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The application of the wide-spectrum antibiotic sulfadiazine (SD) in veterinary medicine has created serious
environmental issues due to its high mobility and non-degradability. This research details the investigation
of SD biodegradation in soil, as well as the degradation pathways of SD by immobilized SD-degrading
bacterial strains on a biomass carrier. Soil remediation is generally expected to be more difficult
compared with in an aqueous and air environment because of the stealth and diversity of pollutants and
the complexity of soil matrices (soil texture, pH and organic matter). In this study, an immobilization
system consisting of bagasse and a microorganism is proven to have a high degradation potential, and is
non-toxic, low-cost, renewable and applicable for SD biodegradation in soil. Single colonies were
obtained by repeatedly streaking cultures supplemented with increment (50 mg L™ of SD
concentration. According to biochemical tests, 16S rDNA gene sequence homology and internal
transcribed spacer (ITS) sequence analysis, they are identified as T2 (Enterobacter cloacae) and Z3 (fungal

entophyte), respectively. Batch tests were conducted to establish a link between the SD degradation rate
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Accepted 11th December 2019 and environmental conditions, such as the temperature, pH and heavy metal ions. Under optimum

conditions (28 °C, pH = 3.5, 15% inoculation amounts of T2), the degradation of SD in soil reached
DOI: 10.1039/c9ra07302g 78.19%. The degradation pathway of SD is summarized on the basis of the ultra-high performance liquid
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1 Introduction

A rising trend has been observed in global antibiotic
consumption, in which the defined daily doses (DDDs) rose
from 21.1 (2010) to 34.8 billion (2015), and this is projected to
continue, reaching 128 billion in 2030 without policy
changes.! Sulfadiazine [4-amino-N-(2-pyrimidinyl) benzene
sulfonamide], one of the sulfonamide antibiotics, has been
widely used on humans and livestock for the treatment of
bacterial infections.> The majority of antibiotic like sulfon-
amides are excreted via feces and urine and may enter the soil
through manure application to agricultural fields,>* while
other pathways such as application of sewage sludge disposal®
and biosolids,® use of industrial waste water for irrigation,’
and the excessive grazing of animals® also contribute to the
accumulation of such antibiotics in the soil. Some of the
sulfonamide compounds are not permanently adsorbed by the
soil matrix, which may lead to a continuous flow of sulfon-
amide into the groundwater.’ The detected concentrations of
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chromatography-quadrupole time-of-flight (UPLC-Q-TOF) analyses of the biodegradation products.

sulfonamides in the aqueous environment are in the
sequence: waste water from waste water treatment plants
(WWTPs) or animal farms (2-60 pg L~ ') > surface water
(10 ng L '-1.4 pg L Y28 > ground water (below
10 ng L™ ").**%® The residual concentration of sulfadiazine (SD)
in soil matrices adjacent to livestock farms reaches up to
2.45 mg kg~',"” but it ranges from 100-1000 ug kg™ " in other
fields.*®?° Similar to other antibiotics, the introduction of SD
into the environment will inevitably accelerate the generation
of antimicrobial genes among the microbial community. In
addition, Hu et al. (2010) developed a mathematical model to
depict the relationship between the residual rate of antibiotics
in vegetable fields and the concentration of antibiotics in
manure, suggesting that SD demonstrates the second highest
bioaccumulation capacity (residual rate = 1.6%) among three
typical antibiotics (tetracyclines, sulfonamides and quino-
lones.). As a consequence, SD and the corresponding antibi-
otic resistance can transfer from vegetables and animals via
the food chain,'® thus causing infectious diseases,*" allergies®
and the risk of acute kidney injury.*® Therefore, it is vital to
conduct novel and efficient research on the degradation of SD.
To remove residual SD in the environment, several methods
have been proposed, involving oxidation, biodegradation,
adsorption and photodegradation.” Yadav et al (2018)*
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explored the extent of SD removal via photo-persulfate-
oxidation (UV-C/PS). In this system, a complete degradation
of SD (99.8%) was observed within 10 min under optimal
conditions. Microbacterium lacus strain SDZm4, isolated by
Wolfgang et al. (2013)* from soil treated with manure con-
taining 14C-labeled SD, was found to degrade SD (35 pumol L")
completely after 10 d of incubation. Malesic-Eleftheriadou
et al. (2019)” synthesized biobased-PET-TiO, composite
films and this system showed a high catalytic activity towards
sulfadiazine (0.007 min™") in an aqueous environment after
five cycles. The functionalized biochar system with high
hydrophobicity and aromaticity was utilized as a sorbent and
a high equilibrium concentration (13.3 mg g~ ') was obtained
after being introduced into stock solutions (100 mg L") of
sulfonamides.”® Although some experiments associated with
SD biodegradation and the mechanism of whole procedure
have been carried out via a variety of advanced techniques
(membrane bioreactors,>=° activated sludge systems*-*> and
microbial medium?**?), the majority of efforts were merely
made to investigate the remediation of SD contaminated
wastewater rather than soil matrices, which may be due to the
fact that microbial adaptation to soil environment takes
a reasonably long time, as well as the high cost of the reme-
diation procedure.** Thus, a novel biodegradation system that
not only reduces costs, but also enhances survival and stability
of microorganisms is imperative. The cell immobilization
technique has been considered to be a promising method
when it comes to the treatment of pollutants due to its prac-
ticality, low-cost and environmental-friendliness in compar-
ison to conventional pathways.** Immobilized cells have many
advantages over free living cells: high cell density in the
matrix; protection against changing environmental conditions
(pH, temperature and toxic substances); few secondary
pollutants; convenient recovery; and reuse. Research on the
degradation of contaminants through cell immobilization has
attained remarkable results over the last few years.>** Hence,
the immobilized cells technique has the potential to degrade
toxic substances efficiently. The correct selection of immobi-
lization carriers is essential for designing an effective system
that suits each particular purpose.*® In recent years, sugarcane
bagasse, a cheap, renewable, abundant and eco-friendly
biomass support, has gained increasing attention in the
bioremediation of toxic substances.*”*' Compared with other
biomass carrier materials, sugarcane bagasse has some
advantages: (1) reduction of the mass transfer of cells due to
its highly porous nature; (2) suitability for gas evolution during
cell growth; (3) it is nontoxic; (4) it is easily available; (5)
provides carbon and energy for cell growth.** In this
research, some potential bio-carrier materials were investi-
gated for determining an optimal carrier (peanut shell and
straw). Finally, sugarcane bagasse was employed as a matrix
for cell immobilization to degrade SD on the basis of the cell
immobilization status. We reported the isolation of two
strains, T2 and Z3, which were found to have an excellent
capacity for SD degradation in soil. Based on the 16S rDNA
gene sequence analysis and the internal transcribed spacer
(ITS) sequence analysis, two SD-degrading strains were
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identified within the species of the bacterium Enterobacter
cloacae (GenBank accession no. KU049659) and fungal ento-
phyte (GenBank accession no. KR016777), respectively. The
colonies of T2 are milky white with a rod, edge-ordered and
smooth morphology. Strain Z3 is green and rough with irreg-
ular edges. Enterobacter cloacae (T2) widely exists in soil,
manure and intestines,**** while fungal endophyte (Z3) can be
isolated from plants.*® During the last few years, numerous
bacterial species, such as Shewanella sp*” and Microbacterium
lacus sp,*® have been well applied for sulfadiazine biodegra-
dation. The aims of this study were: (1) to determine the
optimal biomass material according to the microbial growth
status and investigate the degradation behavior of SD-
degrading strains immobilized on the optimal carrier in soil
under different environmental conditions (temperature, pH,
inoculum biomass and heavy metal ions); (2) to explore SD
degradation using immobilized cells and freely suspended
cells; (3) to reveal the degradation pathway of SD based on the
biodegradation metabolites.

2 Materials and methods
2.1 Chemicals

Sulfadiazine (98%) was purchased from Macklin, Shanghai,
China. All other chemicals and solvents used in this study were
of analytical grade and purchased in Guangzhou Chemical
Reagent Factory (Guangdong, China). The SD degrading strains
were isolated from samples of pig manure from a local pig farm
in Guangdong, China. Before the collection of pig manure, the
pigs were administrated with SD for more than 5 d for the
treatment of meningitis. Sugarcane bagasse, straw and peanut
shells were collected from the South China Agricultural
University farm to determine the optimum bio-carrier material.
The soil samples were obtained from South China Agricultural
University arboretum, air-dried, sieved through a 3 mm mesh
and stored at ambient temperature. The soil samples had no
history of exposure to SD. A summary of the characteristics of
the soil samples is shown in Table 1.

2.2 Isolation of the microorganism

Pig manure (1.5 g) and 100 mL of sterilized water was added to
a 250 mL Erlenmeyer flask and shaken for 30 min to obtain
a bacterial suspension. The bacterial suspension was trans-
ferred to a selective medium with 10 mg L™" of SD. After 7 d of
incubation, the microbial colonies were transferred to another
selective medium containing 50 mg L' of SD. This transfer was
repeated six times to obtain a pure microbial strain. The
selective medium contained the following per liter: K,HPO,
0.5 g, KH,PO, 0.5 g, NaCl 0.2 g, MgSO, 0.2 g, NH,NO; 1.0 g, SD
0.05 g, trace element solution 10 mL, 25 g agar. The trace
element solution contained: FeSO, 0.1 ¢ L', MnSO, 0.1 g L™},
Zns0,0.1 gL~ ", Na,Mo00, 0.01 gL ", CaCl, 0.1gL ', MgSO, 3 g
L', CuSO4 0.1 g L. 0.1 g SD was dissolved in ammonia and
added to 50 g sterile soil. Ammonia was removed through
evaporation. The contaminated soil was mixed with 950 g of
sterile soil to obtain a final SD concentration of 100 mg kg™ .

RSC Adv, 2020, 10, 1142-1151 | 1143
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Table 1 Physico-chemical characteristics of the soil samples
Particle size (% content of total soil)
Total organic Total Total Cation-exchange
pH  matter (zkg ') nitrogen (gkg™') phosphorus (g kg™')  capacity (cmol kg™')  (0.2-0.02 mm)  (0.02-0.002 mm)  (<0.002 mm)
4.59  32.15 0.76 0.22 32.60 42.15 18.32 39.53
2.3 Identification of microorganisms measurement of the cell density using a UV-Vis spectropho-

It is widely accepted that gene coding for 16S ribosomal RNA
(16S rRNA) sequences are the ideal targets for bacterial classi-
fication because of the presence of the conserved domain and
variable domain.**** Direct analysis of 16S rRNA sequences is
generally hindered by practical problems such as “sequence
anomalies”, or the massive requirements of a complete rRNA.*®
In comparison to rRNA, their corresponding DNA sequences
possess a higher stability and availability.> Thus, the method of
sequencing of enzymatically amplified DNA is considered to be
an indirect alternative for determination of ribosomal RNA
sequences.””* After the extraction of DNA, amplification
procedure (polymerase chain reaction (PCR)), analysis via
agarose gel electrophoresis and purification, the products were
sequenced and compared with those sequences which have
been deposited in the GenBank database. For fungi, the ITS
located in the spacer region between the 165-5.85-26S region of
ribosomal DNA is widely applied in identification® and
phylogeny analysis. The entire identification procedure for
fungi is similar to bacteria.>

After isolation, cultivation and enrichment, two pure strains,
T2 and Z3, which were capable of utilizing SD as a carbon source,
were selected for the following experiments. The isolated strains
were characterized based on the 16S rDNA gene sequence, ITS
sequence analysis and studies of the physico-biochemistry and
morphology. PCR reactions were conducted in 50 pL of solution
containing the following: 2 uL DNA, 25 pL Taq plus mix, 21 pL
ddH,0, 4 pL primers. The PCR amplification procedures were:
initial denaturation at 95 °C for 5 min, 30 cycles of denaturation
for 30 s at 95 °C, annealing for 30 s at 55 °C, extension for 35 s at
72 °C, and a final elongation for 10 min at 72 °C. The PCR
products were sequenced by the Honortech Corporation
(Guangzhou, China), and the obtained nucleotide sequences
were compared to those available in the Genbank database via
a BLAST search. Finally, a neighbor-joining phylogenetic tree was
constructed based on the nucleotide sequences from the SD-
degrading strain T2 and Z3 and the closely related species.

2.4 Cell growth and optimum biomass carrier

The pure SD-degrading strains were transferred into a sterile
selective medium with SD under dark conditions at 28 °C on
arotary shaker at 120 rpm. After 48 h, the microbial strains were
washed with 5 mL of mineral salt solution to create cell
suspensions. The mineral salt solution contained the following
per liter of distilled water: K,HPO, 0.5 g, KH,PO, 0.5 g, NaCl
0.2 g, MgS0O, 0.2 g, NH,NO; 1.0 g, trace element solution 10 mL.
Cell suspension samples were obtained every 6 h for the
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tometer at a wavelength of 600 nm.** The SD-degrading strains
were immobilized on sugarcane bagasse, straw, and peanut
shells. Cell immobilization was conducted by mixing 3.5 mL of
cell suspension and 1 g of biomass material in a mineral salt
solution and placed on a rotary shaker at 120 rpm and 28 °C
under dark conditions. After 48 h, the microorganism-biomass
carrier mixture was washed with 13.5 mL of phosphate buffer
solution to obtain the cell suspension samples. The OD600
values of the samples were measured using a UV-Vis
spectrophotometer.

2.5 Extraction of SD from soil

The extraction process was then conducted. 50 mL of the
extraction solvent was added to the soil samples. The extraction
solvent consisted of a buffer solution and methanol (1 : 1). The
buffer solution was prepared by mixing 21.0 g of citric acid and
20.4 g of MgCl, per liter. After that, the mixture was transferred
into two 50 mL centrifuge tubes equally and agitated in a hori-
zontal shaker at 120 rpm for 5 min. The mixture was subse-
quently placed into an ultrasonic bath for 15 min followed by
centrifuging at 4500 rpm for 10 min. The above described
processes were performed in triplicate. The supernatant was
combined and transferred into a 250 mL round bottom flask. The
resulting supernatant volume was reduced under vacuum using
rotary evaporation. The supernatant was adjusted to 20 mL with
methanol-water (3:2) and filtered through 0.22 pum syringe
filters for analysis using high performance liquid chromatog-
raphy (HPLC).>>* The SD concentrations were detected by
a HPLC (Agilent 1100) equipped with a UV detector at 267 nm and
a ZORBAX Eclipse XDB-C18 column (4.6 x 250 mm, 5 um). The
column temperature was 25 °C and the injection volume was 20
uL. For separation, ultrapure water containing 0.3 acetic acid (A)
and acetonitrile (B) (A: B = 75:25) were applied as a mobile
phase for isocratic elution with a flow rate of 1.0 mL min .57
The average recovery of standard addition was higher than 80%.
These experiments were carried out using pure cultures of T2
immobilized on bagasse. All experiments and measurements
were performed in triplicate and the arithmetic averages were
taken for data analysis. The recoveries of SD at different
concentrations can be found in Table S2.7

2.6 Sulfadiazine biodegradation experiments

2.6.1 Temperature. To facilitate the biodegradation
process, strain T2 was appointed as the sole microorganism for
subsequent experiments owing to its good growth status on bio-
carriers. The initial environmental conditions were set at: 28 °C,

This journal is © The Royal Society of Chemistry 2020
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pH 3.5, and 3.5 mL pure T2 bacterial suspensions (10° CFU
mL™"). The colony forming unit (CFU mL™") was determined
using the pour-plate method. The SD contaminated soil (100 mg
kg™ ") and sugarcane bagasse were sterilized under UV condi-
tions for 2 h, before being autoclaved at 121 °C for 20 min. The
cell suspensions of T2 were adjusted to 10° CFU mL™ ' and
immobilized by homogenously mixing with mineral media and
bagasse at ratio of 3.5 : 7 : 1. Cultivation was carried at 28 °C for
48 h until the biofilm was formed. Each microorganism-bagasse
composite sample was fully mixed with 10 g soil spiked with
100 mg kg~ " of SD, sealed and incubated at 23, 28, 33, 38 and
43 °C. The amount of residue was determined after 5, 10, 15, 20,
25, and 30 d.

2.6.2 pH value. The pH values of the soil were adjusted to
the series 2.5, 3.5, 4.5, 5.5 and 6.5, respectively. Immobilization
of the pure strain and SD extraction were conducted in the
similar procedures as previously mentioned. The concentra-
tions of SD were measured at 5, 10, 15, 20, 25, and 30 d.

2.6.3 Inoculum biomass. Various volumes of pure T2
suspensions (5%, 10%, 15%, 20% and 25%) were seeded into
100 mL flasks containing 1 g of bagasse and 7 mL of mineral
solution and incubated in the dark at 28 °C. Subsequent
processes were conducted as mentioned previously.

2.6.4 Free and immobilized cells. Each flask containing
10 g of sample spiked with 100 mg kg™ " of SD was inoculated
with 11 g of microorganism-bagasse composite and 11 mL of
free T2 or Z3 cell suspensions and incubated in the dark at
28 °C. The concentrations of SD were determined under the
same conditions as described above.

2.6.5 Heavy metals. Cd>" and Pb*>" stock solutions were
prepared using CdCl, and PbCl, in sterile deionized water and
added to soil to make concentrations of 194.7 mg kg " and
119.3 mg kg, respectively. Samples without the presence of Cd>*
and Pb** were used as controls. The concentrations of SD were
measured after culturing for 5, 10, 15, 20, 25 and 30 d, respectively.

2.7 Kinetic analysis of biodegradation

The kinetic data for ciprofloxacin (CIP) biodegradation were
obtained under optimal conditions, and the mathematical
relationship between CIP concentration and time was devel-
oped in the form of a pseudo first-order kinetic formula
described as follows:

C=Cye™

In which C, is the initial SD concentration (mg kg~") and C is
the time dependent SD concentration (mg kg™ '), k is the
degradation rate constant (mg kg™ ' d "), and ¢ is the time point
(d). The half-life was calculated via the following formula:

iy = ln(2)/k

2.8 Identification of SD biodegradation metabolites

The SD biodegradation metabolites in the mineral medium
were extracted separately with ethyl acetate and n-butanol three

This journal is © The Royal Society of Chemistry 2020
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times. The organic fraction was combined and placed into
a centrifuge at 5000 rpm for 10 min. The upper layer was
transferred into a 250 mL round bottom flask and evaporated to
dryness at 50 °C with nitrogen gas using a nitrogen blowing
instrument. The residue was dissolved in ethyl acetate. The
ethyl acetate phase was filtered through 0.22 um syringe filters
to remove the biomass and other particles and analyzed using
ultra-high performance liquid chromatography-quadrupole
time-of-flight (UPLC-Q-TOF). Detail data about the analysis of
obtained metabolic products is shown in (ESIt). The interme-
diate compounds were tentatively identified according to the
mass/charge values.

3 Results and discussion

3.1 Identification of microorganisms

Based on the 16S rDNA gene sequence analysis and ITS
sequence analysis, pure SD-degrading strains were identified
within the species of the bacterium Enterobacter cloacae (Gen-
Bank accession no. KU049659) and fungal entophyte (GenBank
accession no. KR016777), which were further designated as T2
and Z3, respectively. The phylogenetic trees of T2 and Z3 were
constructed using Mega X software. The phylogenetic tree and
morphologies of strain T2 are shown in Fig. 1 and S2 (ESIT),
respectively. For the identification of the unknown bacterium,
biochemical tests such as the indole and methyl red tests were
carried out. The results of the biochemical tests for strain T2 are
presented in Table S1.1

3.2 Cell growth and optimum bio-carrier

The bacterial growth curve showed that the exponential phase
of T2 occurred at the beginning of cultivation and entered
a stationary phase after 36 h. For Z3, there was a significant lag
phase from 6 to 18 h and an exponential phase from 24 to 56 h
before it entered into a stationary phase after 56 h. It can be
seen from Fig. 3 that T2 demonstrated faster growth rates,
shorter lag phase periods, and higher cell concentrations than
Z3. As shown in Fig. 2, strains T2 and Z3 were immobilized on
the biomass materials bagasse, straw and peanuts, respectively.
The results showed that the growth of strains T2 and Z3 was
greatest on bagasse, followed by peanut and lastly straw.
Bagasse, as an excellent biomaterial for immobilizing T2 and
Z3, has the following advantages in comparison to other
biomass carriers:*"** the superb mechanical stability of bagasse
makes it easier to maintain a high cell concentration; many
carbohydrates such as glucose and xylose that are available on
bagasse can serve as the carbon source during cultivation. The
highly porous spatial structure of bagasse allows gas evolution
which may cause disruption in the immobilization system.

3.3 Factors affecting SD degradation

3.3.1 Temperature. The effect of temperature on the SD
degradation performance was evaluated by increasing the
temperature of the biological cabinet from 23 °C to 43 °C in
increments of 5 °C. All error bars on the experimental data are
shown and were calculated as the standard deviation of the

RSC Adv, 2020, 10, 1142-1151 | 1145
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JX885522.1 Enterobacter cloacae strain DT-1

HF572841.1 Enterobacter sp. S10

AB641900.1 Enterobacter sp. NCCP-291

AB641889.1 Enterobacter sp. NCCP-280

KF523893.1 Enterobacter cloacae strain GW-3
JN644526.1 Enterobacter cloacae strain 56 2 1A
KUO049659.1 Enterobacter cloacae strain ST15
KT336353.1 Enterobacter cloacae strain NaCd1
JX514409.1 Enterobacter cloacae strain ACC6

0.00050

Fig. 1 Phylogenetic tree and morphology of strain T2.

Fig. 2 T2 and Z3 on various bio-carriers.

mean (average SD concentration). Fig. 4 shows that the degra-
dation of SD by immobilized T2 occurred over a range of
temperatures. The SD degradation in soil was the lowest at
23 °C, peaked at 28 °C, and then gradually decreased with the
increasing temperature. The SD degradation reached
a maximum value of 78.19% at 28 °C. Lin et al. (2017)*
proposed that the growth and metabolism of most bacteria are
generally optimal at 30 °C and most would not survive 60 °C.

Time/h
0 10 20 30 40 50 60 70 0116
32 ZZZ2Growth of immobilized T2' ' e
<] Growth of immobilized Z3 »—2 1014
2.8 —0—T2growth curve
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bagasse peanut straw

Fig. 3 T2 and Z3 growth and immobilization on various bio-carriers.

146 | RSC Adv, 2020, 10, 1142-1151

HM461202.1 Enterobacter sp. enrichment culture clone HSL76B

HM461195.1 Enterobacter sp. enrichment culture clone HSL69

View Article Online

Paper

Temperature has a significant effect on biological processes.**
The effect of temperature on the enzymes involved in biodeg-
radation resulted in different amount of SD degradation under
various temperature treatments. A decrease in the degradation
of SD at a cultivation temperature higher than 28 °C may affect
the activity of some key enzymes responsible for SD biodegra-
dation. Exposure to lower temperatures is expected to slow the
rate of microbial activity. These results may indicate that the
isolated SD-degrading strain could not tolerate thermophilic
conditions and preferred mesophilic conditions. A temperature
of 28 °C is designated as the optimal temperature for T2 growth,
as well as SD biodegradation in this study. In addition, it can
also be deduced from Fig. 4 that more significant dissipation of
SD was observed under high temperatures (38 °C, 66.93%);
43 °C, 41.79%) in this study when comparing with the results
obtained from previous studies,*® indicating that immobili-
zation materials serve as favorable shelters for microorganism
and enable them to survive extreme environmental conditions
(pH, metal ions, temperature).>>7®

3.3.2 pH value. The effect of the pH value on SD degrada-
tion was also found to be significant, which could be attributed
to the electrostatic interaction between SD and the cell
membrane, as well as its hydrolysis under acidic conditions.*®

—8—23C

SD concentration (mg/kg)

Time (d)

Fig. 4 Effect of temperature on SD degradation by T2. All error bars
represent the standard deviation of the mean.

This journal is © The Royal Society of Chemistry 2020
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The SD degradation after 30 d of cultivation at varying pH values
(2.5, 3.5, 4.5, 5.5 and 6.5) by immobilized T2 on bagasse is
shown in Fig. 5. The amounts of degradation of SD at different
pH values were 53.19% (pH 2.5), 78.19% (pH 3.5), 61.89% (pH
4.5), 57.83% (pH 5.5) and 54.71% (pH 6.5). The results show
that the degradation rate reached a maximum value at pH 3.5
and declined significantly at around pH 4.5-6.5. Previous
studies indicated that the hydrolysis of sulfonamides occurs in
acidic conditions through bond breaking to produce sulfanilic
acid, which may accelerate the biodegradation process.” The
lowest degradation rate was observed at pH 2.5. Too low pH
values were able to kill the microbes, leading to a decrease of
biodegradation.” It is widely believed that the cell surface is
generally negatively charged owing to the wide presence of
polyanions in the membrane.”” When the pH ranges from 4.5 to
6.5, the majority of SD was neutrally charged, while the
percentage of anionic SD climbed with the increase in the pH.”
Thus, there would be an increasing repulsive interaction
between SD and the immobilized cell, which resulted in
a significant decrease in the SD biodegradation.” Based on the
obtained results, slightly acidic pH values are favorable for SD
degradation.

3.3.3 Inoculum biomass. In order to illustrate the associ-
ation between bacteria biomass and SD degradation, batch
experiments were conducted under different volumes of bacte-
rial suspension (5%, 10%, 15%, 20% and 25%). Fig. 6 reveals
that the degradation of SD is proportional to the bacterial
biomass between 5% to 15%, and then decreases with the
increasing biomass. The residual SD concentration in soil
reached a minimum value at treatment with a 15% cell
suspension. It is acknowledged that a high biomass could result
in rapid consumption of energy sources and retention of
metabolic waste, which may lead to a significant inhibition on
cell growth.””® Contrary to this, lower bacterial biomass may
lead to the decline of the ability of the bacterium to adapt to the
environment, thus posing inhibition to the growth of the
microorganism.

3.3.4 Free and immobilized cells. Immobilization is
defined as the confinement of the microbial cells to certain
regions with the preservation of some desired catalytic activity
and their viability.*® Fig. 7 shows that immobilized T2 is able to
degrade almost 80% of SD within 30 d, while free living T2

#—pH25

SD concentration (mg/kg)

Time (d)

Fig. 5 Effect of pH on SD degradation by T2. All error bars represent
the standard deviation of the mean.
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Fig. 6 Effect of inoculum biomass on SD degradation by T2. All error
bars represent the standard deviation of the mean.

degraded a significantly lower amount (around 6%) of the SD.
In the batch experiments, SD-degrading strains of T2 immobi-
lized on sugarcane bagasse showed a higher SD degradation
efficiency compared to that of free living cells. Similar trends
could also be found in immobilized Z3. In contrast to the free
living cells, immobilized cells better tolerate SD at a concentra-
tion of 100 mg kg '. Lin et al. showed that immobilized A.
venetianus can survive in difficult conditions despite being
polluted by heavy metals and PAHs and exhibited an excellent
degradation efficiency. Ruan et al. (2018)”” found that immo-
bilized Sphingomonas spp. showed a higher rate of phenol
degradation (16.79 & 0.81 mg (L~ h™")) than freely suspended
cells (11.49 + 1.29 mg (L' h™")).

3.3.5 Heavy metals. Microorganisms in the soil environ-
ment are typically simultaneously exposed to a variety of
pollutants, such as heavy metals.”” At present, sites are
commonly co-contaminated with heavy metals and organic
compounds, which may cause a more complicated issue for
their synergistic effect on ecotoxicity.”*® The degradation rates
obtained during experiments carried out in the presence of
different heavy metal ions (Pb®>" and Cd>") are depicted in Fig. 8.
In comparison to the control group, decreases in the degrada-
tion rate have been observed in the presence of Pb** and Cd** in
soil. The inhibitory effect of Pb>" on SD degradation (53.20%)
performance was more significant than Cd>" treatment
(75.70%). The significant difference between Pb>" and Cd** may

—a— Immobilized T2

+—Free T2
1104 —a— Immobilized Z3
5100 v—Free Z3
= <— Blank
o 904 v -
80 b ; 3= \,ﬁ_'

0 T T y T T T T

0 5 10 15 20 25 30
Time (d)

Fig. 7 SD degradation by free living cells and immobilized cells. All
error bars represent the standard deviation of the mean.
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be related to the low Cd*" concentration in the soil. Some
studies have demonstrated that the toxicity of heavy metals is
attributed to the inhibition of enzyme function and disruption
of its structure by binding of the metals by thiol and other
groups on the enzyme molecules.** Tiwary and Dubey (2016)*
found that there was a significant inhibition (about 40%) in the
biodegradation of Cypermethrin by free strain Bacillus sp. AKD1
in the presence of 7.0 mM kg " Li**. Jiang et al. (2015)* inves-
tigated the combined remediation of Cd-phenanthrene co-
contaminated soil by Bacillus thuringiensis FQ1. The results
showed that the concentration of phenanthrene decreased by
94.16% at 200 mg kg™ ', but the figure rapidly declined to
76.15% when the treatment was spiked with 20 mg kg™* Cd. It
can be concluded that the immobilization system has the ability
to protect microorganisms against adverse environmental
conditions such as heavy metals.

3.4 Kinetic analysis

A high correlation coefficient (0.90345) implied that there is
a good correlation between the predicted and the actual values.
The obtained k value and ¢, in this study were 0.04719 mg kg™
d~" and 14.68 mg kg~ ' d ™. Previous studies®®® have reported
the degradation kinetics of sulfonamides in soil environments
by microorganisms. The higher degradation constant and lower
half-life value compared to those obtained by Yang et al. (k =
0.0389 mg kg~ " d ™", t;, = 18 d) suggests that immobilized FQ-
XX1 has a significant SD degradation capacity. In addition,
Zhang et al. (2017)* confirmed that the introduction of manure
to soil would accelerate the SD biodegradation in soil (k =
0.0817 mg kg™ ' d™', ¢, = 8.48 d) (Fig. 9).

3.5 Proposed biodegradation pathway of SD

Many recent studies have been reported regarding the SD
degradation pathway. According to Dong et al. (2019)*”, mono-
hydroxylated sulfadiazine (m/z = 267) was confirmed to be the
major degradation product on the basis of chromatogram
analysis. Feng et al. (2016)*® proposed four possible pathways of
sulfadiazine degradation, including SD hydroxylation, SO,
extrusion, cleavage of the S-N bond and cleavage of the C-N
bond, on the basis of ten products. Similar pathways were also
proposed in other studies.*” The formula, chemical structure

120
1104
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80
70
60+
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40
30
204
104

2+

—a—Cd

o P>
—a— Control

8D Concentration (mg/kg)

Time (d)

Fig. 8 Effect of heavy metal ions on SD degradation by T2. All error
bars represent the standard deviation of the mean.
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Fig. 9 Kinetic modeling for SD biodegradation.

and mass/charge (m/z) are included in Table 2. According to the
detected mass/charge rate of the degradation intermediates and
previous study results, we proposed five degradation pathways
for SD in this study. The SD biodegradation metabolic products
were identified using UPLC-Q-TOF and the proposed degrada-
tion pathways are displayed in Fig. 10. The principal biodegra-
dation products at m/z of 183 were found in several peaks at the
retention time with a high signal intensity. Further information
based on the MS2 fragments and previous research proved that
the ions at m/z of 283 were X,X-dihydroxy-SD (compound 1) and
its structural isomers. The reaction of -OH with SD may be
responsible for the formation of compound 1 and its isomers
during the biodegradation process in this research. According
to Yadav et al. (2018), SD can easily be attacked by the -OH
radical because of its electrophilic property and high redox
potential. This theory could also be applied to illustrate the
formation of 4-hydroxy-SD (compound 4). The bond cleavage of
compound 1 between the sulfonic group and the aniline ring
resulted in the formation of X,X-dihydroxy-aniline (compound
6), followed by its transformation into X-hydroxy-phenol
(compound 7). Compound 4 was further converted into vinyl-
pyruvic acid through an open-loop reaction of the benzene ring.
The ion at a m/z of 293 was identified as N4-acetyl-SD
(compound 2), which was suggested as an acetylation product
of SD on the basis of the MS2 data and previous results.>*
Previous research® has shown that formylation and acetylation

Table 2 Proposed formula of degradation products

Significant
Proposed formula Mass ion m/z Metabolite
C10H10N,0,S 250.0543  251.062 SD
C10H10N,0,8 282.04228 283.0492 X, X-Dihydroxy-SD
C1,H1,N,058 292.06313  293.0705 Ni4-Acetyl-SD
C10H10N,058 266.04749  267.0547  X-Hydroxy-SD
C10H1,N,05S 272.04685 273.0541 SD1
C10HoN;05S 251.03646 252.0439  4-Hydroxy-SD
C1,H;,N,0,S 308.05766  309.0648 N4-Acetyl-x-hydroxy-SD
Ce¢H,;NO, 125.04761  126.0548 X,X-Dihydroxy-aniline
CeHgO, 110.03686  111.0441 X-Hydroxy-phenol
C5H0; 114.03181  115.0389 Vinylpyruvic acid
CgHoNO, 151.06315 152.0704 Acetamidphenol
CgHoNO 135.06873  136.0757 N-Phenylacetamide

This journal is © The Royal Society of Chemistry 2020
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were proposed as the main reactions during the sulfonamides
biodegradation process. The acetamidphenol (compound 10)
was generated by the desulphurization of N4-acetyl-x-hydroxy-
SD (compound 9), and subsequently transformed into N-phe-
nylacetamide (compound 11). In addition, SD could be
decomposed into compound 5 by the breakdown of the pyridine
ring. To the best of our knowledge, compound 5 has not yet
been analytically confirmed in other research. Therefore, we
could attribute the main biodegradation mechanism of SD to
substitution by -OH radicals and acetylation (Fig. 11).

4 Conclusion

In this study, two pure strains with SD degradation potential,
namely T2 and Z3, were isolated from manure and identified as
Enterobacter cloacae and fungal entophyte after being
commercially sequenced. After batch growth tests, strain T2 and
bagasse were designated as the optimal microorganisms and
immobilization material, subsequently being introduced into
SD biodegradation tests. The effects of experimental factors
(pH, temperature, inoculum dose) on SD dissipation were

This journal is © The Royal Society of Chemistry 2020

investigated and the optimal conditions were determined to be
28 °C, pH 3.5, and a 15% inoculum dose with SD removal at
78.19%. In comparison to free living cells, immobilized cells
significantly enhance SD degradation efficiency within 30 d,
which can be illustrated by the theory that the presence of the
bio-carrier promotes microorganism growth. A slight decrease
(13.10%) in the SD removal was observed in soil spiked with
119.3 mg kg~ ' Cd in comparison to the control group, indi-
cating that bagasse offers a stable microenvironment to the
microorganism, thereby weakening the negative effects result-
ing from metal ions. The kinetic data fitted well with a pseudo
first-order kinetic formula. A plausible degradation pathway
involving a series of acetylation, hydroxylation and breakdown
of benzene rings occurring in the SD molecule was proposed
according to the Q-TOF analysis. Bagasse, as a degradable bio-
sorbent, was utilized as an immobilization material for SD
bioremediation in soil. A high degradation efficiency, low cost
and ease of operation make the bagasse-microorganism
immobilization system a promising method when referring to
soil remediation.
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