 
Nevertheless, the system is promising for decreasing the water needs and 
dependence of the land-based aquacultures, important issues that this 
industry is facing due to water scarcity. 

Although none of the identified microalgae species belongs to the 
harmful algae bloom species list, a thorough evaluation of the presence 
of toxins should be performed to prevent economic losses linked with 
fish mortality, as well as the transfer of toxins up the food chain. 

Microalgae strains such as Chlorella sp. UTEX1602 and Chlorella sp. 
L38 have been described as able to biodegrade FF at a concentration of 
46 mg L− 1 (97% removal, after 20 days) (Song et al., 2019). Contrarily, 
Isochrysis galbana and Microcystis flos-aqua are highly susceptible to FF at 
1 mg L− 1 and 50 μg L− 1, respectively, causing biomass growth and 
chlorophyll production inhibition, as well as oxidative stress in both 
microalgae species (Wang et al., 2017; Zhang et al., 2020). Evidently, 
the effect of FF on microalgae growth, viability, and physiology is strain- 
and dose-dependent. The microalgae-based granular sludge in the pre-
sent study (Table 2), partially removed FF in the first, third and fourth 
shock loads most likely due to FF adsorption onto granules. Degradation 
or biotransformation of the FF seemed to be unlikely to occur within the 
timeframe of the treatment cycle as fluorine ions, typically released 
during degradation of fluorinated compounds, were almost absent from 
the effluent (Fig. S5) and no metabolites were detected by the used HPLC 
method. Furthermore, FF effluent release on the second shock highlights 
that adsorption and desorption phenomena are more likely than 
biotransformation. Several studies have demonstrated the adsorption 
capacity of granules when subjected to recalcitrant pollutants (Amorim 
et al., 2017, 2016). The decreasing trend of the removal capacity from 
the first to the fourth FF shock load also supports adsorption/desorption 
hypothesis as this is probably linked to saturation of the bonding sites, 
like what was observed in a previous study (Oliveira et al., 2021). 

Further FF removal improvement is required if recirculation is 
envisaged to prevent its accumulation in the recirculation water and 
prevent a possible negative impact in the biological treatment microbial 
community and in the aquaculture fish. For instance, the bio-
augmentation of the biological treatment system with FF degrading 
strains or even chemical and physical methods using for example mag-
netic biochar as an adsorbent could be integrated in the treatment sys-
tem or as part of a sequential treatment system and used whenever 
antibiotics were used in the aquaculture farm (Zhao and Lang, 2018). 
Nevertheless, further research needs to be conducted to prove the effi-
ciency of such proposed systems. 

The reactor inoculum was composed by a non-axenic well-adapted 
consortium, mainly composed by microalgae. When the 16S rRNA gene 
was the target region, no sequencing results were obtained for the 
inoculum (day-0) probably due to the low numbers of bacterial cells in 
this sample. However, after starting reactor operation a bacterial com-
munity has developed. The microalgae and bacterial communities’ 
structure in treatment systems are highly dependent on water quality 
parameters (nutrient ratios and availability, pH, chemical stressors), 
environmental factors (temperature, light/darkness cycles), and physi-
ological aspects intrinsic to the microbial community and its symbiotic 
relations. A dynamic microbial community existed in the granules, 
whose structure was susceptible and adaptable to the changing opera-
tional and environmental reactor conditions (Fig. 7a). The introduction 
of feeding conditions mimicking coastal aquaculture effluents (phase 
III), led to the proliferation of known EPS producers and poly-
hydroxyalkanoates (PHA) storing bacteria, such as Thauera (Fall et al., 
2022; Świątczak and Cydzik-Kwiatkowska, 2018) and Paracoccus (Fall 
et al., 2022), which may have supported granular stability (Fig. 7b). 
Interestingly, during the transition from phase II to III, an increase of the 
relative abundance of a phototrophic bacterial genus, Roseovarius 
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(Fig. 7b) was observed, likely as a response to the lowering carbon 
content in the wastewater and favorable photosynthetic conditions (Gu 
and Mitchell, 2006). However, in the same period, a population decrease 
of the nitrifying and possible anammox genus SM1A02 occurred, as well 
as of Ruegeria (Fig. 7b), often found in RAS nitrifying filters (Chu et al., 
2015; Schreier et al., 2010; Tian et al., 2017; Xie et al., 2021). Consid-
ering the nitrification performance, NOB were likely the most affected 
nitrifying bacteria since nitrite removal was nearly null. 

Major bacterial community structural changes and a clear diversity 
reduction occurred upon FF shock loads (Fig. 6a). The relative abun-
dance of several bacterial ASVs, probably susceptible to this antibiotic, 
declined considerably, namely ASVs affiliated with genera Hyphomonas 
and Thauera, and Rhizobiaceae, Saprospiraceae, and Parvibaculales fam-
ilies. But the relative abundance of other members of Thauera increased 
after FF shocks (Fig. 8). Members of this genus have shown to have FF 
resistance genes and members of the Rhizobiaceae family were abundant 
in the intestinal microbiota of fish fed with FF (Gupta et al., 2019; Liu 
et al., 2021). The introduction of FF also led to the thriving of Muricauda 
and Filomicrobium genera, and Rhizobiaceae family (Fig. 8), all identified 
as antibiotic resistant bacteria in literature (Gerzova et al., 2014; Yang 
et al., 2020; Zhou et al., 2022). Proliferation of Parvulaculaceae and of 
members of the recently established Balneolaceae family was also 
observed (Fig. 8), for which there are no literature reports on antibiotic 
resistance. Hence, the present study provides evidence that these fam-
ilies might have bacterial strains with FF resistance mechanisms. 
Microalgae genus Nitzschia has also shown to proliferate after FF shocks. 
The susceptibility of certain bacterial strains to FF could have provided 
advantageous conditions for this microalgae diatom genus, increasing 
its capacity to compete for nutrients. In a study performed by Moli-
na-Cárdenas and Sánchez-Saavedra (2017), three Nitzschia strains were 
shown to exert antibacterial activity against pathogenic Vibrio species, 
presumably due to production of inhibitory compounds. It can be hy-
pothesized that a possible synergistic effect could have occurred be-
tween the FF shocks and the Nitzschia population increase, with both 
contributing for the bacterial diversity decrease within biomass. 

Despite the bacterial diversity reduction and the slight ammonium 
removal efficiency inhibition (from 100 to >70%) upon FF presence in 
the wastewater, the removal processes were not disrupted, maintaining 
the chemical quality of the treated effluent uncompromised. The pro-
posed biological treatment system has the potential to be applied as part 
of a RAS, promoting water recirculation in a coastal aquaculture farm, 
and potentially decreasing the costs associated with water oxygenation. 
As previously stated, the microbial diversity and functional redundancy 
can play a crucial role in biological systems adaptability, supporting 
their ability to withstand adverse conditions and environmental 
stressors. 

5. Conclusions 

The present study can be regarded as a proof-of-concept for the use of 
an autochthonous self-granulating microbial consortium in aquaculture 
effluent bioremediation processes. The main following conclusions were 
drawn:  

- A rapid granulation process occurred (ca. 21 days), supported by 
increased EPS production, rendering dense granules;  

- Microalgae-based granular sludge is a robust and efficient biological 
treatment system to remove carbon and N species from coastal 
aquaculture streams, even in periods of FF shock loads, resulting in 
effluents complying with fish toxicity limits;  

- The antibiotic FF was partially removed through sorption, but 
further improvement of FF removal is needed to prevent its accu-
mulation in recirculation water;  

- The study emphasizes the implementation potential of such granular 
systems in coastal aquaculture facilities, as an integral part of 

recirculating aquaculture systems, and potentially reducing the 
farms’ oxygenation costs. 
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