Environmental Science and Pollution Research (2023) 30:125677-125688
https://doi.org/10.1007/5s11356-023-31107-1

RESEARCH ARTICLE q

Check for
updates

Construction and application of highly efficient waste cooking oil
degrading bacteria consortium in oily wastewater

Zhuo-qun Zhao' - Jian Yang' - Heng-yuan Chen' - Wen-fan Wang' - Xiao-jian Lian - Xiao-jie Xie' - Min Wang' -
Ke-fei Yu' - Hua-bao Zheng'

Received: 29 July 2023 / Accepted: 15 November 2023 / Published online: 25 November 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The treatment of cooking oil wastewater is an urgent issue need to be solved. We aimed to screen for efficient oil-degrading
bacteria and develop a new microbial agent for degrading waste cooking oil in oily wastewater. Three extremely effective
oil-degrading bacteria, known as YZQ-1, YZQ-3, and YZQ-4, were found by the enrichment and acclimation of samples
from various sources and separation using oil degradation plates. The 16S rRNA sequencing analysis and phylogenetic
tree construction showed that the three strains were Bacillus tropicus, Pseudomonas multiresinivorans, and Raoultella
terrigena. Under optimal degradation conditions, the maximal degradation rates were 67.30 +3.69%, 89.65 +1.08%, and
79.60 £ 5.30%, respectively, for YZQ-1, YZQ-3, and YZQ-4. Lipase activity was highest for YZQ-3, reaching 94.82 + 12.89
U/L. The best bacterial alliance was obtained by adding equal numbers of microbial cells from the three strains. Moreover,
when this bacterial alliance was applied to oily wastewater, the degradation rate of waste cooking oil was 61.13 +7.30%
(3.67% £2.13% in the control group), and COD removal was 62.4% +5.65% (55.60% +0.71% in the control group) in 72 h.
Microbial community analysis results showed YZQ-1 and YZQ-3 were adaptable to wastewater and could coexist with local
bacteria, whereas YZQ-4 could not survive in wastewater. Therefore, the combination of YZQ-1 and YZQ-3 can efficiently
degrade oil and shows great potential for oily wastewater treatment.

Keywords Waste cooking oil - Oil-degrading bacteria - Bacterial alliance - Lipase activity - Oily wastewater - Microbial
treatment

Introduction

China discharges over 60 million tons of kitchen waste
annually (Gao et al. 2019). With the rapid development
of the catering and food industries, the discharge of oily
wastewater has increased remarkably (Tong et al. 2021).
Oily kitchen wastewater mainly originates from housing
societies, restaurants, workplaces, canteens, and markets
(Awasthi et al. 2018; Le et al. 2022). Furthermore, a large
amount of untreated sewage is discharged directly into the
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urban water pipe network, resulting in severe environmen-
tal pollution. Establishing sewage discharge standards is a
relatively underdeveloped field (Cheng et al. 2017). The
treatment of grease in domestic sewage has always been the
focus of research (Ktata et al. 2020). Lipid accumulation
in wastewater leads to drainage system blockage, unpleas-
ant odour generation, and the death of aquatic organisms
(Mongkolthanaruk and Dharmsthiti 2002). Oily wastewater
from restaurants and kitchens contains several macromo-
lecular substances, such as animal and vegetable oils and
proteins, and the content of organic substances is exception-
ally high (Sarac and Ugur 2016). In addition, it has high
salt and chemical oxygen demand (COD) concentrations
(Chandrasekhar et al. 2022; Xu et al. 2022). This has led
to a significant increase in the difficulty of treating sewage.

Waste cooking oil (WCO) is composed of fatty acids and
glycerine. They are challenging to break down and get rid of
since they are nearly insoluble in water (Ahmad et al. 2020).
Treatment methods for oily wastewater include physical,
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chemical, and biological processes. However, physical and
chemical methods are expensive and can only remove sus-
pended, emulsified, and dispersed oil (Nimkande and Bafana
2022). This intricate process produces secondary pollutants
quickly (Montagnolli et al. 2009). In recent years, biologi-
cal treatment and bioremediation technologies have become
research hotspots in wastewater treatment because of their
high efficiency, economy, ecological friendliness, and other
characteristics (Wang et al. 2022; Zahri et al. 2021b). Vari-
ous biological methods have been used to jointly treat sew-
age and biodegradable solid waste (Rajpal et al. 2014; Xing
et al. 2011). Biological processes can remove the dissolved
oil and most other organic matter so that the oily wastewater
can reach the discharge standards (Sutar et al. 2023; Zou
2015). Recently, researchers have developed a novel way
of dealing with this problem, i.e., the use of oil-degrading
bacteria. There have been increasing studies on screening
and isolating microbial strains with high oil degradation
efficiency (Affandi et al. 2014; Nzila et al. 2017b; Sharma
et al. 2019). Most of these studies characterised the ability of
oil-degrading bacteria to process simulated oily wastewater
in the laboratory. More research is needed on their degrada-
tion potential. Therefore, screening for oil-degrading bacte-
ria that affect natural oily wastewater is essential. Serratia
marcescens showed the maximum oil degradation ability
(91%) after incubation for 12 days (Affandi et al. 2014).
Three mixed cultures of Pseudomonas aeruginosa, Aci-
netobacter calcoaceticus, and Bacillus sp. reduced the oil
content in wastewater from 210000 mg/L to 20 mg/L within
12 days (Mongkolthanaruk and Dharmsthiti 2002). Although
oil was degraded, the treatment duration was excessive, and
the degradation efficiency was slow. Therefore, it is neces-
sary to screen strains with high oil degradation ability in
oily wastewater.

To address the above problems, this study screened three
strains of highly efficient oil-degrading bacteria from oily
wastewater. Their identification and degradation characteris-
tics were researched, respectively. They were optimized and
compounded to form a bacterial alliance and applied to the
treatment of the oily wastewater. In addition, the changes in
the microbial community during the wastewater treatment
process were analyzed to verify the role of bacterial alliance.

Materials and methods

Chemicals and media

Luria—Bertani (LB) medium (yeast extract 5.0 g/L,
tryptone 10.0 g/L, NaCl 10.0 g/L), enrichment (EM)
medium (yeast extract 5.0 g/L, tryptone 10.0 g/L, NaCl

10.0 g/L, soybean oil 20.0 g/L), select (SM) medium
(KH,PO, 0.3 g/L, MgSO,-7H,0 0.1 g/L, K,HPO, 1.5 g/L,
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(NH,),S0, 1.0 g/L, NaCl 5.0 g/L, soybean oil 3.0 g/L, neu-
tral red indicator, agar 18 g/L), degradation (DM) medium
(Ke et al. 2021) (KH,PO, 0.3 g/L, MgS0O,-7H,0 0.1 g/L,
K,HPO, 1.5 g/L, (NH,),SO, 1.0 g/L, NaCl 5.0 g/L, soy-
bean oil 3.0 g/L, yeast extract 5.0 g/L), lipase fermenta-
tion (LFM) medium (yeast extract 20.0 g/L, CaSO,-2H,0
0.1 g/L, MgSO,-7H,0 0.1 g/L, glucose 20.0 g/L, KH,PO,
0.5 g/L).

Isolation and identification of oil-degrading strains

The source of strain separation used in this experiment was
oily wastewater from the Jixian Canteen in the East Lake
Campus of Zhejiang A and F University. The collected
samples were placed in a centrifuge tube sterilised using
ultraviolet light and stored in a—20 “C refrigerator until use.
The sample (5 mL) was diluted to 100 mL with EM and
cultured in a constant temperature oscillating incubator at 30
°C, 150 rpm, every 7 d as a cycle. From this culture medium,
1 mL was added to fresh EM. When the oil was degraded,
2 g of soybean oil was added. Four cycles were performed
for the above process. The acclimated bacterial solution was
removed, diluted in a gradient, coated on SM, and cultivated
in a constant temperature incubator at 30 “C for 24 h. During
this period, red colonies growing in the SM were picked up,
and streaked on to isolate a single strain. An inoculation ring
was used to pick up the isolated single colony. This colony
was cultured in 100 mL of DM and incubated for 72 h in
a constant-temperature oscillating incubator at 30 °C and
160 rpm. The control group was set up at the same time.
The oil content in the culture medium was determined using
ultraviolet spectrophotometry, and strains with high oil deg-
radation rates were isolated (Ren et al. 2021).

The selected strains were divided into LB medium and
cultured at 30 °C in a constant temperature incubator for
24 h. The bacteria fluid was centrifuged at 12000 rpm for
5 min, and 2.5% glutaraldehyde solution (2 mL) was added
to the centrifuge tube (Yang et al. 2022). The samples were
sent to the Electron Microscope Center of Zhejiang Univer-
sity, and the morphology of the bacteria was observed using
transmission electron microscopy. The screened strains were
sent to Zhejiang Youkang Biotechnology Co., Ltd. for 16S
rRNA gene sequencing analysis. The 16S rRNA gene of the
bacterium was sequenced with 27F (5'-GTTTGATCCTGG
CTCAG-3") and 1492R (5'- TACGGCTACCTTGTTACG
ACTT-3"), and a segment of the target strain sequence was
obtained (Yang et al. 2023). The obtained sequences were
searched and compared using BLAST in the NCBI database,
and 16S rRNA sequences with high similarity to a particular
sequence were screened (Datta et al. 2018). A phylogenetic
tree was constructed using MEGA7.0 to find the strain with
the closest homology.
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Determination of oil degradation rate

The degradation rate of soybean oil was determined by UV
spectrophotometry (Mannu et al. 2022; Matwijczuk et al.
2018). 1 g of soybean oil was dissolved in a 100 mL vol-
umetric flask, diluted to the standard line with petroleum
ether. The mother liquor containing a 10 mg/mL soybean
oil standard solution was prepared. Then we prepared soy-
bean oil solutions with concentrations of (0.25, 0.50, 0.75,
1.00, 1.50, 2.00) mg/mL, respectively. A standard curve was
plotted by measuring the absorbance value of the soybean
oil standard solution at the above mass concentrations with
petroleum ether as a blank solution at 225 nm using ultravio-
let spectrophotometry. The oil in the fermentation broth was
extracted with petroleum ether, shaken, and left to stand for
30 min. The upper liquid layer was diluted appropriately to
measure light absorption. The concentration of the remain-
ing oil was calculated according to the standard curve, and
the oil degradation rate was calculated using the following
formula:

Oil degradation rate =
%

initial oil content (g)

Degradation characteristics of isolated strains

To plot the growth curve of the strain, we inoculated a 5%
(V/V) seed solution in 100 mL DM and cultivated it in a
constant temperature oscillating incubator at 30 C and
160 rpm. The samples were collected every 4 h. After proper
dilution, the ODyj, value was measured using an ultraviolet
spectrophotometer, and the growth curve of the strain was
drawn according to the calculated absorbance value (Li et al.
2014). About the initial pH, seed solution at 5% (V/V) was
inoculated in 100 mL DM at pH of 5.0, 6.0, 7.0, 8.0, and
9.0, respectively. The strain was incubated in a constant-
temperature oscillation incubator at 30 °C and 160 rpm for
72 h to explore the degradation rate of soybean oil under
different pH conditions. About the culture temperature, it
was set to 25 °C, 30 °C, 35 °C, 40 °C, and 45 °C, and incu-
bated for 72 h in a constant-temperature oscillating incuba-
tor at 160 rpm. The degradation rate of soybean oil was
determined at various temperatures. About the salt resist-
ance, the initial mass concentration of NaCl was set to 0 g/L,
5.0g/L, 10.0 g/L, 15.0 g/L, 20.0 g/L and incubated for 72 h
in a constant-temperature oscillating incubator at 30 “C and
160 rpm. The degradation rate of soybean oil by the strain
at different NaCl concentrations was determined.

Determination of lipase activity

The lipase activity of selected strains was determined using
the p-nitrophenol (p-NP) method (Yoo et al. 2011). The

strains were activated, inoculated into 100 mL LFM, and
shaken at 160 rpm and the optimum strain temperature for
72 h. After which, 2.1 mL Tris HCI (pH=28.0) solution, 200
pL p-nitrophenol palmitate (p-NPP) (7.5 mM, acetonitrile as
solvent), and 100 pL of appropriately diluted fermentation
supernatant were added into a 10 mL EP tube. After shaking
the mixing system at 37 °C for 10 min, the eppendorf tube
was placed in an ice bath, and 100 pL 0.1 M zinc sulfate
solution was added to terminate the reaction. A 0.45 uM
water membrane was used to filter the reaction solution, and
the absorbance at 405 nm was measured. The lipase activity
was evaluated based on the standard absorbance curve of
p-nitrophenol.

Emulsifying capacity of fermentation broth

The fermentation broth was incubated for 24 h and centri-
fuged for 5 min at 13000 rpm (4 °C). Oil displacement test
was performed. 20 mL of distilled water was added to the
clean culture dish, and 100 pL of soybean oil was added to

initial oil content (g)— residual oil content (g) % 100

form a uniform oil film on its surface. Afterwards, 10 pL of
the cell-free supernatant fermentation broth was added. A
halo was formed around the supernatant droplets to indicate
oil displacement activity, and the diameter of the oil drain
ring was measured and recorded (Sharma and Pandey 2020).
To explore whether a biosurfactant was produced in E,,
without the cell supernatant, 3 mL each of cell-free super-
natant fermentation broth and n-hexane were added into the
colorimetric tube. Then, the tube was whirled violently for
2 min and left at 4 °C for 24 h, E,, was the percentage of
the emulsion layer height to the total liquid height (Sharma
et al. 2019, 2022).

Optimization combination test of strains

The three selected oil-degrading bacteria were grouped and
combined, and the ODg, of each strain culture solution was
adjusted to 1.0 using sterile water. The inoculation amount
of each strain was mixed to obtain 2 mL of total microbial
flora solution. The mixed solution was then inoculated into
100 mL DM with soybean oil, at a concentration of 20 g/L,
to verify the oil degradation ability of each group at 30 °C
and 160 rpm.

Application of oil-degrading bacteria combination
in oily wastewater

The combination of bacteria with the highest degradation
rate was connected to actual oily wastewater (sourced from
the Jixian Canteen of Zhejiang Agriculture and Forestry
University) to determine its oil degradation ability. The
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test group SY was set up by injecting bacteria solution (the
proportion of three oil-degrading bacteria is 1:1:1, and the
inoculation amount is 15%) into the sterilised triangular bot-
tle containing 100 mL of actual domestic sewage (the oil
content was 20 g/L), placing it in a constant temperature
oscillating incubator for 72 h, the temperature of the incuba-
tor was set to 30 °C, and the rotating speed was 160 rpm. The
degradation of waste cooking oil (WCO) was determined,
and samples were collected every 24 h to detect the changes
in other wastewater indicators during the degradation pro-
cess. The determination method of WCO degradation rate
is consistent with the soybean oil in 2.3. CK was used as the
control group without the bacterial solution. Other indicators
included cell growth (ODg,), pH, COD, total phosphorus
(TP), and N-NO;".

Statistical analysis

Most experiments were conducted in triplicate, and their
respective mean values + standard deviations are reported.
The application test of oily wastewater was repeated twice.
The data were analysed using Microsoft Excel and SPSS
19.0. The software Origin 2018C 64-bit was used to create
all the figures in this paper.

Results and discussion
Screening and identification of oil-degrading strains
There were eight strains whose colonies turned red after

48 h of culture on the solid plate of the SM, which indi-
cated that these eight strains could degrade oil and were

A

Oil degradation (%)
[ Oil deg

80 4
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40 4

Oil degradation (%)

YZQ-1§ YZQ-2 | YZQ-3|YZQ-4 | YZQ-5 YZQ-6 YZQ-T YZQ-8

Strain

numbered YZQ-1-8 in turn. They were inoculated into DM,
and the inoculation amount was 5% (V/V). The mixture was
incubated at 30 °C and 160 rpm for 72 h, and the oil deg-
radation was determined. Three strains with strong degra-
dation abilities were isolated, namely YZQ-1, YZQ-3, and
YZQ-4 (Fig. 1A). The unit lipase activity was determined
using the P-NP method. The P-NP standard curve is shown
in Figure S3. As shown in Fig. 1B, three strains showed
vigorous lipase activity, of which YZQ-3 had the highest
activity, reaching 94.82 +12.89 U/L, and YZQ-1 and YZQ-4
had enzyme activities of 22.93 +0.4 U/L and 28.52 +5.38
U/L, respectively. Based on 16S rRNA sequence analysis
and comparison, MEGA?7.0 software was used to construct
a phylogenetic tree. The results showed that the similarity
between strain YZQ-1 and Bacillus tropicus strain AOA-
CPS1 was more than 99% (Fig. 2A), the similarity between
strain YZQ-3 and Pseudomonas multiresinivorans strain was
more than 98% (Fig. 2B), and the similarity between strain
YZQ-4 and Raoultella terrigena strain JHO1 was more than
99% (Fig. 2C). YZQ-1 was round and white on LB solid
medium. The morphological characteristics observed under
the transmission electron microscope are shown in Fig. 3A.
YZQ-3 was round and translucent on solid LB medium. The
morphological characteristics observed using the transmis-
sion electron microscope are shown in Fig. 3B. YZQ-4 was
round and fine on the LB solid medium. The morphological
attributes observed using transmission electron microscope
are shown in Fig. 3C. Biosurfactants can effectively reduce
the surface tension of the oil-water mixture, thus obtaining a
better oil solubility (Sharma et al. 2019). Oil expansion and
emulsification were used to explore the degree of emulsifica-
tion of the fermentation broth of the screened strains (Mishra
et al. 2023). 1 pL of fermentation broth was introduced into
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Fig.1 (A) Oil degradation rate of selected oil degrading strains within 48 h. (B) Lipase activity of three strains with the highest oil degradation

rate
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Fig.2 (A) Phylogenetic tree of
YZQ-1. (B) Phylogenetic tree of
YZQ-3. (C) Phylogenetic tree
of YZQ-4

YZQ-1 A

Bacillus tropicus strain AOA-CPS1 NZ CP049019.1

A

Bacillus paramycoides strain NH24A2 NZ CP101135.1

Bacillus pseudomycoides DSM 12442 NZ CM000745.1

Bacillus weihaiensis strain Alg07 NZ CP016020.1

Rossellomorea aquimaris TF-12 strain NZ LQXM01000023.1

Heyndrickxia vini strain JCM 19841 NZ CP065425.1

Pseudomonas humi strain CCA1 NZ BDGS01000001.1

Pseudomonas citronellolis strain P3B5 NZ CP014158.1
Pseudomonas delhiensis strain RLD-1 NZ FZPC01000063.1
Pseudomonas knackmussii strainN1-2 NZ CP047698.1
Pseudomonas panipatensis strain CCM 7469 NZ FNDS01000029.1
Pseudomonas nitroreducens strainNZ JAAQXT010000007.1

YZQ-3 A

Pseudomonas multiresinivorans strain NZ CP048833.1

Pseudomonas songnenensis strainNZ RFFN01000014. 1

Pseudomonas alcaligenes strain NEB 585 NZ CP014784.1

Pseudomonas pharmacofabricae strain ZYSR67-Z23 NZ P1YS01000023.1
Pseudomonas pharmacofabricae strainZYSR67-Z10NZ PIYS01000010.1

C Raoultella ornithinolytica strain NCTC9164 NZ CP046672.1
Raoultella planticola strain A2-F21 NZ CP093334.1

Raoultella electrica strain DSM 102253 NZ CP041247.1

Klebsiella aerogenes strain Ka37751 NZ CP041925.1

Enterobacter soli NC 015968.1

Lelliottia amnigena strain FDAARGOS 1445 NZ CP079896.1

A
YZQ-4

Raoultella terrigena strain JHO1 NZ CP050508.1

Klebsiella pasteurii isolate SB6415 NZ CABGGTO010000016.1

[ Citrobacter murliniae strain POS0OC CLL NZ QFVP01000030.1
C

itrobacter pasteurii strain FDAARGOS 1424 NZ CP077262.1

A
0.0020
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ol 1

Fig.3 (A) Bacteria morphology under the transmission electron microscope of YZQ-1. (B) Bacteria morphology under the transmission elec-
tron microscope of YZQ-3. (C) Bacteria morphology under the transmission electron microscope of YZQ-4

Table 1 Emulsifying ability of the strain products

Strains Diameter of oil drain ring Emulsification
(mm) activity (%)
YZQ-1 9.50+£0.71 48.89+1.54
YZQ-3 16.00+£0.71 54.35+£3.07
YZQ-4 14.00£0.71 52.17+0.88
CK 4.25+1.06 46.81+4.61

"CK" is the name of the control group

a glass plate containing 100 pL of liquid paraffin oil. Its
emulsification activity was determined by observing the
diameter of the oil drain ring produced. Table 1 shows that
the oil drainage circle created by the fermentation broth of
the three strains was more remarkable than that of the CK
group (4.25+1.06 mm), indicating that the three strains
produced a small number of biosurfactants to promote the
degradation of oil. The results of the emulsification activity
test confirmed this result.

Degradation characteristics of oil-degrading strains

Create the soybean oil standard curve with the experimental
strategy described in 2.3 (Fig. S1). After fitting, the follow-
ing calculation formula is obtained: y =0.6414x+0.1968
(R2 =0.9986), “y” is absorbance, “x” is the concentration of
soybean oil, and “R?” is the correlation coefficient. Extract
the sample (fermentation broth) to be tested with petro-
leum ether, measure its absorbance value at a wavelength
of 225 nm, and calculate the oil concentration using the
formula.

Figure 4A shows the growth curves of the three oil-
degrading strains. YZQ-4 reached its highest value in the
logarithmic phase at 24 h and then began to enter the station-
ary phase. YZQ-1 and YZQ-3 reached their highest values in
the logarithmic phase at 36 h and began to enter the station-
ary phase. The oil degradation process of the three strains
of bacteria did not end or slow down when the number of
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microorganisms reached the peak of the logarithmic growth
period (about 24 h). The oil degradation rate remained high
at 0—72 h, but it was almost unchanged at 72-96 h. There-
fore, 72 h was selected as the optimal time. pH is a crucial
factor that affects the survival of microorganisms. Envi-
ronmental pH affects the membrane permeability and the
enzyme activity by affecting surface charge of the cell mem-
brane and absorption process of nutrients by microorgan-
isms, which inhibits the growth of microorganisms and even-
tually kills them (Zahri et al. 2021a). The enzyme activity of
microorganisms was the highest, and the growth rate was the
fastest under optimum pH conditions. Figure 4B shows the
changes in the oil degradation rate of the three strains under
different pH conditions. The optimum pH for YZQ-1, YZQ-
3, and YZQ-4 was 7.0, and the degradation rates of soybean
oil were 46.43 +5.48%, 89.65 +1.08%, and 59.83 +6.09%,
respectively. These strains degraded oil at pH 5.0-9.0. It
can be concluded that the strains have a wide range of pH
activity and that they have a specific resistance to changes
in the external environment. When the pH was lower than
7.0, the growth of the three bacterial strains was greatly
affected, resulting in a decline in their ability to degrade the
oil. Previous studies have also shown that most commercial
oil-degrading bacteria cannot grow effectively under low-
pH conditions (Matsuoka et al. 2009). YZQ-1, YZQ-3, and
YZQ-4 had degradation effects on soybean oil in the range
of 25-45 “C, as shown in Fig. 4D. At 35 “C, YZQ-1 had the
highest degradation rate of soybean oil in 72 h, reaching
67.30+3.69%. YZQ-3 had the highest oil degradation rate
at 40 °C, reaching 82.60+ 11.30%. YZQ-4 had the highest
oil degradation rate at 30 ‘C, reaching 59.83 +6.09%. When
the temperature is lower than the optimum temperature, the
oil degradation rate shows a downward trend, indicating that
the low-temperature environment inhibits the ability of the
strain to proliferate and secrete lipase or that the specific
activity of lipase in the low-temperature environment is
reduced, which ultimately affects the oil degradation effect
(Chandra et al. 2020). When the temperature was higher
than the optimum temperature, the oil degradation rate by
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Fig.4 (A) Growth curve of the three oil-degrading strains. (B) Oil
degradation rate of three oil-degrading strains at different pH. (C) Oil
degradation rate of three oil-degrading strains in different NaCl con-

the strain also decreased gradually because the temperature
promoted biochemical reactions, accelerated the prolifera-
tion of the strain, rapidly consumed nutrients, and accumu-
lated excessive metabolites, resulting in the weakening of
its metabolic capacity (Szymczak et al. 2021). These strains
still degrade oil at different temperatures. The osmotic pres-
sure of microbial cells can be maintained by simple metal
ions and compounds such as Na* and K*. High NaCl con-
centrations inhibit the enzyme activity of microorganisms,
resulting in lower respiratory rates, growth and reproduc-
tion rates, and nutrient absorption capacities (Cao and Zhao
2009). In addition, a high-salt environment places cells in a
hypertonic state, and cells are prone to dehydration and even
death (Pendashteh et al. 2010; Shi et al. 2012). However,
when the NaCl level is too low and the cell is in a hypotonic
environment, it leads to cell enlargement, which also impairs
the ability of microorganisms to absorb nutrients. The effects
of different NaCl concentrations on oil degradation by the

Oil degradation (%)

B [vzQ-1
B Y7Q-4

Oil degradation (%)

Oil degradation (%)

Temperature (°C)

centrations. (D) Oil degradation rate of three oil-degrading strains at
different temperatures

three strains are shown in Fig. 4C. The optimal NaCl con-
centrations for YZQ-1, YZQ-3, and YZQ-4 are 10 g/L,
5 g/L, and 15 g/L, respectively. And the corresponding
degradation rates were 53.94 +2.61%, 89.63 +1.62%, and
79.60 +5.30%. With the increasing NaCl concentration, the
water in the cells constantly permeated into the extracellular
space, which affected the growth of the strain and resulted
in a gradual reduction in the oil degradation rate. Without
NaCl, strains YZQ-1 and YZQ-4 grew well, whereas YZQ-3
barely decomposed oil. Three strains demonstrate significant
salt resistance along with rapid oil decomposition rates at
high NaCl concentrations.

Optimization combination of bacteria
and degradation of actual oily wastewater

Based on the formation of antibacterial circles between
strains, antagonistic experiments were conducted on YZQ-1,
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YZQ-3, and YZQ-4. The results are shown in Table S1.
There is no transparent ring between them (Fig. S4), indi-
cating that there is no antagonism between the three strains.
The three strains were divided into combinations to test their
synergistic ability to degrade soybean oil. Sterile water was
used to adjust the ODg, value of each culture solution to
1.0. The inoculation rate of different culture solutions was
1:1. As shown in the Fig. 5A, the soybean oil degradation
rate using a combination of the three strains was the high-
est, reaching 97.11 +2.22%, which was significantly better
than that of single strains and other combinations. Therefore,
a microbial community composed of YZQ-1, YZQ-3, and
YZQ-4 is best for WCO degradation.

According to the standard curve fitting of WCO
(Fig. S2), the following calculation formula is obtained:
y=0.588x+0.2838 (R2: 0.995), “y” is absorbance, “x” is
the concentration of WCO, and “R?” is the correlation coef-
ficient. After extracting the sample (fermentation broth) with

[ Oil degradation
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(D) Change of COD of wastewater in degradation test of oily waste-
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petroleum ether, measure its absorbance value at a wave-
length of 225 nm, and then calculate the concentration of
WCO using the formula. In the biodegradation test of oily
wastewater, the changes in pH, ODg,,, COD concentra-
tion, N-NO;~ concentration, and TP primarily reflected the
growth and working state of the strain (Zhou et al. 2021).
Because of the low concentration of N-NH,* and N-NO, ",
a study is yet to be conducted in this area. The determina-
tion results of fundamental indicators of oily wastewater are
as follows: Initial WCO concentration is 20 g/L, initial pH
is 5.64 +0.04, initial ODy, is 0.312 +0.005, initial COD
concentration is 12500.0 +707.1 mg/L, N-NO;™ content is
56.44 +0.17 mg/L, and TP content is 80.16+0.20 mg/L.
After 72 h of cultivation, the WCO degradation rate of
the CK group was 3.67 +£2.13%, and that of the SY group
was 61.13 +7.30%. Confidently, the addition of bacte-
rial combinations resulted in significant degradation of
WCO. However, the intensity of degradation is decreasing
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water. (Notes: "SY" indicates the experimental group containing three
combined bacterial, "CK" indicates the control group without adding
isolated bacterium.)
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(61.13+7.30%) in oily wastewater, while in DM, it can be
almost completely degraded (97.11+2.22%). Oily waste-
water did not contain as many nutrients as DM does. On
the other hand, the pH was low and nearby microorganisms
were competing for attention (Ke et al. 2021). These factors
made it difficult for the additional strains to develop and
reproduce normally and lessened their ability to degrade
WCO. Compared to the bacterial communities isolated by
Alexis et al. in wastewater samples, the proportion of oil
in wastewater in this study is larger, and the separated and
combined bacterial communities exhibit more efficient oil
degradation rate (Nzila et al. 2017a). Gao et al. isolated three
types of oil degrading bacteria, and the degradation rate of
high concentration oil (6-8%, v/v) was 50-70% within 72 h
(Gao et al. 2019). However, the strains were not optimized
and were not applied to actual oily wastewater. The changes
in the other indicators are shown in the Fig. 5. The pH of the
CK group gradually rose to 6.95 +0.22 within 0-48 h and
then became stable, reaching 6.85+0.13 at 72 h, which may
be due to the alkaline substances produced by the growth
of indigenous strains, resulting in a pH increase. The pH of
the SY group showed a downward trend within 0—48 h and
dropped to 4.63 +0.06 at 48 h. There are two reasons for
the pH decrease.

On the one hand, microorganisms degrade WCO into
glycerol and fatty acids, and the accumulation of fatty
acids reduces pH (Tang et al. 2012). On the other hand,
lactic acid is the main metabolic end-product of carbohy-
drate fermentation (Zapasnik et al. 2022). ODy, reflects
the change in the biomass of the strain and directly reflects
the growth state of the microorganism. The evolution of
ODy is shown in the Fig. 5C, and the biomass change
in the CK and SY groups was very similar within 0-24 h.
However, the biomass of the SY group increased rapidly
after 24 h, and at 48 h and 72 h, it was significantly higher
than that of the CK group. This occurrence might be the
result of the SY group's additional strains using WCO as
a carbon source during mass reproduction. In contrast, the
CK group used fewer WCO strains, resulting in differences
in the biomass of the two groups, which preliminarily veri-
fied the WCO degradation ability of the added strains. A
significant change in COD concentration was evident at
24 h, possibly due to the growth of indigenous microor-
ganisms consuming more COD. The rate of COD con-
sumption in the SY group accelerated from 24 to 72 h, and
the growth rate determined at ODg, was also significantly
accelerated, indicating that the added strains may have
rapidly increased during this period. Finally, the COD deg-
radation rate of the CK group was 55.60% +0.71%, and
that of the SY group was 62.4% +5.65%. The reduction
rate of TP concentration and N-NO;™ concentration in the
SY group was higher than CK group within 24 h to 72 h.
The additional strains also promoted the degradation of

TP and N-NO;~, which reduced the concentration of TP
and N-NO;™ to 8.23+0.17 mg/L and 25.42 +1.63 mg/L,
respectively.

Interaction between bacteria alliance
and indigenous wastewater bacteria

To explore the difference between the bacterial alliance
and the local bacterial community in oily wastewater, the
bacterial communities of the experimental and control
groups at 0 h and 72 h were measured (Fig. 6). Figure 6A
shows that the number of taxa in the experimental and
control groups increased between 0 and 72 h. The number
of taxa in the control group was higher than that in the
experimental group, indicating that the bacterial commu-
nity was more abundant in the control group than in the
experimental group. Figure 6B and Fig. 6C show that the
quantities of YZQ-1 and YZQ-3 at 0 h were consider-
able. However, at 72 h, the amounts of YZQ-1 and YZQ-3
decreased relatively, indicating that YZQ-1 and YZQ-3
were adaptive in wastewater but only reached fourth and
fifth places in abundance. The relative abundances of
Weissella, Leuconostoc, and Lactococcus in the experi-
mental group were higher than those in the control group
at 72 h. Among these, Lactococcus showed the most sig-
nificant change. The results showed that the competitive-
ness of Weissella, Leuconostoc, and Lactococcus in waste-
water was enhanced after joining the bacterial alliance.

Relative abundance was among the top three in the
experimental group. Weissella can ferment glucose, malt-
ose, sucrose, and other sugars using hexose phosphate and
phosphoketolase. It can produce lactic acid by heterotypic
fermentation of glucose and maintain growth with carbo-
hydrates as a fermentation substrate (Fusco et al. 2015).
Leuconostoc and Lactococcus. are often used to ferment
dairy products. They can ferment lactic acid (Masood
etal. 2011). This increase was the reason for the lower pH
in the experimental group. An instable pH environment
inhibits bacterial alliances, leading to disadvantages. Like
the composting results for food waste, lactic acid bacte-
ria became the dominant genus in the system (Jeon et al.
2020). Therefore, developing a suitable aeration system
in the bioreactor is necessary to provide a more sustain-
able treatment strategy. This can effectively avoid the local
sterile area, and the inoculated microbial flora will main-
tain wastewater treatment for a longer time to maintain an
adequate WCO reduction capacity. In addition, carriers
can immobilise bacteria, reuse microbial cells, and serve
as cell seed storage banks to maintain long-term environ-
mental stability. Thus, we could develop an efficient bacte-
rial alliance and a suitable vector (Es et al. 2015).
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Conclusions

Through gradient adaptation, screening, and combination,
this study established a highly efficient oil-degrading bac-
teria alliance composed of Bacillus tropicus, Pseudomonas
multiresinivorans, and Raoultella terrigena. Success-
fully applied it to reduce the WCO in oily wastewater by
61.13 +£7.30% and COD by 62.40+5.65% within 72 h.
YZQ-1 and YZQ-3 in the bacterial alliance were stable,
whereas YZQ-4 did not survive for more than 72 h in this
system. Lactic acid bacteria gradually became the domi-
nant bacteria during the treatment process. The reason for
the loss of the advantages of the bacterial alliance may be
the low pH and low dissolved oxygen content of the envi-
ronment. Therefore, further studies on combining efficient
WCO degrading bacterial alliances and cell immobilisation
are necessary. This combination can be a more efficient and
sustainable strategy.
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