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A B S T R A C T

Biodegradation is an important route for the removal of sulfamethazine (SMZ), one of the most commonly used
sulfonamide antibiotics, in the environment. However, little information is known about the kinetics, products,
and pathways of SMZ biodegradation owing to the complexity of its enzyme-based biotransformation processes.
In this study, the SMZ-degrading strain A01 belonging to the genus Paenarthrobacter was isolated from SMZ-
enriched activated sludge reactors. The bacterial cells were rod-shaped with transient branches 2.50–4.00 μm in
length with most forming in a V-shaped arrangement. The genome size of Paenarthrobacter sp. A01 had a total
length of 4,885,005 bp with a GC content of 63.5%, and it contained 104 contigs and 55 RNAs. The effects of pH,
temperature, initial substrate concentration and additional carbon source on the biodegradation of SMZ were
investigated. The results indicated that pH 6.0–7.8, 25 °C and the addition of 0.2 g/L sodium acetate favored the
biodegradation, whereas a high concentration of SMZ, 500mg/L, had an inhibitory effect. The biodegradation
kinetics with SMZ as the sole carbon source or 0.2 g/L sodium acetate as the co-substrate fit the modified
Gompertz model well with a correlation coefficient (R2) of 0.99. Three biodegradation pathways were proposed
involving nine biodegradation products, among which C6H9N3O2S and C12H12N2 were two novel biodegradation
products that have not been reported previously. Approximately 90.7% of SMZ was transformed to 2-amino-4, 6-
dimethylpyrimidine. Furthermore, sad genes responsible for catabolizing sulfonamides were characterized in
A01 with high similarities of 96.0%–100.0%. This study will fill the knowledge gap in the biodegradation of this
ubiquitous micropollutant in the aquatic environment.

1. Introduction

Antibiotics have been recently recognized as an emerging threat to
organisms and human health owing to their toxicity and persistence in
the environment through a complex vicious cycle of transformation and
bioaccumulation (Carvalho and Santos, 2016; Liu et al., 2017; Li et al.,
2018). The diffusion of antibiotics in the environment, particularly in
aquatic systems, contributes to the development and transmission of
antibiotic resistance in environmental pathogens (Deng et al., 2016).
This phenomenon has been identified as a global challenge to human
health security in the 21st century.

Sulfonamides (SAs) have been intensively used as anti-infectives,

particularly in human and veterinary medicine, and are still widely
prescribed today (Baran et al., 2011; Majewsky et al., 2015). Sulfa-
methazine (SMZ), one of the most commonly used SAs (Biošić et al.,
2017), is frequently detected in soils (Garcia-Galan et al., 2013), was-
tewater treatment plants (Li et al., 2013), surface water (Iglesias et al.,
2013), groundwater (Spielmeyer et al., 2017) and even drinking water
(S. Wang et al., 2015; L. Wang et al., 2015). The reported residual
concentrations are in the ng/L to μg/L range, which has been found to
pose chronic toxicity to human body and then cause organ lesions.
Moreover, long-term exposure leads to resistance in intestinal micro-
organisms, consequently, antibiotic resistant genes can be conjugated to
pathogens through horizontal gene transfer (Liu et al., 2017).
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The biological treatment process is an important method for removing
SMZ in water bodies (Yin et al., 2014), while on the other hand, it creates
an environment potentially suitable for resistance development and
spreading, because bacteria are continuously exposed to SMZ residue
(Michael et al., 2013). Therefore, it is necessary to understand the bio-
degradation mechanism of SMZ in biological treatment processes. The
majority of studies in this field have focused on the occurrence and dis-
tribution of SMZ in the environment (Garcia-Galan et al., 2013; Li et al.,
2013) and the removal behaviors by different treatment technologies,
particularly advanced oxidation processes (Cheng et al., 2018; Fukahori
et al., 2018). However, researches on the biodegradation of SMZ by pure
cultures or microbial communities are limited. Several SMZ-degrading
strains have been isolated from activated sludge and wastewater. For ex-
ample, a Geobacillus strain S-07 isolated from activated sludge of an an-
tibiotics pharmaceutical factory was able to degrade SMZ at 70 °C (Pan
et al., 2017). An Achromobacter sp. S-3 with the ability to remove SMZ was
isolated from an aerobic sequence batch reactor (Huang et al., 2012). A
sulfamethoxazole (SMX)-degrading Achromobacter denitrificans strain PR1
that could also degrade SMZ was isolated from activated sludge (Reis
et al., 2014). These isolated and characterized microorganisms are able to
use SMZ as the sole carbon source and may even dominate in SMZ-de-
grading systems, indicating the potential application of these micro-
organisms to eliminate SMZ in real wastewater. Yang et al. (2016) re-
vealed that Acinetobacter and Pseudomonas represented major bacterial
communities involved in SAs degradation in activated sludge. Zhao et al.
(2019) reported that an enriched SMZ-degrading bioreactor was composed
mainly of Aridibacter, Arthrobacter, Geothrix, Ferruginibacter, Plasticicumu-
lans, and Terrimonas. S. Wang et al. (2015) and L. Wang et al. (2015) found
that Achromobacter and Pseudomonas played dominant roles in the anodic
chambers of microbial fuel cell reactors for SMX degradation.

Aside from these studies, little information is known about the ki-
netics, products, and pathways of SMZ biodegradation owing to the
complexity of enzyme-based biotransformation processes. Deng et al.
(2016) proposed possible degradation products and pathways of sulfa-
diazine by two strains belonging to Arthrobacter, but no solid evidence
was obtained concerning the enzymes responsible for the degradation of
SAs to confirm these speculations. Recently, two monooxygenases (SadA
and SadB) and one FMN-reductase (SadC) were found in Microbacterium
sp. strain BR1 to initiate the catabolism of SAs by hydroxylating the
sulfonamide molecule at the sulfonyl group (Ricken et al., 2017). This
finding provides new insight into the biodegradation mechanisms at the
molecular level. To explore related functional genes, genomic sequencing
has been conducted to obtain whole genome sequences. However, re-
search on the genomic characterization of these SAs-degrading pure
cultures has been conducted sporadically. Thus far, only the genomes of
Arthrobacter sp. D2 and D4 (Deng et al., 2016), Microbacterium sp. BR1
and C448 (Martin-Laurent et al., 2014), Achromobacter denitrificans PR1
(Reis et al., 2017) have been sequenced. The genomic sequences of SMZ-
degrading isolates are not available on public databases such as the
National Center for Biotechnology Information (NCBI), which prevents
comparative analysis on a genomic basis for SAs biodegradation.

Considering the aforementioned research gaps, the objectives of this
study are to: (i) isolate a high efficiency SMZ-degrading strain and to
characterize it based on both morphological and molecular aspects; (ii)
investigate the effects of pH, temperature, initial substrate concentra-
tion and additional carbon source on the biodegradation of SMZ; (iii)
evaluate the variation in biodegradation kinetics under different con-
ditions; and (iv) elucidate comprehensive pathways with combination
of detected biodegradation products and related functional genes.

2. Materials and methods

2.1. Chemicals

SMZ (purity 99%) and 2-[N-(4-aminophenyl) amino]-4, 6-di-
methylpyrimidine were purchased from Sigma-Aldrich (USA). 2-

Amino-4, 6-dimethylpyrimidine (purity 98%) was obtained from
Aladdin (China). Acetonitrile and methanol (LC grade) were obtained
from Merck KGaA (Germany), and formic acid (LC–MS grade, purity
98%) was purchased from Fluka (Switzerland). Ultrapure water was
produced using a Millipore Milli-Q system (Bedford, MA, USA).

2.2. Culture enrichment, isolation and identification

The SMZ-degrading consortia were enriched for five months using
50mL of activated sludge as the inoculum, which was collected from a
local wastewater treatment plant. The bioreactors were set up in parallel
with a working volume of 500mL at room temperature (25 ± 2 °C) and
were continuously stirred at 200 rpm for aeration and mixing. The con-
centrations of mixed liquor suspended solids were maintained at about
1000mg/L. The initial SMZ concentration in the synthetic wastewater
was 20mg/L and then gradually increased to 150mg/L according to the
removal behaviors. The enriched cultures were serially diluted and were
plated on a mineral salt medium (MSM) with 100mg/L SMZ as the sole
carbon source (MSM–SMZ). After 5 days of incubation at 25 °C, 35 single
colonies were isolated and individually transferred for further purifica-
tion. To examine the SMZ degrading capacity, 35 pure cultures were
inoculated into liquid MSM–SMZ at 25 °C on an incubator shaker at
150 rpm. Finally, an isolate achieving the highest degrading efficiency
was designated as A01, and was preserved at −80 °C in a mixture of 40%
glycerol and LB medium for subsequent experiments.

To characterize the microbial community structure of the enriched
consortia, PCR amplification of 16S rRNA genes was conducted using
the primers F515 (5′-GTGCCAGCMGCCGCGGTAA-3′) and R806
(5′-GGACTACVSGGGTATCTAAT-3′). The 50 μL PCR reaction mixture
contained 25 μL of 2×Premix Taq™ (TaKaRa, Japan), 22 μL of nu-
clease-free water, 2 μL of forward and reverse primers and 1 μL of
sample DNA. The PCR was performed as follows: initial denaturation at
95 °C for 5min, 28 cycles including 95 °C for 0.5min, 55 °C for 0.5 min
and 72 °C for 1min, and a final extension step at 72 °C for 5min (Zhang
et al., 2018). The PCR products were purified using the UltraClean PCR
clean-up kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA) and then
quantified using NanoDrop spectrophotometer (ND-One, Thermo Fisher
Scientific, USA). A single composite sample containing equimolar
amounts of barcoded PCR products was produced to obtain equivalent
sequencing depth for all samples (Kozich et al., 2013). The sample was
sequenced by Novogene (Tianjin, China) on an Illumina MiSeq platform
with 250 bp paired-end strategy. All of the raw sequencing data of the
16S rRNA amplicons were processed following the standard pipeline in
Mothur (version 1.39.5), including demultiplex, quality trim, align-
ment, and a final check with chimera.uchime to remove chimeric se-
quences. Then, the clean sequences were normalized by randomly ex-
tracting 18,224 clean sequences, which is the lowest sequencing depth
after previous treatment steps from each sample dataset, and were
submitted to the Ribosomal Database Project (RDP) Classifier (version
2.11) for taxonomy annotation at an 80% threshold (Wang et al., 2007;
Zhang et al., 2018). To identify the taxon of the 35 isolates, genomic
DNA was extracted using the FastDNA™ SPIN Kit for Soil (MP Bio, USA).
16S rRNA genes were amplified using primers 27F (5′-AGAGTTTGAT
CMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′).
The PCR solutions were the same as that mentioned previously. The
PCR procedure was performed as follows: initial denaturation at 95 °C
for 5min, 28 cycles including 95 °C for 0.5min, 55 °C for 0.5 min and
72 °C for 2min, finally, 72 °C for 8min. The PCR products were con-
ducted using Sanger sequencing by BGI (Shenzhen, China), and the
generated data were annotated via the NCBI 16S ribosomal RNA se-
quences database. The phylogenesis was analyzed using Molecular
Evolutionary Genetics Analysis (MEGA) software (version 7.0.26), and
the phylogenetic tree was constructed using neighbor-joining method.
MEGA is an integrated tool for conducting automatic and manual se-
quence alignment, inferring evolutionary trees, estimating genetic dis-
tances and diversities (Kumar et al., 2018).
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2.3. Morphology characterization

The morphology was observed using scanning electron microscopy
(SEM; ZEISS SUPRA® 55, Carl Zeiss, Germany). Isolated strain A01 was
inoculated into the MSM–SMZ for 36 h of incubation until the mid-log
phase, and was then collected by centrifugation (3000 rpm, 3min) and
washed three times with PBS (50mM, pH 7.0). Afterward, the cells
were fixed with 2.5% glutaraldehyde in PBS at 4 °C overnight. After
rinsing with PBS three times, the fixed cells were dehydrated with an
ascending series of ethanol solutions at 20%, 50%, 80%, and 100% for
10min and were then freeze-dried for 48 h in a silicon wafer. The
sample was sputter-coated with about 10 nm of platinum before ob-
servation and was then operated at 2 kV accelerating voltage.

2.4. Genome sequencing and bioinformatics analysis

The genomic DNA of A01 was sent to Novogene for sequencing on
an Illumina Novaseq 6000 platform with 150 bp paired-end strategy,
and approximately 2.7 GB of clean data were generated. The de novo
assembly for the sequences was conducted using Megahit (version
1.0.3) (Li et al., 2016) with the minimum and maximum k-mer size of
21 and 147 respectively, a step of 8, and a minimum contig length of
500 bp. Open reading frames (ORFs) prediction was conducted by
Prodigal (version 2.6.3) (Hyatt et al., 2010) and the predicted genes
were annotated by the Rapid Annotations using Subsystems Technology
(RAST) server (Aziz et al., 2008). To identify the SMZ degrading genes,
the BLAST was used to compare the predicted ORFs against the NCBI
non-redundant protein (NR) database with a cut-off e-value of 10−5.
CheckM (version 1.0.11) was used to assess the completeness and
contamination of the genome and extract marker genes of closely re-
lated reference genomes retrieved from NCBI (Parks et al., 2015).
Genome phylogenetic analysis used CLUSTALW for multiple sequence
alignment and MEGA for tree construction. The average nucleotide
identity (ANI) values were calculated by OrthoANI (Lee et al., 2016)
algorithm to assess the genome-sequence-based similarity among A01
and other reference strains. The GC content was calculated from the
genomic sequences. Comparisons of genomes of A01 and other re-
ference strains were conducted by BRIG (version 0.95) (Alikhan et al.,
2011). The predicted ORFs were mapped to the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database using the BLAST with a cut-off of
10−5 for the e-value to find the potential SMZ metabolic pathways
(Sangwan et al., 2014).

2.5. Biodegradation experiments

The SMZ biodegradation experiments were performed in 250mL
flasks containing 100mL MSM–SMZ. The composition of MSM per liter
of ultrapure water included 6.81 g of Na2HPO4, 0.675 g of KH2PO4,
0.112 g of MgSO4·H2O, 0.015 g of CaCl2, and 20.4mg of NH4Cl as well
as trace elements (Deng et al., 2016). All experiments were conducted
in triplicate in the dark at 25 °C using an incubator shaker at 150 rpm.

Growing cells were used to determine the reduction of SMZ con-
centration and total organic carbon (TOC). Resting cells were used to
identify the biodegradation products in 100mL of PBS (50mM, pH=7.0)
with 100mg/L SMZ (PBS–SMZ). To obtain the growing and resting cells,
strain A01 was inoculated into the MSM–SMZ and was cultivated until the
mid-log phase. The cells were then harvested by centrifugation at
4000 rpm for 5min and were washed three times with PBS. Finally, the
centrifugation pellets were re-suspended in the MSM–SMZ for growing
cells and in the PBS–SMZ for resting cells, respectively.

2.6. Analytical methods

2.6.1. SMZ mineralization
The SMZ mineralization was determined by testing the TOC using

TOC-L (SHIMADZU, Japan). The samples were diluted with ultrapure

water and were filtered by a 0.45 μm PES syringe filter (BOJIN,
Germany) prior to measurement.

2.6.2. Bacterial growth
Bacterial growth was determined by measuring the bacteria number

using flow cytometry (BD FACSCalibur system, BD Biosciences, CA,
USA). The samples were stained by SYBR Green I with a final con-
centration of 10 μL/mL (Invitrogen, USA), and were incubated in
darkness for 15min at room temperature prior to measurement. The
data were analyzed using the BD CellQuest Pro software (BD
Biosciences).

2.6.3. SMZ quantification by HPLC–MS/MS
The SMZ was quantified using a high performance liquid chroma-

tography system (HPLC, 20A, SHIMADZU, Japan) equipped with a
triple-quadrupole mass spectrometer (MS/MS API 3200, Applied
Biosystems/SCIEX, USA) operating with a C18 column (Agilent,
2.1× 100mm, 2.7 μm). The MS/MS was performed in positive ioni-
zation (ESI+) and multiple reaction monitoring (MRM) mode. Mobile
phases A and B were fixed as ultrapure water and acetonitrile respec-
tively with additional 0.1% formic acid (v/v) at a flow rate of 0.2mL/
min. The column temperature was 35 °C. The initial mobile phase
proportion was 90% (A):10% (B), then A was linearly decreased to 0%
within 3min and was held for 1min to clean the column using 100%
organic mobile phase B. Afterward, A was increased to the initial pro-
portion of 90% in 0.5min and was kept for 4min to equilibrate the
column before the next injection. The total run time was 8.5min. The
optimal parameters of MS/MS included declustering potential of 30 V,
entrance potential of 10 V, collision energy of 26 V, and collision cell
exit potential of 2.5 V. The samples were diluted with ultrapure water
and were filtered by a 0.22 μm PTFE syringe filter (ANPEL, Shanghai)
before measurement. Analyst software (version 1.6.2) was used to
collect and analyze the data.

2.6.4. Identification of biodegradation products
Product identification was conducted by HPLC–MS/MS performed

in ESI+ and full scan mode (m/z 50–500) under the same operating
conditions as those mentioned previously. The initial mobile phase
proportion was 90% (A):10% (B), then A was linearly decreased to 0%
within 13min and was held for 2min. Afterward, A was increased to
90% within 1min and was kept for 4min. The total run time was
20min. Each suspected ion was extracted and was further analyzed via
daughter ion scan to determine the proposed structures of plausible
biodegradation products. The fragment with the highest signal intensity
was identified as the primary daughter ion for the corresponding peak.
Only peaks appearing in samples after the SMZ biodegradation with a
signal intensity three times higher than the background was considered
as the a possible m/z of the biodegradation product. For further con-
firmation of the proposed metabolites, standards were purchased and
analyzed to check whether the retention time (RT) and fragments were
identical to the corresponding biodegradation products.

3. Results and discussion

3.1. Culture enrichment, isolation, and identification

During the enrichment process of the SMZ-degrading consortia, the
SMZ concentration was artificially increased when obvious reduction
was observed according to the HPLC–MS/MS detection results. After
five months of enrichment, the SMZ with a concentration of 150mg/L
could be completely removed within 48 h. The 16S rRNA gene se-
quences revealed that the microbial communities were composed of six
dominant genera: Aridibacter, Paenarthrobacter, Geothrix,
Ferruginibacter, Plasticicumulans, and Terrimonas. It is worth mentioning
that the genus Paenarthrobacter had the highest relative abundance of
16.8% in the enriched consortia (Fig. S1).
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In total, 35 pure cultures belonging to 11 genera of 5 phyla were
isolated from the enriched consortia (Fig. S2). After incubation in the
MSM–SMZ for seven days, isolates were screened according to their
prominent removal efficiency of SMZ, and A01 was selected as the
experimental strain in this study owing to its highest degradation rate
of 100% (Fig. S3). Based on the BLAST results of the nearly full-length
16S rRNA gene against the NCBI 16S ribosomal RNA sequences data-
base, A01 was found to be closely related to Paenarthrobacter ureafaciens
with similarity of 99% (Fig. S4). Hence, strain A01 was annotated as
Paenarthrobacter sp. in this study.

3.2. Morphologic and genomic characterization

The SEM image of A01 showed rod-shaped cells in an exponential
phase with transient branches 2.50–4.00 μm, most of which forming a
V-shaped arrangement (Fig. 1a). The genome size of A01 had a total
length of 4,885,005 bp and contained 104 contigs, 55 RNAs, and a GC
content of 63.5%. The completeness and contamination of the draft
genome were 99.7% and 1.36%, respectively. Moreover, there were
4849 ORFs predicted by Prodigal, 40.2% of which was functionally
annotated by the RAST server. The genome harbored 33 proteins in-
volved in stress responses to osmotic pressure, carbon starvation,
oxygen radicals, and toxic chemicals. Paenarthrobacter has been re-
ported to evolve self-protective mechanisms for survival and prosperity
in a variety of stressful environments. Previous studies have revealed
that this genus is able to degrade nicotine, atrazine, L-proline and
iprodione (Boiangiu et al., 2018; Deutch, 2018; Deutch et al., 2018;
Yang et al., 2018). The features in the subsystems also indicate that
Paenarthrobacter sp. A01 is able to metabolize alkanesulfonate, quinate,
benzoate and p-hydroxybenzoate.

Considering that Paenarthrobacter is a newly-created genus that in-
cludes several species previously belonging to the genus Arthrobacter
(Busse, 2016), phylogenetic evaluation of A01 was conducted in-
corporating all eight strains of the genera Arthrobacter and Paenar-
throbacter, the genomes of which are publicly available in the NCBI. As
shown in Fig. 1b, the phylogenetic tree placed A01 with Arthrobacter sp.
D2 as a monophyletic sister group to the group of Arthrobacter sp. ATCC
21022 and Arthrobacter sp. D4, which means these strains are most
closely related. Fig. 1c reveals the ANI values between A01 and the
other eight stains of the genus Arthrobacter and Paenarthrobacter. In
agreement with the results of a neighbor joining tree, the high ANI
value of 98.78–99.98% between A01 and D2, D4, and ATCC 21022
indicates that they are grouped into the same species (Varghese et al.,
2015). The peptidoglycan type of Paenarthrobacter is A3α, and the
quinone system predominantly contains menaquinone MK-9(H2), which
distinguishes it from Arthrobacter. We aligned the 16S rRNA gene se-
quences of Arthrobacter sp. D2, D4 and ATCC 21022 with the updated
16S ribosomal RNA sequences database in the NCBI, and found that
these three strains are now reclassified into the genus Paenarthrobacter.
Hence, it is reasonable that these strains share high similarities. The
BRIG plot shows BLAST comparisons of eight reference genomes against
the draft genome of A01 (Fig. 1d). For A01 and three previously an-
notated as Arthrobacter strains D2, D4 and ATCC 21022, a few genomic
regions of difference were observed. A01 and all of the Paenarthrobacter
strains including 25_8, Hce-1, TC1, 26Cvi1.1E, and 231Sha2.1M6 were
organized with significant pockets of differences concentrated in spe-
cific genomic regions.

To further characterize the genomic information of A01 and to
elucidate the SMZ metabolic pathway, we focused mainly on the ni-
trogen and sulfur metabolism of A01, because SMZ might provide a

(a)

(d)

(b)

(c)

Fig. 1. Morphologic and genomic characterization of Paenarthrobacter sp. A01. (a) SEM image. (b) Genome-based phylogenetic tree constructed using concatenated
essential proteins. (c) OrthoANI values between Paenarthrobacter sp. A01 and other reference strains. (d) Comparative genomic characterization of Paenarthrobacter
sp. A01. Rings from inside to outside: ring 1, GC skew; rings 2–9, nucleotide alignment with reference strains ATCC 21022, 25_8, D2, A01, D4, Hce-1, TC1, 26Cvi1.1E,
and 231Sha2.1M6, respectively.
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(a)

(b)

Similarity (%)

Similarity (%)

Fig. 2. (a) Nitrogen, and (b) sulfur metabolic pathways of Paenarthrobacter sp. A01 obtained from the KEGG database. Red highlighted boxes indicate the existence of
functional enzymes involved in the metabolism. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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source of nitrogen and sulfur which are essential for microbial growth.
The KEGG database is the most comprehensive and widely used data-
base on metabolic pathways and can build metabolic maps based on the
Enzyme Classification (EC) numbers. The nitrogen sources in the
medium were NH4Cl and SMZ, and the existing forms were ammonia,
amine and N-containing heterocycles. A01 can utilize glutamine syn-
thetase (EC 6.3.1.2) to convert ammonia into L-Glutamine, which is
further transformed to L-Glutamate by glutamate synthase (EC
1.4.1.13). Alternatively, A01 can directly utilize ammonia to synthetize
L-Glutamate by glutamate dehydrogenase (EC 1.4.1.2 or EC 1.4.1.4)
(Fig. 2a). However, knowledge of the metabolic pathways of amine and
the hexahydroxy N-containing heterocyclic compound is limited, and
related information is not available in KEGG. The mechanism for uti-
lization of such nitrogen types from SMZ by A01 needs further ex-
ploration in the future. The sulfur metabolism map indicates that A01
could not assimilate sulfate owing to the absence of key enzymes such
as PAPSS and CysC, which suggests that SMZ is the only available sulfur
source (Fig. 2b). Dimethylsulfone sharing the same moiety of -SO2- with
SMZ can be transferred into sulfite by dimethylsulfone monooxygenase
(EC 1.14.1435) and alkanesulfonate monooxygenase (EC 1.14.145),
followed by an assimilation reaction initiated by assimilatory sulfite
reductase (EC 1.8.7.1). Sulfide can subsequently be utilized to synthe-
tize amino acid (L-Cysteine and L-Homocysteine), succinate and acetate
to maintain life activities. Taurine is also similar to SMZ in structure
partially, it can be transformed to sulfite by taurine dioxygenase (EC
1.14.1117), followed the same reactions as described for di-
methylsulfone. These findings suggested that SMZ could follow the
same sulfur metabolic pathway as dimethylsulfone and taurine owing
to their shared moiety of -SO2-.

3.3. Biodegradation of SMZ by Paenarthrobacter sp. A01

3.3.1. Effect of pH on SMZ biodegradation
SMZ biodegradation by Paenarthrobacter sp. A01 was investigated at

pH 6.0, 7.0, and 7.8 (Fig. 3a), an initial SMZ concentration of 100mg/L
and an incubation temperature of 25 °C. In the control group without
cells inoculation, no significant removal of SMZ was observed, in-
dicating that volatilization, hydrolysis, or photolytic degradation did
not occur under the tested conditions. In the experimental group, SMZ
was almost completely removed by A01 in 96 h, and the TOC was re-
duced by 44.0–45.5%. The biodegradation rate and mineralization rate
(Fig. S5a) were negligibly affected by the initial pH, indicating that this
pH range (6.0–7.8) is suitable for SMZ biodegradation. This result is
also consistent with the bacteria growth trend (Fig. S6a), which showed
little differences among the three conditions. It should be noted that the
pH remained constant during the entire biodegradation process. Mi-
croorganisms originating from different environments have different
optimal living conditions and can adapt to contaminants through self-
regulation. The degradation of SMX by an Acinetobacter sp. strain iso-
lated from activated sludge was significantly inhibited in the acidic
condition (pH 5.0) and was slightly influenced in the alkaline condition
(pH 9.0) (Wang and Wang, 2017). In contrast, Mao et al. (2018) re-
ported that the SMX removal efficiency declined significantly at
pH 7.0–8.0 when degraded by S. oneidensis MR-1 and Shewanella sp.
strain MR-4. Other studies also found that neutral and slightly acidic pH
values are more favorable for biodegradation of SMZ (Huang et al.,
2012; Pan et al., 2017). One of the possible reasons for the pH effect is
that pH variation could change the cell membrane permeability and the
activity of proteins and enzymes related to nutrient absorption, and can
therefore affect the growth of microorganisms (Zarfl et al., 2008).

3.3.2. Effect of temperature on SMZ biodegradation
Temperature has a strong impact on microbial activity, with optimal

temperatures shown for specific microorganisms. For example, the most
suitable temperature for thermophile-Geobacillus sp. S-07 to degrade
SMZ is 70 °C (Pan et al., 2017), whereas that for Achromobacter sp. S-3 is

30 °C (Huang et al., 2012). The effect of temperature on SMZ biode-
gradation by Paenarthrobacter sp. A01 is shown in Fig. 3b. At an SMZ
concentration of 100mg/L and pH 7.8, the most rapid degradation and
mineralization rates were found at 25 °C. When the temperature de-
creased to 15 °C, no reduction in SMZ and biomass growth (Fig. S6b)
were observed until 72 h. Low temperature retards the combination of
enzymes and substrates and thus slows the bacterial growth (Jagdale
and Gordon, 1997; Tibbett et al., 1998). When the temperature in-
creased to 35 °C, the SMZ concentration declined gradually after an
initial lag phase of 32 h, and the final removal efficiency was only
56.2%. Regarding the comparison of the bacteria growth trend, the
final cell concentration at 35 °C accounted for approximately one-third
of that at 25 °C. It is widely accepted that each enzyme has an optimal
temperature range that varies greatly among microorganisms. Although
35 °C will not lead to protein denaturation, the results showed that this
temperature is not suitable for Paenarthrobacter sp. A01 growth. The
discrepancy in the TOC mineralization rate at different temperatures
(Fig. S5b) suggests the effect of temperature on the enzymes involved in
the transformation of SMZ and the corresponding biodegradation pro-
ducts (Wang et al., 2018). The effect of temperature on the enzyme
activity is reflected mainly in the expression of relevant genes (Wang
and Wang, 2018). Wu et al. (2013) found that the abundance of the
ammonia monooxygenase gene, which plays an important role in de-
grading organic pollutants, was lower at 4 °C than at 25 °C. Gui et al.
(2017) also reported that temperature influences the expression of de-
nitrifying genes, and thus affects organic pollutant removal.

3.3.3. Effect of initial substrate concentration on SMZ biodegradation
The effect of initial substrate concentration on SMZ biodegradation

at 25 °C and pH 7.8 is shown in Fig. 3c. The final biodegradation effi-
ciencies reached to 70.7%, 96.7%, and 95.3% when the initial SMZ
concentrations were 10mg/L, 100mg/L, and 500mg/L, respectively.
Previous studies have indicated that the biodegradation rate decreases
as the concentration of SAs declines, which is possibly attributed to the
low bioavailability of the substrate when its concentration is too low
(Jiang et al., 2014; Wang et al., 2018). Moreover, if the concentration
increases to 500mg/L, the biodegradation is inhibited with the lag
phase extending to 72 h. Afterward, the concentration of SMZ decreases
significantly with a rapid increase in the biomass (Fig. S6c). The toxi-
city of SMZ at high concentration, as well as the accumulation of in-
termediate products during the degradation process, may result in ad-
verse effects on the microorganisms. Previous research on p-
nitrophenol degradation by Arthrobacter sp. found that effective de-
gradation was hampered as the initial p-nitrophenol concentration in-
creased, and no degradation was observed at a concentration of
500mg/L p-nitrophenol for a period of seven days (Qiu et al., 2009).
Nevertheless, no substrate inhibition phenomenon was observed within
the tested initial concentration of SMX (5–240mg/L) when degraded by
Acinetobacter sp. (Wang et al., 2018). In general, for certain pure or
mixed cultures, a proper range of substrate concentration should be
indicated for effective degradation of SMZ. Fig. S5c reveals that the
TOC mineralization rate varied with the SMZ concentration. When the
initial concentration of SMZ was 100mg/L, it was gradually miner-
alized and remained stable at 44.0% after 60 h. When the initial SMZ
concentration increased to 500mg/L, a decrease in TOC occurred
mainly after 72 h, and with a final TOC removal efficiency of 42.2%.
However, when the initial SMZ concentration was 10mg/L, the TOC
reduced slowly within 48 h and reached a steady mineralization rate of
25.1%. The SMZ mineralization rate at 96 h under an initial substrate
concentration of 10mg/L was remarkably lower than that under the
initial substrate concentrations of 100mg/L and 500mg/L. The pos-
sible reason might be that the final SMZ concentrations were
2.9 ± 0.5mg/L and 3.3 ± 0.6mg/L corresponding to the initial con-
centrations of 10mg/L and 100mg/L, respectively. This results in al-
most the same residual TOC concentrations although the initial SMZ
concentrations varied greatly. Therefore, the SMZ mineralization rates
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under different SMZ initial concentrations exhibited remarkably dif-
ferent values.

3.3.4. Effect of additional carbon source on SMZ biodegradation
The addition of sodium acetate had strong impact on the biode-

gradation of SMZ at 100mg/L (Fig. 3d). When 0.2 g/L sodium acetate
was added as the co-substrate, the biodegradation of SMZ was sig-
nificantly improved with accelerated bacteria growth (Fig. S6d). This is
in accordance with the previous research on SMX biodegradation by
Achromobacter denitrificans strain PR1, which reported that the SMX
removal was augmented considerably by supplementing with 10mM
sodium acetate/succinate (Nguyen et al., 2017). Aside from the ac-
celerated bacteria growth, another possible reason for the enhanced
biodegradation of SMZ by dosing additional carbon source might be the
occurrence of co-metabolism. Co-metabolism is defined as “the trans-
formation of an organic compound by a microorganism that is unable to
use the substrate as a source of energy or of one of its constituent ele-
ments” (Alexander, 1994). Co-metabolism has been applied as a pro-
mising method for enhanced biodegradation of recalcitrant organic
pollutants such as antibiotics, PAHs and halogenated compounds
(Haritash and Kaushik, 2009; Dawas-Massalha et al., 2014; Feng et al.,
2019). However, it may have inhibitory effect on the biodegradation of
contaminants and on microorganism growth if the additional carbon
source concentration is greater than the optimal range (Lee et al.,
2003). Drillia et al. (2005) reported that the presence of both acetate
(300mg/L) and ammonium prevented SMX biodegradation. In the
present study, we observed a similar phenomenon, i.e., a lower de-
gradation rate of SMZ and slower bacteria growth when the added
sodium acetate was as high as 10 g/L (Figs. 3d, S6d).

3.4. Kinetic modeling

Various models were studied to evaluate the best model fitting for
SMZ biodegradation and co-metabolism with sodium acetate. The
modified Gompertz model (Fan et al., 2004) well fit the biodegradation
of SMZ by Paenarthrobacter sp. A01 with high R2. The main parameters
and their meanings are shown in Table 1. Kinetic characterization of
Paenarthrobacter sp. A01 utilizing SMZ as the sole carbon source fit the
modified Gompertz model with an R2 of 0.99, which required an
adaptation with a lag phase (λ) of 30.1 h and a maximum biode-
gradation rate (μm) of 3.5mg/ L h−1. When 0.2 g/L sodium acetate was
added as the co-substrate, enhanced degradation also fit very well with
the modified Gompertz model with a shorter lag phase of 18.1 h and a
higher maximum biodegradation rate of 6.1mg/ L h−1. Deng et al.
(2016) studied the co-metabolic biodegradation of sulfadiazine by Ar-
throbacter sp. D2 and Arthrobacter sp. D4 and showed that the respective
lag phase and maximum biodegradation rate of sulfadiazine degrada-
tion by D2 were 7.4 h and 37.1mg/ L h−1, whereas those by D4 were
0.9 h and 0.2mg/ L h−1. This is attributed to the differences in the
various biodegradation abilities associated with the effectiveness of the
enzymes. At an initial concentration of 100mg/L together with 10 g/L
sodium acetate, SMZ biodegradation did not follow the modified
Gompertz, zero-order, first-order, second-order, or Richards models
which are commonly used for describing substrate utilization processes
by microorganisms. Therefore, it is difficult to find a universal model
fitting SMZ biodegradation under various conditions. In fact, the real
wastewater is highly complex and contains mixed organic carbon
sources. Thus, the SMZ biodegradation kinetics is often influenced
significantly by many factors, such as the carbon source type, con-
centration and bioavailability. Nguyen et al. (2018) found that

Fig. 3. Effects of (a) pH, (b) temperature, (c) initial SMZ concentration (logarithmic y-axis), and (d) additional carbon source (sodium acetate) on SMZ biode-
gradation by Paenarthrobacter sp. A01. CK represents the control group without cell inoculation.
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bioaugmentation of activated sludge with Achromobacter denitrificans
strain PR1 led to enhanced biodegradation kinetics of SMX when fed
with real wastewater as the co-substrate. To evaluate the performance
of SMZ biodegradation in a specific environment such as pharmaceu-
tical wastewater or livestock wastewater, further studies are needed to
investigate the roles of different carbon sources and their concentra-
tions during the biodegradation process.

3.5. Biodegradation pathways and related functional genes

Identification of SMZ metabolites produced by Paenarthrobacter sp.
A01 was conducted using HPLC–MS/MS. The total ion chromatograms
of compounds appearing after 4 d biodegradation generated from the
full-scan mode are shown in Fig. 4a. The peak of SMZ at 7.21min
disappeared when it was removed, and new peaks of possible products
arose. The total ion chromatograms of nine putative biodegradation
products obtained from the daughter ion scan mode are demonstrated
in Figs. S7 and S8. Two of the nine candidate products were confirmed
with reference standards, and possible structures of the other seven
candidates were proposed.

The highest signal intensity was detected at an RT of 2.63min in the
chromatogram with m/z 124 (DP1) (Fig. 4b). The best fitting elemental
composition was C6H9N3, which corresponds to 2-amino-4, 6-di-
methylpyrimidine. This compound was chosen to be the reference
standard because previous studies have considered it to be the main
biodegradation product of SAs (García-Galán et al., 2011; Sleman et al.,
2012; Majewsky et al., 2015). Further confirmation on the RT of the
chromatographic peak and the corresponding MS/MS fragments (m/z
67, 82, 107) confirmed that DP1 was 2-amino-4, 6-dimethylpyrimidine
(Fig. 4c).

DP2, appearing at the RT of 6.63min, contained a sole ion at m/z
215 (Fig. 4d). Its elemental composition was elucidated as C12H14N4,
which is related to the loss of the sulfonate group compared with the
SMZ molecule. With the confirmation of the standard chemical, DP2
was identified as 2-[N-(4-aminophenyl) amino]-4, 6-dimethylpyr-
imidine (Fig. 4e). DP2 was also reported in previous studies as the
chemical oxidation product and photodegradation product of SAs
(García-Galán et al., 2012; Perisa et al., 2013; Zessel et al., 2014; Bai
and Acharya, 2016; Fu et al., 2018). It is interesting to note that bio-
degradation, chemical oxidation, and photodegradation of SAs share
the same product, which indicates some general rules might be applied
for both biotic and abiotic transformation of SAs. Therefore, further
studies need to be conducted to decipher the hidden universal ten-
dency. Such research could also provide a basis for comparing the
treatment efficiency and the cost of these different technologies in fu-
ture application.

Owing to the limited availability of other commercially standards,
the structures of the remaining seven biodegradation products detected
were inferred from the target m/z and their fragment spectra as well as
by referring to previous studies (Table S2). DP3 (m/z 295) with 16 Da
greater than SMZ (m/z 279) was identified as the hydroxylated product
(C12H14N4O3S), which is the same as the SMZ degradation under VUV/
UV irradiation (Li et al., 2017). DP4 is a new aminosulfonic acid ap-
pearing at an RT of 7.39min. Its peak in the mass spectra was m/z 204
which corresponds to (4,6-dimethylpyrimidin-2-yl) sulfamic acid

(García-Galán et al., 2012), with the molecular structure of C6H9N3O3S.
DP7 was detected at an RT of 7.47min with m/z 159, which was elu-
cidated as C10H10N2 reported from the photodegradation of SMZ (Perisa
et al., 2013) or as C9H8N3 in SMZ degradation by VUV/UV (Li et al.,
2017). However, according to its fragments at m/z 92 and 65, the most
likely elemental composition is C10H10N2. DP8 presented at an RT of
6.47min with 15 Da less than DP1 was identified as C6H8N2 (Perisa
et al., 2013). The structure of DP9 (m/z 108) was assumed on the basis
of fragment ions at m/z 53 and 67. It was formed via a rearrangement
occurring in many types of SAs, which have very similar structures
(Perisa et al., 2013).

García-Galán et al. (2011) found that N-(4, 6-dimethylpyrimidin-2-
yl)-4-(formylamino) benzenesulfonamide with m/z of 307 and N-(4, 6-
dimethylpyrimidin-2-yl) benzenesulfonamide with m/z of 265 are SMZ
products degraded by fungus Trametes versicolor. However, none of
these metabolites were detected in this study. White rot fungi is able to
attack a wide range of pollutants owing to its non-specific extracellular
enzymes and the intracellular activity of the cytochrome P450 system
(Doddapaneni and Yadav, 2004), whereas the degradation process in
bacteria relies on specific enzymes coded by the corresponding func-
tional genes. The difference of SMZ biodegradation mechanisms be-
tween fungi and bacteria might lead to diverse products as well as
different pathways.

DP5 (m/z 188) and DP6 (m/z 185) are two new products that are
first reported in SMZ biodegradation. DP5 was present at an RT of
6.63min with the elemental composition of C6H9N3O2S and the pos-
sible structure was the loss of a benzene ring and an amino-group. DP6
was observed at an RT of 1.54min, and its MS/MS fragments were at
m/z 108 and 78, indicating 4,6-dimethylpyrimidine and a benzene ring,
respectively.

Based on the detected products and the formation of DP1 and DP2 in
the time series (Fig. 5), three pathways are proposed for the biode-
gradation of SMZ by A01 (Fig. 6). Strikingly, the concentration of DP2
was very low and it did not accumulate during the entire biodegrada-
tion process. Previous research stated that -SO2- extrusion is a main
destruction way of SMZ under simulated solar irradiation (García-Galán
et al., 2012). However, it is difficult to assess whether biodegradation
pathway I contributed the primary removal of SMZ in the present study.
DP1 was detected as a principle product of the bond cleavage between
the -SO2- and -NH- groups. Biodegradation experiments showed that
DP1 increased as SMZ decreased and maintained stability when SMZ
was removed (Fig. 5). Finally, about 90.7% of SMZ was transformed to
DP1. Thus far, the biodegradation mechanism of SMZ remains unclear.
FMNH2-dependent monooxygenases were reported to initiate catabo-
lism of SAs in Microbacterium sp. strain BR1 subsisting on SAs (Ricken
et al., 2017). A cluster of genes encoding sulfonamide monooxygenase
(SadA), 4-aminophenol monooxygenase (SadB) and FMN reductase
(SadC) enables BR1 and other actinomycetes to inactivate SAs. The
alignment of Paenarthrobacter sp. A01's ORFs against the NR database
showed that the similarities with SadA, SadB and SadC were as high as
96.0%, 100.0%, and 100.0%, respectively, which provides evidence for
the assumption of pathway III. SadA catalyzed the initial ipso-hydro-
xylation, SadB was likely responsible for the downstream pathway
oxidizing 4-aminophenol (DP9) to 1,2,4-trihydroxybenzene, and SadC
provided the reduced FMN required by both monooxygenases.

Table 1
Kinetic parameters of SMZ biodegradation by Paenarthrobacter sp. A01.

Carbon source Initial SMZ concentration Inoculation amount Modified Gompertz model

Equation R2 A (mg/L) μm (mg/ L h−1) λ (h)

SMZ 100mg/L 1.0× 105 cells/mL = × × +{ }S S A exp exp t( ) 1µme
A0

0.99 99.1 3.5 30.1
SMZ+0.2 g/L sodium acetate 0.99 96.3 6.1 18.1

A: biodegradation potential; μm: maximum biodegradation rate; λ: lag phase; S0: calculated initial SMZ concentration.
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Fig. 4. Identification of the biodegradation products by HPLC–MS/MS. (a) Total ion chromatogram of products generated from full-scan MS mode. CK-SMZ re-
presents the control group without cell inoculation. (b) Chromatogram and MS/MS spectrum of ion at m/z 124. (c) Chromatogram and MS/MS spectrum of the
standard 2-amino-4, 6-dimethylpyrimidine. (d) Chromatogram and MS/MS spectrum of ion at m/z 215. (e) Chromatogram and MS/MS spectrum of the standard 2-
[N-(4-aminophenyl) amino]-4, 6-dimethylpyrimidine.
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Although the sadB gene was found in the genome of A01, the related
metabolites of DP9 were not detected in this study possibly because
they can be quickly used up by Paenarthrobacter sp. A01, resulting in no
accumulation of these compounds. Another possible reason is that the
concentration of DP9 was below the threshold value so that the reaction
was not initiated. It is well documented that no biodegradation process

occurs when the substrate concentration is below the threshold value
(Pahm and Alexander, 1993; Roch and Alexander, 1997). Insufficient
induction of biodegradation genes is often considered as a reason for
this phenomenon (Santos et al., 2000; Tros et al., 1996), which could
explain the absence of DP9's products in the present study.

4. Conclusions

In this study, a high-efficiency SMZ-degrading strain
Paenarthrobacter sp. A01, was isolated from activated sludge, and the
genomic characterization, kinetics, and pathways of SMZ biodegrada-
tion by this strain were analyzed. SMZ with an initial concentration of
100mg/L was removed almost completely within 72 h at pH 6.0–7.8
and 25 °C. The addition of 0.2 g/L sodium acetate improved the bio-
degradation efficiency. However, a high initial concentration of
500mg/L SMZ or 10 g/L sodium acetate as the co-substrate inhibited
the biodegradation. Paenarthrobacter sp. A01 was able to degrade SMZ
into nine biodegradation products via three pathways, among which
C6H9N3O2S and C12H12N2 are two novel products, and 2-amino-4, 6-
dimethylpyrimidine was the dominant product with a transformation
rate of 90.7%. The sulfur metabolic pathway revealed that
Paenarthrobacter sp. A01 could not assimilate sulfate and that the -SO2-
moiety of SMZ should be the sole available sulfur source for A01.
Additionally, sad genes catalyzing SAs biodegradation reactions were
identified, and match analysis between the biodegradation genes and
the products was also conducted.
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