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Abstract: The high consumption and emission of sulfonamide antibiotics (SAs) have a considerable
threat to humans and ecosystems, so there is a need to develop safer and more effective methods
than conventional strategies for the optimal removal of these compounds. In this study, four SAs
with different substituents, sulfadiazine (SDZ), sulfamerazine (SMR), sulfamethoxazole (SMX), and
sulfamethazine (SMZ) were removed by a pure culture of Paenarthrobacter ureafaciens YL1. The effect
of the initial SAs concentration on the growth rate of strain YL1 was investigated. The results showed
that the strain YL1 effectively removed various SAs in the concentration range of 0.05-2.4 mmol-L 1.
The Haldane model was used to perform simulations of the experimental data, and the regression
coefficient of the model indicated that the model had a good predictive ability. During SAs degra-
dation, the maximum specific growth rate of strain YL1 was ranked as SMX > SDZ > SMR > SMZ
with constants of 0.311, 0.304, 0.302, and 0.285 h 1, respectively. In addition, the biodegradation of
sulfamethoxazole (SMX) with a five-membered substituent was the fastest, while the six-membered
substituent of SMZ was the slowest based on the parameters of the kinetic equation. Also, density
functional theory (DFT) calculations such as frontier molecular orbitals (FMOs), and molecular
electrostatic potential map analysis were performed. It was evidenced that different substituents in
SAs can affect the molecular orbital distribution and their stability, which led to the differences in the
growth rate of strain YL1 and the degradation rate of SAs. Furthermore, the toxicity of P. ureafaciens
is one of the crucial factors affecting the biodegradation rate: the more toxic the substrate and the
degradation product are, the slower the microorganism grows. This study provides a theoretical
basis for effective bioremediation using microorganisms in SAs-contaminated environments.

Keywords: sulfonamide antibiotics; Paenarthrobacter ureafaciens; biodegradation; substituent; kinetics;
density functional theory

1. Introduction

Sulfonamide antibiotics (SAs) are widely used in animal husbandry, aquaculture,
and the treatment of human infectious diseases, which has led to frequent detection of
sulfonamides at varying levels in groundwater, sediments, soil, and food [1-3]. Sulfadi-
azine (SDZ) [4], sulfamerazine (SMR) [5], sulfamethoxazole (SMX) [6], and sulfamethazine
(SMZ) [7] are four types of SAs that have been widely used. In addition, it has been found
that multiple sulfonamide antibiotics are often present together in the same water bodies.
For example, different types of sulfonamide antibiotics such as SMX and sulfadiazine
co-occur in the Harbin section [8]. Notably, lifestyle changes due to pandemics are altering
the use of antibiotics and have the potential to exacerbate environmental risks, including
infection of terrestrial organisms, alteration in microbial community composition and ac-
tivity, and promotion of the spread and proliferation of antibiotic resistance genes [9,10].
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Therefore, the harm caused by sulfonamides to the environment and human health is
gradually attracting considerable attention.

To overcome the persistent toxicity and the high environmental mobility, various
technologies for SAs removal have been reported, such as adsorption, advanced oxidation,
photocatalysis, and biological methods [11-14]. Moreover, these methods are widely
used in treating wastewater with sulfonamide antibiotics because these strategies are
cost-effective, bio-friendly, and can be performed under mild reaction conditions [15].
Microorganisms with the potential to degrade SAs can be isolated from the environment,
such as Actinobacteria, Gammaproteobacteria, Betaproteobacteria, and Alphaproteobacteria. In fact,
these microorganisms can be used as functional agents inside various biological treatment
devices that can aid in the removal of antibiotics from wastewater and provide better
ecological remediation benefits [16-19]. Previous studies have assessed specifically both
single and mixed microbial systems, focusing on the degradation capacity and survival
conditions of microorganisms, the degradation pathways of sulfonamides [20], and the
functional enzymes and genes of the degradation process [21-24]. Currently, SAs degraders
are usually screened by a substrate, and reports on their degradation ability are often
limited to the removal rate of the substrate [19,21,23,25]. There is a lack of studies about
the differences in the degradation efficacy of various sulfonamides. Indeed, these research
gaps limit the practical application of sulfonamide-degrading microorganisms in complex
natural environments.

Different types of sulfonamide antibiotics have similar structural features with amino
(NH;-), benzene moiety, sulfonamide bridge (-SO,-NH-), and R substituents (Figure 1),
where the R substituent determines the type of SA [26]. In this paper, we investigated the
difference in the rate of SAs degradation by strain YL1 and examined the effect of SAs with
different substituents. According to previous studies, the degradation of SAs by strain
YL1 is initiated by ipso-hydroxylation, followed by fragmentation of the parent compound
(Figure 1). The benzene ring part was further transformed while the heterocyclic moiety
was a dead-end product [7,26]. Therefore, the performance of SAs biodegradation by the
strain YL1 was influenced by the type of R substituent and substrate concentration. This
process can be examined with the biodegradation efficacy and rate, and with the inhibition
of microbial growth [27]. The aim of this study was to evaluate the biodegradation of four
common SAs (SDZ, SMX, SMR, and SMZ). The growth rate and kinetics of strain YL1 were
examined using the four common SAs as the sole carbon source to better explain the differences
in the biodegradation effects of SAs in mineral salt medium (MSM). Furthermore, the density
functional theory (DFT) calculation was used to analyze the charge distribution differences of
various SAs to further demonstrate that the substituents affect the reactivity of SAs.
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Figure 1. Chemical structures of the sulfonamides used in this study (red) and the end products
accumulated after degradation by strain YL1 (blue). ([-] denotes that the compound was not detected).
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2. Materials and Methods
2.1. Chemicals and Bacterial Strain

SDZ, SMR, SMX, and SMZ were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Acetonitrile, high-performance liquid chromatography (HPLC) grade, and formic
acid (HPLC grade) were purchased from Dikma Technologies Inc. (Tianjin, China). All other
chemicals used in this study were analytical grade and obtained from Kermel Chemical
Reagent Ltd. (Tianjin, China).

Paenarthrobacter ureafaciens YL1 was deposited in the China General Microbiological
Culture Collection Center under strain number 18365.

2.2. Medium and Culture Conditions

The mineral salt medium (MSM) was composed of 1.5 g-L~! KH,POy, 3.5 g-L~!
K,HPOy, 0.5 g-L =1 (NHy4)»SO0y4, 0.5 g-L =1 NaCl, 0.15 g-L~! MgSO,-7H,0, and 1.0 mL-L~!
trace elements. The trace elements used in this study were ZnSO4-7H,0 0.2 g-L ™},
NaHCO3-10H,0 2.0 g-L=!, MnSO,-4H,0 0.3 g-L !, (NHy)¢Mo;0,-4H,0 0.02 g-L 71,
CuS04-5H,0 0.1 g-L 1, CaCl,-2H,0 0.05 g-L~!, CoCl,-6H,0 0.5 g-L~1, and FeSO,-7H,0O
0.5 g-L~! [28]. All media were adjusted to a pH of 7.0 & 0.3 using NaOH/HCl and sterilized
at 120 °C for 20 min before use. The solid medium was prepared by adding 18 g-L ! agar
powder to a liquid medium.

Paenarthrobacter ureafaciens YL1 colonies were grown in the solid medium with SMX for
4 days at 30 °C and the colonies were inoculated into 250 mL Erlenmeyer flasks containing
100 mL of MSM. The initial optical density at 660 nm (ODggg) was 0.015. After incubation
at 30 °C (shaking rate of 160 r-min~! for 36 h, strain YL1 reached the mid-exponential
phase [14]. The resting cells were washed three times with 0.02 M phosphate buffer solution
(PBS, pH =7), and then resuspended in 0.02 M PBS until ODggg ~ 1.0. Resting cells were
used to control the initial biomass.

2.3. Determination of the Biomass

The cell growth was examined based on the results obtained by spectrophotometry at
660 nm (ODgg), and the MSM without bacterial solution was used as a control reference. In
addition, the level of dry weight (DW) was determined by the weight-drying method. The
fermentation broth of the strain YL1 with the same volume and different growth periods
was centrifuged (8000 r-min~!, 10 min). The supernatant was discarded to obtain the
centrifuged bacterial cells, and the samples were re-solubilized twice with sterile water and
centrifuged under the same conditions [29]. The centrifuged bacteria were dried at 105 °C
until a constant weight was reached. The dry weight (DW) of biomass of the strain YL1
was converted from the ODgg4 using a standard curve:

DW (mg-L*l): 4735 x ODggy — 15.7

2.4. Determination of the Degradation Rate of SAs

The concentration of SAs was determined based on the method reported in a previous
study. Each SA was measured separately [7]. The detection limit is 60 nug/L.

When the four substrates were in the same sample, the mobile phase used a gradient
to separate and detect these substrates. A Waters 2695 Acquity Ultra Performance Liquid
Chromatograph (UPLC) was used, equipped with a 2489 UV /Visible detector, and a C18
(150 x 4.6 mm, 5 um) column. The wavelength was set at 272 nm, and the temperature
was fixed at 35 °C. The injection volume was 10 pL, and the mobile phase flow rate was
0.3 mL-min~!. The mobile phase was eluted following a gradient scheme. The ratio of the
mobile phase was set as follows (Table 1):
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Table 1. Gradient elution procedure.

t-min—1 Methanol (%) 0.1% Formic Acid (%)
0 10 90
10 50 50
11 10 90
12 10 90

2.5. Kinetic Analysis of the Degradation of Sulfonamide Antibiotics

The effect of different initial concentrations of substrate (0.05~2.4 mmol-L~1) on strain
YL1 growth was investigated by adding SAs as a sole source of carbon in MSM. The
purpose of this experiment was to study the growth kinetics of strain YL1 during the
degradation of SAs. The strain YL1 growth rate was limited by the substrate concentration
at fixed conditions.

The specific growth rate, i (1-h~1), was calculated as the slope of a plot of Ln (X/ Xp)
versus time determined over the exponential growth phase where it is assumed to be
linear [5,30]. Moreover, Haldane’s model was used to assess the kinetics of the SAs
biodegradation due to the inhibition effect of SAs for the strain YL1. Equation (1) was used
to calculate the specific growth rate [31].

_ }lmuxs
# Ks+5+ ?72 (1)
i

where S is the SMX concentration (mmol/L), p4x is the maximum specific cell growth rate
(1-h~1), K is the half-saturation coefficient (mmol-L™!), and K; is the inhibition coefficient
(mmol-L~1). The Origin 2016 computer software was used to determine the Haldane model
kinetic parameters.

For self-inhibitory compounds such as SAs, the specific affinity could be used to
describe specific affinity according to Equation (2), which linked nutrient accumulation
rate with transporter density [32].

ay = Bge 2)

where a4 is the specific affinity (L-mmol~1-h™1).
The biomass yield coefficient, dry weight of biomass/weight of the substrate, for SAs
can be determined by the following equation [33]:

XX

Y =
So—S

®)

where S is the initial substrate concentration (mmol-L~!) and Xj is the initial biomass
concentration (mg~L’1). Y, is the biomass yield coefficient (mg-DW/mmol).

2.6. Density Functional Theory (DFT) Method

A density functional theory (DFT) method was used to simulate the geometry op-
timization of SAs. The energy calculations were performed in Gaussian 09 software
using the method of B3LYP/6-31+G** combined with the IEFPCM solvent model (wa-
ter). In addition, the electron density and the energy gap between HOMO and LUMO
(AE = ELymo — Enomo) are important stability indices that can help explain the effect of
various substituents on the degradation performance of SAs [34,35]. In fact, high HOMO
energy indicates high electrophilic reaction activities, while low LUMO energy implies a
high nucleophilic reactivity [36]. In addition, a molecule with a narrow HOMO-LUMO gap
is more reactive. Therefore, the energy values of different structured SAs were compared to
illustrate the different structure reactivity.
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3. Results and Discussion
3.1. Substrate Spectrum of Strain YL1

Strain YL1 is capable of utilizing a variety of sulfonamide antibiotics for metabolic
activities. SDZ, SMX, SMR, and SMZ were selected at the initial concentration of 100 mg~L’l
to investigate whether strain YL1 could effectively degrade these compounds. Figure 2a
shows that strain YL1 degraded the SAs used in this study, which was reflected by rapid
substrate elimination. SDZ, SMX, SMR, and SMZ at 100 mg-L’1 were completely degraded
to below the detection limit within 22 h, 22 h, 28 h, and 30 h, respectively.

() (b)
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—=—SDZ
—e— SMX
—&— SMR
—¥— SMZ

®
=S
T

2

&
T

Concentration of SAs (mg-L™")

Time (h) Time (h)

Figure 2. Changes in SAs concentration over time. (a) strain YL1 degraded 100 mg-L*1 SDZ, SMX,
SMR, and SMZ, respectively; (b) Strain YL1 degrades a mixture of SDZ, SMX, SMR, and SMZ at an
initial concentration of 25 mg-L~!.

Also, the degradation process by strain YL1 of mixed sulfonamide antibiotics present
in the same sample was investigated. SDZ, SMR, SMX, and SMZ were mixed at 25 mg-L ™.
Figure 2b shows the variation of substrate concentration with time for the simultaneous
degradation of four sulfonamide antibiotics by the strain YL1. In fact, there were some dif-
ferences in the degradation efficiency of YL1 in degrading multiple sulfonamide antibiotics
simultaneously. The removal efficiencies of these four substrates were slightly different
due to the structures of the substituents. For example, the removal rate of SMZ by strain
YL1 was significantly slower compared to the removal rates of the other substituents. An
independent sample T-test was used to examine the variability of strain YL1 in degrading
the four sulfonamide antibiotics. Among them, the concentration of SMZ over time was
significantly different from SDZ, SMX, and SMR (p-values were 0.009, 0.005, and 0.014,
respectively). The result indicated that the SMZ degradation rate by strain YL1 significantly
lagged behind the degradation of the other types of sulfonamides.

These results implied that strain YL1 can effectively remove a variety of SAs from the
environment. In fact, the ability of microorganisms to degrade more than one SAs simultane-
ously has been observed in a few other previous studies. According to Flemming et al., specific
degraders could rapidly degrade sulfonamides, including sulfadiazine, sulfadimidine, and
sulfadimethoxine. This study also indicates that when bacteria are adapted to carbutamide,
sulfadoxine, sulfameter, and sulfanilamide, they can rapidly degrade sulfadiazine, sulfadi-
amidine, and sulfadimethoxypyrimidine [36]. Similarly, Qi et al. isolated a strain named
P27, which significantly degraded SDZ, SMR, and SMZ. This degradation was evidenced by
rapid substrate elimination, corresponding heterocyclic product formation, and high biomass
growth [37]. This previous study reported that SMX had the fastest degradation rate by P27,
while the degradation process of sulfadimethoxine required the longest time period. Similar
to the present study, the degradation rates of SDZ and SMR were slightly lower than those
of SMX [38]. Achromobacter denitrificans PR1, isolated from activated sludge with SMX as the
sole carbon and nitrogen source, was able to degrade other sulfonamides [39]. This finding
suggested that if a bacterial strain can degrade one type of sulfonamides, it can also be able to
reduce the concentration of a wide range of other sulfonamide compounds.
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3.2. Growth Kinetics of Strain YL1

There were differences in the use of different SAs compounds by strain YL1 to maintain
growth. In fact, Figure 3 shows that high SAs concentrations could inhibit the growth
of strain YL1. Therefore, the Haldane growth model was selected to estimate the kinetic
parameters. Non-linear regression analysis of bacterial growth data was performed using
Origin software (version 2016). Experimental and predicted specific growth rates of strain
YL1 using various SAs are shown in Figure 3. The kinetic parameters for strain YL1 growth
on SAs were calculated from Equation (3). The kinetic parameter values used in the model
are shown in Table 2. For the degradation of SAs by strain YL1, the specific growth rate
was positively correlated with the substrate concentration at low concentrations. However,
when the concentration exceeded a threshold value, the specific growth rate decreased as the
SAs concentrations increased. This implies that above a certain concentration, SAs acts as an
inhibitor of bacterial activity. The Haldane model showed a good fit with a high R? value.

The maximum specific growth rates (yyuax) of strain YL1 growing on SDZ, SMX, SMR,
and SMZ were 0.304, 0.311, 0.302, and 0.285, respectively. The substrate affinity reflects
the ability of cells to receive nutrients, and it is one of the crucial factors affecting the
growth rate. Moreover, the Ks value is usually used to represent the substrate affinity
under substrate-restricting conditions. However, Ks was not a reliable indicator of substrate
affinity [40]. D.K. Button suggested that the specific affinity (24), as a more reliable indicator,
could describe the specific affinity of a restricted substrate due to its linking of as a more
reliable indicator because it connects the nutrient accumulation rate to the density of trans-
porter proteins [41]. For this study, the range of a4 value was SMX > SDZ > SMR > SMZ,
indicating that the fastest growth rate could be obtained when strain YL1 is cultured with
SMX as the sole carbon source. In addition, K; is the inhibition coefficient, which indicates
how tolerant bacteria are to toxic substrates toxicity [42]. A high Ki value indicates that the
cell is more resistant to substrate toxicity.
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Figure 3. Experimental and predicted specific growth rates of strain YL1 against SDZ (a), SMX (b),
SMR (c), and SMZ (d) according to the Haldane model.
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Table 2. Kinetic parameters for strain YL1 growth on SAs used in the Haldane model.

Haldane Model Hmax (1-h~1) Ks (mmol-L-1)  K; (mmol-L-1) R? as (L-mmol~1-h™1)
SDZ U —ﬁ 0.304 + 0.287 1.858 + 2.042 0.372 £ 0.419 0.968 0.164
SMX —% 0.311 + 0.083 1.139 + 0.367 0.373 +0.121 0.995 0.273
SMR 1817+5+§52 0.302 + 0.055 1.817 £ 0.383 0.351 + 0.076 0.999 0.166
SMZ n :Mfgf 0.285 + 0.226 2.684 +2.41 0.376 + 0.351 0.989 0.106
2.684+S5+ 53¢

The substrate inhibition constant (K;) for SMZ was higher than the K; value for other
SAs (Table 2), which indicated that SMZ caused less substrate inhibition than SDZ, SMR,
and SMX. Therefore, the maximum SMZ biodegradation rate was clearly lower compared
to the other SA compounds.

The yield coefficients for different initial SAs concentrations were shown in Figure 4.
The yield coefficients of SDZ were significantly higher than the other SAs at low concen-
trations. As well, when strain YL1 uses SMZ as the single substrate, the biomass biomass
yield coefficient is greater than others at high concentrations (>0.4 mmol/L).

50
v
40
@30+ A sAT O
NI S
£ S . oz
% 0L Sy "
=7 2 o SMX
E |
>or ;z A SMR
" v SMZz
o ®
1 " 1 N 1 | 1 N | X |
0.0 05 1.0 15 2.0 25
S, (mmol/L)

Figure 4. Biomass Yield coefficient for bacterial growth on initial SAs concentrations.

3.3. Effect of the Substitution Groups on the Reactivity of SAs

The explanation for the varied degradation performance of SAs by strain YL1 caused
by various substituents was discovered using theoretical simulations [43,44]. The per-
formance of strain YL1 in the degradation of SAs was dependent on the stability of the
substrates, and it can be shown with the electron density in HOMO and LUMO and the en-
ergy gap between HOMO and LUMO energy (AE =—Epomo)- Figure 5 shows the HOMO
and LUMO distributions of SAs with different substituents. The HOMO distributions of
the SAs used in this experiment were similar. The HOMO of SDZ, SMX, SMR, and SMZ
molecules mainly originated from the aminophenyl structure. Electrons on the LUMO of
SDZ, SMR, and SMZ are mainly concentrated in the pyrimidine ring. However, the LUMO
of SMX is more uniformly distributed in the aromatic ring and substituent parts. Moreover,
the layout of the orbital electron distribution of the four compounds differed due to the
substituents, especially the electron-donating substituents, such as the methyloxazole ring.
This fact had a significant effect on the orbital electron layout of the molecule and affected
the growth of strain YL1.
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Figure 5. The HOMO (a) and LUMO (b) electron density contour of SDZ, SMX, SMR, and SMZ. The
substituted heterocyclic rings and aniline are on the left and right sides of the SA molecules, respectively.

b

According to the front molecular orbital (FMO) theory, the energy gap (AE) between
HOMO and LUMO is an essential indicator of the stability of the molecules [45]. A small
AE value indicates that the molecule is more reactive and less stable. Table 3 lists the AE
energy values of the four SAs. The smallest AE is SDZ, indicating that SDZ is the most
unstable and rapidly-degraded substance. In addition to SDZ, the ranking order of AE
is SMX > SMZ > SMR. Similarly. Yin et al. found that among the selected sulfonamide
antibiotics (SMX, SMR, and SMZ), the SMX that had the largest AE was SMX [34]. The same
degradation rate was also followed in the reduced graphene oxide (rGO) system. Interest-
ingly, although DFT calculations could further demonstrate the effect of substituents on the
reactivity of SAs, the experimental results showed that the growth rates of microorganisms
when the four SAs were used as substrates were SMX > SDZ > SMR > SMZ. When strain
YL1 was grown with SMX as the sole carbon source, the specific growth rate of strain YL1
was significantly higher than that of SMZ, which was similar to the result reported by Qi
et al. However, it was different from the results calculated by DFT [40]. Thus, this event
needs to be further discussed and analyzed.

Table 3. HOMO and LUMO distributions of SAs calculated at the B3LYP/6-31+G " level of theory.

Enomo (eV) Erumo (eV) AE (LUMO-HOMO, eV)
SDZ —6.246 —1.661 4.585
SMX —6.337 —1.288 5.049
SMR —6.238 —1.551 4.687
SMZ —6.235 —1.44 4.795

In addition, the toxicity of the substances and degradation end-products was one of
the reasons for the differences in growth and degradation rates, which can affect the growth
of microorganisms during degradation. According to Zou et al., the effects of SAs on mi-
croorganisms can be both attributed to acute (15 min exposure) and chronic (24 h exposure)
toxicity to P. phosphoreum. Therefore, the acute toxicity of antibiotic mixtures to P. phospho-
reum was tested, and SMX was found to be more toxic than SDZ and SMZ. However, the
order of chronic toxicity to P. phosphoreum was SDZ ~ SMZ > SMX [46]. In addition, the
substrate toxicity of the degradation products can also have an impact on the growth of the
resulting strain YL1. 2-Aminopyrimidine, 3-amino-5-methylisoxazole, 2-aminopyrimidine-
4-dimethylpyrimidine, and 2-aminopyrimidine-4,6-dimethylpyrimidine were the end prod-
ucts accumulated during the degradation of SDZ, SMX, SMR, and SMZ by strain YL1,
respectively (Figure 1). Notably, the degradation end products of SDZ and SMX were
non-toxic [46,47]. However, the degradation end-products of SMR (2-aminopyrimidine-
4-dimethylpyrimidine) and SMZ (2-aminopyrimidine-4,6-dimethylpyrimidine) were con-
sidered to be as harmful to aquatic organisms [48]. In general, compounds with electron-
donating substituents are more easily oxidized than those with electron-withdrawing
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substituents [49]. The S atom on the SMX substituent can provide more electron density for
the sulfonamide bond, which leads to SMX being more active than SDZ, SMR, and SMZ.
The findings of the present study were consistent with the experimental and theoretical
values of the growth kinetics of strain YL1. In summary, strain YL1 has the largest specific
growth rate when cultured with SMX as the sole substrate, followed by SDZ > SMR > SMZ.

4. Conclusions

The degradation rate of SAs with different substituents by strain YL1 was investigated.
The capacity of strain YL1 to break down the selected SAs, namely SDZ, SMX, SMR, and
SMZ, indicated that the different substituents had no impact on this breakdown ability of
strain YL1. However, according to the kinetic study of strain YL1 at different initial concen-
trations, there were differences in the specific growth rates of the SAs used by the strains
with various substituents. Moreover, the order of the four selected substrate utilization
rates was SMX > SDZ > SMR > SMZ. Furthermore, the DFT calculations confirmed that the
different substituents changed the HOMO and LUMO distribution of the SAs, resulting in
the differential reactivity of the molecules and degradation rates of the molecules. Also,
the ecotoxicity of the substrate to the microorganisms was one of the important indicators
affecting the biodegradation of SAs. Finally, this study provided a theoretical basis and
contributed to the knowledge of the microbial treatment of SAs.
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