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ABSTRACT

This study aimed at screening salt-tolerant phosphorus (P) accumulating organisms (PAOs) and
investigating the P release and uptake of the organisms in saline wastewater. Batch experiments
were conducted over 98 days in solutions with a salinity of 3.5% and P concentrations of 1, 5, 10,
and 20 mg-P/L. The P-uptake ability of microorganisms increased by increasing P concentration
from 1 to 20 mg-P/L. A high P removal percentage with an average of 85% was obtained at 10 mg-
P/L after day 56. The uptake and release of P were observed in saline wastewater, signifying that
salt-tolerant PAOs could grow in the saline solution. Bacterial screening by isolation and sequence
analysis using 16S rRNA demonstrated that two cultivated strains, TR1 and MA3, had high
similarity with Bacillus sp. and Thioclava sp. EIOX9, respectively.The colony morphology analysis
showed that the colonies of TR1 were rod-shaped, milky-colored, round, shiny-viscous, smooth
with a defined margin, while colonies of MA3 were cream-colored with smooth surfaces and raised
aspect. The TR1 was gram-stain-positive with approximately 6-10 pym long and 1.2 pm wide cells,
and MA3 was gram-stain-negative withabout 0.9 pm long and 0.5 nm widecells. The results
demonstrated the involvement of Bacillus sp. and Thioclava sp. in the release and uptake of P,
owing to their ability to grow in saline wastewater.
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INTRODUCTION

Numerous industrial sectors, such as seafood
processing, preservative industries, and cheese
processing, likely generate highly saline wastewater.
This wastewater contains large amounts of
dissolved inorganic salts with elevated salinity levels
up to the level of seawater (i.e., 3.5% w/w of sodium
chloride, NaCl). Wastewater with salinity range 1-10
g/L is defined as saline wastewater. It features
significant concentrations of salt and is high in
nitrogen (N) and phosphorus (P) (Intrasungkha et
al., 1999; Pernetti and Di Palma, 2005). Untreated
saline wastewater may cause serious environmental
pollution, where the excessive P discharge in

seawater results in eutrophication. An important
factor in improving the quality of aquatic
ecosystems is to reduce P contamination in
wastewater before discharge into water bodies
(Hanrahan et al., 2005; Aydin et al., 2009).
Enhanced biological P-removal (EBPR) systems
are simple and widely adopted for P removal, which
is environmentally friendly and inexpensive. These
systems include communities of microorganisms,
some of which are phosphorus accumulating
organisms (PAOs). They help remove P from
wastewater by accumulating it inside their cells as
polyphosphate (Wentzel et al., 1989). They use P for
cell maintenance, nucleic acid synthesis,
construction of cell membranes (as phospholipids),
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and chemical reactions in cell energy transfer (such
as adenosine triphosphate, ATP), while some are
stored for future use (Krishnaswamy et al., 2009).

In accordance with previous studies, the removal
of biological P in wastewater is highly dependent on
its release under anaerobic conditions and the
process of excess uptake under aerobic conditions.
Controlling both conditions is critical to biological P
removal (Li et al., 2003). The first stage of the EBPR
process occurs under anaerobic conditions, in which
an organic substrate in the form of volatile fatty
acids (VFA) is taken in by PAOs and stored as
polyhydroxyalkanoates (PHA), an internal polymer
(Zou and Wang, 2016; Acevedo et al., 2017; Jiang et
al., 2018). In aerobic conditions, PAOs use PHA as a
source of carbon and energy for metabolism and cell
growth and also restore stocks of glycogen and
polyphosphate in the aerobic zone. To restore
polyphosphate, PAOs take in excess P from solution
(Bao et al., 2007; Jiang et al., 2018).

EBPR systems are sensitive to water quality
fluctuations and environmental conditions, such as
pH, temperature, and salinity. The biological
treatment of saline wastewater makes the survival of
salt-intolerant microorganisms impossible. Salt in
wastewater triggers an outflow of intracellular-
water and cell dehydration, leading to the loss of cell
activity (Welles et al., 2015). Studies demonstrate that
ammonia-oxidizing bacteria can tolerate NaCl
concentrations of up to 33 g/1, while nitrite-
oxidizing bacteria are intolerant to high-saline
conditions. Only a few studies demonstrate the
effect of salinity on biological P removal (Bassin et
al., 2011; Wang et al., 2017; Welles et al., 2015). Here,
we investigate the P removal ability of phosphorus
accumulating organisms (PAOs) by isolating and
identifying them under salinity conditions similar to
those of seawater.

MATERIALS AND METHODS

Sample collection

Seawater and sediment samples were taken 1 m
below the water surface during tidal flat conditions
in Yamaguchi Bay (Yamaguchi, Japan). The samples
were transferred into 500 ml plastic non-sterile
bottles for analysis.

Artificial saline wastewater

phosphorus

containing

The aerobic medium was prepared from distilled
water with the addition of 3.8 mg/1 of NH,Cl and

artificial seawater with a salinity of 35.00%.. The
anaerobic medium was synthesized so as to have the
same composition as an aerobic medium with the
addition of 680 mg/1 of CH,COONa and 540 mg/1
of C,H,COONa. Various concentrations of P (1, 5, 10,
and 20 mg/1 of PO, P from KH,PO,) were added to
both the anaerobic and aerobic mediums. To adapt
of seawater pH the medium was adjusted to 7.9
using 1 M NaOH and 1 M HCl solutions.

Culture enrichment

The sediments (100 g) were added to 150 mL of
artificial saline wastewater as an anaerobic medium.
The cultures were given by feed medium every three
days at 25 °C and shaken at 140 rpm. The hydraulic
retention time of the cultivation was 16 h and 8 h
under anaerobic and aerobic conditions,
respectively. A 10 sponges, made of polyurethane
with dimensions of 2 cm?® were put in Erlenmeyer
flasks, and was used as a bio-carrier surface for
microorganisms to adhere to. Water was passed over
the sponge surface to acclimatize the
microorganisms growing outside the sponge as well
as within its pores, ensuring sufficient growth
surface. The cultivation duration was 112 days.

P-release and P-uptake measurements

A batch test was performed under both anaerobic
and aerobic conditions, the shaker in mode off for
anaerobic condition and when aerobic the shaker in
mode on. To investigate the release and uptake of P
by the microorganisms in saline wastewater
sampling was done every two weeks for analyzing.
The schematic diagram of the batch experiment
setup is shown in Figure 1. The artificial feed
medium contained indispensable nutrients for the
growth of bacteria enabling P removal. However, to
understand the effect of P concentration on its
release and uptake by microorganisms, the
experiments were conducted using different initial P
concentrations. All tests were conducted in 300 ml
Erlenmeyer flasks with 10 sponges, and 150 ml of
artificial saline wastewater was used. The
experiment was conducted in triplicates. The batch
tests were operated in a horizontal shaker (EYELA-
multi shaker IMS-1000; Rikakikai Co., Ltd. Japan) at
140 rpm and incubated at 25 °C under two
alternating phases: anaerobic conditions (4 h) for P
release and aerobic conditions (8 h) for P uptake.
PO,-P was measured to evaluate P concentrations
using the molybdenum blue method (Japanese
Industrial Standards-JIS K102.46.3-2000) and a UV-
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visible spectrophotometer analyzer
(Spectrophotometer-800; Shimadzu Co., Ltd. Japan)
at a wavelength of 880 nm. P concentrations were
measured after filtration through a 0.45 um syringe
filter before and after the anaerobic and aerobic
periods.

Anaerobic medium

a

Sampling 1

Off (4h)

Sampling ‘2

Anaerobic
condition

Acerobic medium

! E Total (12h)

Sampling 3

On (8h)

Aerobic
condition

Sampling 4

Fig. 1. Schematic diagram of the experimental setup.

Isolation and purification of bacteria strain

The bacteria were isolated from sponges that
enriched in the Erlenmeyer flask. Microbial isolation
was carried out by the pouring method by making a
10°-10° dilution series. R2A agar (Nihon Seiyaku,
Japan) and Marine 2216 agar (Difco, Detroit, MI,
USA) were used to grow and isolate. The plates
were incubated at a temperature of 25-30 ° C for 3-
5 days for isolation under aerobic and anaerobic
conditions, for anaerobic condition the plate was
given AnaeroPack (Mitsubishi Gas Chemical, Japan)
to avoid the entry of oxygen during incubation.
After being isolated, the next step is to carry out
purification in order to obtain the desired pure
culture without any contaminants from other
microbes. Well-isolated colonies were purified by re-
streaking on the same medium. Selection of purified
microbial colonies based on differences in the
appearance of colony morphology, observing the
morphology of bacterial colonies with the naked eye
to determine the general shape, margins, elevation,
texture, and pigmentation. The Quebec colony
counter was used because it had a magnifying glass
and a backstage light for better viewing. After
reaching pure culture, further analysis was carried

out on it. The pH of Marine agar 2216 and R2A is
adjusted to 7.6 and 7.2, using 1 M NaOH and 1 M
HCL

Microscope examination

Bacteria cells were Gram-stained according to
(Smith and Hussey, 2005), andtheir cell morphology
was examined by an optical microscope (IX70,
Olympus, Tokyo) with 40x (UPlanFL N, Olympus)
and 100x objectives (UPlanFL N, Olympus). Images
were taken by a CMOS camera (DCC1645C-HQ,
Thorlabs). For scanning electron microscopy (SEM),
sample preparation was carried out according to the
method suggested by (Kouzui, Tokikawa et al.,
2016). Bacteria cells were fixed on the surface of the
coverslips coated with 0.01% Poly-L-Lysine
(SIGMA) using a fixative of 2.5% Glutaraldehyde
(Electron Microscopy Sciences), 2 mg/ml tannic acid
in 20 mM MOPS pH 7.0. After 20 min of incubation,
the samples were washed with distilled water (DW)
and dehydrated by a series of ascending t-butyl
alcohol to replace water inside cells. Samples were
frozen at -20 °C and placed overnight in a plastic
desiccator which was kept at low pressure by a
rotary pump. The dried samples were coated with a
thin layer of platinum with a sputter coater (MSP-1S,
Vacuum Device, Japan) and immediately observed
with a scanning electron microscope (S5-4300Y,
Hitachi) operated at a 2 kV accelerating voltage.

Determination of 16S rRNA gene sequence and
phylogenetic analysis

The isolates were identified by 16S rRNA
sequencing analysis using two universal bacterial
primers: forward primer 27f and reverse primer
1492r. The polymerase chain reaction (PCR)
amplification was performed in a 25 nl (total
volume) reaction with 12.5 pl of PCR master mix
(Emerald, Takara Bio Inc. Japan), 0.5 pl for each
forward and reverse, 1.5 pl of template DNA and 10
pl of ddH,O (double-distilled H,O). It was
performed by initial denaturation at 94 °C for 10
min, followed by 30 cycles of thermal cycling
(denaturation at 94 °C for 1 min, annealing at 60 °C
for 1 min and an extension at 72 °C for 1 min),
followed by one final extension at 72 °C for 10 min.
PCR products were run on 1.5% agarose gel stained
with Ethidium Bromide (EtBr) (100 V for 30 min),
visualized under blue light and photographed with
Bio-Rad Universal Hood. The primers amplified
1,400-1,500 base pairs (bp). Amplicons of 165 rRNA
were purified using a PCR purification kit
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(Macherey-Nagel, Germany). The sequences in
public databases at the National Center for
Biotechnology Information (NCBI) were contrasted
with the 165 rRNA gene sequences. To find
similarities between colonies, a search was
undertaken on the basic local alighment search tool
(BLAST) of NCBI. Then, 1,000 replications were
used as the basis for bootstrap values. Phylogenetic
analysis was performed using MEGA version 6.0
(Tamura et al., 2013), with distance options
according to the Kimura two-parameter model and
clustering using neighbor joining (Saitou and Nei,
1987) and maximum likelihood (Felsenstein, 1985)
methods. In each case, bootstrap values were
calculated based on 1,000 replications.

RESULTS AND DISCUSSION

Phosphorus release and uptake

The ability of cultivated organisms in taking P from
saline water was studied varying the P
concentration. During a long-term operation, the
alternating aerobic and anaerobic condition was
provided by periodic switching off shaking process.
Figure 2 illustrates the P-release and P-uptake
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ability, during batch-type experiments under
anaerobic and aerobic conditions at various PO,-P
concentrations in saline wastewater for 98 days. The
figure shows that P tended to be released and taken
in during anaerobic and aerobic conditions,
respectively. P release in the anaerobic phase is
related to the uptake of the synthetic substrate by
using energy generated via hydrolysis of stored
polyphosphate and degradation of glycogen from
intracellular stock (Wu et al., 2013). Poly-p
hydrolysis releases orthophosphate into the solution.
The accumulated substrate is then transported and
stored as polyhydroxyalkanoate (PHA) (Bunce et al.,
2018). In the subsequent aerobic conditions, the
microorganisms are exposed to oxidizing conditions,
leading to oxidation of PHA. The energy generated
by oxidation is used for the uptake of P and
synthesis of glycogen for cell-growth and
regeneration of polyphosphates (Marais et al., 1983).

The visible P-release and P-uptake during
cultivation and long-term batch testing implied the
involvement of PAOs. In biological P removal by
PAOs, the P release under anaerobic conditions is
critical to P uptake in the subsequent aerobic phase,
which ultimately affects the total efficiency of P
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Fig. 2. P uptake and P release during 98 days in various P concentrations: (a) 1 mg-P/1, (b) 5 mg-P/1(c) 10 mg-P/1, and

(d) 20 mg-P/L.
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transfer (Li et al., 2003). The ability of PAOs to
remove P decreases with increasing salinity (>2 %)
owing to the reduction of the microbial community
(He et al., 2020). However, in this study, P release
and uptake were still observed at high P levels and
salinity of 3.5%, denoting the growth of salt-tolerant
PAOQOs. The P release and uptake demonstrated the
existence of PAOs sufficiently feeding on P (Zhou et
al., 2016; Wu et al., 2012).

Figure 2(a-d) shows that the P-uptake ability of
PAOs increased with an increasing concentration of
P from 1 to 20 mg-P /L. This clearly indicates that the
organisms require P in the solution as an energy
source for their growth. The higher P concentration
provided, the higher P uptake obtained from each P
concentration solution, which signifies that the
higher amount of PAOs in higher concentration of P.
Figure 2(b-d) demonstrates that PAOs in P
concentration of 5, 10, and 20 mg-P /I needed 56-70
days to achieve the optimum P uptake and then
fluctuated, even though a decrease was observed in
5 mg-P/lin the first 14 days.

P-uptake of PAOs in concentration of 1 mg-P/1
reached maximum at day 28 (0.80 mg-P/1), after that
decrease until day 56, and then fluctuated until day
98 (Figure 2(a)). Moreover, P-release was not
observed with anaerobic conditions on some days,
especially from day 70 to 98, whereas P uptake was
detected. This decrease signified a lack of available
P for microbial growth in aerobic conditions, and the
bacteria involved in P removal were not yet
enriched. Additionally, the competition with other
organisms such as glycogen accumulating
organisms (GAOs) could cause this ability decline.
The limited P condition is limiting for PAOs growth
while GAOs are favored under this limiting
condition. The GAOs take in the synthetic substrate
for their metabolism without releasing P
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Fig.3. Net P removal during 98 days in various P
concentrations.

(Mulkerrins, Dobson et al., 2004). This could explain
the absence of P-release from day 70 in P
concentration of 1 mg-P/1.

In order to investigate the effectivity of PAOs
(that was cultivated from 100 grams of wet
sediment) in removing P from solution, the P
removal rate was defined. The P removal rate is P-
uptake percentage that corresponds to its influent
and effluent P concentration. The P removal rate
during 98 days in various P concentrations is shown
in Figure 3. Even though the P-uptake ability
increased when the P concentration increased to 20
mg-P/1, however, the increase of PO,-P
concentration to 20 mg-P/1 did not cause an increase
of the uptake removal rate. After day 56, PAOs took
in only around half of the P provided at 20 mg-P/1
of PO,-P concentration; however, they took in
around 80% P at lower PO,-P concentrations. This
deteriorated removal rate indicted the saturation of
the biomass provided on the sponge for P uptake.
The capacity of PAOs to accumulate phosphate as
poly-P depends on the biomass in previous
condition. The maximum amount of poly-P
accumulation is limited for existing PAOs in the
reactor, they are not able to uptake any more P when
they replenished all their possible poly-P. These
results signify that 10 mg-P/1 is the maximum
effective P uptake by the cultivated salt-tolerant
PAOs.

Colony and cell morphology

We therefore investigated the differences of colony
morphology between strain TR1 and MA3 over
specific agar mediums. Figure 4 shows two different
types of colonies from each isolate which were
obtained by using R2A for strain TR1 and Marine
agar 2216 for strain MA3. From the appearance of
the colonies, the strain TR1 appeared to be roundish,
milky in color, and possessed a shiny and smooth
surface with flat aspect in elevation.

To directly observe the cell morphological
differences between strain TR1 and MA3, a SEM
study was carried out. As shown in Figure 5, strain
TR1 that was tested positive for Gram staining
exhibited a rod-shaped form with 6-10 pm long and
1.2 pm wide in average. Meanwhile, strain MA3 that
was tested negative for Gram staining showed
short-rod-shaped cells with 0.9 pm long and 0.5 pm
wide in average. The results showed that there were
substantial differences between strain TR1 and MA3
morfologies.
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(b)
Fig. 4. Morphology of (a) strain TR1 colonies on R2A agar
and (b) strain MA3 colonies on Marine agar 2216.

Molecular analysis

To obtain the detailed information of two cultivated
strains, MA3 and TR1, the 16S rRNA sequencing
analysis was conducted. The analysis using 16S
rRNA gene sequencing showed that Bacillus
bacterium was more abundant compared to
Thioclava. By using NCBI’s BLAST, the strain TR1
showed high similarity with Bacillus sp., Bacillus
megaterium, and Bacillus aryabhattai, while the MA3
strain showed the highest similarity with Thioclava
sp. EIOX9, T. nitratireducences 25B10-4, and T.
dalianensis D2. The BLAST search of Genbank for all
strains provided the percentage similarity between
the cultivated microorganisms andthose detected in
Genebank for three most similar representatives as
shown in Table 1.

Moreover, the neighbor-joining tree based on 16S
rRNA gene sequences was created to investigate the
relationship between cultivated strains and their

representative species (Figure 6). Thus, the
molecular analysis results showed that the
cultivated strains, TR1 and MAS3, belonged to
Bacillus and Thioclava species.

In order to confirm the ability of Bacillus sp. and
Thioclava sp. in eliminating phosphorus from saline
water, reviewing of some literatures was
conducted.The Bacillus sp. tend to be tolerant to
extreme physical and chemical conditions and can
persist under various conditions owing to their
ability to form endospores (Fajardo-cavazos and
Nicholson, 2006). Further, they are able to sporulate
under unfavorable conditions with low nutrition
and oxygen concentration, which are essential for
their growth (Choi et al., 2002). Two bacterial strains,
Bacillus aryabhattai and Bacillus sp., has been found
in the water of intensive catfish-pond sludge, and
they showed the ability to take in polyphosphate
(Khoi and Diep, 2013). Particularly, Bacillus is a
group of proteolytic bacteria, which are cellulolytic,
lipolytic, aerobic, or facultative anaerobes widely
used in treating wastewater (Groudev, 1987). Bacillus
sp. showed a reasonably high phosphate-
accumulating ability (Brodisch and Joyner, 1983),
whereas wastewater treatment system in Korea is
operated with dominant bacilli strains which has
capability of efficiently removing P(Choi et al., 2002).

While Thioclava sp. has been found to be salt-
tolerant and they can grow both at 0 and 20 g/1
salinity, even this bacterium can still be observed at
salinities >20 g/1 (Chen et al., 2018). Thioclava sp. can
found every where in the marine environment and
are distributed in various ecological niches, which

Fig. 5. Scanning electron microscopic micrographs of (a-b) strain TR 1 and(c-d) strain MA3.

Table 1. Similarity percentage of cultivated strains toward representative species in BLAST search

Strains Representative species Similarity percentage (BLAST)
TR1 Bacillus sp. (LC484742) 99.93%

Bacillus megaterium (MK307786) 99.93%

Bacillus aryabhattai (MN555367) 99.93%
MA3 Thioclava sp. EIOx9 (MG208121) 96.72%

T. nitratireducences 25B10-4 (NR157648) 96.41%

T. dalianensis D2 (MG547693) 95.08%
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Thioclava dalianensis strain D2 (MG547693)

Thioclava nitratireducens strain 25810-4 (NR 157648)

|96/ Thioclava pacifica 151-1 (AB999966)

Thioclava pacifica 55-1 (AB999879)

Thioclava atlantica strain 25B07-5-2 (KX618936)

Thioclava arenosa strain CAU 1312 (NR156990)

TR1

Bacillus sp. (in: Bacteria) CSBXZR4.4 (LC484742)
Bacillus megaterium strain DN3 (MK307786)
Bacillus megaterium strain DW13 (MK318789)
Bacillus megaterium strain TBMAX83 (MK834721)
Bacillus aryabhattai strain N7 (MN555367)
Bacillus aryabhattai strain RPW7 (MN559718)

Fl aquatile strain DSM1132 (NR042495)

100

T‘
Fig. 6. Neighbor-joining tree showing the phylogenetic
position of strain MA3, TR1, and related species,
based on 16s rRNA gene sequence. Flavobacterium

aquatile DSM1132 was used as an outgroup.

confirms their ability to live in saline environments
(Liu et al., 2017). The consortium was found to
include dominant genera that share significant
sequence similarity to the sulfur-oxidizing genus,
Thioclava sp., which has demonstrated
chemoautotrophic growth on intermediate sulfur
compounds including thiosulphate, and
heterotrophic growth on simple organic matter
including glucose (Sorokin et al., 2005). It is
suggested that Thioclava sp. can improve the
removal of N and P from saline wastewater. The
study of Thioclava sp. to remove P in saline
wastewater requires further research.

CONCLUSION

We demonstrated the growth of salt-tolerant PAOs
through experiments using batch tests in saline
media. The ability of PAOs to release and take in P
was strongly affected by the concentration of PO,-P.
With very low PO,-P concentrations 1 mg-P/1, the P-
removal-efficiency was high on day one and tended
to decrease with time due to the competition of
getting nutrients with GAOs. The P-uptake ability of
microorganisms increased by increasing P
concentration from 1 to 20 mg-P/1. A high P removal
percentage with an average of 85% was obtained at
10 mg-P/1 after day 56. Bacterial screening by
isolation and sequence analysis using 16S rRNA
showed that Bacillus sp. (TR1) was Gram-stain-
positive with rod-shaped and approximately 6-10
pm long and 1.2 pm wide cells. On the other hand,

Thioclava sp. (MA3) was identified as Gram-stain-
negative with short-rod-shaped and 0.9 pm long
and 0.5 pm wide cells. The TR1 colonies were milky-
colored, round, shiny-viscous, smooth with an entire
margin, while MA3 colonies were cream-colored,
with smooth and raised surfaces. Both isolates were
identified in the saline wastewater, implying that
they may be representative of PAOs and could live
in environments with a salinity of 3.5%. Further, the
two bacteria recorded in the study could be used for
improving P removal in saline wastewater.
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