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A B S T R A C T

High-nitrate wastewaters are known pose substantial risks to human and environmental health, while their
effective treatment remains difficult. The denitrification of saline, high-NO3

− wastewaters was investigated at
the laboratory- and pilot-scale experiment. Complete denitrification was achieved for three different realistic
wastewaters, and the maximum influent [NO3

−]0 and salinity were as high as 20,500 mg/L and 7.8%, re-
spectively. The results of microbial community structure analyses revealed that the sequences of denitrifying
functional bacteria accounted for 96.2% of all sequences, and the functional genes for denitrification in bacteria
were enriched with elevated salinity and [NO3

−]0. A significant difference was observed in the dominant
bacterial genus between synthetic and realistic wastewaters. Thauera and Halomonas species evolved to be the
most common dominant genera contributing to the processes of nitrate, nitrite, and nitrous oxide reductase. This
study is practically valuable for the treatment of realistic, saline, high-NO3

− wastewaters via denitrification by
heterotrophic bacteria.
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1. Introduction

Wastewaters with high nitrate (NO3
−) concentrations are re-

cognized as important pollutants in aqueous environments worldwide
(Beutel et al., 2016). The excess NO3

− in lakes and reservoirs has the
potential to disrupt ecosystems, and cause eutrophication and algal
bloom. Long-term exposure to drinking water with NO3

− concentra-
tions > 10 mg/L also increases the risk of methemoglobinemia in
humans (Tian et al., 2020), and the intake of even higher NO3

− levels
may result in mutagenicity, teratogenicity, and birth defects (Camargo
and Alonso, 2006). Meanwhile, the rapid expansion of different in-
dustries (e.g., explosives, fertilizer, metal finishing, nuclear, and printed
circuit board (PCB)), has produced wastewaters with extremely high
NO3

− concentrations, potentially contributing to the discharge of large
volumes of NO3

− into aqueous environments. For example, NO3
−

concentrations in the effluents of the explosives and fertilizer industries
have been reported to be up to 1000 mg/L (Watanabe et al., 2001); in
the nuclear industry, metal-cleaning processes may produce waste-
waters with NO3

− concentrations as high as 40,000 mg/L (Nair et al.,
2007). In addition to NO3

−, other inorganic ions, such as chloride,
sodium, sulfate, and ammonium, may coexist in these wastewaters at
high concentrations, thereby increasing the salinity (Yoshie et al.,
2006). The treatment of high-salinity wastewaters with extremely high
NO3

− concentrations is difficult and remains a major concern for the
sustainable development of the aforementioned industries.

Microbial denitrification is widely considered to be more efficient
and cost-effective than physicochemical methods (e.g. reverse osmosis,
ion exchange, electrodialysis, chemical denitrification, and adsorption)
(Mohsenipour et al., 2014), with respect to the treatment of high-NO3

−

wastewaters. Microbial denitrification generally includes both auto-
trophic and heterotrophic denitrifying organisms (Albina et al., 2019).
Denitrification by heterotrophs has shown higher levels of efficiency,
while requiring lower hydraulic retention times (HRTs); therefore, it is
more suitable for treating industrial wastewaters with high NO3

−

concentrations. Denitrification is achieved by heterotrophic bacteria,
with organic matter (OM) serving as the electron donor and NO3

− as
the electron acceptor; the reduction of NO3

− to nitrogen gas via bio-
logical respiration includes four steps of catalyzation by: (1) nitrate
reductase (Nar), (2) nitrite reductase (Nir), (3) nitric oxide reductase
(Nor), and (4) nitrous oxide reductase (Nos) (Cavigelli and Robertson,
2000).

The denitrification performance of heterotrophic bacteria has been
reported to be highly dependent on differences in salinity, nitrate
concentrations, and pH (Albina et al., 2019). In the treatment of high-
NO3

− wastewater at an initial NO3
− concentration ([NO3

−]0) of
62,000 mg/L, removal efficiencies as high as 99.9% have been reported
when expanded granular sludge bed (EGSB) reactors have been used
(Liao et al., 2013). At the maximum salinity of 11% and
[NO3

−]0 = 26,571 mg/L, EGSB reactors have shown a high deni-
trification efficiency of 78%; however, the accumulation of nitrite
(NO2

−) has unfortunately been as high as 7744 mg/L (Liao et al.,
2016).

Extremely high salinities have been reported to be detrimental to
microbial activity due to both osmotic and oxidative stresses, as well as
ionic toxicity (Bassin et al., 2012), with osmotic stress being able to
affect a variety of biochemical reactions (Zhao et al., 2013). The in-
hibitory mechanism of denitrification by high osmotic stress is the de-
crease in dehydrogenase activity due to salting out (Bassin et al., 2012),
which can disrupt the electron transfer chain of microorganisms.
Moreover, denitrifying enzymes, such as nitrate and nitrite reductase,
all occur in the periplasm (Zumft, 1997), and high concentrations of
Na+ in the periplasm may adversely affect the activities of these en-
zymes. However, Mariángel et al. (2008) reported the positive effects of
increasing NaCl− concentrations from 0.05% to 10% on denitrification
performance. Yoshie et al. (2006) compared the denitrification perfor-
mance of bacterial strains isolated from denitrification reactors at

salinities of 10% and 2%, and reported that the denitrifiers at 10%
salinity exhibited much higher denitrification efficiencies than those at
2% salinity because of the predominance of halophilic species, as in-
dicated by phylogenetic analysis. Additionally, pH has an influence on
denitrification; the optimal pH for denitrification has been reported to
range from 7.5 to 9.5. At pH < 5.5, the accumulation of NO2

− and
N2O occur due to the competition of electrons among different re-
ductases, while at pH > 8.5, the accumulation of NO2

− is weak and
electrons are transferred simultaneously to all reductases (Thomsen
et al., 1994). However, synthetic high-NO3

− waters have been used in
most studies (Jafari et al., 2015; Miao et al., 2015b; Krishna Mohan
et al., 2016), and few have been focused on the treatment of realistic
wastewaters with extremely high NO3

− concentrations.
Microbial communities involved in the treatment of realistic in-

dustrial wastewaters are expected to vary frequently due to differences
in the water matrix, the variation and transformation of which must be
well-defined to optimize denitrification. However, in most previous
studies, only the microbial community structures involved in the
treatment of synthetic wastewaters have been analyzed. The reported
denitrifiers have included some halophilic and hyper-thermophilic
Archaea, and the mitochondria of certain Fungi (Throbäck et al., 2004).
Meanwhile, there remains a lack of essential information on the char-
acter and evolution of microbial community structures driven by rea-
listic, saline, high-NO3

− wastewaters. On the basis of these considera-
tions, we used laboratory- and pilot-scale experiments to carefully
evaluate the feasibility of denitrification by heterotrophic bacteria for
the treatment of realistic, saline, high-NO3

− wastewaters.
A laboratory-scale EGSB reactor was used to cultivate denitrifying

microorganisms with high salinity tolerances, and the variations of the
microbial community and functional metabolic properties at different
salinity levels were characterized using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) v1.1.4
(Langille et al., 2013). Furthermore, the evolution of the functional
denitrifiers involved in the treatment of realistic wastewaters was ex-
plored using pilot EGSB reactors. This study provides new insights into
the denitrification performance of heterotrophic bacteria in realistic,
saline, high-NO3

− wastewaters, and advances the understanding of
strategies that may be employed to optimize wastewater treatment.

2. Materials and methods

2.1. Configuration and operation of laboratory- and pilot-scale EGSB
reactors

2.1.1. Design and operation of the laboratory-scale EGSB reactor
The laboratory-scale EGSB reactor had an inner diameter of 60 mm

and was 110 cm in height, with a working volume of 2.0 L. One peri-
staltic pump was installed to pump the synthetic influent and another
was used to allow for internal recycling. The EGSB reactor was operated
for 71 days at 38 ± 1 °C by a water bath at an HRT of 22 h. Generally,
the salinity increased in a stepwise fashion, with the gradual elevation
of [NO3

−]0 from 2000 to 16,000 mg/L; this strategy was used to
minimize the adverse influence of salts on reactor performance, while
increasing the salinity of influents (Wang et al., 2017b).

Seed sludge was collected from the anoxic zone of an activated
sludge tank in a wastewater treatment plant for the disposal of ha-
zardous liquid wastes and evaporation condensates in Huizhou City,
Guangdong Province, China. The stock solutions of sodium nitrate
(NaNO3) and sodium acetate (NaAc) were continuously supplemented
as the sole sources of NO3

− and carbon, respectively. Meanwhile, the
influent salinity was provided by NaCl and gradually increased from
0.6% to 1.2, 2.4, 3.6, and 4.8%. Simultaneously, the [NO3

−]0 increased
from 2000 to 4000, 6000, 8000, and 10,000 mg/L in a stepwise
manner. The ratios of chemical oxygen demand (COD) to NO3

− (COD/
NO3

−) were carefully controlled to be above 0.8 – higher than the
theoretical value – to achieve complete denitrification (Glass and
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Silverstein, 1998; Jafari et al., 2015).
Feed wastewater was prepared with distilled water and synthetic

wastewater (g/L), which consisted of 1.0 K2HPO4, 0.1 MgSO4, and 0.1
NH4Cl. A stock solution of trace elements was pumped into the influents
at a volumetric ratio of 1 mL/L, the concentrations of which were as
follows: 50 mg/L ethylenediaminetetraacetic acid (EDTA), 20 mg/L
H3BO4, 2.2 mg/L ZnSO4, 21 mg/L (NH4)6MO7O2·4H2O, 36 mg/L
NiCl2·6H2O, 10.2 mg/L CuSO4·5H2O, 50 mg/L CoCl2·6H2O, 5000 mg/L
MnCl2·4H2O, 3000 mg/L FeSO4·7H2O, and 5500 mg/L CaCl2. The initial
pH values of the influents were 7.5 ± 0.2, which were further adjusted
by 1.0 M HCl/NaOH to maintain effluent pH values of< 9.0.

2.1.2. Design and operation of the pilot-scale EGSB reactor
The pilot-scale EGSB reactor was a cylinder with a diameter of

20 cm, height of 2100 cm, and an effective working volume of 50 L. The
seeding (inoculation) sludge was collected in the same manner as that
for the laboratory-scale experiments. Three realistic, saline, high-NO3

−

wastewaters were respectively collected from a picking factory (PF),
copper-plating factory (CF), and tin-plating factory (TF). These waste-
waters were pretreated to remove heavy metals; their main character-
istics are summarized in Table 1. To begin pilot-scale EGSB experi-
ments, the synthetic wastewater (SW) prepared through the
aforementioned procedures was used. After successful startup, the three
pretreated, realistic wastewaters from the PF, CF, and TF were con-
tinuously fed into the EGSB reactor, and samples were collected to in-
vestigate the evolution of the bacterial community driven by the in-
troduction of realistic wastewaters.

The main operational parameters, HRT, temperature, and pH, were
the same as those in laboratory-scale experiments, and NaAc was also
dosed into influents to achieve an COD/NO3

− > 0.8. Long-term pilot
experiments were divided into four stages as follows:

• Stage I (Day 1–30): During this stage, the feeding sludge acclimated
to the hypersaline and high-NO3

− SW (i.e., the elevations of
[NO3

−]0 from 2315 to 13,500 mg/L and salinity from 1.0% to
5.0%);

• Stage II (Day 31–79): In this stage, the feeding sludge acclimated to
the pretreated PF wastewater; [NO3

−]0 ranged from 4142 to
30,400 mg/L and salinity ranged from 3.0% to 7.8%;

• Stage III (Day 80–108): During this stage, the feeding sludge accli-
mated to the pretreated CF wastewater; [NO3

−]0 and salinity ranged
from 7000–21,700 mg/L and from 3.4% to 6.3%, respectively;

• Stage IV (Day 109–133): In this stage, the feeding sludge acclimated
to the pretreated TF wastewater, and the [NO3

−]0 and salinity
ranged from 10,400–19,700 mg/L and 2.7%–4.5%, respectively.

To obtain the influents at different [NO3
−]0 and salinity values,

municipal (a.k.a., tap) water was used to dilute the pretreated realistic
wastewaters of PF, CF, and TF.

2.2. Chemical analysis

The EGSB reactor performance was evaluated by monitoring the
(COD), salinity (total dissolved solids, TDS), mixed liquid suspended
solids (MLSS), NO3

−, and NO2
− according to standard methods (APHA,

2005). While analyzing NO3
− concentrations, the samples were pre-

treated using a Dionex OnGuard II RP resin column (Thermo Fischer
Scientific, USA) to minimize interference in NO3

− analyses as much as
possible. Solution pH was measured using an ORION 3-Star indicator
(Thermo Fisher Scientific, USA), and the oxidation–reduction potential
(ORP) was determined by a Sension2 Portable Multi-Parameter Water
Quality Monitor (Hach Co., USA).

2.3. DNA extraction, PCR amplification, and high-throughput sequencing

High-throughput sequencing technology was used to evaluate the
bacterial diversity and abundance in sludge samples collected from
laboratory- and pilot-scale ESGR reactors. In laboratory-scale

Table 1
Characteristics of pretreated wastewaters of PF, CF, and TF.

Wastewater pH COD
(mg/L)

NO3
−

(mg/L)
Salinity
(%)

Cu2+

(mg/L)
Ni2+

(mg/L)

Picking factory (PF) 7.5–8.5 500–3000 10,000–30,000 3.5–8.0 0.1–0.8 0.5–1.2
Copper-plating factory (CF) 7.5–8.5 500–3000 10,000–22,000 3.5–5.5 0.3–3.4 0.1–5.6
Tin-plating factory (TF) 7.5–8.5 500–3000 10,000–20,000 3.5–4.5 0.1–3.5 2.2–8.9

Table 2
Primers and reaction protocols of PCR.

Target gene Primer Sequence (5′-3′) PCR program References

16S V3-V4 338-F ACTCCTACGGRAGGCAGCAG 95 °C × 30 s; 95 °C × 10 s;55 °C × 30 s (40 cycles) (Fu et al., 2016)
806-R GGACTACHVGGGTWTCTAAT

Archaea Arch519-F CAGCCGCCGCGGTAA 95 °C × 30 s; 95 °C × 5 s; 60 °C × 30 s (40 cycles) (Khanh et al., 2011)
Arch915-R GTGCTCCCCCGCCAATTCCT

narG narG1960 TAYGTSGGSCARGARAA 95 °C × 30 s; 95 °C × 10 s; 55 °C × 30 s (40 cycles) (Yang et al., 2018)
narG2650 TTYTCRTACCABGTBGC

nirK F1aCu ATCATGGTSCTGCCGCG 95 °C × 30 s; 95 °C × 5 s; 60 °C × 30 s (40 cycles) (Yang et al., 2018)
R3Cu GCCTCGATCAGRTTGTGGTT

nirS cd3a-F GTSAACGTSAAGGARACSGG 95 °C × 30 s; 95 °C × 10 s; 55 °C × 30 s (40 cycles) (Jiang et al., 2019)
R3cd GASTTCGGRTGSGTCTTGA

nosZ nosZ-F CGYTGTTCMTCGACAGCCAG 95 °C × 30 s; 95 °C × 10 s; 60 °C × 30 s (40 cycles) (Jiang et al., 2019)
nosZ-R CGSACCTTSTTGCCSTYGCG

Table 3
Continuous operational parameters of the lab-scale EGSB reactor.

Influent
[NO3

−]0 (mg/L)
Influent
[COD]0 (mg/L)

Duration
(days)

Salinity (%) NLR or OLR
(kg/m3·d)

2000 2000 Day 1–10 0.6 2.2
4000 4000 Day 11–20 1.2 4.4
6000 6000 Day 21–30 1.8 6.5
8000 8000 Day 31–40 2.4 8.7
10,000 10,000 Day 41–47 3.0 10.9
12,000 12,000 Day 48–57 3.6 13.1
14,000 14,000 Day 58–63 4.2 15.3
16,000 16,000 Day 64–71 4.8 17.5
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experiments, a total of five sludge samples were collected from the
bottom of the EGSB reactor at the end of each stage, and the samples
were labeled: L10 (Day 10), L20 (Day 20), L40 (Day 40), L57 (Day 57),
and L71 (Day 71), respectively. In pilot-scale experiments, a total of
fifteen sludge samples were collected from the bottom of the EGSB
reactor during the four stages, and the samples were labeled as: SW1
(Day 1), SW10 (Day 10), SW20 (Day 20), SW30 (Day 30), PF36 (Day
36), PF50 (Day 50), PF60 (Day 60), PF79 (Day 79), CF84 (Day 84),
CF93 (Day 93), CF100 (Day 100), CF108 (Day 108), TF115 (Day 115),
TF123 (Day 123), and TF133 (Day 133). Each sludge sample (5.0 mL)
was centrifuged three times at 3500 rpm for 10 min, and the total
genomic deoxyribonucleic acid (DNA) of each condensed sludge sample
was extracted with a Power Soil TM DNA Isolation Kit (MO BIO
Laboratories Inc., USA).

The V3–V4 hyper-variable region of bacterial 16S rDNA, the four
functional denitrifying genes (i.e., the nitrate reductase gene (narG),
nitrite reductase genes (nirK and nirS), and nitrous oxide reductase gene
(nosZ)), and the archaeal gene were amplified by polymerase chain
reaction (PCR). The primers and PCR reaction protocols for target genes
are listed in Table 2. Raw sequence analyses were conducted with an
Illumina MiSeq paired-end 300 bp protocol (Illumina Inc., USA) at the
TinyGene Biotechnology Company in Shanghai, China. The raw

sequence data were processed in USEARCH v. 10.0.240, and the
quality-filtered sequences were clustered into operational taxonomic
units (OTUs) according to the 97% sequence similarity by USEARCH
(Edgar, 2010). The community evolution in the different realistic
wastewaters was then analyzed via principal component analysis
(PCA).

2.4. Quantitative, real-time PCR (qPCR)

The quantitative, real-time PCR (qPCR) of 16S rDNA, narG, nirK,
nirS, and nosZ genes in laboratory-scale samples was performed with a
FTC-3000 real-time PCR instrument (Funglyn Biotech Inc., Canada)
using the same primers as during initial PCR. Standard curves were set
by serially diluting the plasmid of a pMD18-T vector with the appro-
priate insert from 107 to 102 target gene copies µl−1 for every primer
set. A standard curve was obtained via the linear regression of threshold
cycle numbers (cT) versus the log copy numbers of targets. Reactions
were performed in a final volume of 25 μL, comprising 12.5 μL of 2×
SYBR Premix ExTap (Takara Bio Inc., Japan), 1.0 μL of 10 μM of PCR-
specific primer F, 1.0 μL of 10 μM PCR-specific primer R, water to bring
the volume to 20 μL, and 5 μL of template DNA. Amplifications were
performed using a 30-s template denaturation step at 95 °C, followed by

Fig. 1. EGSB reactor performance of (a) NO3
− removal and (b) COD removal during the 71-days of laboratory-scale experiments.
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40 cycles at 95 °C for 10 s in each cycle, annealing at 55 °C for 35 s, and
extension at 72 °C for 30 s. Fluorescence was automatically measured
during the PCR process and the Pearson’s correlation coefficients (R2) of
all of the standard curves exceeded 0.999.

2.5. Predicted functional profiles from 16S rDNA data

We used PICRUSt v1.1.4 (Langille et al., 2013) to predict meta-
genomes based on 16S rDNA data. The samples collected from la-
boratory-scale experiments were normalized by PICRUSt, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) was used to predict the
denitrifying pathway(s) of heterotrophic bacteria driven by hypersaline
and high-NO3

− influents (Ge et al., 2018).

3. Results and discussion

3.1. Tolerance and response of denitrifiers under elevated salinity and
NO3

− conditions

3.1.1. Effect of salinity and NO3
− concentrations on denitrifying

performance
During the initiation of laboratory-scale experiments (i.e., Day

1–71), the influent salinity (as NaCl) and NO3
− concentrations in-

creased from 0.6% to 4.8% and from 2000 mg/L and 16,000 mg/L,
respectively. The EGSB reactor performance, as expressed by the NO3

−

loading rate (NLR) and organic loading rate (OLR), is illustrated in
Table 3, and the concentrations of NO3

−, NO2
−, and COD in the in-

fluents and effluents are shown in Fig. 1. The EGSB reactor achieved
near-complete denitrification with the influent [NO3

−]0 and salinity
increasing to 12,000 mg/L and 3.6%, respectively. The effluent NO3

−

and NO2
− were determined to be 13.3 mg/L and < 0.02 mg/L, and

the average removal efficiencies of NO3
− and COD were observed to be

99.8% and 90.1%, respectively. With the influent [NO3
−]0 and salinity

increasing to 16,000 mg/L and 4.8% on Day 71, the effluent [NO3
−]0

and COD rapidly increased to 670 mg/L and 2420 mg/L, and the ef-
fluent [NO2

−]0 slightly increased from 0.5 to 3.5 mg/L. The removal
efficiencies of NO3

− and COD were found to be 95.8% and 85.0%,
respectively, owing to the tolerance of the denitrifiers, and the max-
imum NLR was as high as 17.5 kg/m3 d.

Jafari et al. (2015) investigated the denitrification performance of a
cyclic rotating-bed biological reactor (CRBR), and found that the re-
moval efficiency decreased from 99% to 80% with [NO3

−]0 increasing
from 1250 to 1750 mg/L, with a maximum NLR of 4.2 kg/m3 d. This
may be attributed to the higher density of the acclimated biomass of
12,000 mg SS/L in the EGSB than that of 3750 mg SS/L in the CRBR
reactor. Additionally, in cases of sufficient carbon sources (i.e., COD/
NO3

− > 1), the inhibitory effect of high salinity, as provided by NaCl,
on Nar activity has been reported to be exceed that on Nir activity (Zhao
et al., 2013), which may supported by the accumulation of NO3

− rather
than NO2

− by Day 71.

3.1.2. Bacterial community variation with elevated salinity and [NO3
−]0

The microbial community structures exposed to elevated influent
salinity and [NO3

−]0 were analyzed and the results are shown in Fig. 2.
After sequencing, the effective reads of archaea, denitrifying functional
bacteria, and total bacteria were determined to be 2308, 39,056, and
44,912 on Day 10. With the stepwise increase of salinity and [NO3

−]0,
the effective reads of archaea decreased to 154, while those of deni-
trifying functional bacteria and total bacteria increased to 47,185 and
49,061, respectively, by Day 71 (Fig. 2a). Yi et al. (2016) previously
reported that methanogenic archaeal sequences nearly disappeared
with denitrification, and the complete inhibition of methanogenesis at
COD/NO3

− ratios below 2 was proposed. In this study, at elevated
[NO3

−]0 and salinity levels of 16,000 mg/L and 4.8%, the sequences of
denitrifying functional bacteria and total bacteria had accumulated to
47,185 and 49,061, with the sequences of the former occupying as
much as 96.2% of all bacterial sequences. This indicates that deni-
trifying functional bacteria had acclimatized to the dominant bacteria
under hypersaline and high-nitrate conditions. Therefore, these bac-
teria were inferred to contribute the most to the removal of NO3

− and
the lowering of the COD.

The qPCR method was used to measure the enrichment of 16S rDNA
and the denitrifying functional genes of narG, nirK, nirS, and nosZ under
hypersaline and high-nitrate conditions. As shown in Fig. 2b, the copies
of all of these genes increased stably over time until Day 57, at which
point the [NO3

−]0 was 12,000 mg/L and the salinity was 3.6%. Com-
paratively, the increases in the number of copies of the total bacterial
16S rDNA, nirS, and nosZ were nearly one order of magnitude higher
than those of other genes. These genes were inferred to play important
roles in minimizing the accumulation of NO2

− and nitrous oxide.

Fig. 2. (a) Effective reads of archaea, denitrifying functional bacteria, and total
bacteria. (b) Copy numbers of narG, nirK, nirS, nosZ, and total bacteria 16S
rDNA genes in laboratory-scale experiments.

Table 4
Microbial richness and diversity estimators of the collected sludge samples.

Sludge sample OTU (unique) numbers ACE Chao1 Shannon Simpson

L10 142 (2) 147 146 2.81 0.12
L20 144 (0) 153 165 2.82 0.15
L40 157 (0) 167 165 3.24 0.09
L57 126 (0) 144 157 1.80 0.30
L71 135 (0) 142 140 2.52 0.24
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Additionally, the numbers of nirS copies was nearly two orders of
magnitude higher than that of nirK, indicating a higher tolerance
among the bacteria with the nirS gene for high salinity than those with
the nirK gene; this finding was in accordance with previous reports
(Zhai et al., 2018).

The dynamic evolution of microbial community-based 16S rDNA
was evaluated, and the OTUs, Chao1, and Shannon diversity indices of
microbial communities were calculated at the level of 97% to quanti-
tatively compare the taxonomic richness and changes in diversity
(Table 4). The Chao1 richness values increased from 146 to 165 and the
Shannon diversity indices increased from 2.81 to 3.24 by Day 40, and
then decreased to 140 and 2.52, respectively by Day 71 due to the
continued elevation of [NO3

−]0 and salinity levels. Simpson diversity
indices increased from 0.09 to 0.24 accordingly. These results indicate
that the species richness initially increased with the consistent elevation

of salinity to as high as 2.4% and then decreased at salinities above
3.6%, owing to the damaging effect of high osmotic stress on deni-
trifiers (Zhao et al., 2013). Moreover, we observed that the species
diversity increased from 126 OTUs in sample L57 to 135 OTUs in
sample L71 via extended domestication with exposure to high-salinity
and [NO3

−]0 wastewaters. Bacteria tended to gradually adapt to the
osmotic pressure, and the rapid growth of the surviving organisms
under osmotic stress may have increased the bacterial activity (Moussa
et al., 2006; Wang et al., 2017b), as the Venn diagrams revealed that
rare OTUs were unique among the different experimental stages and
38% of all OTUs were shared among the samples collected in different
stages.

Microbial abundance and diversity were further analyzed under
hypersaline and high-nitrate stress at the phylum- and genus-levels.
During the experimental period,> 93% of the bacterial reads were

Fig. 3. Variation of bacterial function profiles in sludge samples with different salinities analyzed by PICRUSt: (a) functional categories (b) reads of denitrifying
metabolic enzymes revealed by forecasted functional genes.
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affiliated with the phyla Proteobacteria (68–86%), Bacteroidetes
(4–23%), and Firmicutes (2–11%). The observed predominant phyla
were the same as in previous studies (Wang et al., 2009; Zhai et al.,
2018), and they played critical roles in the denitrification process. With
increases in salinity and [NO3

−]0 on Day 71, the relative abundances of
the phyla Proteobacteria and Bacteroidetes increased to 67.8–69.2%
and 19.2–23.2%, respectively, while that of Firmicutes decreased
slightly to 6.0–4.0%. This indicates that the bacterial community
structure, in terms of the predominant phyla, changes in response to
increased [NO3

−]0 and salinity stresses.
The relative abundances of the dominant 10 genera, Azoarcus,

Halomonas, Arcobacter, Geoalkalibacter, Alkaliflexus, Desulfonatronum,
Pseudomonas, Mesotoga, Thiopseudomonas, and an unclassified genus,
were analyzed. The dominant genera, accounting for more than 70% at
the genus-level, were determined to be Azoarcus, Pseudomonas,
Geoalkalibacter, Arcobacter, Halomonas, and an unclassified genus. With
the elevation of salinity and [NO3

−]0, Pseudomonas and Azoarcus
showed higher relative abundances, while the proportion of
Geoalkalibacter decreased significantly. Except for the unclassified
genus, these genera have been reported in denitrifying systems and
were identified as the main nirS-, nirK- and nosZ-based denitrifiers (An
et al., 2017; Chang et al., 2019; Tan et al., 2016).

3.2. Microbial metabolic function involved in hypersaline denitrification

To gain insight into the molecular functions of bacterial microbiota
involved in the denitrification system, PICRUSTs was used to predict
changes with regard to microbial function by imputing the available
annotated genes within the KEGG. Based on KEGG database, the major
metabolic functions involved in metabolism, the processing of genetic
and environmental information, and cellular processes were illustrated,
as shown in Fig. 3a. Upon exposure to elevated salinity and [NO3

−]0,
amino acid and carbohydrate metabolism were the main metabolic
pathways, with stable relative abundances of 11.6–12.5% and
10.0–11.8%, and these two pathways were important for the microbial
community (Koo et al., 2017). Additionally, the denitrifying sludge
beds were observed to rarely expand under previously employ liquid
up-flow velocities, owing to the higher extent of extracellular polymeric
substances (EPS) in the sludge at elevated salinities (Ou et al., 2018).
Amino acid metabolism strengthened the production of protein (i.e., the
important component of EPS), and this response tended to protect the
cells from external shocks and to buffer adverse effects on cells (Corsino
et al., 2016). Membrane transport was more active than signal trans-
duction in the processing of environmental information, with a relative
abundance of 11.6–13.7% that declined to 12.1% with the elevation of
salinity and [NO3

−]0. Thus, the high abundances of amino acid meta-
bolism and membrane transporters were assumed to be associated with
the higher tolerance of denitrifiers to high-salinity stress.

The denitrifying metabolic enzymes of four sludge samples (i.e.,
L10, L20, L40, and L71) were analyzed to illustrate the evolution of the
bacterial community at a molecular level (Fig. 3b). Based on the KEGG
database, the forecasted functional gene abundances exhibited the de-
nitrifying metabolic enzymes of nitrate reductase (narG, narH, narI,
napA, and napB), nirK, nitric oxide reductase (norB, norC), and nosZ. All
reads of denitrifying metabolic enzymes were observed to increase with
the elevation of salinity and [NO3

−]0 except for nirK. Among these
genes, those related to NO3

− reductase exhibited the highest relative
abundance, while those of nitrite reductase were the least abundant.

3.3. Denitrification performance and variations in microbial community
structure during the treatment of realistic wastewaters

3.3.1. Denitrification performance of realistic, hypersaline, high-NO3
−

wastewaters
The long-term denitrification performance of the pilot-scale EGSB

reactor for three different realistic wastewaters from the PF, CF, and TF,
as expressed by the influent salinity and [NO3

−]0, effluent NO3
−, NO3

−

removal efficiency, pH and ORP, is illustrated in Fig. 4. Generally, the
EGSB reactor exhibited promising performance, with denitrification
efficiencies exceeding 99.5% over the 133-day pilot experiments.
During Stage I (Day 1–30), the concentration of [NO3

−]0 in the SW
increased from 2300 to 13,500 mg/L and the influent salinity increased
from 1.0 to 5.1%. The average NO3

− removal efficiency was found to
be as high as 99.0 ± 1.5%, which was indicative of the successful
initiation of the pilot-scale EGSB reactor.

During Stage II (Day 31–79), the diluted PF wastewater, at an
[NO3

−]0 of 5010 mg/L and salinity of 3.7%, was first introduced for

Fig. 4. EGSB reactor performance of different three realistic wastewater (a)
NO3

− removal; (b) salinity and ORP; and (c) pH during the 133-day pilot-scale
experiment.
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bacterial adaption. Subsequently, [NO3
−]0 was gradually increased to

20,500 mg/L and the influent salinity was increased to 7.8%; a high
NO3

− removal efficiency of 99.7% was observed. Unfortunately, the
NO3

− removal efficiency significantly decreased to 46.3% over the next
three days, while further increasing the [NO3

−]0 and salinity to
30,400 mg/L and 5.8%, respectively. In the case of system collapse,
lower [NO3

−]0 values have been reported to positively recover the
denitrification performance of bioreactors (Chen et al., 2020). To re-
cover the performance of the ESGR reactor, we adjusted the influents by
decreasing [NO3

−]0 to 8830 mg/L and salinity to 4.2% on Day 75, on
which the NO3

− removal efficiency was observed to increase to 87.4%.
Afterward, [NO3

−]0 and influent salinity continued to increase to
19,900 mg/L and 6.7% on Day 79, and the NO3

− removal efficiency as
high as 99.7%.

During Stage III and Stage IV, the pretreated CF and TF wastewaters
were introduced with [NO3

−]0 concentrations ranging from
7000–21,900 mg/L and the salinity ranging from 3.1 to 5.8%; the
average NO3

− removal efficiencies were found to be 98.3 ± 4.5% and
99.7 ± 0.1% for the CF and TF samples, respectively. Fig. 4c shows
that the influent pH rapidly decreased from 7.5 to below 5.0 to avoiding
raising the inner pH of the reactor. As a net 0.375 equivalents of acidity
were consumed for every mole of nitrate reduced to nitrogen gas, such
that, in an inadequately buffered system, pH will rise during deni-
trification (Glass and Silverstein, 1998), and the influent pH could be
neutralized by the recycling of the EGSB reactors effluent to reach the
optional pH for denitrification.

During the long-term pilot experiments, the nitrate removal effi-
ciency obviously declined twice; there was a significant decrease in the
NO3

− removal efficiency from 99.9% to 46.3% from Day 71–74 and
then again from 99.6% to 75.6% from Day 83–84. The corresponding

ORP values were determined to be −333 mV, −189 mV, and −84 mV
on Days 69, 70, and 71, and those on Days 82, 83, and 84 were ob-
served to be −457 mV, −274 mV, and −55 mV (Fig. 4b). The ob-
served trends of ORP increasing were well-correlated with the inhibi-
tion of denitrification. It has previously been reported that the
depletion of nitrite and nitrous oxide is related to the switching of ORP
from positive to negative ranges (Weißbach et al., 2018), and ORP may
be used as a practical indicator for monitoring denitrification efficiency
and optimizing EGSB reactor performance.

During long-term experimentation, the influent concentrations of
Cu2+ and Ni2+ ranged from 0.1 to 3.5 mg/L and 0.1–8.9 mg/L, and
there was no evidence that they inhibited the denitrification perfor-
mance. There was also no metals toxicity that could have benefited
from the high EPS production under the hypersaline and high-nitrate
conditions (Sheng et al., 2005). The EPS barriers appeared to function
through sorption of matrix components with heavy metals and re-
tardation of toxin penetration; microorganisms could tolerate 15 mg/L
of Cu2+ and Ni2+ under high-EPS conditions (Wang et al., 2010).

3.3.2. Variation in microbial community structure induced by realistic
wastewaters

The denitrifying functional genes of narG, nirK, nirS, and nosZ were
investigated to determine the evolution of the denitrifying microbial
community structure. In the long-term pilot experiment, a total of fif-
teen samples were collected and their taxonomic compositions were
determined at the phylum level. It was observed that Proteobacteria
was the most dominant bacterial phylum, the relative abundance of
which accounted for 90.0–100% of all denitrifying functional bacteria
in the collected samples.

Principal component analysis was performed on the sequences of

Fig. 5. PCA of bacterial communities from different samples over four stages from the pyrosequencing of denitrifying functional genes (a) narG, (b) nirK, (c) nirS, and
(d) nosZ.
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the collected samples to reveal the differences in the community-based
denitrifying functional genes (Fig. 5). Four groups of denitrifying bac-
terial genes (narG, nirK, nosZ, and nirS) were used to distinguish among
the sludges upon exposure to SW, PF, CF, and TF. Principal components
1 (PC1) and 2 (PC2) explained 30.47% and 23.67% of the community-
based variation in narG, respectively (Fig. 5a). The SW samples were
observed to differ from those of the PF, CF, and TF along PC1, while PF,
CF, and TF samples showed no significant difference except for PF36. As
for the denitrifying community-based nirK (Fig. 5b) and nosZ (Fig. 5d),
the SW samples could also be well-separated from the other three
samples along PC1. Additionally, SW samples were partially separated
from PF samples and were well-separated from CF and TF samples in
terms of community-based nirS (Fig. 5c). These results indicate that the
realistic wastewaters strongly affected the microbial community struc-
ture, possibly due to differences in the water matrices among them. The
organic carbon sources, as electron donors, and other water char-
acteristics have been reported to significantly affect the various meta-
bolic pathways of heterotrophic bacteria (Zhang et al., 2015). In com-
bination with the denitrification performance (Fig. 4a), our results
indicate that the microbial community tended to evolve with and

acclimate to the influent properties, and such high adaptability enabled
the denitrifiers to exhibit high denitrification performances in various
realistic wastewaters.

Genus-based analyses were valuable for further verifying the func-
tional evolution of the denitrifier community following exposure to
different high-NO3

− wastewaters. Fig. 6 illustrates the relative pro-
portions of bacterial genera within the denitrifying communities in
different experimental stages. For the community-based narG (Fig. 6a),
Variovorax, Thauera, and Lelliottia were predominant in comparison to
other genera during Stage I (i.e., synthetic wastewater), with abun-
dances of 37.6–35.9%, 26.4–41.0%, and 25.6–15.7%, respectively. The
abundance of Lelliottia decreased significantly when exposed to realistic
wastewater and eventually could no longer be detected. Comparatively,
Variovorax and Thauera were consistently predominant and their
abundances were even enriched to some extent. Simultaneously, Ha-
lomonas and Acidovorax appeared and became the predominant genera.

For the denitrifying community-based nirK (Fig. 6b), four genera,
Ochrobactrum, Bosea, Pseudomonas, and Mesorhizobium, were the most
predominant species in Stage I, with abundances of 24.4–35.9%,
27.0–27.7%, 16.3–13.6%, and 18.9–12.7%, respectively. However,

Fig. 6. Heatmap analysis on the relative abundances of microbial phyla in sludge samples over four stages based on: (a) narG, (b) nirK, (c) nirS, and (d) nosZ genes.
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Castellaniella accounted for> 95% of the total abundance in the next
three stages with realistic wastewaters as influents. Thauera, Cupria-
vidus, Azoarcus, and an unclassified genus contributed the most to the
denitrifying community-based nirS in Stage I (Fig. 6c), with abundance
of 13.9–15.0%, 25.5–25.6%, 13.7–13.2%, and 44.5–43.8%, respec-
tively. Meanwhile, by changing the influents to realistic wastewaters,
the abundance of Halomonas and Thauera increased until they became
the predominant genera, with abundances of 0–4.8% and 15.0–98.5%.
Thauera and Pseudomonas were the most predominant in the commu-
nity-based nosZ (Fig. 6d) in Stage I, with abundances of 57.7–65.7%
and 27.6–25.8%. In the next three stages, Halomonas became one of the
most dominant genera, with an abundance of 57.7–65.7%.

The heatmap analysis shown in Fig. 6 revealed that significant dif-
ferences existed in the predominant genera between the synthetic and
realistic wastewaters. While the three realistic wastewaters could show
different properties in terms of water quality, their differences in terms
of predominant genera were relatively weak. Thauera and Halomonas
tended to evolve as the predominant genera with regard to nitrate,
nitrite, and nitrous oxide reductase. Thauera, belonging to the family
Rhodocyclaceae, is a typical aerobic and anaerobic denitrifying bac-
terium under saline conditions (Zhang et al., 2019; Yang et al., 2020).
Halomonas and Thauera were also the main functional microorganisms
involved in complete denitrification under different salinities (Miao
et al., 2015a; Zhao et al., 2016; Wang et al., 2017a). Additionally, the
genera Variovorax, Acidovorax, and Castellaniella contributed the most
to nitrate reductase, and Pseudomonas genus played an important role in
nitrous oxide reductase.

4. Conclusions

In this study, we used laboratory- and pilot-scale EGSB reactors to
determine the feasibility of treating realistic, hypersaline, high-NO3

−

wastewaters by microbial denitrification. For realistic wastewaters with
an exceptionally high [NO3

−]0 of 20,500 mg/L and salinity of 7.8%,
complete denitrification was achieved. High-throughput sequencing
revealed that the dominant denitrifying functional bacteria may vary
greatly with long-term exposure to synthetic and realistic wastewaters,
owing to their acclimation to different wastewater properties. Thauera
and Halomonas were the predominant genera contributing to nitrate,
nitrite, and nitrous oxide reductase, suggesting that these taxa may
improve the denitrification of saline, high-NO3

− wastewaters.
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