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Abstract: Mustard tuber wastewater (MTW) is an ultra-hypersaline high-strength acid organic
wastewater. Aerobic granular sludge (AGS) has been demonstrated to have high tolerance to high
organic loading rate (OLR), high salinity, and broad pH ranges. However, most studies were
conducted under single stress, and the performance of AGS under multiple stresses (high salinity,
high OLR, and low pH) was still unclear. Herein, mature AGS was used to try to treat the real
MTW at 9% salinity, pH of 4.1–6.7, and OLR of 1.8–7.2 kg COD/m3·d. The OLR was increased, and
the results showed that the upper OLR boundary of AGS was 5.4 kg COD/m3·d (pH of 4.2) with
relatively compact structure and high removal of TOC (~93.1%), NH4

+-N (~88.2%), and TP (~50.6%).
Under 7.2 kg COD/m3·d (pH of 4.1), most of the AGS was fragmented, primarily due to the multiple
stresses. 16S rRNA sequencing indicated that Halomonas dominated the reactor during the whole
process with the presence of unclassified-f-Flavobacteriaceae, Aequorivita, Paracoccus, Bradymonas, and
Cryomorpha, which played key roles in the removal of TOC, nitrogen, and phosphorus. This study
investigated the performance of AGS under multiple stresses, and also brought a new route for
highly-efficient simultaneous nitrification–denitrifying phosphorus removal of real MTW.

Keywords: mustard tuber wastewater; MTW; hypersaline wastewater; aerobic granular sludge; AGS;
organic loading rate; OLR; simultaneous nitrification–denitrifying phosphorus removal; SNDPR; 16S
rRNA sequencing

1. Introduction

Chinese Zhacai (pickled mustard tuber) is one of the three most famous pickles in
the world [1]. During the pickled mustard tuber production process, large amounts of
mustard tuber wastewater (MTW) were produced in the pickled and pos-process (washing,
desalination, dewatering, and sterilization) [2]. MTW has been reported as a typical
hypersaline high-strength organic wastewater with 2.5–20% of salinity, 0.3–25 g/L of
organic pollutants, 0.5–7 g/L of suspended solid, high concentrations of nitrogen and
phosphorus, and low pH (3.7–6.6) [1,3–5].

Although high salinity inhibits microbial metabolism [5–7], biological methods have
shown potential in treating MTW [1,5]. Due to the high salinity, the conventional activated
sludge method was easy to collapse and the biofilm method became the mainstream process,
in which sequencing batch biofilm reactor (SBBR) and biofilm-membrane bioreactor (BMBR)
were frequently used. Chen et al. [8,9], Liu et al. [6], and Wang et al. [5] used SBBR to
treat 7% salinity MTW, and high chemical oxygen demand (COD) removal efficiency was
reached under high organic loading rate (OLR) (0.5, 3.0, and 0.9 kg COD/m3·d). In parallel,
7% and 10% salinity MTW were treated by BMBR, and 72.1% and 85.6% of COD removal
efficiency were achieved under 3.0 and 3.3 kg COD/m3·d, respectively [4,7]. However,
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the addition of fillers in SBBR and BMBR increased costs and brought in sludge disposal
and environmental pollution problems. Moreover, the more serious membrane fouling
problems under high salinity hindered the application of BMBR [4,7,10].

Aerobic granular sludge (AGS) is a type of granular sludge formed by self-immobilization
of microorganisms, and has many advantages, such as excellent settling velocity, high OLR
tolerance, good shock resistance, small area, and low cost [11,12]. To date, few studies were
found to use AGS technology for the treatment of real MTW, primarily due to its extremely
high salinity and low pH. However, it has been demonstrated that AGS technology had better
simultaneous nitrogen and carbon removal efficiency in hypersaline high-strength organic
wastewater treatment [13]. For instance, Moussavi et al. [14] and Ibrahim et al. [15] reported
a high COD removal efficiency (99% and 90%) of AGS in hypersaline wastewater (8% and
8.5%) treatment under 1.7 and 2.7 kg COD/m3·d, respectively. In addition, high total organic
carbon (TOC), total nitrogen (TN), and total phosphorus (TP) removal efficiency (93%, 98%,
and 97%) were reached under 12% salinity using AGS [16]. Meanwhile, Corsino et al. [17]
used AGS to reach high TOC and TN removal (90% and 40%) in 7.5% salinity fish canning
wastewater under 4 kg COD/m3·d.

Our previous study has demonstrated AGS could maintain high TOC removal under
3% salinity and influent pH of 5.0 [13]. Additionally, we directly cultivated salt-tolerant aer-
obic granular sludge (SAGS) under 9% salinity and had perfect organic removal efficiency
under 9.9 kg COD/m3·d. Based on these results, we found AGS possessed the potential
of high tolerance to high OLR, high salinity, and low pH. Accordingly, herein, MTW was
treated by using AGS technology, to show its potential in real hypersaline high-strength
acid organic wastewater treatment with multiple stresses.

In this study, salt-tolerant aerobic granular sludge (SAGS) was used to treat hyper-
saline (9% salinity) MTW, and the OLR was increased in a stepwise manner (1.8 – 7.2 kg
COD/m3·d) with decreased pH (4.1–6.7) during the treatment process. SAGS character-
istics and organic pollutants (C, N, and P) removal performance were investigated, and
high-throughput sequencing was applied to explore the microbial community affected by
real MTW under high OLR. This study aimed to investigate: 1) the potential of SAGS to
treat real MTW; and 2) the performance of SAGS in hypersaline MTW under high OLR and
low influent pH. This study explored the performance of AGS under multiple stresses in
real MTW.

2. Materials and Methods
2.1. Inoculum and Wastewater Characteristics

The mature SAGS was collected from another sequencing batch reactor (SBR) that ran
under 9% salinity for 135 days, and it was inoculated to the new SBR with initial mixed liquid
volatile suspended solids (MLVSS) of 3.0 g/L. Real wastewater was taken from Jixiangju
Food Co., Ltd. (Meishan, Sichuan, China). The characteristics of wastewater, and the kinds
and concentrations of organic acids are shown in Table 1 and Table S1. The wastewater was
diluted with fresh water and the salinity was adjusted to 9% by adding NaCl to be used as
influent. The influent pH was not adjusted to maintain an acidic environment.

2.2. Reactor Set-Up and Operation

A SBR was used for the experiment with a working volume of 4.0 L (inner diameter of
8 cm) and operated for 20 days. The cycle time was 8 h, including feeding time (0.083 h),
settling time (0.05 h), aeration time (7.78 h), and discharging time (0.083 h). A volume
exchange ratio (VER) of 60% was fixed, and OLR was improved by decreasing the dilution
rate. The air velocity was adjusted when OLR changed (Table 2). More details about the
reactor could be found in Tang et al. [18]. The operational temperature was maintained at
23 ± 2 ◦C while the pH was not adjusted and controlled.
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Table 1. Characteristics of mustard tuber wastewater.

Parameter Value

TOC (mg/L) 9600
COD (mg/L) 33,275
TN (mg/L) 1328

NH4
+-N (mg/L) 794

NO3
−-N (mg/L) 90

NO2
−-N (mg/L) 2

Organic nitrogen (mg/L) 442
TP (mg/L) 378

pH 3.78
Conductivity (ms/cm) 152

Cl− (mg/L) 68,600
Salinity (mg NaCl/L) 113,000

Table 2. Composition of influent wastewater and operation conditions.

Period
Operational

Day
(d)

Influent
COD

(mg/L)
Dilution

OLR
(kg

COD/m3·d)

Air Velocity
(cm/s)

I 1–5 1000 3:100 1.8 1.2
II 6–10 2000 6:100 3.6 1.8
III 11–15 3000 9:100 5.4 2.4
IV 16–20 4000 12:100 7.2 3.0

2.3. Analytical Methods

The morphology and microstructure of sludge were observed by the camera, stereo-
scopic microscope (SteREO Discovery.V20, ZEISS, Germany), and scanning electron mi-
croscopy (SEM) (Quanta FEG 650, ThermoFisher, USA), respectively [18]. Energy dispersive
spectroscopy (EDS) (Quantax XFlash 6-30, Bruker, Germany) was used to analyze the ele-
ments inside SAGS. The particle size of SAGS was recorded by image software (ImageJ.JS,
v0.5.5). Dissolved oxygen (DO) concentration and pH were detected by a portable water
quality analyzer (HQ40d, Hach, USA). The concentration of TOC was analyzed by a TOC
analyzer (Sievers InnovOx Laboratory, SUEZ, USA) in case of the large deviation of COD
detection under high salinity conditions [18]. Mixed liquid suspended solids (MLSS),
MLVSS, sludge volume index (SVI5 and SVI30), NH4

+-N, NO3
−-N, NO2

−-N, TN, and TP
were analyzed based on the standard methods [19].

The organic acids in the MTW were detected by the high performance ion chromatog-
raphy (HPIC) (ICS-6000, ThermoFisher, USA) equipped with Dionex IonPacTM AS11-HC
(9 µm, 4 × 250 mm) and a conductivity detector. The mobile phase was KOH solution, and
gradient elution was performed at a flow rate of 1.0 mL/min.

2.4. High-Throughput Sequencing (16S rRNA) Analysis

Sludge samples were collected and stored at −80 °C, and DNA was extracted from
these samples using FastDNA®Spin Kit for Soil (MP Biomedicals, USA). Then, the ex-
tracted DNA was checked for concentration and quality using NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, USA) and 1% agarose gel.

The primer pairs 338F/806R were used to amplify the V3–V4 regions of the bacterial
16S rRNA gene. After purification and quantification, the PCR amplicons were used to
build Miseq library. Then, sequencing was conducted by an Illumina MiSeq PE300 platform
(Illumina, San Diego, USA) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
The raw data was uploaded to the NCBI SRA database (Accession Number: PRJNA918964).
Operational taxonomic units (OTUs) with 97% similarity cutoff were obtained using UPARSE,
and chimeric sequences were removed.
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3. Results and Discussions
3.1. The Organic Removal Performance of SAGS

To explore the pollutants removal performance of SAGS for real MTW, the mature
SAGS was inoculated in the SBR with real MTW (9% salinity, pH 4.1–6.7) as influent. The
treatment process was divided into four periods according to different OLRs.

The removal performance of AGS in the MTW was first evaluated (Figure 1). In Period
I (1.8 kg COD/m3·d), TOC removal efficiency increased gradually from 86.1% to 91.2%
(Figure 1A), indicating the SAGS was adapted to the MTW gradually. Furthermore, the
organic acids (lactic acid, acetic acid, propionic acid, succinic acid, citric acid, and oxalic
acid) in the wastewater were easily degradable, resulting in high TOC removal efficiency.
While the NH4

+-N removal efficiency was decreased from 95.9% to 65.2% (Figure 1B),
which might be because the low influent pH affected the N removal efficiency of SAGS [13].
At the same time, low concentrations of NO2

−-N (0–0.4 mg/L) and NO3
−-N (0–1.1 mg/L)

were detected in the effluent (Figure 1C), indicating that the simultaneous nitrification and
denitrification process occurred. The TP removal efficiency was increased first and then
decreased (Figure 1D). The average TP removal efficiency was 30.3%.
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Figure 1. The pollutants removal performance of mustard tuber wastewater: (A) TOC; (B) NH4
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(C) NO2
−-N and NO3

−-N; (D) TP. Period I: 1.8 kg COD/m3·d; Period II: 3.6 kg COD/m3·d; Period
III: 5.4 kg COD/m3·d; Period IV: 7.2 kg COD/m3·d.

In the subsequent Period II (3.6 kg COD/m3·d), the TOC removal efficiency had a
sharp decline of 74% on Day 7 and Day 8 and then recovered to 90.0% on Day 9 (Figure 1A).
The NH4

+-N removal efficiency began to rise from 69.2% to 83.1% (Figure 1B), and the
concentrations of NO2

−-N (0.1–0.2 mg/L) and NO3
−-N (0 mg/L) in the effluent maintained

a low level (Figure 1C), indicating the microorganisms related to nitrogen removal were
adapted to the wastewater and N removal performance improved gradually. The average
TP removal efficiency was further increased to 40.5% (Figure 1D).
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In the following Period III (5.4 kg COD/m3·d), the TOC removal efficiency maintained
stable at a high level (Figure 1A). The NH4

+-N removal efficiency continued to grow up
to 95.2% (Figure 1B), and almost no NO2

−-N (0.1–0.2 mg/L) and NO3
−-N (0 mg/L) were

present in the effluent (Figure 1C). The TP removal efficiency continued to increase to 50.6%
(Figure 1D), indicating the SAGS had good P removal ability.

In the final Period IV (7.2 kg COD/m3·d), the TOC removal efficiency sharply declined
to 15.5%, and then had a limited increase (Figure 1A). Furthermore, the NH4

+-N removal
efficiency had a sudden decrease and fluctuation (Figure 1B). The concentrations of effluent
NO2

−-N (0.1–3.6 mg/L) and NO3
−-N (0.3–6.6 mg/L) were increased and unstable (Figure 1C).

At the same time, the concentrations of effluent TP increased and the TP removal efficiency
decreased from 31.2% to 25.6% (Figure 1D). All the indexes indicated that the organic removal
performance became poor and the SAGS system collapsed (Figures 1–3).
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7.2 kg COD/m3·d.
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Figure 3. SAGS morphology under different OLR: (A) Initial; (B) Period I (1.8 kg COD/m3·d);
(C) Period II (3.6 kg COD/m3·d); (D) Period III (5.4 kg COD/m3·d); (E) Period IV (7.2 kg COD/m3·d).
(A1–E1) were taken by a camera, and (A2–E2) were taken by stereoscopic microscope.

In conclusion, the SAGS had good organic removal performance in real hypersaline
MTW with low pH (4.2–6.7) under 1.8–5.4 kg COD/m3·d. The TOC and NH4

+-N removal
performance could maintain ~88.9% (73.7–94.0%) and ~85.0% (69.2–95.9%), respectively.
The concentrations of effluent NO2

−-N (0.1–0.4 mg/L) and NO3
−-N (0 mg/L) were always

low, indicating good TN removal performance. The average TP removal performance
was about 40.5% (26.4–54.4%) and the maximum could reach 54.4% under 55.2 g P/m3·d
without sludge discharge. The P might be removed by phosphorus-accumulating organisms
(PAOs), microbial assimilation, the accumulation in the extracellular polymeric substances
(EPS), or the formation of phosphate precipitation [20,21]. When the OLR increased to
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7.2 kg COD/m3·d, the system collapsed, indicacting the upper OLR boundary was 5.4 kg
COD/m3·d for MTW treatment without adjustment of influent pH (~4.2).

Over the past years, biofilm technologies, such as SBBR and BMBR, were used as the
main biological methods for treatment of MTW [4–8], while AGS was rarely used. Therefore,
the comparison of these biological treatment technologies in the hypersaline (≥7%) MTW
treatment was shown in Table 3. The range of OLR that SBBR had high removal efficiency
was 0.5–3.0 kg COD/m3·d under 7% salinity [5,6,8], and BMBR technology had high
removal efficiency under higher OLR of 3.0–3.3 kg COD/m3·d and 7–10% salinity [4,7]. It is
worth noting that AGS technology could operate with excellent removal performance under
higher OLR of 5.4 kg COD/m3·d and 9% salinity. These results indicated that AGS was
more suitable for the treatment of ultra-hypersaline high-strength acid organic wastewater.

Table 3. The OLR and removal performance of different biological treatment technologies in the
treatment of ultra-hypersaline (≥7%) MTW.

Technology Salinity (%) OLR (kg COD/m3·d) Removal Performance Reference

SBBR 7 0.5 90.2–91.9% of COD removal; 65.5% of
phosphate removal [8]

SBBR 7 3.0 87.9% of COD removal [6]
SBBR 7 0.9 85.2% of COD removal; 98.6% of TN removal [5]
BMBR 10 3.3 85.6% of COD removal; 60.4% of TN removal [7]

BMBR 7 3.0 72.1% of COD removal; 74.0% of NH4
+-N

removal; 20% of SP removal [4]

AGS 9 5.4 93.1% of TOC removal; 88.2% of NH4
+-N

removal; 50.6% of TP removal This study

Previous studies found that the upper OLR boundary that AGS could maintain high
organic pollutants removal efficiency was 27.0, 14.4, and 8.1 kg COD/m3·d, respectively
under the salt-free, 3% salinity, and 9% salinity conditions [13,22]. Therefore, it could be
deduced that the upper OLR boundary of AGS was related to salinity with a negative
correlation, which might be because the salinity inhibited the metabolic rates of microor-
ganisms [5–7]. Since the acid environment could inhibit the organic pollutants removal
efficiency [13], the upper OLR boundary was further reduced to 5.4 kg COD/m3·d in the
mustard tuber wastewater with 9% salinity in this study.

3.2. The Sludge Characteristics of SAGS
3.2.1. The Sludge Properties of SAGS

The sludge characteristics of SAGS were also shown in Figure 2. During Period I
and Period II (OLR = 1.8–3.6 kg COD/m3·d), the MLVSS increased from 3.1 to 4.8 g/L
and MLSS increased from 7.4 to 10.4 g/L gradually (Figure 2A). VSS/SS showed the
biomass percentage in the sludge and reflected the sludge bioactivity [23,24]. It had a little
decrease from 0.73 to 0.63 and then increased to 0.84 (Figure 2A), indicating the sludge
bioactivity was increased with the increased OLR after adaptation. At the same time, the
SVI30 kept decreasing from 16.3 to 10.6 mL/g, and SVI30/SVI5 = 1 (Figure 2B), indicating
a denser granular structure with a certain high OLR, which was also observed in other
studies [25,26].

In Period III (5.4 kg COD/m3·d), the MLVSS and MLSS had a drop to 2.8 and 7.2 g/L,
respectively. VSS/SS was also decreased from 0.84 to 0.61 (Figure 2A), indicating sludge
bioactivity was declined. The SVI30 had a little increase but was still lower than the initial
value (Figure 2B) and SVI30/SVI5 was still 1 (Figure 2B). All the indexes reflected the SAGS
became unstable, although the air velocity was enough (Table 1).

In Period IV (7.2 kg COD/m3·d), the MLVSS and MLSS continued to decrease to
0.8 and 1.0 g/L, but VSS/SS increased (Figure 2A), which might be because the inorganic
substances were discharged with effluent after fragmentation (Figure 3E). SVI30 was in-
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creased from 13.5 to 29.0 mL/g, and SVI30/SVI5 was decreased from 1 to 0.83 (Figure 2B),
indicating that the structure of SAGS became loose.

Overall, the SAGS could maintain high sludge concentration, high sludge bioactiv-
ity, and dense and intact structure under 1.8–5.4 kg COD/m3·d in real MTW. However,
fragmentation occurred when OLR was 5.4 kg COD/m3·d, and then the SAGS system
collapsed under 7.2 kg COD/m3·d.

3.2.2. The Sludge Morphology of SAGS

The sludge morphology was also recorded at the end of each period (Figure 3). During
Period I and Period II, the SAGS could maintain intact structure (Figure 3(A1–C1)) with
an increased particle size (from 2195 to 2830 µm), but many small protrusions emerged on
the surface of SAGS (Figure 3(C2)) from Period II, which might be because small granules
formed by using inorganic precipitation as core [27]. In Period III, some fragments appeared
(Figure 3(D1)), and the small protrusions still existed (Figure 3(D2)). Finally, in Period
IV, the SAGS was totally crushed into flocs (Figure 3E). A large amount of sludge was
discharged with effluent, and the system collapsed, which were observations consistent
with Figures 1 and 2.

The SEM images could further reveal the microscopic changes of microbial communities
(Figure 4). Some small protrusions were observed clearly through SEM (Figure 4(A1–D1)),
which was similar to Wang et al. [28]. The SAGS was mainly composed of a few fungal
hyphae and large amounts of bacteria. A large number of filamentary EPS matrix among
microorganisms was observed, which provided a high self-immobilization property for
SAGS [29]. In addition, some phosphorus might exist in the EPS, contributing to the high
phosphorus removal [20] (Figure 4(A3,B3,C3,D3)). On the surface of the initial SAGS, some
gully was observed (Figure 4(A1)), in which some hyphae were not filled with bacteria
(Figure 4(A2)). In the subsequent Period I and Period II, the surface structure of SAGS became
denser and denser, and some small protrusions appeared (Figure 4B,C), indicating much better
sludge properties of SAGS were obtained under certain high OLR, which was consistent with
the phenomenon shown in previous studies [25,26]. However, in Period III, a lot of hyphae
appeared on the surface of SAGS, and little bacteria was observed on the hyphae (Figure 4D).
This indicated that acid environment might inhibit most of the bacteria including AOB, NOB,
and PAOs [30–32], and thus it was unbeneficial to the stability of SAGS.
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Overall, the structure of SAGS was intact and compact under the OLR of 1.8–3.6 kg
COD/m3·d. When OLR increased to 5.4 kg COD/m3·d, some SAGS fragmented and the



Fermentation 2023, 9, 224 8 of 13

proportion of bacteria was decreased due to the acid environment, leading to the final
collapse under the OLR of 7.2 kg COD/m3·d.

3.2.3. The Accumulation of Phosphorus in SAGS

Since a large amount of phosphorus was removed and no sludge was discharged
(Figure 1), some phosphorus might have accumulated in SAGS, which increased the
inorganic components of SAGS and decreased the bioactivity accordingly (Figure 2) [24]. To
further study if the phosphorus accumulated in the SAGS, SEM-EDS was used to analyze
the cross section of SAGS (Figure 5).

Fermentation 2021, 7, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 5. SEM-EDS analysis of the cross section of SAGS (A) Initial; (B) Period III (5.4 kg COD/m3·d). 

3.3. The Microbial Community of SAGS under Different OLR 

The changes in the microbial community were investigated (Table 4 and Figure 6). 

The alpha diversity analysis was shown in Table 4. ACE and Chao indexes both peaked 

at 55.94 and 60.00 on Day 5, respectively, which might be because the more complex sub-

strates in the real MTW increased the richness of the microbial community. Then, they 

decreased to 55.46 and 52.88 with increased OLR, which was also observed in other stud-

ies [18,33]. The Shannon and Simpson indexes peaked/bottomed at 1.45/0.42 on Day 10, 

showing that the diversity of microbial community was increased with the OLR from 1.8 

to 3.6 kg COD/m3·d. Then, they were decreased when OLR was over 3.6 kg COD/m3·d, 

indicating a certain high OLR and complex components of wastewater were beneficial to 

the community diversity, while too high OLR was harmful to the community diversity 

[18,33].  

Table 4. Alpha diversity index of samples on different OLR. 

Sample Sequences OTUs ACE a Chao a Shannon b Simpson c Coverage d 

Day 0 29738 46 49.87 49.50 1.09 0.57 0.9999 

Day 5 29738 48 55.94 60.00 1.16 0.53 0.9997 

Day 10 29738 51 55.74 55.20 1.45 0.42 0.9999 

Day 15 29738 53 55.46 52.88 1.18 0.52 0.9998 
a Community richness: A higher number represented more richness. b Community diversity: A 

higher number represented more diversity. c Community diversity: A lower number represented 

more diversity. d Sampling depth. 

The microbial community difference of SAGS under different OLR was further ana-

lyzed (Figure 6A). The number of shared OTU among Inocula, Day 5, Day 10, and Day 15 

Figure 5. SEM-EDS analysis of the cross section of SAGS (A) Initial; (B) Period III (5.4 kg COD/m3·d).

The mass percentage of phosphorus was increased from 8.77% (initial SAGS) to 9.45%
(SAGS in Period III), and the mass percentage of Ca was also increased from 0.14% to 0.20%.
So, it could be deduced that the phosphorus did accumulate in the granular sludge, and it
might exist in the microorganisms, EPS, and inorganic phosphorus precipitation [20,21].
The increase of phosphorus decreased the bioactivity of SAGS (Figure 2) [24], which might
lead to the collapse of the SAGS system.

3.3. The Microbial Community of SAGS under Different OLR

The changes in the microbial community were investigated (Table 4 and Figure 6). The
alpha diversity analysis was shown in Table 4. ACE and Chao indexes both peaked at 55.94
and 60.00 on Day 5, respectively, which might be because the more complex substrates in
the real MTW increased the richness of the microbial community. Then, they decreased
to 55.46 and 52.88 with increased OLR, which was also observed in other studies [18,33].
The Shannon and Simpson indexes peaked/bottomed at 1.45/0.42 on Day 10, showing
that the diversity of microbial community was increased with the OLR from 1.8 to 3.6 kg
COD/m3·d. Then, they were decreased when OLR was over 3.6 kg COD/m3·d, indicating a
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certain high OLR and complex components of wastewater were beneficial to the community
diversity, while too high OLR was harmful to the community diversity [18,33].

Table 4. Alpha diversity index of samples on different OLR.

Sample Sequences OTUs ACE a Chao a Shannon b Simpson c Coverage d

Day 0 29738 46 49.87 49.50 1.09 0.57 0.9999
Day 5 29738 48 55.94 60.00 1.16 0.53 0.9997
Day 10 29738 51 55.74 55.20 1.45 0.42 0.9999
Day 15 29738 53 55.46 52.88 1.18 0.52 0.9998

a Community richness: A higher number represented more richness. b Community diversity: A higher number
represented more diversity. c Community diversity: A lower number represented more diversity. d Sampling depth.
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Figure 6. Microbial community structure of SAGS under different OLR. (A) Venn diagram on OTU
level; (B) Barplot analysis on phylum level; (C) Circos diagram on genus level; (D) Heatmap analysis
on genus level; (E) PCA on OTU level.

The microbial community difference of SAGS under different OLR was further analyzed
(Figure 6A). The number of shared OTU among Inocula, Day 5, Day 10, and Day 15 was 42,
which occupied 91.3%, 87.5%, 82.4%, and 80.8% of the total OTU in Inocula, Day 5, Day 10,
and Day 15, respectively, indicating the change of influent brought difference for the microbial
community, and the increased OLR changed the community to a certain extent.

The community species composition on phylum level was shown in Figure 6B. The
microbial community mainly consisted of Proteobacteria, Bacteroidota, and Desulfobacterota,
which were found in other salt environments [18,34,35]. Proteobacteria dominated the re-
actor with a decreased proportion of 89.9%, 88.4%, 86.7%, and 83.5%. It was found that
Proteobacteria could secrete EPS to make SAGS more compact and degrade the organic
pollutants [36,37], and its decrease might lead to the instability of the SAGS. Bacteroidota ac-
counted for an increasing proportion from 8.7% to 13.8% with the increased OLR. It seemed
that Bacteroidota was suitable for the environment with high organic acids and also it was
reported to be the dominant phylum in pickled vegetables [38]. According to other stud-
ies, Bacteroidota was related to EPS secretion, and nitrogen and phosphorus removal [39],
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contributing to the high NH4
+-N and TP removal efficiency (Figure 1). Desulfobacterota

accounted for a little proportion (1.1–1.8%), and contributed to desulphurization [40].
The microbial community on genus level was also analyzed (Figure 6C). Halomonas,

unclassified-f-Flavobacteriaceae, Paracoccus, Aequorivita, Bradymonas, Cryomorpha, and Marinicella
were the main genera which were reported in the hypersaline environment [15,41–43]. At
the same time, it also reflected that these bacteria could adapt to the severe environment (ex-
tremely high salinity and low pH). Halomonas was the dominant genus with significantly high
relative abundance, which was stable at 82% from Day 0 to Day 10, and was decreased to 77.3%
on Day 15. Therefore, it was thought to have the ability to remove organic pollutants [44,45].
The relative abundance of unclassified-f-Flavobacteriaceae (4.9–7.2%) and Aequorivita (2.0–4.0%)
was increased with the increased OLR and belonged to Bacteroidota (Figure 6D), indicat-
ing unclassified-f-Flavobacteriaceae and Aequorivita favored the high concentration of organic
acids. Unclassified_f__Flavobacteriaceae and Aequorivita were found to be denitrifying bacteria
(DNB) [41,46], whose increase was beneficial for the stability of SAGS and denitrogenation.
The proportion of Paracoccus was decreased from 6.0% to 3.2%, and Paracoccus was found in
other biotreatment systems of MTW [47], reflecting that Paracoccus was not suitable for high
OLR. The relative abundance of Bradymonas was increased from 1.1% to 1.8% generally and
belonged to Desulfobacterota (Figure 6D), indicating it could settle at high OLR and low pH.
Bradymonas was reported to be able to reduce nitrate to nitrite [42], which helped remove
nitrogen. Cryomorpha occupied a stable proportion (1.1–1.2%), except for a little drop to 0.9%
on Day 10, which was an aerobic chemoheterotroph and could degrade complex organic
substances [48]. The relative abundance of Marinicella was stable at 0.4% under OLR of
1.8–3.6 kg COD/m3·d and increased to 1.2% under 5.4 kg COD/m3·d, indicating it might be
a typical bacteria related to the instability of SAGS, although Marinicella could utilize sulfide
compounds to realize the denitrification function [49]. Furthermore, the relative abundance
of Marinobacter, Cyclobacterium, unclassified-f-Rhodobacteraceae, unclassified-f-Balneolaceae, Sunxi-
uqinia, Tessaracoccus, Clostridiisalibacter, and Nitratireductor was increased with increased OLR,
indicating they favored the high concentration of organic acids and high OLR. While Stappia
and Idiomarina decreased from Day 0 to Day 15, indicating they were not suitable for this
environment (Figure 6D).

The response of microbial community structure to different OLR was also analyzed
(Figure 6E). The PCA results showed that the microbial community structure of four
sludge samples was obviously different, as reflected by the separated points in the figure.
Furthermore, the community structure on Day 15 was far different from others, indicating
a significant change in the microbial community on Day 15, which was because of the
collapse of SAGS. In conclusion, the microbial community changed when OLR increased,
especially when OLR was 5.4 kg COD/m3·d.

Overall, Halomonas dominated the reactor during the whole process. Many bacteria
had denitrification functions (unclassified-f-Flavobacteriaceae, Aequorivita, Paracoccus, Marini-
cella) and dephosphorization (unclassified-f-Flavobacteriaceae and Aequorivita), leading to high
nitrogen and phosphorus removal. Unclassified-f-Flavobacteriaceae, Aequorivita, Bradymonas,
and Marinicella favored the environment with the high concentrations of organic acids and
high OLR while Paracoccus settled at low OLR. Furthermore, the microbial community
changed when OLR increased, especially when OLR was 5.4 kg COD/m3·d.

4. Conclusion

This study investigated the performance of AGS under multiple stresses in real MTW
at 9% salinity, pH of 4.1–6.7, and OLR of 1.8–7.2 kg COD/m3·d using the mature SAGS.
The results showed that SAGS could tolerate multiple stresses and treat MTW effectively.
The SAGS could withstand a high OLR of 5.4 kg COD/m3·d after 10 days under low pH
(4.2) with relatively compact structure, and the TOC, NH4

+-N, and TP removal could reach
~93.1%, ~88.2%, and ~50.6%, respectively. Under 7.2 kg COD/m3·d (pH of 4.1), most of
the AGS was fragmented, primarily due to the multiple stresses. The SEM analysis found
that acid environment might inhibit most of the bacteria, and thus it was unbeneficial to
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the stability of SAGS. Halomonas dominated the reactor during the whole process with
the presence of unclassified-f-Flavobacteriaceae, Aequorivita, Paracoccus, Bradymonas, and
Cryomorpha, which played key roles in the removal of TOC, nitrogen, and phosphorus.
This study investigated the performance and bacterial community of AGS under multiple
stresses (high salinity, low pH, and high OLR), and also brought a new route for highly-
efficient simultaneous nitrification–denitrifying phosphorus removal of real MTW.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9030224/s1, Table S1: The organic acid concentrations
of mustard tuber wastewater.
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