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HIGHLIGHTS

o EPS promoted COD and NHZ-N removal by 13.2%-33.8% and 27.8%-42.1% at 3.5% salinity.
o EPS protected major carbon-related enzymatic reaction under salinity stress.

e Tyrosine in EPS contributed most to mitigation of cytotoxicity from salinity.

o Salt inhibited ATP decomposition by impeding Na*K"-ATPase activity by 44.3%-57.7%.

o Models for calculation of COD and NHj-N removal rate at 3.5% salinity were built.

ARTICLE INFO ABSTRACT

Keywords: The role of EPS in removal of carbonaceous organic matters and NH4-N in simulated mariculture wastewater was

EPS examined at salinity of 0-3.5% in a multi-soil-layering bioreactor. Results showed that at 3.5% of salinity, the

Saline wastewater total activity of dehydrogenases (which were used to decompose carbonaceous organic matters) could be pro-

E:Zr;i:gz activity moted by 13.2%-33.8% by EPS, increasing the removal rates of COD and NH4-N by 13.2%-33.8% and 27.8%-—

Removal rate 42.1%, respectively. Besides, the activity of amylase in EPS was enhanced by 79.8%. However, reactions of some
key enzymes such as acetate kinase and Na"K*-ATPase would not be accelerated by EPS, resulting in an inhi-
bition of 44.3%-57.7% on energy gaining from ATP, and further inducing cytotoxicity. It was found that the
glycolysis efficiency was promoted by 4.12%-59.3% in the presence of EPS, and glycolysis could also occur in
EPS. Additionally, tyrosine was the main component in EPS to balance osmotic pressure.

1. Introduction

There is a growing demand on mariculture in China due to the
increasing human seafood consumption. Investigation has shown that
per capita consumption of seafood in China has increased by seven folds
since 1978 (Fabinyi, 2016). It is estimated that China will account for
38% of global seafood consumption by 2030 (Fabinyi, 2016; World
Bank, 2014). Therefore, pollution caused by mariculture seems

inevitable as large volumes of mariculture wastewater have been dis-
charged into marine environments each year (Davies et al., 2019). Rich
in carbonaceous dissolved organic matters as well as nitrogenous and
phosphorus compounds, mariculture wastewater increases the risk of
eutrophication of seawaters (Gonzalez et al., 2019; Lang et al., 2020; Lin
et al., 2020a; Liu et al., 2015). As a result, undesirable consequences
including increased growth and biomass of algae, changes in biodiver-
sity, and degraded marine water quality can occur (Hu et al., 2019; Luo
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et al., 2014; Zhou et al., 2018). These deleterious effects have raised
concerns in recent years.

Generally, the concentrations of COD, NHZ-N and TP in mariculture
wastewater are 50-120 mg/L, 6-13 mg/L and 1-4 mg/L, respectively,
and the salinity of which is about 3.5% (Fabinyi, 2016; World Bank,
2014). Utilizing conventional wastewater treatment technologies may
be unable to efficiently remove these pollutants from mariculture
wastewaters. On the one hand, physicochemical treatment techniques
such as filtration, flocculation, and coagulation usually cannot remove
nitrogen and phosphorus, while adsorption is limited by its high cost
(Lin et al., 2020b; Liu et al., 2007; Monsalvo et al., 2011). On the other
hand, biological treatment techniques such as membrane technology
and trickling filters are negatively affected by high salinity of marine
aquaculture wastewaters (Gomez et al., 2019). For example, it was re-
ported that 30 g/L of NaCl reduced microbial diversity in sequencing
batch biofilm reactor, which resulted from the inhibitory effect of
salinity on cell activity (Wang et al., 2017).

Despite the impact of salinity, biological treatments are still the
predominant way to purify marine aquaculture wastewaters because of
their capacity of cost-effectively removing nitrogen and phosphorus
(Chen et al., 2018). For instance, Chen et al. (2018) studied the effects of
salinity on sequence batch reactor (SBR) and suggested that removal
efficiency of COD, NH4-N, TP was 55.8%, 63.0%, and 55.6% at NaCl
concentration of 20 g/L, respectively. Besides, extracellular polymer
substances (EPS) as an important part of cell are widely distributed on
biofilms. Evidences have shown that 5%-9% of phosphorus was
reserved in EPS and EPS could response to shock load of ZnO nano-
particles (Mu et al., 2012; Zhang et al., 2013).

In this context, a cost-effective bioreactor, namely, sequential ver-
tical flow trickling filter and horizontal flow multi-soil-layering biore-
actor (VFTF-HFMSL) was adopted to treat simulated mariculture
wastewater with high salinity and low nutrient concentrations. Salinity
ranging from 0 to 3.5% was set to investigate the role of EPS in the
removal of COD and NH4-N. Moreover, two removal models were
established to predict the concentrations of COD and NH4-N at different
salinities. Most of all, potential effects of EPS on cytotoxicity and COD
metabolism were elucidated on molecular level. This study would pro-
vide reference to efforts to mitigate the risk of mariculture wastewater
pollution.

2. Materials and methods
2.1. Experimental system

The VFTF-HFMSL system was built for long-term experiment to
investigate the treatment performance and relationship between EPS
and carbonaceous organic matters and NH4-N removal. The schematic
diagram and specific description of the equipment could be found in
studies of Tang et al. (2020) and Zhang et al. (2015). Two lidless acrylic
boxes were filled with different media, working as VFTF and HFMSL
respectively. The VFTF (length x width x height = 320 x 160 x 600
mm), with apertures at the bottom, was filled with gravel and zeolite
(Jinyun, Zhejiang, China). The HFMSL (length x width x height = 1200
x 160 x 320 mm), contained an inlet pool, an outlet pool, and a MSL
bioreactor. The MSL bioreactor consisted of six soil mixture block-layers
that were surrounded by permeable layers in brick-like pattern. VFTF
was equipped with zeolite, favoring microbial growth. Simulated
wastewater was intermittently pumped from the storage tank into the
system by a submersible pump (YQB-7500, Sensen Group Co. LTD.,
Zhoushan, Zhejiang, China) controlled by a time switch (DJ-D14M,
Dingshibao, Shenzheng, China). The pumped water was evenly
dispersed into the VFTF through a set of perforated pipes (R = 10 mm,
PVQ), and finally gravitated into the HFMSL.

Simulated mariculture wastewater was prepared by dissolving
starch, NH4Cl, KH,PO4, KoHPO4 (all reagents were analytically pure
grade) into 40 L of tap water. The quality of the synthetic wastewater
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was in accordance with the actual water quality of mariculture waste-
water (Fabinyi, 2016; World Bank, 2014). COD, NH4-N and TP con-
centrations of the influent were 100, 10 mg/L and 3 mg/L throughout
the whole long-term reaction and the NaCl concentration of the influent
was gradually increased as 0, 0.5, 1, 2, 3.5%. The reactor ran at influent
frequency of water feeding for 1 s per 8 min for about 12-20 days until
contaminant indicators (COD, NH;-N, NO3-N, NO3-N, TP) had become
stable. The hydraulic loading rate (HLR) was kept at 660 L/m?/d, and
the corresponding nominal hydraulic retention time (HRT) was about
18 h.

Biofilm was taken from Changsha Guozhen Environmental Protec-
tion Technology Co., Ltd. Specific method of biofilm formation was
shown in the article of Tang et al. (2020). The maximum, minimum and
average ambient temperatures were 30.2 °C, 22.3 °C, and 24.6 °C,
respectively. The maximum, minimum and average water temperatures
were 23.2 °C, 16.4 °C, and 18.6 °C, respectively. These temperatures
were suitable for biofilm living and growth, and could provide a rela-
tively stable reaction environment.

Three water samples with volume of 50 mL of the influent, middle
and final effluent were taken from the storage tank, the inlet pool in
HFMSL, and the outlet pool in the HFMSL (Fig. 1), respectively. Water
samples were collected and analyzed every 2 days. The concentration of
NHj-N was measured according to the standard methods (EPA of China,
2002), and COD was measured by high-chlorine wastewater — chlorine
emendation method according to HJ/T 70-2001 (EPA of China, 2002).
All reagents used in the test were in analytical pure grade.

2.2. Batch experiments

Biofilms in VFTF (BV) and biofilms in soil layer of HFMSL (BS),
which were taken from zeolite in VFTF and soil in HFMSL (Fig. 1),
respectively, were used to investigate the role of EPS in carbonaceous
organic matter metabolism. Biofilm samples were taken at the end of
each phase. In batch experiments, biofilm samples collected from every
phase were divided in 3 groups, namely original biofilms, EPS-removed
biofilms and EPS.

Totally 5 batch experiments according to 5 salinity concentrations
were conducted within 24 h after biofilms were sampled. For instance,
when VFTF-HFMSL system operated at the end of 0% salinity, the bio-
films were sampled and separated into 3 groups (original biofilms, EPS-
removed biofilms and EPS) was operated batch experiment. This was the
first batch and the rest (biofilms taken from 0.5% to 3.5% salinity)
operated in the same manner.

Original biofilms, EPS-removed biofilms and EPS were all pretreated
in 0% and 3.5% saline buffer for 2 h. Specific buffer was according to the
testing kits of enzymes. Carbonaceous organic matter metabolism
related enzymes (dehydrogenases, amylase, acetate kinase, pyruvate
kinase and Na"K"-ATPase) and cytotoxicity were tested after pretreat-
ment. Ultrasonically separated EPS was detected by three-dimensional
excitation emission matrix (3D-EEM) at the same time. Subsequently,
samples were stored at —80.0 °C. Thermal separated EPS was detected
after all the reactions were completed.

2.3. Analytical methods

2.3.1. Separation and three-dimensional fluorescence detection of EPS
EPS was extracted with 1 g of fresh biofilm added with 10 mL of
ultrapure water (Tang et al., 2020). EPS samples were ultrasonically
separated for 10 min and with power density of 3 kW/L at the frequency
of 20 kHz (Yu et al., 2008). After that, EPS samples were evenly mixed
by a vortex mixer at 3000 r/min for 1 min and then centrifugated at
4000 r/min for 10 min. Thermal separation of EPS was conducted in
terms of the method introduced by Li and Yang (2007). The spectrum of
3D-EEM was measured by fluorescence spectroscopy (Fluoromax-4
Spectro-fluorometer, HORIBA Scientific, France) with a 450 W Xe arc
lamp. Emission (Em) scans and excitation (Ex) wavelengths were
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performed from 200 to 400 nm and 200 to 500 nm, respectively. Both Ex
and Em were at 5 nm intervals as well as ultrapure water was recorded as
the blank (Li and Yang, 2007). Test of 3D-EEM and content of EPS used
all EPS samples and each sample has 4 parallel samples. Removal of the
inner filter effect and PARAFAC analysis refers to previous studies (Chai
et al., 2019; Murphy et al., 2013; Zhou et al., 2019).

2.3.2. Engymatic activity of biofilms

The enzymatic activity of the original biofilms, the EPS removed
biofilms and EPS were all determined. Ultrasonically separated method
was used to separate EPS for testing enzymatic activity and this method
could maintain the cell activity and enzyme activity in both EPS and
cells. Acetate kinase, pyruvate kinase, dehydrogenases, amylase,
NatK'-ATPase were tested, and the cell activity (release of lactate de-
hydrogenase) at each salinity was also measured. Test methods for ac-
etate kinase, dehydrogenases referred to previous studies (Chen et al.,
2018; Wang et al., 2018). Testing kits produced by Nanjing Jiancheng
were used to test amylase (C016-1-1), pyruvate kinase (A076-1-1) and
Na*K'-ATPase (A070-2-2) and testing kit produced by Sigma was used
to test cell activity (4744926001).

2.3.3. Other analytical methods

Volatile suspended solid (VSS) was measured according to standard
methods (EPA of China, 2002). The content of protein and poly-
saccharides were detected by coomassie brilliant blue G-250 method
and anthrone-sulfuric acid method with bovine serum albumin and
glucose as standard solution, respectively, specific methods can be seen
in the study of (Chen et al.,, 2018). All the reagents used were in
analytical pure grade.

2.4. Statistical methods

All the experiments were carried out in triplicate, and all the
calculated results were shown as mean =+ SE (standard error). One-way
ANOVA was performed to compare all data. Statistical analyses were
conducted using SPSS 17.0 (SPSS, Chicago, IL, USA), with significance
level p < 0.05. Principal components analysis (PCA) was performed by
using Origin 2017 with PCA app, which was based on the data of the
maximum fluorescence intensity from parallel factor analysis (PAR-
AFAC) results. PARAFAC was measured by Matlab 2018.

3. Results and discussion

3.1. Role of EPS in enhanced removal of carbonaceous organic matters at
salinity stress

Dehydrogenases was used to study the metabolic function on
carbonaceous organic matters of the entire biofilm (Chen et al., 2018;
Shi et al., 2019). As shown in Fig. la and b, the activity of de-
hydrogenases decreased with increase of salinity in biofilms. However,
the dehydrogenases activity in original biofilms at 3.5% salinity was
averagely 12.5% higher than that of 0% salinity. This indicated that salt
would enable biofilms to decompose organic matters and gain more
energy (Muhlbachova et al., 2015). Nonetheless, ability of biofilms to
decompose carbonaceous organic matters would be significantly
reduced under a long-term hypersaline condition. Results suggested that
the decomposition efficiency of biofilms was decreased by 72.8% in BV
and 81.8% in BS as salinity increased from 0% to 3.5%. Dehydrogenase
activity in BS was higher than that in BV, which could be explained by
two reasons. Firstly, most of the starch could not reach the HFMSL.
Secondly, the major carbon source of BS was from the decomposition of
sawdust in mixed soil which was more difficult to be decomposed.

From Fig. la and b, activity of dehydrogenases in EPS-removed
biofilms (both BV and BS) was significantly inhibited in 3.5% saline
buffer but was not obviously inhibited in 0% saline buffer. After being
pretreated by 0% buffer, the activity of EPS-removed biofilms was
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unchanged compared with the original biofilms. However, after being
pretreated by 3.5% buffer, the activity of EPS-removed biofilms was
11.0%-80.4% lower than the original biofilms. Besides, the difference in
dehydrogenase activity between the original biofilms and EPS-removed
biofilms decreased as the salinity increased. This demonstrated that
salinity could damage EPS and EPS could promote the function of de-
hydrogenases pathway in salinity. Dehydrogenases represents a series of
processes of carbonaceous organic matter metabolism (Muhlbachova
et al., 2015), suggesting that EPS can promote the efficiency of carbo-
naceous organic matter usage rate with the presence of salt. This was
one of the reasons why the system could maintain a high COD removal
rate at 3.5% salinity (84.1%, in Fig. 5a). However, dehydrogenases,
which was a general term for a series of enzymes, includes all enzymes in
carbonaceous organic matter metabolism (Zhang et al., 2016). In this
case, EPS may prevent most or all enzymes in the carbonaceous organic
matter metabolism from being inhibited. In general, short-term increase
in osmotic pressure would promote the activity of carbonaceous organic
matters, but long-term exposure of biofilms to 3.5% of salinity would
seriously inhibit it, and EPS could protect it from being inhibited.

3.2. Role of EPS in enhanced amylase activity at salinity stress

Since starch was the sole carbon source in this study, the activity of
amylase needed to be investigated. It was reported that EPS might
contain amylase (Cheng and Stomp, 2009; Tang et al., 2020), and the
activity of amylase in EPS was also tested. As shown in Fig. 2a and b, the
activity of amylase in BV increased when salinity increased, but the
activity of amylase in BS remained stable and was lower than that of BV.
This may be because that the highest COD in the middle effluent did not
exceed 30 mg/L and starch was mainly consumed by BV. The activity of
amylase at salinity of 3.5% was 79.8% higher than at salinity of 0%. In
Fig. 2a, the activity of amylase in EPS increased with the increase of
salinity and it seemed that the increase of amylase activity in BV mainly
related to the amylase activity in EPS. The linear relationship between
the amylase activity in EPS in BV and salinity was shown in the Fig. 2c,
which illustrated that the amylase activity in EPS in BV was directly
proportional to salinity. The scatter diagram was plotted by the amylase
activity in BV as horizontal axis and amylase activity in EPS and biofilm
without EPS removed as vertical axis as Fig. 2d. In Fig. 2d, the increase
of the amylase activity in biofilms was only related to increase of the
amylase activity in EPS in BV under the influence of salinity, indicating
that the amylase in biofilms mainly produced by EPS. To conclude,
starch could be more efficiently metabolized into glucose at salinity of
3.5%, and most of the metabolic pathways were located in EPS under
salt conditions.

3.3. Effects of EPS on activity of glycolysis

It was shown that EPS could promote activity of glycolysis by 4.12%-—
59.3%. After starch is decomposed into glucose, it will enter the
glycolysis pathway and produced pyruvate acid. Under anaerobic con-
ditions, pyruvate acid is further metabolized to acetic acid (Sung et al.,
2018; Tanja and Jorg, 2006). Therefore, the glycolysis pathway can be
divided into production of pyruvate acid process and production of
acetic acid process, reflecting by the activity of pyruvate kinase and
acetate kinase, respectively (Wang et al., 2018).

EPS could promote the activity of pyruvate kinase. As seen in Fig. 3a
and b, the activity of pyruvate kinase was detected in EPS, showing that
complete glycolysis pathway could happen in EPS. This was in consis-
tent with the report of Sung et al., (2018). Besides, the activity of py-
ruvate kinase in biofilms was decreased from 100% to 25.3% in BV and
from 43.9% to 17.4% in BS with the increase of salinity from 0% to
3.5%, and the activity of pyruvate kinase in EPS also followed this
variation pattern. This suggested that the glycolysis pathway was greatly
inhibited in both cells and EPS with the presence of salinity. The
decrease of pyruvic acid would reduce the ATP produced by the
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Fig. 1. Relative activity of dehydrogenases in biofilms. (a): BV; (b): BS. Cytotoxicity detection (releases of lactate dehydrogenase) after 1 h pretreatment under
different Salinity. (c): BV; (d): BS. Relative activity of Na'K"™-ATPase. (e): BV; (f): BS. ((O): original biofilms; (ER): EPS removed biofilms).
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original biofilms, EPS removed biofilms and EPS. ((O): original biofilms; (ER): EPS removed biofilms).

tricarboxylic acid cycle as well. In that way, biofilms could only obtain
majority of ATP by secreting more amylases and this was the reason why
the activity of amylase in BV was increased. Moreover, the activity of
pyruvate kinase in original biofilms pretreated in 3.5% saline buffer was
5.17%-59.3% higher than that of EPS-removed biofilms. More impor-
tantly, only the activity of pyruvate kinase in the original biofilms
increased after being pretreated by 3.5% saline buffer than that of 0%
saline buffer, while the activity of pyruvate kinase in EPS-removed
biofilms and EPS both decreased. This indicated that EPS could pro-
mote the process of glycolysis in both cells and EPS under the effects of
salinity.

EPS only partly promoted the process of carbonaceous organic
matter metabolism. In Fig. 3¢ and d, the activity of acetate kinase in BV
was not inhibited by salinity, but was lower than BS. It was reported that
HFMSL was mainly dominated by anaerobic environment while VFTF
was aerobic (Tang et al., 2020). Acetate kinase activity was neither
detected in EPS nor showed remarkable changes in biofilms after EPS
was removed, which indicated that EPS did not have a protective effect
on the acetate kinase pathway. Moreover, acetate kinase was one kind of
dehydrogenases, which proved that EPS could prevent majority enzymes
but not all enzymes in the carbonaceous organic matter metabolism
from being inhibited.

3.4. Role of EPS in cytotoxicity of biofilms at salinity stress

Fig. 1c and d showed the activity of biofilms in VFTF-HFMSL system
after 2 h pretreatment. In the pretreatment, the original biofilms and the
EPS-removed biofilms were both placed in 0% and 3.5% saline buffer,
respectively. The amount of lactate dehydrogenase released was tested

after pretreatment for 2 h. As shown in Fig. 1c and d, the activity of
biofilms was decreased with increase of salinity. After biofilms were
taken from salinity of 0 ~ 2% in VFTF-HFMSL system with pretreatment
in salinity of 3.5%, the activity of both the original and EPS-removed
biofilms decreased significantly compared with being pretreated in
salinity of 0% (Original biofilms: 8.33%-24.9% and 16.9 on average;
EPS-removed biofilms: 12.1%-55.1% and 31.9% on average). This
suggested that EPS could prevent cells from being inhibited by salinity.
However, this phenomenon has not been observed in both the original
and EPS-removed biofilms taken from salinity of 3.5% and the activity of
biofilms taken from salinity of 2% and 3.5% did not increase after being
pretreated at salinity of 0%. It indicated that salinity could cause
irreparable damage to biofilms. On the other hand, the activity of EPS-
removed biofilms was inhibited by 21.5%-49.1% in BV and 5.78%-
37.8% in BS after being pretreated at 3.5% salinity compared with
original biofilms. This showed that EPS played a significant role in os-
motic pressure resistance (Han et al., 2017).

Although cell activity and glycolysis were severely impeded, the
system had a high COD removal rate at salinity of 3.5% (84.1%, in
Fig. 5a). Therefore, what was the most likely to directly cause cell
inactivation was the suppression of NatK'-ATPase, which is the end
point of carbonaceous organic matter metabolism (Shi et al., 2019).
Na"K"-ATPase is a kind of protein embedded in cell membrane (Han
et al., 2017), whose role is to decompose ATP into ADP and free phos-
phorus and release high amount of energy (Zheng et al., 2017). In Fig. 1e
and f, activity of Na"K"-ATPase was decreased with the increase of
salinity in both BV and BS. Compared with salinity of 0%, the activity of
Na*K'-ATPase in salinity of 3.5% was 42.3% and 55.7% in BV and in BS,
respectively. This showed that salinity would dramatically inhibit the
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Fig. 3. Relative activity of Pyruvate kinase. (a): BV; (b): BS. Relative activity of Acetate kinase in biofilms. (c): BV; (d): BS. ((O): original biofilms; (ER): EPS

removed biofilms).

decomposition of ATP and energy acquisition by cells. This directly
resulted in the failure of cells to obtain enough energy to support various
processes (Feng et al., 2018). In this case, the inhibition of Na™K*-
ATPase was the most critical step leading to a decrease in the activity of
the entire cell. In addition, from Fig. 1e and f, EPS cannot promote the
progress of ATP metabolism.

3.5. Major components in EPS promoting enzymatic processes

The EEM spectra of EPS samples at different salinity were analyzed
by PARAFAC. The results revealed that there were four components in
EPS based on the split half analysis as well as residuals and loadings
analysis. The first and second components both had two central peaks,
which were located at Ex/Em = 275/330 and 220-230/330 nm, Ex/Em
= 220/290 and 270/290 nm, respectively. The third component had
three central peaks, which located at Ex/Em = 240/410, 280/410 and
340/410 nm, respectively. The fourth component was located at Ex/Em
200-220/205-500 nm. Pure tyrosine was reported as two

fluorescence peaks, which located at Ex/Em = 225/330 and 275/330
nm, respectively (Kowalczuk et al., 2009; Zhu et al., 2017). The peak of
component 1 and pure tyrosine were overlapped, which indicated that
component 1 was tyrosine. The study of Shutova et al. (2014) showed
that the peak within Ex < 250 nm, Em = 320-360 nm and Ex/Em =
260-300/280-300 nm were all peaks of protein-like substance. The
peak position of component 2 was included in protein-like substance,
which indicated that component 2 was a kind of protein-like substances.
It was reported that pure NADH had three peaks, which located at Ex/
Em = 240/450, 280/450 and 340/450 nm (Wang et al., 2020; Zhou
et al.,, 2019). The peaks of component 3 were 40 nm blue shifted
compared with pure NADH (Wang et al., 2020), which indicated that
component 3 was NADH-like substance. As humic-like substance usually
located at Ex/Em = 200-260/400-500 nm (Ishii and Boyer, 2010; Zhou
et al., 2019), suggesting that component 4 was humic-like substance.
According to the data of the maximum fluorescence intensity from
PARAFAC results, the PCA analysis could be used to further study the
change of the EPS of biofilms and four fluorescence components at
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various salinity levels (Li et al., 2020a, 2020b, 2020c; Shutova et al.,
2014). As shown in Fig. 4a, the EPS of BV was scatteredly and irregularly
distributed, but the distribution was concentrated in a circle in BS. This
suggested that the change in EPS of BV was greater than BS under the
influence of salinity, which meant that EPS in BS was more suitable for
salty environment compared with BV. In Fig. 4b, component 1 and 2
were scatteredly distributed, while component 3 and 4 were not the
case, and component 3 was concentrated in a circle. This indicated that
salinity mainly affected component 1 and 2 (tyrosine and protein-like
substance) in EPS rather than components 3 and 4 (NADH-like sub-
stance and humic-like substance). Tyrosine has a significant antioxidant
effect, and it could prevent the osmotic pressure from causing damage to
cells, demonstrating that tyrosine was the main component in EPS to
alleviate the influence of osmotic pressure (Bouthour et al., 2015;
Kowalczuk et al., 2009). The major component of EPS was protein, and
its content decreased with increase of salinity. This revealed that the
protein in EPS might not have the function of alleviating the influence of
osmotic pressure, and salt had a negative effect to the protein in EPS. In
addition, although component 3 in the PCA graph did not have salient
change, it was quenched at 3.5% salinity in BV. Nevertheless, compo-
nent 3 was not quenched in BS at 3.5% salinity. This indicated that
NADH-like substance may be quenched at 3.5% salinity in some kinds of
microorganisms.
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Fig. 4. PCA result based on the data of the maximum fluorescence intensity
from PARAFAC result at 40 samples. (a): Biofilm samples; (b): Components.
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3.6. Role of EPS in COD and NH}-N removal at stress of salinity

In long-term reaction, EPS could not be removed through the whole
reaction, and the carbonaceous organic matters were represented by
COD. Under this condition, the role of EPS would be discussed by
removal rate, removal model and enzymatic processes as discussed
below. First of all, the VFTF-HFMSL system had a very high removal
efficiency of COD and NHZ-N at low nutrients and salinity of 3.5%.
Fig. 5a and ¢ showed measured and model-predicted concentration of
COD and NHJ-N, including the original synthetic wastewater, middle
effluent, and final effluent at different salinities. As shown in Fig. 5a and
¢, the effluent concentration of COD, NHZ-N increased with the increase
of salinity (0 ~ 3.5%). In this study, influent COD, NH4-N and TP con-
centration were 100 + 10.0, 10.0 + 1.49 and 3 + 0.63 mg/L, respec-
tively. When salinity increased from 0 to 3.5%, middle and final effluent
COD increased from 11.2 to 26.0 mg/L and from 1.76 to 15.87 mg/L,
respectively. The removal rate of COD by the VFTF-HFMSL could stably
reach 84.1% at salinity of 3.5% and initial concentration of 100 mg/L.
Middle and final effluent of NHJ-N increased from 1.72 to 6.33 mg/L
and from 0.12 to 4.14 mg/L as salinity increased from 0 to 3.5%. When
salinity was 2% and 3.5%, the removal rate of NH-N by the system was
83.4% and 58.6%. This showed that salinity of 3.5% could greatly
inhibit the removal efficiency of NH4-N. In conclusion, VFTF-HFMSL
system had promising removal efficiency on COD, NH4-N at salinity of
3.5% at low nutrition condition. Since that EPS could promote the
carbonaceous organic matters utility rate by 13.2%-33.8% at salinity of
3.5%, and the COD removal rate would decrease correspondingly in the
absence of EPS. This indicated that EPS could promote COD removal rate
under the influence of salinity. Moreover, modeling analysis would
prove this conclusion and the decrease of COD removal rate would cause
negative effects on NH4-N removal.

3.7. Models for the relationship between COD/ NH{-N removal and
salinity

To find out the relationship between COD removal and salinity,
modified logistic kinetic model (LKM) was used to fit stable COD effluent
(Zhou et al., 2019), in which effluent concentration of COD was only
related to salinity. The formula of modified LKM is:

dC aC

i —rC<1—a) €D)
aC

Q= BreN 2

where C is COD concentration (mg/L), r is the removal rate constants
(day_l), Co is the initial amount of nutrient (mg/L), a is the parameter to
be estimated (a < 1), Q is the external environmental stress.

In the VFTF-HFMSL system, due to the limitation of space, micro-
organisms grow slowly after acclimatization, r was set as 1. After
inputting the data, the formulas could transfer to (COD-Middle: middle
effluent of COD; COD-Final: final effluent of COD):

Qcon-wiae = — 0.0055NaCl* —0.0027NaCl +0.9412 (3)
Qcon-rina = 0.0009NaCP* — 0.0242NaCl +0.991 4
Ccop-wiaae = 473.5¢cov-wiate _ 17425 (5)
Ccop—rina = 497.12¢™cor-rnet — 182 77 6)

In the modified LKM, the parameter Q represents external environ-
mental stress, and in this study the only external stress was salinity.
Therefore, Q is only related to salinity, and also the stable value pre-
dicted by model.

Modified LKM and was used to fit stable COD effluent. Fig. 5a and b
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salinity of 3.5%.

showed fitted curve of middle and final effluent of COD and Q value. In
Fig. 5a, the prediction line basically coincided with the stable value of
measured value. In Fig. 5b, the correlation coefficient (R?) of Egs. (3)-
(6) was 0.995, 0.975, 0.992 and 0.984, respectively. This indicated that
modified LKM was well fitted with COD effluent and Q value. The in-
crease of COD effluent was related to salinity and could be described by
salinity in VFTF-HFMSL system. Q value is an external environmental
pressure index and Fig. 5b showed that Q value was related to salinity.
This indicted that in this study, the only external environmental pressure
was salinity and the COD removal was only related to salinity.

Modified LKM cannot be used to fit the NH4-N effluent, which sug-
gested that NH4-N effluent was not affected by salinity. As a result,
modified Pearce and Edwards model (PEM) was used to fit the NHJ-N
concentration (Akker et al., 2011; Pearce and Edwards, 2011), in which
effluent concentration of NH;-N was only related to BOD load. The
equation of modified PEM is:

with the actually measured points and R? of Eq. (7) and measured value
was 0.94. In this model, effluent NH;-N concentration was only related
to BOD load but not salinity. However, modified PEM could be used well
in salinity affected VFTF-HFMSL system in this study but modified LKM
could not, which indicated that NHJ-N effluent was only related to BOD
load.

NHZ4-N removal rate would be seriously inhibited without EPS at
salinity of 3.5%. Modified PEM was used to find the curve of BOD load
and NH4-N effluent concentration at salinity of 3.5%, which was showed
in Fig. 5d. Since the variables in the model cannot be separated, an
approximate solution was used to fit the NH4-N effluent concentration
at different BOD load in 3.5% salinity. Specific approximate solution is:

Firstly, the premise was assumed as: at salinity of 3.5%; the media
irrigation rate and temperature did not change. In this case, both Iv and
T are constants. Then the stable value of 3.5% salinity in this study was
taken:

Com: —Neguen: = 0-00003*BODload **NH; — Nload***Iv=T*T~** — 0.0313*BODload"”*NH] — Nload"***[v"3*T~01* 1.9.1787 )

where BOD load is g BOD/m? removed media surface area per day, NHj -
N load is g NHZ-N/m? removed media surface area per day, Iv is media
irrigation rate specific to media surface area as L/m? media surface area
per day, T is filter effluent temperature (°C).

In Fig. 5¢c, the majority of the predicted points of the model coincided

BODs load = By; NH4-N load = N;

Inputting these two data into the Eq. (7) and obtain:
C(NHI'NEfﬂuent) =C

And the equation for NH4-N load in VFTF-HFMSL is

NH; — Nload = (NH; — Nygen — NH — Nigruen) *0.66 8
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When BODs load increases by 1% as: BODs load = B,

At this time, assuming that the little change in BODs load had little
effect on NHj-N effluent. In this case, C; was brought into Eq. (8) as an
approximate value to obtain a new NHj-N load, which could be set as
Ns. Nj and B, were brought into Eq. (7) to obtain C,.

When BODs load increased by 1% on the basis of By, which was set as
B3, C was brought into Eq. (8) as an approximate value to get N3 and
then N3, B3 were brought into Eq. (7) to get Cs. The rest could be done in
the same manner and the same as the BOD load was reduced.

As shown in Fig. 5d, when BOD load increased from 0 to 75.0 g/m?/
d (especially from 40.0 to 60.0 g/m?/d), the effluent concentration of
NH4-N continuously decreased from 9.17 to 1.02 mg/L at salinity of
3.5%. This suggested that if the BOD load dropped from 60.0 to 40.0 g/
m?/d, the NH-N effluent would increase sharply. In this study, BOD
loads were 51.1 (VFTF) and 44.3 (VFTF-HFMSL) g/mz/d, which were
both located in 40.0-60.0 g/m?/d. If without the promotion function by
EPS, which could promote BOD load by 13.2%-33.8% or 5.85-17.27 g/
m?/d in this study, the effluent concentration of NH4-N would increase
t0 6.92-8.35 mg/L. The corresponding removal rate of NHZ -N decreased
by 27.8%-42.1% at salinity of 3.5% when EPS was absent, which indi-
cated that EPS could significantly promote the removal efficiency of
NHZ-N.

3.8. A possible way to improve the removal efficiency of NH{-N

In Fig. 5d, the optimal final effluent concentration of NH4-N was
1.02 mg/L and the optimal BODs load of the entire VFTF-HFMSL should
be 75.0 g/m?/d and corresponding C/N was COD: NH4-N = 15: 1. In the
experiments, this value was 51.1 g/m?/d, showing that the COD con-
centration in the influent water could be increased by 46.8% to achieve
the best nitrogen removal effect (89.8%). Of course, this was only the
calculation by the model and was not verified in experiments. However,
it also provided a possible solution to cost-effiective removal of NHZ-N
in the treatment of marine aquaculture wastewater (high salinity and
low nutritents). It was reported that carbon source metabolism was the
basic activity of microorganisms (Oechmen et al., 2006), which directly
affected the removal of nitrogen and phosphorus. This showed that it
was feasible to increase BOD load, which could make microorganisms to
absorb more carbon sources and to increase the removal rate of NHj-N.

Appropriate carbon source should be selected among promoted
enzymatic processes because of the promotion effects of EPS. The ac-
tivity of amylase was promoted by 79.8% at salinity of 3.5% and the
glycolysis pathway was inhibited by 16.9%-77.4%. This suggested that
starch was better than glucose or other monosaccharides as substrate.
Since the products of glycolysis were severely inhibited, the enzymatic
activity in the subsequent tricarboxylic acid cycle would also decrease.
However, the tricarboxylic acid cycle was the process that produced
most of ATP, and the COD removal efficiency was very high at salinity of
3.5%. This indicated that acetic acid and pyruvate acid produced by
glycolysis could be utilized mostly at tricarboxylic acid cycle and the
remaining COD mainly consisted of glucose and leachable of cells.
Therefore, the preferred external carbon source sequence for promoting
removal of NH-N in the treatment of marine aquaculture wastewater
should be starch > pyruvate acid > glucose.

4. Conclusions

EPS could distinctively protect enzymes in carbonaceous organic
matters (such as amylase and pyruvate kinase), and tyrosine was main
active component in EPS. Besides, salinity could inhibit the consumption
of ATP and directly reduce the energy available to microorganisms.
Moreover, VFTF-HFMSL system showed a high removal efficiency of
COD at 3.5% salinity. The modified PEM predicted a highest NH;-N
removal efficiency of 89.8% (with the NH4-N concentration in the
effluent of 1.02 mg/L) at BODs load of 75 g/m?/d, and the optimal C/N
of 15:1 (COD: NH4-N), suggesting its potential application in adjusting
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C/N to achieve better NH4-N removal performance.
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