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A B S T R A C T   

The dependence on groundwater for human consumption has increased worldwide in the last decades. Nitrate 
(NO3

− ) often reaches groundwater and causes significant degradation in groundwater quality. In an effort to 
address this issue, a full-scale water treatment plant using aerobic granular sludge (AGS) technology was built to 
remove NO3

− from nitrate-polluted groundwater intended for human consumption in a rural village. The impact 
of changes in the operational conditions of hydraulic retention time (HRT) and organic matter loading (OML) 
rate on NO3

− removal, overall system performance, and the granule microbiome were studied. Regardless of the 
HRT, the AGS technology was successful in removing NO3

− with removal rates >50 % with an optimal OML rate 
of 75 mg L− 1. No significant variations in the total abundance of any of the denitrification genes were observed. 
The composition of prokaryotic and eukaryotic communities was affected by changes in the HRT and OML rate. 
Specific prokaryotic taxa were identified as responsive to changes in operational parameters and their abun-
dances were linked to the removal of NO3

− , confirming that the microbes are critical to the NO3
− removal process. 

This study demonstrates that the AGS technology can be successfully implemented to treat nitrate-polluted 
groundwater in rural villages to produce water of drinking quality. In addition, the reported hydraulic reten-
tion times and organic matter loading rate can be used to further improve the system performance to remove 
nitrate from groundwater.   

1. Introduction 

The continued increase in the world population threatens water re-
sources, resulting in serious global water scarcity and quality degrada-
tion problems. For example, the dependence on groundwater has 
quadrupled in the past 50 years worldwide [1]. This dependence on 
groundwater has become even more important in the Mediterranean 
region due to increased desertification and global warming [2]. In 
countries such as in Spain, 70 % of the water resource demands of cities 
with <20,000 inhabitants is supplied by groundwater [3]. 

Natural environments have been extensively and rapidly altered due 
to land use transformation and agricultural development over the last 
three decades [4]. For example, agricultural development has contrib-
uted to increased application of chemical nitrogen (N) fertilizers that 
can lead to several environmental problems including eutrophication 
[5–7]. Nitrate (NO3

− ) often reaches groundwater due its high mobility in 

soil and causes significant degradation in groundwater quality [8–10]. 
Consumption of water with excess NO3

− is related to many health 
problems and diseases such as methemoglobinemia, thyroid disorder, 
and neural tube defects [11,12]. In addition, NO3

− is an element that can 
be transformed and when in the form of nitrite (NO2

− ) has the potential 
to form N-nitroso compounds (NOCs) such as N-nitrosamines that can 
induce cancer in the stomach and intestines [13]. Therefore, the con-
centration of NO3

− in drinking water is regulated by the Council Direc-
tive 91/676/EEC of the European Community [14] and has a 
recommended limit of 25 mg L− 1. 

Multiple treatments for NO3
− removal from water intended for human 

consumption have been developed over the last decades including 
chemical reduction [15], electrodialysis [16,17], ion exchange [18], 
adsorption [19], reverse osmosis [20], biofilters [21], and aerobic 
granular technologies [22]. Physicochemical technologies are effective 
at removing contaminants in groundwater, but they have a high cost of 
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operation and low selectivity in the removal of specific ions from 
groundwater [23]. As an alternative to physicochemical technologies for 
the treatment of polluted groundwater, a new biological technology has 
been developed that takes advantage of the capacity of aerobic granular 
sequential (AGS) systems [24–26]. This technology is based on the 
heterotrophic metabolism of microorganisms present in the system that 
form granular microbial aggregates using extracellular polymeric sub-
stances (EPS). The hydrodynamic forces inside the bioreactor are able to 
generate a stratification of the microorganisms inside the granular ag-
gregates allowing the development of both aerobic and anaerobic con-
ditions that favor nitrification (oxidation of ammonium to NO3

− ) and 
denitrification (sequential reduction of NO3

− to dinitrogen) processes, 
respectively, for N transformation and removal [22]. 

Recently, we showed that the AGS technology can remove approxi-
mately 50 % of NO3

− from groundwater at a pilot-scale [27]. However, as 
groundwater is usually oligotrophic and contains very low carbon (C) 
content, the addition of a C source is necessary for granule formation 
and therefore NO3

− removal. Optimization of AGS technologies to 
remove NO3

− from groundwater remains necessary to achieve high 
removal rates in treated water using a low organic matter loading (OML) 
rate for not only optimal biological NO3

− removal but also minimal cost. 
The residence time of the water in the bioreactor, known as hydraulic 
retention time (HRT), is also a highly important operational parameter 
for correct optimization of OM and nutrient removal in AGS systems. In 
AGS operated in sequential batch reactor (SBR), the HRT can be up to 3 
times shorter than in other biological systems [28]. However, it is not 
known how the HRT should be adjusted to improve NO3

− removal in AGS 
systems treating contaminated groundwater. 

The granular sludge in AGS systems is formed by prokaryotic and 
eukaryotic microorganisms present in the granular biomass. In partic-
ular, NO3

− removal from wastewater is carried out by heterotrophic 
microorganisms known as denitrifiers under oxygen-limiting conditions. 
Biological denitrification takes place in a series of stages by enzymes 
encoded by denitrification genes. For example, the reduction of NO2

− to 
nitric oxide (NO) is carried out by two NO2

− reductase enzymes called 
NirS and NirK present in denitrifying organisms. The next step in the 
denitrification process is the reduction reaction of NO to nitrous oxide 
(N2O), which is carried out by microorganisms containing the norB gene. 
Finally, the reduction reaction of nitrous oxide (N2O) to nitrogen gas 
(N2) is catalyzed by the periplasmic enzyme N2O-reductase (NosZI). This 
step is particularly important to consider because it eliminates N2O, a 
potent greenhouse gas, and generates N2 that is not dangerous for the 
atmosphere [29]. Although the abundance, structure, and composition 
of microbial communities have been widely characterized in waste-
water, those of groundwater contaminated with NO3

− have been less 
explored. The study of the prokaryotic (bacteria and archaea) and 
eukaryotic (e.g., fungi and other fauna) granular microbiome can help 
understand treatment performance in biological wastewater treatment 
technologies such as granular sludge. For instance, the study of changes 
in the granule microbiome in AGS systems can help identify optimal 
operational conditions that favor specific microorganism involved in the 
removal of OM and NO3

− [27]. 
In this study, a full-scale water treatment plant using aerobic gran-

ular technology was built and operated in the municipality of Torre- 
Cardela (Spain). This treatment plant was designed to remove NO3

−

from groundwater intended for human consumption. The impact of 
changes in the operational conditions of HRT and OML on NO3

− removal 
and overall system performance (e.g., OM removal, granule size, 
biomass concentration) were examined. Variations in the total abun-
dance of the nirK, nirS, and nosZI denitrification genes, and the diversity 
and composition of prokaryotic and eukaryotic microorganims present 
in the granules were also examined and related to changes in physico-
chemical and performance parameters under different OML rates and 
HRTs. 

2. Materials and methods 

2.1. Study area and groundwater characteristics 

The plant was located in the southeastern part of the Iberian 
Peninsula in the municipality of Torre-Cardela (Andalusia, Spain), with 
a population of 760 inhabitants. The water supply system operates by 
pumping water from the aquifer corresponding to the Torre-Cardela 
Calcarenites. The aquifer includes calcarenites, sandy limestones, bio-
clastic sandstones, and marls affected by a secondary porosity due to the 
high degree of fissuring [22]. The result is a fissured-Karstic aquifer 
whose water is extracted by pumping from wells perforated at 170 and 
90 m deep. The aquifer can produce annual resources of 4.1 hm3 of 
groundwater. The water from the aquifer is exclusively used for human 
consumption in the Torre-Cardela municipality. 

Preliminary studies were carried out over a year to analyze the 
physicochemical characteristics of the groundwater as well as the fluc-
tuations in NO3

− concentrations over time. Nitrate levels fluctuated be-
tween 23 and 84 mg L− 1 [22]. These oscillations in NO3

− levels are the 
result of a combination of the characteristics of the aquifer which has 
very dynamic water flows due to its secondary porosity, together with 
the rain cycles, causing NO3

− flushing in the recharge zones of the aquifer 
towards the groundwater level. The excessive use of nitrogen fertilizers 
during agricultural practices in the region is thought to be the main 
source of NO3

− contamination. 

2.2. Bioreactor design and operation 

Three cylindrical sequential batch reactors (SBRs) were built with 
the following characteristics: Bioreactor “1” had a height of 3.52 m, a 
diameter of 0.49 m, and a volume of 660 L. Bioreactors “2” and “3” had 
heights of 3 m, diameters of 1 m, and volumes of 2160 L, and were built 
with two exchange out-flows at 50 % and 60 % of total volume (Sup-
plementary Figs. S1-S3). Bioreactors 1, 2, and 3 were inoculated with 6 L 
of granular biomass taken from a denitrifying AGS system operated in a 
SBR, inoculated with activated sludge from the Baza wastewater treat-
ment plant (WWTP) (Granada, España) that treats groundwater 
contaminated with NO3

− [22]. The air flow was controlled at the facility 
and was introduced through the bottom of the bioreactors using a 
membrane diffuser that generated a small bubble size. The operation of 
the system consisted of a series of three stages described in Table 1 
which included changes in the OML rate (150 to 75 mg L− 1) added to the 
system in the form of food grade sodium acetate, along with a reduction 
of the HRT (6 to 4 h), to achieve satisfactory NO3

− removal with a low 
amount of added OM. Each cycle consisted of 178 or 118min of aeration 
(depending on the HRT), decantation for 2 min, effluent discharge for 4 
min, and 3min of filling. The reactor was directly fed with the 
groundwater used by the municipality of Torre-Cardela. The total 
duration of the experiment was 240 days. At the beginning of each 
operational cycle, the C source necessary for the biological denitrifica-
tion process was added to the unprocessed groundwater together with a 
series of trace elements essential for the correct development and 
function of the granular biomass (Supplementary Table S1). 

During the startup (first 15 days of operation), the settling time was 
adjusted to meet the needs of the granules based on previous experi-
ments [22]: 10 min during the first 3 days, 7 min the following week, 
and 3 min during the last 5 days. The reactors were operated using 60 % 

Table 1 
Change in the operational parameters of the system.  

Days Stage HRT (h) OM loading rate (mg L− 1) 

0–14 Start-up  6  150 
15–120 I  6  100 
121–180 II  4  100 
181–240 III  4  75  
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Fig. 1. Nitrate (A), COD (B), and BOD5 (C) removal % during the experimental period. COD, chemical oxygen demand; BOD5, biological oxygen demand.  
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of their volume in each operating cycle to maximize plant efficiency 
based on previous experiments [27]. The filling and emptying of the 
bioreactors was done automatically in each cycle by installing level 
sensors connected to a control system that allowed the plant to operate 
automatically (Supplementary Figs. S1-S3). The system operated at 
room temperature which ranged from − 3 to 32 ◦C (Supplementary 
Table S2). 

2.3. Determination of physico-chemical parameters 

Influent and effluent samples were taken three times a week from 
each of the bioreactors. These samples were transported at 4 ◦C to the 
laboratory for analysis. Samples of granular biomass were also collected 
at these time points. The concentration of NO3

− in the influent and 
effluent of the bioreactors was determined using a Metrohm ion chro-
matograph. The parameters of chemical and the biological oxygen de-
mand (COD and BOD5, respectively) were measured using standard 
protocols [30]. The mixed liquor suspended solids (MLSS) were 
measured as a proxy of the biomass concentration every week in trip-
licate [30]. The pH and dissolved oxygen content were monitored daily 
by sensors placed inside the bioreactors and connected online to a data 
logging system. The mean size and settling velocity variation of the 
granular biomass were monitored periodically as describer earlier [31]. 

2.4. Control of treated water for human drinking water use 

The treated water discharged from each bioreactor was homogenized 
in a 500 L tank (Supplementary Fig. S1) and filtered through a sand filter 
designed for drinking water. The filter filler used was a “Hi-Tech Filter 
Media” which is a high-tech glass for drinking water filtration with 
Bureau Veritas S.L. certification that certifies the absence of contami-
nants, high purity, and anti-compaction. The specific composition of the 
filter is as follows: SiO2 74 %, Na2O = 11 %, CaO = 10 %, MgO = 3 %, 
Al2O3 = 1 %. (Supplementary Fig. S1). After filtration, 0.040 mL NaClO 
L− 1 was added to the treated water. This level ensured that the treated 
water always contained the residual chlorine level required by Real 
Decreto 140/2003 of the Spanish regulations [32]. The treated water 
was analyzed weekly, and samples were sent to an authorized and 
accredited external lab to check for the 48 parameters regulated by the 
Real Decreto 140/2003 of the Spanish regulations for water used for 
human consumption (Supplementary Table S3). 

2.5. Sampling for microbial analysis and extraction of nucleic acids 

Granular biomass samples were taken from the top of the bioreactors 
during the aeration phase on operating days 0, 50, 120, 180, 210, and 
240, as described earlier [31]. Samples were stored at 4 ◦C for transport 
from the treatment plant to the laboratory and kept at − 20 ◦C until 
analysis. DNA was extracted from the resulting sediment using the Fast 
DNA SPIN kit for Soil (MP Biomedicals, USA). DNA extracts were kept at 
− 20 ◦C until analysis. 

2.6. Quantification of denitrification genes 

The total abundance of bacterial (16SB), archaeal (16SA), and fungal 
(18SF) communities, and nirK, nirS, and nosZI denitrification genes were 
measured using quantitative PCR (qPCR) in a QuantStudio 3 thermo-
cycler (Applied Biosystems, ThermoFisher Scientific) as described by 
Muñoz-Palazón et al. [31]. Primers, thermal cycler conditions, and qPCR 
standards are shown in Supplementary Table S4. Ten-fold serial di-
lutions of plasmids harboring inserts of each of the target genes were 
used as standards for qPCR. The PCR efficiencies were in the range of 
90–100 % in all cases. 

2.7. Microbial community analysis 

DNA was sequenced using Illumina MiSeq at the Institute of López- 
Neyra (Granada, Spain). The prokaryotic 16S rRNA gene was sequenced 
using the primer pairs Bac357-Bac806 [33] and the eukaryotic 18S 
rRNA gene using the primer pairs EUK1391 – EUKbr [34]. The raw 
sequencing data were processed separately for the prokaryotic and 
eukaryotic communities using QIIME2 v2018 [35]. The reads were 
assembled and dereplicated using DADA2 [36] as described by 
Castellano-Hinojosa et al. [37]. The raw sequence data are available in 
the NCBI under BioProject number PRJNA1003521. 

Sequencing analysis was done with R software version 4.2.0 (http: 
//www.rproject.org/). Alpha (Shannon and Inverse Simpson) using 
the R package “vegan “v 2.5–2′ and “phyloseq” v1.24.0 [38,39]. Data 
were normalized on a logarithmic basis to avoid increased error rates 
due to rarefaction [39]. The Non-metric multidimensional scaling 
(NMDS) analysis was used to study changes in the composition of the 
communities (beta diversity) using unweighted UniFrac distances. Sig-
nificant differences in beta diversity between time points were examined 
using permutational analysis of variance (PERMANOVA). Taxa whose 
relative abundance changed significantly between time points were 
detected using the DESeq2 package [40]. 

2.8. Functional characterization of the denitrification community 

The ASV tables, which contained the ASVs of the bacterial taxa, were 
converted into BIOM files using the command “biom-convert” in 
QIIME2. Bacterial functions involved in the denitrification pathways 
were predicted using the PICRUSt2 tool [42]. Four denitrification en-
zymes (nitrate-, nitrite-, nitric oxide-, and nitrous oxide- reductase) were 
used as molecular markers to compare changes in denitrification activity 
between time points. For each denitrification enzyme, the relative 
abundance of orthologs (KO) assigned to denitrification gene products of 
the above-mentioned denitrification enzymes was compiled using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database [43] 
(Supplementary Table S5). 

2.9. Statistical analyses 

All the statistical analyses were done using the R software version 
4.2.0. Redundancy analysis (RDA) was performed to examine the rela-
tionship between the differentially abundant prokaryotic and eukaryotic 
ASVs with the different physicochemical parameters of the system (NO3

−

in the influent, NO3
− in the effluent, NO3

− removal %, BDO5 removal %, 
COD removal %, mean size of granules, setting velocity of granules, and 
MLSS). The calculation was processed using CANOCO 4.5 software for 
Windows. 

3. Results and discussion 

3.1. Physicochemical and performance determinations 

The concentration of NO3
− in the influent varied between 41.7 and 

54.1 mg L− 1 during the experimental period (Supplementary Fig. S4). 
These results showed that the concentration of NO3

− in groundwater in 
Torre-Cardela municipality was close and/or above to the limit estab-
lished by the Council Directive 91/676/EEC of the European Commu-
nity for NO3

− in drinking water. Therefore, the groundwater had to be 
treated for human consumption in this municipality. 

Our results showed the implementation of a full-scale AGS technol-
ogy was successful in removing NO3

− (Fig. 1A). We found the percent 
NO3

− removed gradually increased from 25 % to approximately 50 % 
from the start-up phase to day 50 of operation and remained stable until 
the end of the experimental period (Fig. 1A). Regardless of the HRT and 
OML rate, the COD (Fig. 1B) and BOD5 (Fig. 1C) removal rates were >90 
% and 80 %, respectively, during the experiment showing 
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Fig. 2. Granule mean size (A), setting velocity of the granules (B), and MLSS concentration (C) during the experimental period. MLSS, mixed liquor suspended solids.  
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microorganisms rapidly consumed organic compounds. These results 
indicate the system was able to efficiently remove NO3

− with very low 
OM concentration (≤ 100 mg L− 1) reaching a C:N ratio close to 1:1. The 
maintenance of a stable percentage of NO3

− removal with a OML rate of 
75 mg L− 1 and 100 mg L− 1 showed that the system was operating with 
excess OM at 100 mg L− 1 of OML. It is important to note that the NO3

−

concentration in the influent decreased after 100 days of operation to 
values lower than 50 mg L− 1. This allowed an optimization of the bio-
reactors by decreasing the OML rate and HRT, allowing them to perform 
a greater number of cycles and to treat more water per day. This feature 
is important in biological water treatment such as aerobic granular 
technology because it allows adjustment to the number of cycles and the 
amount of OM according to the characteristics of the water to be treated. 

We found all bioreactors obtained similar sized granules and the 
biomass became larger as the granular biomass matured in the bio-
reactors. The granules used as inoculum had an average size of 6 mm 
and a settling velocity of 50 m h− 1. In all three bioreactors, an increase in 

granule size was observed from the start-up phase until day 150 where a 
stabilization of the size around 12 mm occurred and was maintained 
until the end of the experiment (Fig. 2A). This stabilization coincided 
with the change of OML rate from 100 mg L− 1 to 75 mg L− 1. Variations 
in the HRT of the system did not impact the size of the granular biomass 
(Fig. 2A). Regardless of the HRT and OML rate, the settling velocity of 
the granules remained stable during the experimental period in all 
bioreactors, varying between 57 and 61 m h− 1 in bioreactor 1 and be-
tween 42 and 51 m h− 1 in bioreactors 2 and 3 (Fig. 2B). The lower 
settling velocities of the granular biomass of bioreactors 2 and 3 
compared to bioreactor 1 may be due to the design of these bioreactors, 
which had different dimensions than bioreactor 1. 

Gradual increases in the MLSS concentration were observed after 
inoculation of the bioreactors until day 100 of operation (Fig. 2C). The 
MLSS concentration was greater in bioreactors 1 and 3 compared to 
bioreactor 2 until day 110 of operation (Fig. 2C). The decrease in 
granular biomass after 110 days of operation likely occurred due to the 

Fig. 3. (A) Number of ASVs, and values of Shannon, and Simpson diversity indices for the prokaryotic community. Different letters above the bars indicate significant 
differences between treatments and time points (Tukey’s HSD, p ≤ 0.05). Values are expressed as means with standard error and are the average of Bioreactors 1, 2, 
and 3. (B) Non-metric multidimensional scaling (NMDS) plots on unweighted UniFrac distances for the prokaryotic community. Differences in community 
composition between treatments and time points were tested by permutational analysis of variance (PERMANOVA), and p values ≤0.01 were considered significant. 
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higher number of cycles per day together with a lower amount of OM in 
the system. For instance, the reduction of the HRT from 6 to 4 h 
decreased the MLSS concentration to values close to 3000 mg L− 1 in the 
3 bioreactors from day 110 of operation until the end of the experiment. 

3.2. Analysis of treated water for human consumption 

Based on the results of the physicochemical and microbiological 
analysis of the treated water leaving the facility, the quality of the 
treated water was safe for human consumption. Values of the 48 pa-
rameters regulated by the Real Decreto 140/2003 of the Spanish regu-
lation were within the values required for drinking water intended for 
human consumption (Supplementary Table S3). Therefore, our results 
showed for the first time that a full-scale AGS system treating NO3

− - 
contaminated groundwater can not only be used to eliminate NO3

− but to 
produce water that meets the quality standards for drinking water. 

It is interesting to note that a previous study demonstrated that the 
full-scale AGS technology used in this study produces drinking water in a 

more environmentally friendly cost-effective way and with lower energy 
costs compared to reverse osmosis [41]. 

3.3. Abundance of microbial communities and denitrification genes 

The effect of changes in HRT and OML rate on the total abundance of 
microbes and denitrification genes was assayed in the full-scale AGS 
system treating groundwater. No significant differences in the abun-
dance of 16SB, 16SA, 18SF, and nirK, nirS, and nosZI denitrification 
genes were detected between time points during the experimental 
period (Supplementary Fig. S5). These results showed that the small 
variations in HRT and OML rate in this study were not sufficient to alter 
the total abundance of bacteria, archaea, and fungi and denitrification 
genes which agrees with previous observations of aerobic granular 
systems fed with groundwater [22]. The lack of changes in the abun-
dance of denitrification genes could be is not unexpected considering the 
percent NO3

− removed remained stable during the experimental period. 
The presence of nirK-, nirS-, and nosZI-type denitrifiers in the full-scale 

Fig. 4. (A) Number of ASVs, and values of Shannon, and Simpson diversity indices for the eukaryotic community. Different letters above the bars indicate significant 
differences between treatments and time points (Tukey’s HSD, p ≤ 0.05). Values are expressed as means with standard error and are the average of Bioreactors 1, 2, 
and 3. (B) Non-metric multidimensional scaling (NMDS) plots on unweighted UniFrac distances for the eukaryotic community. Differences in community compo-
sition between treatments and time points were tested by permutational analysis of variance (PERMANOVA), and p values ≤0.01 were considered significant. 
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AGS system suggests there were oxygen-limiting conditions in the 
granular biomass that allowed complete denitrification of nitrate- 
contaminated groundwater. This has important environmental impli-
cations as it shows the ability of the AGS system to reduce the green-
house gas N2O to N2 while treating groundwater contaminated with 
NO3

− . 

3.4. Changes in the diversity and composition of the prokaryotic and 
eukaryotic community and predicted denitrification functions 

No significant changes in the values of the alpha diversity indices 
were detected during the experimental period both for the prokaryotic 
(Fig. 3A) and eukaryotic communities (Fig. 4A). However, the beta di-
versity analysis showed significant differences in the composition of the 
prokaryotic (Fig. 4B) and eukaryotic communities (Fig. 4B). Together, 
these results showed it is not the diversity but the composition of mi-
crobial communities that was most responsive to changes in HRT and 
OML rates in this AGS system. This was further supported by stability of 
the prokaryotic (Fig. 4B) and eukaryotic (Fig. 4B) community compo-
sitions during the first 120 days of operation (p > 0.05) and the subse-
quent change in compositions when the HRT and OML rate were 
reduced from 6 h to 4 h and from 100 mg L− 1 to 75 mg L− 1, respectively. 
Therefore, these results suggest that variations in OM availability and 
HRT drive changes in the composition of the granule microbiome in this 
full scale AGS system fed with groundwater, and that these changes can 
occur rapidly in the granule microbiome. Microorganisms in AGS sys-
tems are known to rapidly respond to alterations in nutrient availability 
which may explain our results [22,28,34]. 

For additional insights into the composition changes of the pro-
karyotic and eukaryotic communities, we identified the relative abun-
dance of phyla and families with at least 1 % relative abundance in the 
granule microbiome. On average, Proteobacteria (44.2 %) and 

Bacteroidota (22.4 %) were the most abundant bacterial phyla across all 
time points and their relative abundance remained stable during the 
experimental period (Supplementary Fig. S6A). However, other bacte-
rial phyla such as Firmicutes and Bdellovibrionota were more responsive 
to changes in HRT and OML rate particularly on days 180 and 210 of 
operation when the HRT and OML rate were reduced from 6 h to 4 h and 
from 100 mg L− 1 to 75 mg L− 1, respectively (Supplementary Fig. S6A). 
This was further supported by the identification of changes in the rela-
tive abundance of prokaryotic families with at least 1 % of relative 
abundance in the granule microbiome, particularly by day 180 and 210 
of operation (Supplementary Fig. S6B). The eukaryotic microbiome was 
dominated by Ascomycota during the first 120 days of operation (Sup-
plementary Fig. S7A). However, Basidiomycota, Cercozoa, and Rotifera 
were the most abundant eukaryotic phyla on days 180, 210, and 240 of 
operation (Supplementary Fig. S7A). Similar to the prokaryotic com-
munity, the reduction of the HRT and OML rate after 180 days of 
operation induced changes in the relative abundance of eukaryotic 
families (Supplementary Fig. S7B). 

The study of the granule microbiome also showed that the HRT and 
OML rate did not significantly impact the relative abundance of pre-
dicted KEGG pathways involved in any of the denitrification steps 
(Supplementary Fig. S8). These results agree with those of the absolute 
abundance of denitrification genes detected by qPCR and showed that 
the abundance and functionality of microorganisms involved in deni-
trification remained stable during the experimental period. 

3.5. Differentially abundant prokaryotic taxa and their relationship to 
changes in operational conditions 

Significantly enriched and depleted prokaryotic ASVs between time 
points were identified at the genus taxonomic level (Fig. 5). There were 
no significant differences in the relative abundance of eukaryotic genera 

Fig. 5. Differential abundance ASVs at the genus taxonomic level between time points for the prokaryotic community. The fold change is shown on the X axis and 
genera are listed on the Y axis. Each colored dot represents an ASV that was identified by DESeq2 analysis as significantly differentially abundant between treated and 
non-treated soils (p ≤ 0.05). 
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between any of the time points. Differentially abundant prokaryotic taxa 
were detected only between the time points 180 vs. 120 and 210 vs. 180 
when the HRT and OML rate were reduced from 6 to 4 h and from 100 to 
75 mg L− 1, respectively (Supplementary Fig. S6A) (Fig. 5). In general, 
we found prokaryotic ASVs were both enriched and depleted within the 
same genera suggesting HRT and OML rate effects on the prokaryotic 
microbiome may be species-specific. However, we detected specific 
genera whose relative abundance significantly increased on day 180 
compared to day 120 (e.g., Aeromonas, Brevundimonas, Clostridium, 
Dechloromonas, Demequina, Desulfomicrobium, Erysipelothrix, and Trepo-
nema) thus suggesting ASVs assigned to these genera may be favored at 
lower HRT (Fig. 5A). Other genera such as Acholeplasma, Chyseobacte-
rium, Emticia, Flavobacterium, Fluvicola, Paludibacter, Pedobacter, 
Thauera, and Xanthobacter were depleted with lower HRT (Fig. 5A). 
Decreases in the OML rate on day 210 compared to day 180 favored 
increases in the relative abundance of ASVs assigned to 13 different 
genera (e.g., Acinetobacter, Cytophaga, Flectobacillus, Gemmatimonas, and 
Zooglea) (Fig. 5B). ASVs belonging to 9 different genera such as Aero-
monas, Desulfomicrobium, Dechloromonas, and Fusibacter were depleted 
when OML was reduced from 100 to 75 mg L− 1 (Fig. 5B). 

Although we found different prokaryotic genera were enriched be-
tween the time points 180 vs. 120 and 210 vs. 180, an RDA analyses 
showed these genera mainly grouped with NO3

− , COD, and BDO5, 
percent removal, and MLSS (Fig. 6). These results suggest different taxa 
were involved in the removal of N and C compounds when the HRT and 
OML rate were reduced from 6 to 4 h and from 100 to 75 mg L− 1, 
respectively. Despite these changes in the granule microbiome, the 
performance of the system remained stable during the experimental 

period, thus showing the plasticity of the prokaryotic microbiome to 
adapt to different operational conditions. 

We detected a diverse group of prokaryotic genera that were linked 
to removal of NO3

− and organic compounds thus showing an AGS system 
treating nitrate-polluted groundwater can hold taxa with the same or 
similar functions (that is functional redundancy; [44]) (Fig. 6). Among 
these genera, Aeromonas, Acinetobacter, Brevundimonas, Dechloromonas, 
Prosthecobacter, and Thauera are important denitrifiers in AGS systems 
[45–48]. Changes in the relative abundance of other bacterial genera 
such as Pedobacter, Fluviicola, Thauera, and Xanthobacter have been 
previously linked to the degradation of organic compounds in AGS 
systems [9,28,49]. 

We found the genera Zooglea, Flectobacillus, and Paludibacter were 
related to changes in granule size (Fig. 6). The floc-forming bacteria 
Zooglea is key for activated sludge floc formation in AGS systems 
[50,51]. Filamentous bacteria such as Flectobacillus have also been 
previously detected in AGS systems and associated with granule for-
mation [52]. Members of Paludibacter are facultative anaerobes or an-
aerobes that may play important roles in aerobic granulation process in 
AGS systems [53,54]. 

4. Conclusions 

This study has important practical implications as it shows aerobic 
granular sludge technology can be successfully implemented to treat 
nitrate-polluted groundwater in a rural village of south Spain to produce 
water of drinking quality. We found the AGS plant was successful at 
removing nitrate with a minimal input of organic matter, thus showing 

Fig. 6. RDA triplots relating differentially abundant prokaryotic taxa identified by DESeq2 analysis (Fig. 5) and physicochemical parameters of the system. COD 
removal %; BOD5 removal %; NO3

− removal; MLSS; mixed liquor suspended solids; Granules size; mean size of the granules; and Setting velocity; setting velocity of 
the granules. 
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this technology can achieve not only optimal biological nitrate removal 
but also at a minimal cost. We also found the hydraulic retention times 
and organic matter loading rate can be used to improve the performance 
of the system to remove nitrate thus illustrating how AGS technology 
can be optimized to remove varying concentrations of nitrate present in 
the groundwater. The abundance of denitrifiers remained stable in these 
AGS systems fed with nitrate-contaminated groundwater indicating that 
microbes with the ability to remove nitrate can adapt to contrasting 
hydraulic retention times and organic matter loading rates. While there 
were changes in the composition of the prokaryotic microbiome, these 
were related to variations in nitrate and organic matter removal and 
again illustrated the ability of the prokaryotic microbiome to adapt to 
different operational conditions. Microbes are the key drivers of nitrate 
removal in AGS systems fed with nitrate-contaminated groundwater, as 
specific prokaryotic taxa in the granular microbiome were related to 
nitrate and organic matter removal. Future studies should examine the 
scale-up of AGS technology so they can be implemented not only in rural 
villages but larger municipalities by increasing the size and/or the 
number of the bioreactors. In addition, it should be explored whether 
other type of AGS systems (e.g., continuous-flow) could improve treat-
ment performance of groundwater contaminated with nitrate. 
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[3] L. De Stefano, J.M. Fornés, J.A. López-Geta, F. Villarroya, Groundwater use in 
Spain: an overview in light of the EU water framework directive, Int. J. Water 
Resour. Dev. 31 (2015) 640–656, https://doi.org/10.1080/ 
07900627.2014.938260. 

[4] T. Sheikhy Narany, A. Sefie, A.Z. Aris, The long-term impacts of anthropogenic and 
natural processes on groundwater deterioration in a multilayered aquifer, Sci. Total 
Environ. 630 (2018) 931–942, https://doi.org/10.1016/j.scitotenv.2018.02.190. 

[5] S. Gao, C. Li, C. Jia, H. Zhang, Q. Guan, X. Wu, J. Wang, M. Lv, Health risk 
assessment of groundwater nitrate contamination: a case study of a typical karst 
hydrogeological unit in East China, Environ. Sci. Pollut. Res. 27 (2020) 9274–9287, 
https://doi.org/10.1007/s11356-019-07075-w. 

[6] G. Qian, L. Ye, L. Li, X. Hu, B. Jiang, X. Zhao, Influence of electric field and iron on 
the denitrification process from nitrogen-rich wastewater in a periodic reversal bio- 
electrocoagulation system, Bioresour. Technol. 258 (2018) 177–186, https://doi. 
org/10.1016/j.biortech.2018.02.112. 

[7] M. Zamparas, M. Drosos, Y. Deligiannakis, I. Zacharias, Eutrophication control 
using a novel bentonite humic-acid composite material BephosTM, J. Environ. 
Chem. Eng. 3 (2015) 3030–3036, https://doi.org/10.1016/j.jece.2014.12.013. 

[8] M.N. Almasri, J.J. Kaluarachchi, Assessment and management of long-term nitrate 
pollution of ground water in agriculture-dominated watersheds, J. Hydrol. 295 
(2004) 225–245, https://doi.org/10.1016/j.jhydrol.2004.03.013. 

[9] Q. Wang, C. Feng, Y. Zhao, C. Hao, Denitrification of nitrate contaminated 
groundwater with a fiber-based biofilm reactor, Bioresour. Technol. 100 (2009) 
2223–2227, https://doi.org/10.1016/j.biortech.2008.07.057. 

[10] J. Chen, M. Strous, Denitrification and aerobic respiration, hybrid electron 
transport chains and co-evolution, Biochim. Biophys. Acta Bioenerg. 2013 (1827) 
136–144, https://doi.org/10.1016/j.bbabio.2012.10.002. 

[11] A. Coss, K.P. Cantor, J.S. Reif, C.F. Lynch, M.H. Ward, Pancreatic cancer and 
drinking water and dietary sources of nitrate and nitrite, Am. J. Epidemiol. 159 
(2004) 693–701, https://doi.org/10.1093/aje/kwh081. 

[12] M.H. Ward, R.R. Jones, J.D. Brender, T.M. de Kok, P.J. Weyer, B.T. Nolan, C. 
M. Villanueva, S.G. van Breda, Drinking water nitrate and human health: an 
updated review, Int. J. Environ. Res. Public Health 15 (2018) 1–31, https://doi. 
org/10.3390/ijerph15071557. 

[13] R. Picetti, M. Deeney, S. Pastorino, M.R. Miller, A. Shah, D.A. Leon, A.D. Dangour, 
R. Green, Nitrate and nitrite contamination in drinking water and cancer risk: a 
systematic review with meta-analysis, Environ. Res. 210 (2022), 112988, https:// 
doi.org/10.1016/j.envres.2022.112988. 

[14] Unió Europea, Directiva 91/271/CEE sobre el tratamiento de las aguas residuales 
urbanas, Manual de interpretación y elaboración de informes 133 (1991). https:// 
www.miteco.gob.es/es/agua/publicaciones/03_Manual_Directiva_91_271_C 
EE_tcm30-214069.pdf. 

[15] R. Eljamal, O. Eljamal, I. Maamoun, G. Yilmaz, Y. Sugihara, Enhancing the 
characteristics and reactivity of nZVI: polymers effect and mechanisms, J. Mol. Liq. 
315 (2020), 113714, https://doi.org/10.1016/j.molliq.2020.113714. 

[16] J. Martínez, A. Ortiz, I. Ortiz, State-of-the-art and perspectives of the catalytic and 
electrocatalytic reduction of aqueous nitrates, Appl. Catal. Environ. 207 (2017) 
42–59, https://doi.org/10.1016/j.apcatb.2017.02.016. 

[17] C.C.N. Kunrath, D.C. Patrocínio, M.A. Siqueira Rodrigues, T. Benvenuti, F.D. 
R. Amado, Electrodialysis reversal as an alternative treatment for producing 
drinking water from brackish river water: a case study in the dry season, 
northeastern Brazil, J. Environ. Chem. Eng. 8 (2020), 103719, https://doi.org/ 
10.1016/j.jece.2020.103719. 

[18] L. Wang, A.S.C. Chen, A. Wang, W.E. Condit, Arsenic and Nitrate Removal from 
Drinking Water by Ion Exchange U. S. EPA Demonstration Project at Vale, OR Final 
Performance Evaluation Report, 2011, pp. 1–93. 

[19] A.S. Adeleye, J.R. Conway, K. Garner, Y. Huang, Y. Su, A.A. Keller, Engineered 
nanomaterials for water treatment and remediation: costs, benefits, and 
applicability, Chem. Eng. J. 286 (2016) 640–662, https://doi.org/10.1016/j. 
cej.2015.10.105. 

[20] R. Epsztein, O. Nir, O. Lahav, M. Green, Selective nitrate removal from 
groundwater using a hybrid nanofiltration-reverse osmosis filtration scheme, 
Chem. Eng. J. 279 (2015) 372–378, https://doi.org/10.1016/j.cej.2015.05.010. 

[21] H. Zeng, C. Yin, J. Zhang, D. Li, Start-up of a biofilter in a full-scale groundwater 
treatment plant for iron and manganese removal, Int. J. Environ. Res. Public 
Health 16 (2019), https://doi.org/10.3390/ijerph16050698. 
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B. Rodelas, Linking nitrous oxide emissions to population dynamics of nitrifying 
and denitrifying prokaryotes in four full-scale wastewater treatment plants, 
Chemosphere 200 (2018) 57–66, https://doi.org/10.1016/j. 
chemosphere.2018.02.102. 

[30] APHA, Standard Methods for the Examination of Water and Wastewater, 2012, 
p. 1496. 
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