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Abstract: Pickle wastewater is a highly saline organic effluent that poses a significant ecological
risk. In this study, a sequencing batch biofilm reactor (SBBR) was used to treat such wastewater,
and a denitrification system capable of simultaneously removing high levels of nitrogen and organic
matter was successfully established. Through salinity incremental increase, the system operated
stably, and the removal rates of COD, TN, and NH,*-N could be maintained at about 96%, 93%,
and 99% under the salinity of 3.0%. The effect of salinity on the structure and function of microbial
communities in the reactor was investigated by high-throughput sequencing. The results showed that
increasing salinity could reduce the diversity, change the structure, and reduce the functionality of the
microbial community. Under high-salt conditions (salt content of 3.0%), salt-tolerant microorganisms
such as Actinobacteriota became dominant populations. As salinity increased, NOB (nitrite oxidizing
bacteria) was strongly inhibited, and its abundance decreased rapidly until it disappeared. Partial
nitrification—denitrification (PND) gradually became the main denitrification pathway. In conclusion,
this experiment not only shows that SBBR treatment of pickle wastewater has strong feasibility, but
also provides a theoretical research basis for the engineering treatment of pickle wastewater.
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1. Introduction

With the continuous development of the rural economy, Sichuan pickled vegetables
have emerged as a significant industry, witnessing an annual increase in production.
However, ensuring standard discharge of large quantities of high-salt pickled vegetable
wastewater has become a primary concern for promoting green development within this
sector. The salt content in pickled vegetable wastewater typically ranges from 1% to 15%
(10,000~150,000 mg/L C17). Challenges are posed by its characteristics such as high water
volume, concentrated inorganic salts, substantial organic matter content, and elevated
ammonia nitrogen levels. Discharging this untreated wastewater into the environment can
lead to severe soil and water contamination with detrimental effects on plant germination
and growth, ultimately causing damage to the ecosystem [1].

Biological and physicochemical treatment techniques are two of the most popular
approaches for treating high-salt wastewater [2]. However, physicochemical techniques
have several drawbacks, including long start-up time, high energy input, high investment
costs, show less efficiency to treat hypersaline or highly saline wastewater, and the poten-
tial for secondary pollution [3,4]. In contrast, biological treatment has become the most
important method due to its superior treatment effects, lower investment costs, and greater
environmental friendliness [5,6]. Biological treatment techniques like sequencing batch
reactor (SBR), up-flow anaerobic sludge blanket (UASB) reactor, membrane bioreactor
(MBR), anaerobic membrane bioreactor (AnMBR), constructed wetlands (CWs), etc. have
been used to treat different types of high-salt wastewater [1,7,8]. Some studies indicate
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that microorganisms in bioreactors can experience osmotic shock, leading to dehydration
and even cell lysis and death due to the effect of osmotic pressure when the salinity of the
wastewater is higher than 1% [9]. Consequently, enhancing the tolerance of microorgan-
isms to a high-salt environment is a current research hot-spot in the biological treatment of
high-salt wastewater.

The sequencing batch biofilm reactor (SBBR) is a type of biotreatment technology
that combines the advantages of both activated sludge and biofilm methods. It has the
advantages of small footprint, flexible operation, high biomass concentration, and strong
shock load resistance, and can remove organic matter, nitrogen, phosphorus, and other
substances [10,11]. The SBBR process was improved on the basis of SBR and follows
the SBR process operation. Each operation cycle includes five stages: influent, reaction,
sedimentation, effluent, and idling. Different fixed fillers, fluidized fillers or microporous
membranes were selected according to different water quality, which was superior to the
traditional activated sludge method in terms of microbial environment and activity [12].
SBBR is a promising system for treating high-salt wastewater, which has good resistance to
a high-salt environment [13]. The research showed that the dissolved oxygen gradually
decreases from the surface to the interior of the biofilm, providing a suitable anaerobic
environment for direct denitrification [14].

How to remove nitrogen compounds and organic matter under high-salt conditions
is the technology core for treating high-salt pickled wastewater. Partial nitrification—
denitrification (PND) is a low-cost denitrification technology. The main feature of the
PND process is the enrichment of ammonium oxidation bacteria (AOB) and the suppres-
sion of the activity of nitrite oxidizing bacteria (NOB) [15], which allows the nitrification
process to control the conversion of NH;"-N to NO, ~-N stage and the conversion of NO, -
N to N by denitrification. Compared with conventional nitrification—-denitrification, PND
can shorten the denitrification step from nitrate to nitrite, saving 25% of aeration and 40% of
electron donors [16]. Therefore, this process has the advantages of low operational energy
consumption, short operation time, small footprint, and low residual sludge production.
Currently, there are fewer studies on the treatment efficacy of a single SBBR reactor for
treating high-salt pickle wastewater and its denitrification process.

This study established a denitrification system for organic wastewater of high salinity
based on partial nitrification-denitrification in a single SBBR reactor. During the experimen-
tal process, the performance of the reactor was evaluated through COD removal efficiency
and ammonia nitrogen removal efficiency. At the same time, the impact of salinity on the
microbial diversity in the reactor and the denitrification pathways were analyzed using PCR
technology. The aim of this study is to provide a more convenient and effective method for
the actual treatment of high salinity wastewater from the production of pickled vegetables.

2. Materials and Methods
2.1. Experimental Facility

The experimental facility consisted of a cylindrical SBBR made of organic glass, with
dimensions of 120 x 600 mm (D x H) and a total effective volume of 6 L. The reactor
was filled with polyethylene K1 filler encapsulated by biofilm, and the filling ratio of the
bioreactor was set to 40% (v/v). A small aeration plate was installed at the bottom of the
reactor to mix the liquid. Additionally, the reactor was supplied with dissolved oxygen
by an air pump. The air flow rate was adjusted by using a glass rotameter to control the
dissolved oxygen concentration in the reactor, and carriers in oxic zone were well fluidized.
Heating wire and thermostats were used to control the reactor temperature. Inlet and
outlet water were controlled by peristaltic pumps to adjust the flow rate. The SBBR system
was operated in a sequencing batch mode with the following phases: inlet water, reaction,
settling, drainage, and idle. The SBBR experimental setup schematic is included in the
Supplementary Materials (Figure S1).
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2.2. Inoculated Sludge and Experimental Wastewater

The SBBR system was initially inoculated with activated sludge taken from the aer-
ation tank of a wastewater treatment plant (Hangkonggang wastewater treatment plant,
Shuangliu, Chengdu, China) with a mixed liquor suspended solids (MLSS) of 3500 mg /L.
The experimental wastewater was artificially synthesized to simulate the actual wastewater.
The influent water quality was configured based on the comprehensive wastewater quality
of a pickled vegetable enterprise in Pengzhou, Sichuan Province. The wastewater quality
indexes were as follows: COD 1400~1600 mg/L; NH4*-N 65~85 mg/L; TN 65~85 mg/L;
TP 15~20 mg/L. The carbon source, nitrogen, and phosphorus source in the synthetic
wastewater were provided by anhydrous glucose (C¢H120¢), ammonium chloride (NH4Cl),
and potassium dihydrogen phosphate (KH,POy), respectively. The influent pH was ad-
justed by adding 1 g/L NaHCOj3, and the influent water pH was 7 & 0.5. In addition to
this, 1 mL of nutrient solution was added to each liter of simulated wastewater to provide
trace elements for microbial growth. A nutrient solution ingredient list is provided in the
Supplemental Materials (Table S1).

2.3. Experimental Operation Strategy

The reactor temperature was 25 °C, dissolved oxygen (DO) was 4 + 0.2 mg/L, hy-
draulic retention time (HRT) was 21 h, and the sludge retention time (SRT) was 18~21 d.
The system was operated for a 12.0 h cycle, consisting of 0.2 h influent phase, 11.0 h of
reaction phase, 0.5 h of settling phase, 0.1 h of effluent phase, and 0.2 h of idle phase. The op-
eration of each cycle was fully automatic through the control of a timing switch. During the
experimental stage, which lasted for 53 days, the reactor was in the salt adjustment phase.
The same operational conditions as in the pre-experimental stage were maintained. The
salt concentration of the influent was gradually increased from 0% to 3% in increments of
0.5% (5000 mg/L NaCl) per step. The experiment included seven salinity stages (0%, 0.5%,
1.0%, 1.5%, 2.0%, 2.5%, and 3.0%) as the salinity was raised from 0% to 3.0%. Except for the
0% salinity stage, which ran for 5 days, the running time of the other salinity stages was
8 days. During this phase, COD, TN, NH,*-N, NO3;-N, and NO, " -N were determined
in the influent and effluent to evaluate the treatment performance of the SBBR system.
Additionally, samples were taken at the end of the last cycle of each salt concentration to
investigate the nitrogen transformation pathways at different salt concentrations.

2.4. Analytical Methods

The testing parameters in this study included the concentration of COD, TN, NH;*-N,
NO;3;7-N, and NO;™-N. The concentration of COD was determined by the dichromate
oxidation method HJ 828-2017 [17], using mercuric sulfate as a masking agent to mask
Cl~!. The determination of TN was performed by the alkaline potassium persulfate diges-
tion UV spectrophotometric method [18]. The determination of NH;*-N was conducted
using the Nessler reagent spectrophotometric method [19]. The determination of NO3 ™ -
N was performed by spectrophotometric method with phenol disulfonic acid [20]. The
determination of NO,™-N was conducted using the spectrophotometric method with
1-naphthylethylenediamine dihydrochloride [21]. Some standard curves are provided in
the Supplementary Materials (Figures S2-55).

2.5. Microbial Community Structure Analysis

In order to comprehensively analyze the changes in microbial communities under
different salinity gradients, different salinity levels and four sludge samples were collected:
no salinity (0%), low salinity (1.0%), medium salinity (2.0%), and high salinity (3.0%), and
were subjected to high-throughput sequencing. The genomic DNA was extracted using
the protocol and the DNA concentrations were determined by Majorbio (Shanghai, China).
The sludge samples were stored at —40 °C and sent to Majorbio Bio-Pham Technology
for microbial sequencing after collection. The samples were subjected to DNA extraction
under the conditions of 1% agarose gel electrophoresis, 5 V/cm voltage, and 20 min time.
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An independent PCR amplification of the V4 region of the 16S rRNA gene was performed
using the forward primer 338F (5'-ACTCCTACGGGAGGCAGCA-3') and reverse primer
806R (5'-GGACTACHVGGGTWTCTAAT-3'). PCR consisted of an initial denaturation cycle
of 3 min at 95 °C, followed by 27 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, and extension at 72 °C for 45 s, and a final extension at 72 °C for 10 min. The
products were detected by 2% agarose gel electrophoresis [22].

3. Results and Discussion
3.1. Effect of Salinity Enhancement on System Effluent Quality

The COD removal efficiency of the SBBR system under different salinity conditions
is shown in Figure la. During the first 5 days of reactor operation, the average COD
removal rate at 0% salinity was about 95.5%. With the first increase in salinity, the removal
rate quickly dropped to 85.1%. The sudden increase in salinity could inhibit microbial
activity and reduce the microbial decomposition rate of organic matter [23], leading to a
decrease in the system’s COD removal efficiency. A previous study had demonstrated
that microbial communities were tolerant to salinity with a stepwise increase in salinity
concentration, and an adaptation to elevated salinity enhanced the pollutants removal
efficiency [24]. Luo et al. [25] also showed that domestication at high salinity could lead to
the succession of the salt-tolerant microbial community, resulting in a gradual recovery of
system performance. After four days of adaptation, dominant bacteria gradually appeared,
and the salt tolerance of microorganisms was enhanced. The microbial system inside the
reactor became stable, and the COD removal efficiency gradually increased, reaching 92.7%
on the 13th day. The trend of COD removal rate in the subsequent salinity stages showed
a rapid decline followed by a slow recovery, but the amplitude of the decline became
smaller and the level after recovery gradually increased. The maximum COD removal at
3.0% salinity stage reached 97.22% higher than the maximum COD removal at 0% salinity
(96.46%). This was because during the gradient increase in salinity, the sludge inside the
reactor was acclimated, and the content of salt-tolerant microbial communities increased,
thereby having a good organic matter removal ability under high-salt conditions [26].
Under salinity levels of 0% to 3%, the SBBR system had good organic matter removal
efficiency, and the final COD removal rates reached 95.5%, 92.7%, 94.7%, 94.8%, 93.9%,
94.5%, and 96.0% for salinities of 0%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%, respectively.
Therefore, salinity below 3.0% had little effect on the system’s ability to remove COD,
which was consistent with the results of Daying Chen et al. [8], who found through their
results that organic matter removal was not significantly affected by the high salinity.

The denitrification performance of the SBBR system is shown in Figure 1b,c. In the
initial stage of the experiment, when the salinity was 0%, both the TN removal efficiency
(Figure 1b) and the NH;*-N removal rate (Figure 1c) remained stable at 95.4% and 97.7%,
respectively. At the beginning of the salinity change, the TN removal rate and NH4*-N
removal rate changed rapidly to 83.9% and 90.2%. This change was due to the same reason
as the decrease in the COD removal rate, both because the microorganisms in the sludge had
difficulty adapting to the sudden change in salinity and resulted in the decrease in microbial
activity, and the removal rate showed a sudden decrease. Under the conditions of 1.0~2.0%
salinity, the salinity had no significant influence on denitrification. The TN and NH;"-N
removal rates remained at a high level, indicating that nitrification and denitrification
could be carried out simultaneously in the single-stage reactor [27]. When the salinity
was increased to 2.5% and 3.0%, the TN removal rate decreased rapidly to a minimum of
83.0% and 87.8%, respectively. Then rebounded to 88.2% and 91.7%, respectively, while
the NH;"-N removal rate remained stable. When the salinity was lower than 2.5%, the
NO;™-N in the effluent remained at a low level, with an average concentration of less than
1mg/L and the NO3;™-N concentration was also at a low level. Since the biofilm had anoxic
and aerobic zones, nitrification and denitrification could be carried out simultaneously [28].
Denitrifying bacteria could adapt to the external salinity changes by regulating their own
osmotic pressure under low salinity conditions. After the salinity was increased to 2.5%, the
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NO; ™ -N in the effluent gradually began to accumulate. When the salinity was increased to
3%, the NO, ~-N in the effluent increased to 3.25 mg/L.
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In summary, the system had good denitrification performance, and even if the salinity
was increased to 3.0%. The acclimated microorganisms could overcome the adverse effects
of salt and achieve 93.2% and 99.0% for TN and NH4"-N removal, with only 5.3 mg/L of
TN and less than 1.0 mg/L of NH;*-N in the effluent. Compared with the COD removal
efficiency (Figure 1a), the effect of salinity on denitrification was lower, which was different
from the results of Lu et al. [29]. Throughout the experiment, the system achieved good
treatment performance in the aerobic single-stage reactor.

3.2. Analysis of the Impact of System Cyclic Denitrification Performance

Figure 2 depicts how the nitrogen compounds in the system changed during a reactor
cycle. With the change in salinity, the time required for the NH4*-N concentration in the
reactor to drop to an ultra-low level was 7 h, 7h, 3h, 3 h, 5 h, 6 h, and 8 h, respectively.
When the influent had a salinity of 1~2%, the NH;*-N removal rate was faster. This was
due to low concentrations of inorganic salts playing a promoting role in the growth process
of microorganisms by maintaining membrane balance and regulating osmotic pressure [2],
thereby accelerating the denitrification process in the reactor.
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Figure 2. Periodic nitrogen removal by SBBR under different salinity conditions: (a) TN; (b) NH;*-N;
(¢) NO3;~-N; (d) NO,~-N.

When the influent salinity was 0%, both NO3~-N and NO, ~-N maintained a relatively
low level throughout the entire degradation process. When the salinity of the influent began
to increase, NO3 ~-N gradually appeared to accumulate. The maximum accumulation of
NO3;~-N in each stage was 1.26 mg/L, 2.56 mg/L, 3.95 mg/L, 545 mg/L, 5.17 mg/L,
and 2.62 mg/L, respectively, when the salinity increased from 0.5% to 3% in 6 stages. At
25 °C and 0.5% salinity, the reactor AOB content inside the reactor was greater than NOB,
thus leading to a greater accumulation of NO, ~-N than NO3; ~-N [30]. With the increase
in the reactor operation time, NOB gradually increased and the NO,™-N content in the
effluent was extremely low. When the influent salinity increased to 2.5% and 3%, NO,~-N
began to accumulate gradually, with the maximum accumulation values of 6.61 mg/L and
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4.89 mg/L, respectively. When the effluent NO3; ~-N started to decrease, this indicated that
the denitrification pathway of the system might have been changed. Studies had shown
that after the salinity above 2%, the inhibition of NOB was stronger than that of AOB,
leading to the accumulation of nitrite [31,32]. Therefore, when the salinity was 3%, partial
nitrification—denitrification might have occurred in the system.

3.3. Microbial Community Analysis

The experimental stages were divided into four representative stages: no salinity (S0),
low salinity (51), medium salinity (52), and high salinity (S3). High-throughput sequencing
and community structure analysis were conducted on samples taken from the sludge and
biofilm in the system at each stage.

3.3.1. Microbial Diversity Analysis

The microbial diversity index could also be used to analyze changes in microbial
diversity, as shown in Table 1. The high-throughput sequence numbers for samples S0,
51, S2, and S3 were 327,372, 74,459, 77,792, and 30,825, respectively, with coverages of
0.99964, 0.99589, 0.997185, and 0.99708, respectively. The coverages for all four samples
were close to 1, indicating that the sequencing depth was sufficient. In addition, when
combined with the rarefaction curves (Figure 3a), it could be seen that the three curves for
51,52, and S3 had already flattened out at a sequence count of 10,000, indicating that the
sampling depth also met the analysis requirements, and that the given data were sufficient
to cover all species. As shown in the Venn diagram (Figure 3b), samples S0, S1, S2, and S3
shared only 135 OTUs (operational taxonomic units), and the unique OTUs for each sample
decreased with the increase in salinity. The four samples unique OTUs were 512, 21, 18,
and 2, respectively, indicating that salinity could significantly reduce species diversity, and
S0 had the highest species diversity.

Table 1. Microbial diversity statistics table. (S0, samples with 0% salinity; S1, samples with salinity
below 1.0%; S2, samples with salinity below 2.0%; S3, samples with salinity below 3.0%).

Sample Sobs Sequences Shannon Simpson ACE Chao Coverage
S0 3446 327,372 6.238043 0.005425 3489.067393  3460.145492 0.99964
S1 985 74,459 3.87143 0.062969 1328.840345 1325.620438 0.99589
S2 779 77,792 3.840726 0.063959 1005.733817 1027.65625 0.997185
S3 288 30,825 2.098761 0.396125 395.226902 383.357143 0.99708
(a) Rarefaction curves (b)

Sobs index on OTU level
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Figure 3. OTUs based biodiversity of different samples: (a) rarefaction curves; (b) Venn diagram.
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The richness and diversity of microbial communities were indicated by Sobs, Chao,
ACE, Shannon, and Simpson parameters (Table 1). From Table 1, it could be seen that the
values of the Sobs, Chao, and ACE parameters for samples SO, S1, S2, and S3 decreased
in order, with these three parameters generally representing the species richness of the
samples. A higher index value indicated higher richness, so it is clear that high salinity
reduced species richness. The Shannon and Simpson parameters are commonly used to
characterize species diversity in bacterial communities, with the Shannon index increasing
and the Simpson index decreasing with increasing diversity. It could be observed that
the Simpson index increased with increasing salinity and the Shannon index decreased,
indicating that species diversity was also affected by high salinity, with higher salinity
leading to decreased species diversity and a reduced ability of the system to withstand
impact loads.

In conclusion, high salinity not only reduced the abundance of microbial communities,
but also decreased their diversity, making the ecological environment in the reactor less
stable and the system less able to resist shock loading.

3.3.2. Microbial Structure Analysis at Phylum and Genus Level

From the perspective of species composition at the phylum level, there were signifi-
cant differences in species composition among the four samples, with more than 43 phyla
detected in all samples (Figure 4). Studies have shown that the types of microbial phyla
decrease with increasing salinity due to the effect of salinity on cell osmotic pressure,
indicating that salinity has a significant impact on microbial structure [25,33]. With in-
creasing salinity, the dominant phyla with a relative abundance of over 1% gradually
transitioned from 10 phyla including Proteobacteria (25.88%), Chloroflexi (21.58%), Acti-
nobacteriota (12.89%), Bacteroidota (12.27%), Patescibacteria (7.27%), Planctomycetota
(4.68%), Firmicutes (4.39%), Acidobacteriota (3.21%), Myxococcota (1.78%), and Verrucomi-
crobiota (1.08%) to five phyla including Actinobacteriota (66.29%), Bacteroidota (15.22%),
Proteobacteria (12.29%), Patescibacteria (1.95%), and Planctomycetota (1.52%).

Community barplot analysis
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Figure 4. Microbial population structure on the phylum level.



Water 2024, 16, 1312

9of 16

According to the results, it could be seen that Actinobacteriota, Proteobacteria, Chlo-
roflexi, and Bacteroidota exhibited different salt tolerance, which were generally detected
as the dominant groups of bacteria prevalent in denitrification processes [34,35]. Under
high salinity conditions, Actinobacteriota became the dominant phylum, which was able to
degrade organic matter under aerobic conditions. Although the relative abundance of the
original dominant phylum Proteobacteria had decreased, it still remained at a high level.
Both of these phyla are common in wastewater treatment systems and playe an important
role in pollutant removal [36,37]. With the increase in the salinity, the abundance of Bac-
teroidota increased from 12.27% to 15.22%, indicating good salt tolerance. Bacteroidota are
important denitrifying bacteria that mainly breaks down macromolecular organic matter
and is often detected in anaerobic and anoxic environments [38,39]. Chloroflexi was less
salinity tolerant, as its relative abundance decreased sharply from 21.58% to 0.82% with
increasing salinity. The relative abundance of Planctomycetota, Firmicutes, Acidobacteriota,
and Verrucomicrobiota, all decreased with increasing salinity, which were reported to play
important roles in heterotrophic metabolism [40]. Patescibacteria, which is considered to be
closely related to denitrification in wastewater treatment systems [41], exhibited different
salt tolerance and was suitable for growth in medium and low salinity conditions.

In terms of genus level (Figure 5), unclassified_f_Dermatophilaceae was assigned to
the Dermatophilaceae family, which is a Gram-positive bacterial genus isolated from low-
phosphorus activated sludge [42], with a relative abundance of only 0.027% when no salt
was added. With the increase in salinity, its relative abundance eventually rose to 62.48%, be-
coming the dominant genus. This was similar to the results obtained by Zhao et al. [43] in an
SBR reactor, where the high abundance of this genus might play an important role in system
tolerance to high salinity. Unclassified_Flavobacteriales is commonly found in marine ecosys-
tems [33] and continues to accumulate as salinity increases, becoming the second most
dominant genus in S3. Saccharimonadales (including norank_f_norank_o_Saccharimonadales
and unclassified_o_Saccharimonadales) was one of the main genera responsible for denitrifica-
tion in SO [44]. With the increase in salinity, its relative abundance gradually decreased from
the initial 5.53% to 1.84%, but it still played an important role in denitrification and nitrogen
removal. Meanwhile, the second largest genus detected in S3, Defluviimonas, is a moder-
ately halophilic denitrifying bacterium [45], commonly found in various salt-containing
wastewater treatment systems, with relative abundances of 0.25%, 7.32%, 9.20%, and 3.97%
in the SO to S3 samples, respectively. This indicated that Defluviimonas could better and
more quickly adapt to the high salinity of 3.0% in the system and played an important role
as the denitrifying genus with the highest relative abundance in S3. Generally, Nitrosomonas
and Nitrospira were the most common AOB and NOB [46]. In low-salinity wastewater
treatment systems, the relative abundances of AOB and NOB detected in the SO samples
of this system were 0.19% and 0.44%. However, when the salinity was increased to 3.0%,
the relative abundance of Nitrosomonas rapidly decreased to 0.02% and Nitrospira was no
longer able to be detected, which confirmed the view that salinity was more effective in
inhibiting NOB than AOB. In addition, no other microorganisms with ammonia oxida-
tion function were detected in the S3 sample, indicating that most of the nitrogen in the
system was removed through heterotrophic assimilation rather than ammonia oxidation.
Furthermore, Denitromonas is a typical heterotrophic denitrifying bacterium and a common
dominant genus in systems with high salinity or sulfate concentration [47], playing an
important role in organic matter degradation and denitrification. Moreover, the relative
abundance of the dominant genus Halomonas with function of aerobic denitrification in-
creased from 0.02% to 0.19% with the increase in salinity. The typical halophilic genus
Halomonas has denitrification characteristics and some species in Halomonas has the function
of heterotrophic nitrification—aerobic denitrification [48]. The relative abundance of other
typical heterotrophic denitrifying genera, such as Vitellibacter and Marinicella, also increased
significantly. The relative abundances of other denitrifying genera, such as Dokdonella, Fer-
ruginibacter, Terrimonas, Flavobacterium, Zoogloea, and Thauera, gradually decreased with the
increase in salinity, and most of them could not be detected in S3. The relative abundance
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of bacteria associated with nitrogen removal in the sample at the genus level is shown in

Table 2.

Community barplot analysis

Percent of community abundance on Genus level
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Figure 5. Microbial population structure at the genus level.

Table 2. Relative abundance of bacteria associated with nitrogen removal in the sample at the

genus level.

Name S0 (%) S1 (%) S2 (%) S3 (%)
Nitrosomonas 0.19 0.05 0.06 0.02
Nitrospira 0.44 0.01 0.01 0.00
Defluviimonas 0.25 7.32 9.20 3.97
Thauera 0.56 0.95 0.36 0.01
Zoogloea 0.46 0.00 0.00 0.00
Denitromonas 0.02 1.45 2.25 1.17
Saccharimonadales 4.87 8.77 7.76 1.84
Flavobacterium 0.70 4.70 2.14 0.02
Terrimonas 0.99 0.20 0.05 0.00
Ferruginibacter 0.54 0.00 0.00 0.00
Dokdonella 1.49 0.06 0.07 0.02
Pseudomonas 0.02 0.01 0.01 0.00
Marinicella 0.00 0.00 0.00 0.41
Halomonas 0.02 0.01 0.03 0.19
Phaeodactylibacter 0.13 0.14 0.03 0.00
Defluviicoccus 0.18 4.44 1.11 0.05

3.3.3. FAPROTAX Functional Predictive Analysis

FAPROTAX is a database based on literature-representative cultures that maps bac-
teria or archaea to metabolic or other ecologically relevant functions (such as nitrification
and denitrification). The database contains information on over 4600 species and over
7600 functional predictions and is suitable for functional predictions of biogeochemical
cycling of major elements in environmental samples [49]. The functions of FAPROTAX are
mainly concentrated on biogeochemistry in oceans and lakes, particularly sulfur, nitrogen,
hydrogen, and carbon cycling. Therefore, many studies used FAPROTAX for functional
annotation of bacteria and archaea in various ecosystems, analyzing the potential functions
and mechanisms of microbial communities [50].
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The results of FAPROTAX functional prediction analysis are shown in Figure 6. From
the color changes in the functional prediction map, it was found that salinity could signif-
icantly affect the number of microbial communities, reducing the number of functional
bacterial communities. A total of 63 bacterial functional classifications such as chemo-
heterotrophy, aerobic chemoheterotrophy, animal parasites or symbionts, and nitrate reduc-
tion were involved in bacterial communities of different salinities. The microbial community
functions of the top five in S0, S1, S2, and S3 samples were also counted, as shown in Table 3.
The relative abundance of chemoheterotrophy and aerobic chemoheterotrophy occupied
the top two positions in all four samples, and the relative abundance was above 25% except
for the SO sample where the aerobic chemoheterotrophy was 18.11%. This was the same
as the conclusion obtained in the previous paper, where the increase in the salinity may
change the degradation process of organic matter, but it will not have a significant effect on
the COD removal capacity of the system. In addition, the increase in feedwater salinity also
had a positive effect on COD removal, with the sum of chemo- and anabolic heterotrophy
gradually increasing from 43.99% in S0 to 60.84% in S3. The abundance of nitrate reduction
in the four samples was 2.77%, 10.79%, 9.15%, and 7.29%, respectively, while the abundance
of genes related to nitrate respiration and nitrogen respiration increased from 2.69% and
2.69% in SO with the highest salinity. The abundance of genes related to nitrate respiration
increased from 2.69% in S0 to 10.78% with increasing salinity, and finally stabilized to 6.76%
at 3% salinity, indicating that the microbial N conversion capacity was promoted at less
than 2% and somewhat inhibited at higher than 2%. Furthermore, a decrease in human
pathogens, all from 5.77% to 3.23%, was observed in the context of a significant decrease in
the microbial population of the samples, indicating a decrease in the pathogenicity of the
sludge in the reactor.

Circos

yonts
_ gymbion
- mal pams'\ﬁcs.o‘ L5Y
animal_J

nitrate_reduction

<L

methanol_oxidation

Figure 6. Circos of metabolic phenotypes/functions of bacteria.
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Table 3. Prediction of the main functions and relative abundance.
Sample Functional Groups Relative Abundance (%)
Chemoheterotrophy 25.88
Aerobic chemoheterotrophy 18.11
S0 Animal parasites or symbionts 7.17
Fermentation 6.59
Human pathogens 5.77
Chemoheterotrophy 26.41
Aerobic chemoheterotrophy 24.65
S1 Nitrate reduction 10.79
Nitrogen respiration 10.78
Nitrate respiration 10.78
Chemoheterotrophy 25.27
Aerobic chemoheterotrophy 24.25
S2 Nitrate reduction 9.15
Nitrogen respiration 9.13
Nitrate respiration 9.12
Chemoheterotrophy 30.94
Aerobic chemoheterotrophy 29.90
S3 Nitrate reduction 7.29
Nitrogen respiration 6.76
Nitrate respiration 3.62

In conclusion, the abundance of functional genes involved in organic matter degra-
dation gradually increased with increasing salinity. The abundance of functional genes
involved in nitrogen metabolism first increased and then decreased with increasing feed-
water salinity. This result indicates that the organic matter degrading bacteria in the high
salinity SBBR system were gradually enriched, while the nitrogen metabolizing bacteria
got promoted in salinity below 2% salinity and inhibited vice versa.

3.4. Effects of Salinity on Nitrogen Removal Pathways

With the increase in salinity, the SBBR system might experience temporary fluctuations
in treatment efficiency. But, in general, the salinity increase had a small effect on the
treatment effect of the system. During the whole operation period, the average removal
rates of COD, TN, and NH;"-N were 92.20%, 91.12%, and 97.47%. The system had efficient
nitrification and denitrification. The concentration of NO, " -N in effluent was related
to nitrification and denitrification processes. During the nitrification process, the NOB
(NO,7-N to NO3 ™ -N) grew twice as fast as the AOB (NH4*"-N to NO, -N) [51]. During
denitrification, microorganisms reduced NO, ™-N to gaseous nitrogen compounds at a
higher rate than NO3;™-N [52]. Therefore, the change of effluent NO, ™-N concentration
from low to high with the change of salinity reflected the gradual transformation of the
system nitrogen removal path.

When the salinity was 0%, AOB, NOB, and DNB could be detected in the system,
indicating that traditional nitrification and denitrification were the main nitrogen removal
pathways in the SBBR system. However, as salinity increased, both AOB and NOB growth
were inhibited, with NOB being more strongly affected. At a salinity of 3.0%, the relative
abundance of AOB and DNB decreased but remained detectable; however, due to inhibition,
the relative abundance of NOB decreased to zero. Consequently, at this point, there was
a shift from traditional nitrification and denitrification to short-range nitrification and
denitrification for nitrogen removal in the system. The change in the nitrogen removal
pathway of the system is shown in Figure 7.
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Figure 7. Nitrogen removal path change diagram.

4. Conclusions

In this study, the effect of salinity enhancement on SBBR treatment of high-salt pickle
wastewater was analyzed by upgrading the salt concentration in the wastewater in a
gradient. The main conclusions of this paper are as follows:

(1) Through acclimation to salinity, stable operation of the SBBR system was achieved
at a salinity level of 3.0%, with removal efficiencies for COD, TN, and NH,*-N reaching
approximately 96%, 93%, and 99%, respectively. Although high salinity can impact reactor
performance, it can be mitigated through acclimation, with a greater influence observed on
COD removal compared to denitrification efficiency.

(2) Salinity exerts a significant impact on microbial diversity, system functionality, and
system stability. As salinity increases (from 0% to 3.0%), the microbial diversity of SBBR
experiences a notable decrease, accompanied by alterations in the microbial community
structure within the system. It is evident that increasing salinity strongly inhibits NOB
while gradually promoting PND as the primary denitrification pathway.

(3) Salinity plays a crucial role in shaping microbial functions, whereby an increase
in salinity leads to gradual enrichment of functional genes associated with organic matter
degradation. Conversely, there exists an initial increase followed by subsequent decline in
functional genes related to nitrogen metabolism when feedwater salinity rises. The high
salinity SBBR system demonstrates progressive enrichment of organic matter-degrading
bacteria, whereas nitrogen metabolizing bacteria are promoted at salinities below 2% but
are inhibited beyond this threshold.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16091312/s1, Figure S1: Experiment equipment; Figure S2:
Standard curve for TN; Figure S3: Standard curve for NH4*-N; Figure S4: Standard curve for
NO;™-N; Figure S5: Standard curve for NO3 ™-N; Table S1: Trace element nutrient solution.
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