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of sulfamethoxazole in sediment microcosmes:
degradation efficiency, ecological risk
and microbial mechanisms
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Abstract

Background Bicaugmentation has the potential to enhance the ability of ecological technology to treat sul-
fonamide-containing wastewater, but the low viability of the exogenous degraders limits their practical applica-

tion. Understanding the mechanism is important to enhance and optimize performance of the bioaugmentation,
which requires a multifaceted analysis of the microbial communities. Here, DNA-stable isotope probing (DNA-SIP)

and metagenomic analysis were conducted to decipher the bioaugmentation mechanisms in stabilization pond sedi-
ment microcosms inoculated with sulfamethoxazole (SMX)-degrading bacteria (Pseudomonas sp. M2 or
Paenarthrobacter sp. R1).

Results The bicaugmentation with both strains M2 and R1, especially strain R1, significantly improved the bio-
degradation rate of SMX, and its biodegradation capacity was sustainable within a certain cycle (subjected to three
repeated SMX additions). The removal strategy using exogenous degrading bacteria also significantly abated

the accumulation and transmission risk of antibiotic resistance genes (ARGs). Strain M2 inoculation significantly low-
ered bacterial diversity and altered the sediment bacterial community, while strain R1 inoculation had a slight effect
on the bacterial community and was closely associated with indigenous microorganisms. Paenarthrobacter was iden-
tified as the primary SMX-assimilating bacteria in both bioaugmentation systems based on DNA-SIP analysis. Com-
bining genomic information with pure culture evidence, strain R1 enhanced SMX removal by directly participating

in SMX degradation, while strain M2 did it by both participating in SMX degradation and stimulating SMX-degrading
activity of indigenous microorganisms (Paenarthrobacter) in the community.

Conclusions Our findings demonstrate that biocaugmentation using SMX-degrading bacteria was a feasible
strategy for SMX clean-up in terms of the degradation efficiency of SMX; the risk of ARG transmission, as well

as the impact on the bacterial community, and the advantage of bioaugmentation with Paenarthrobacter sp. R1
was also highlighted.
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Background

Sulfonamides (SA) are widely used in the prevention and
treatment of human and animal diseases because of their
broad-spectrum bacteriostatic property [1]. A considera-
ble proportion of the produced SA can be discharged into
the receiving environment via pharmaceutical wastewa-
ter, livestock and aquaculture wastewaters, and domes-
tic sewage [1-3], which results in the wide distribution
of SA in surface water, sediment, soil, groundwater, and
even in drinking water [4—6]. SA are of great eco-envi-
ronmental concern due to their acute toxicity to aquatic
organisms and their persistence in the environment and
bioaccumulation in the biological chain, thus were con-
sidered as highly toxic drugs in “Environmentally Classi-
fied Pharmaceuticals 2009” [7]. Sulfamethoxazole (SMX)
is usually used as a model SA compound due to its ubiq-
uity in nature and medium-high ecological risk [4, 8].
The natural attenuation of SA usually proceeds slowly
and incompletely in contaminated environments, so it is
of great significance to develop strategies to achieve the
rapid and complete clean-up of SA [9, 10].

Microbial degradation is the major pathway in the pro-
cess of SA clean-up in the environments; thus, bioaug-
mentation-based remediation is an effective approach to
accelerate the attenuation of SA in situ [11]. Bioaugmen-
tation has been successfully implemented in many fields
such as soil remediation and activated sludge treatment,
and it effectively enhances the removal efficiency of pol-
lutants such as pesticides, polychlorinated biphenyl, and
polycyclic aromatic hydrocarbons (PAHs) [12—15]. Plenty
of microorganisms capable of degrading SA have been
isolated from diverse environments, and their potential
applications in the clean-up of SA-contaminated envi-
ronments have been preliminarily evaluated [16-18].
Bioaugmentation with exogenous SA-degrading bacteria
may promote the removal of SMX, but their low viability
in the bioaugmented systems limits the full-scale applica-
tion [18, 19]. Understanding the dynamics of exogenous
SA-degrading bacteria in the bioaugmentation process,
as well as their interactions with indigenous microor-
ganisms, and revealing the active microbes involved in
the in-situ degradation of SA, are helpful to solve the
dilemma of low viability of exogenous functional bacte-
ria in the bioaugmentation systems [20]; however, rel-
evant studies are still lacking. Additionally, exploring the
change of microbial community as well as the enrichment
and transmission of antibiotic resistance genes (ARGs)
associated with bioaugmentation is also of great impor-
tance during the bioaugmentation application [17, 21].

In our previous work, two efficient SA-degraders,
Pseudomonas sp. M2 (Proteobacteria) and Paenar-
throbacter sp. R1 (Actinobacteria), were isolated from
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fishpond sediments [22]. Pseudomonas sp. M2 and Pae-
narthrobacter sp. R1 can rapidly degrade three typical
SA compounds (SMX, sulfadiazine, and sulfamethaz-
ine) in pure cultures, and they were speculated as the
potential candidates for the clean-up of SA-contami-
nated environments [22], awaiting experimental valida-
tion. Pseudomonas sp. M2 and Paenarthrobacter sp. R1
are not only phylogenetically distinct, but also have dif-
ferent catalytic mechanisms for SA biotransformation.
Paenarthrobacter sp. R1 catalyzes the ipso-hydroxy-
lation of SA by the monooxygenase encoded by the
sadA gene, whereas Pseudomonas sp. M2 degrades SA
independent of sadA gene (not present on M2 genome)
[22]. In addition, only SA resistance gene, sull gene,
was detected in Paenarthrobacter sp. R1, while Pseu-
domonas sp. M2 genome contained various ARGs [22].
SA-degrading bacteria identified or isolated for now
mainly belong to phyla Proteobacteria and Actinobac-
teria [23-28]. Hence, revealing the bioaugmentation
mechanisms of the two SA-degraders with different
phylogenetic characteristics and SA degradation mech-
anisms will help develop a bioaugmentation approach
for SA-contaminated environments and optimize the
selection of exogenous microorganisms.

In the present study, stabilization pond sediment
microcosms were established to evaluate the poten-
tial of Pseudomonas sp. M2 or Paenarthrobacter sp. R1
to clean up SMX. Moreover, an approach integrating
molecular ecological network analyses, metagenom-
ics, and DNA-stable isotope probing (DNA-SIP) was
employed to explore the microbial mechanisms of the
bioaugmentation process. The main goals of the present
study were to (1) evaluate the bioaugmentation efficacy
in terms of sulfonamide removal efficiency and antibi-
otic resistance genes transmission risk and (2) reveal
the bioaugmentation mechanisms based on bacterial
community temporal dynamics, interaction networks,
active degraders, and assimilation pathway.

Materials and methods

Sediment collection

The sediments for the bioaugmentation microcosm
study were collected from an ecological stabilization
pond (treating wastewater from a livestock and poul-
try breeding farm) in Ya’an City, Sichuan Province in
November 2020. Detailed information on the stabili-
zation pond sediments was described in our previous
studies, including physicochemical properties, SA con-
centrations, and antibiotic removal capacity [29, 30].
After transferring to the laboratory, the sediments were
immediately stored at 4 °C before carrying out SA deg-
radation and DNA-SIP experiments.
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Fig. 1 Degradation characteristics of SMX in sediment microcosms. Data are means + standard deviation, n=3. Treatments A, C, D, and E represent
sterilized control, non-inoculated control, inoculated with Pseudomonas sp. M2, and inoculated with Paenarthrobacter sp. R1, respectively. Phases |, I,
and Il represent the three different SMX addition periods, namely days 0-8, days 8-10, and days 10-11, respectively

Cultivation of SA-degrading bacteria

Pseudomonas sp. M2 and Paenarthrobacter sp. R1 were
previously isolated from fishpond sediments in Xiamen
City, Fujian Province, and they had high SA-degrading
ability [22]. These two strains might be potential candi-
dates for the clean-up of SA-contaminated environments
because they were able to rapidly dissipate typical SA
in pure cultures [22]. Pseudomonas sp. M2 and Paenar-
throbacter sp. R1 were stored in glycerol solution (30%
v/v) at —80 °C and recultivated according to a previous
study [31]. Briefly, the preserved strains were succes-
sively cultured in R,A solid medium, minimal salt liquid
medium [22], and R,A liquid medium (all supplemented
with 50 mg/L SMX), and then, the bacterial suspensions
(ODgyp=2) were obtained by culture solution centrifu-
gation (5000 rpm, 5 min), cleaning, and re-suspension
(using sterile normal saline).

Bioaugmentation microcosms

Microcosms were established with the antibiotics-con-
taminated sediment and simulated synthetic wastewater
under aerobic conditions. Each microcosm was prepared
as follows: 2 g of sediment (dry weight,<0.9 mm) was
added to 20 mL simulated synthetic wastewater (Addi-
tional file 1: Table S1), modified by referring to the in situ
physicochemical properties. Sodium acetate and ammo-
nium chloride were added to simulate the total organic
carbon and total nitrogen concentrations of in situ water
samples). A total of 5 treatments were conducted, includ-
ing (A) sterilized control (designated as sterilized), (B)

non-SMX-amended control (designated as non-SMX),
(C) non-inoculated control (designated as non-Inoc.),
(D) inoculated with Pseudomonas sp. M2 (designated as
Pseu.Inoc.), and (E) inoculated with Paenarthrobacter
sp. R1 (designated as Paen.Inoc.). The microcosms with
treatments A, B, C, D, and E were set up with 3, 14, 14,
21, and 21 replicates, respectively. All sediment micro-
cosms were incubated at 25 °C and 160 rpm in the dark
for 11 days, and 10 mg/L SMX (10 mg SMX powder was
pre-added to 1 L simulated synthetic wastewater, and dis-
solution was promoted by ultrasonication) was added to
the microcosms with treatments A, C, D, and E at days
0, 8, and 10 (days 0-8, days 8-10, and days 10-11 were
defined as phases I, II, and III, respectively). Cell sus-
pensions of strains M2 and R1 were pre-added into the
synthetic wastewater (with final ODg,,=0.01) for the
microcosms with treatments D and E, respectively. Dur-
ing the incubation, liquid samples were collected for the
quantification of SMX (for each treatment, 100 pL was
collected from each of the three microcosms, the sam-
pling time was as shown in Fig. 1). The sacrificial sam-
pling method was used to obtain sediment samples (two
microcosms from treatments B and C, and three micro-
cosms from treatments D and E) at days 0, 1, 3, 5, 8, 10,
and 11 for molecular analyses, and samples were stored
at —80 °C before analysis.

Sulfamethoxazole quantification
The concentration of SMX in each liquid sample was
analyzed by high-performance liquid chromatography
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(HPLC, Agilent u3000) equipped with a Venusil XBP C18
column (Agela Technologies) as described previously
[30]. Before HPLC test, the liquid sample was mixed with
90% methanol, and then passed through a 0.22-um filter.
The mobile phase consisted of acetonitrile and 0.025% of
formic acid in water (v/v="7/3, at 0.8 mL/min), and the
detection wavelength was 268 nm [32].

Molecular analyses

DNA extraction and real-time qPCR assay of related genes
DNA was extracted from sediment samples using the
PowerSoil DNA kit (Qiagen) following the manufac-
turer’s protocol. Real-time qPCR reactions were con-
ducted to assess the number of bacterial 16S rRNA gene,
SA resistance genes (sull and sul2 genes), and the deg-
radation monooxygenase encoding gene (sadA gene)
according to our previous study [32]. The primer sets and
conditions for qPCR were summarized in Supplementary
Information (Additional file 1: Table S2 and Additional
file 2: Supplementary Methods).

16S rRNA gene lllumina MiSeq sequencing and raw data
processing

The bacterial 16S rRNA gene V4-V5 region was amplified
using primer set 515F and 907R with a unique barcode
for each sample and then was subjected to high-through-
put sequencing on an Illumina MiSeq platform (300
paired-end, Shanghai Majorbio Bio-pharm Technology
Co., Ltd.) according to the manufacturer’s protocols [33].
The processing of the raw reads followed the QIIME2
pipeline including diversity analysis and taxonomic clas-
sification (version 2020.11) [34]. The detailed informa-
tion is summarized in Additional file 2: Supplementary
Methods.

Shotgun metagenomic sequencing and data analysis

DNA samples from each treatment (except sterilized
controls) on day 11 were collected (three replicate sam-
ples were mixed) for metagenomic shotgun sequencing
(150 paired-end) on an Illumina NovaSeq 6000 plat-
form (Shanghai Majorbio Bio-pharm Technology). The
functions, especially ARGs and mobile genetic elements
(MGEs), of metagenomics data were annotated based on
de novo pipeline as described in our previous study [35].
Binned genomes were obtained and annotated following
the MetaWRAP pipeline [36]. The detailed methods are
described in Additional file 2: Supplementary Methods.

DNA-SIP experiments

DNA-SIP was performed to identify the active microor-
ganisms involved in SMX degradation in the microcosms
inoculated with Pseudomonas sp. M2 or Paenarthrobac-
ter sp. R1. The microcosms were set up and incubated as
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abovementioned, and '*C-labeled and unlabeled DNAs
(when SMX removal efficiency reached about 80%)
were obtained by proliferating the target microbiome
with SMX-(phenyl-13C6) and unlabeled SMX as carbon
sources (10 mg/L), respectively. DNA samples were pre-
cisely divided into 12 fractions with diverse buoyancy
densities (BD) based on CsCl density gradient ultracen-
trifugation according to the DNA-SIP protocol and our
recent study (detailed information is summarized in
Additional file 1: Table S5 and Additional file 2) [30, 37].
After retrieval, the number of bacterial 16S rRNA gene
copies in each fraction was quantified by qPCR using a
primer set of 515F and 907R. DNAs of 3-10 fractions
(based on density fractionation characteristic of bacte-
rial 16S rRNA gene) from both '3C-labeled and unlabeled
samples were selected for 16S rRNA gene Illumina Miseq
sequencing. DNA extraction, qPCR assay, Illumina
Miseq sequencing, and data analysis were performed as
above-described.

Bioinformatics and statistical analysis

Statistical analysis (p<0.05) and visualization were per-
formed in the R software (Version 4.2.3), unless otherwise
noted. The method of data-pre-processing before statisti-
cal analysis is described in Additional file 2: Supplemen-
tary Methods. A one-way analysis of variance (ANOVA)
with the least significant difference (LSD) test was car-
ried out to examine the significance of the difference in
the microbial alpha diversity and related genes number
among treatments (vegan and agricolae R package, bon-
ferroni p value correction). Beta-diversity was assessed
with principal coordinate analysis (PCoA) and PER-
MANOVA based on weighted UniFrac distance metric.
ALDEX2 (centered log-ratio transformed, Wilcoxon test,
P values were corrected by Benjamini-Hochberg) was
used to identify microbial groups with significant differ-
ence in abundance among treatments in the bioaugmen-
tation experiment [38, 39]. The co-occurrence ecological
network was constructed following the online MENA
pipeline based on Pearson’s correlation analysis (http://
ieg2.ou.edu/MENA) [40], and Gephi (Version 0.9.7) was
applied to visualize the network [41]. Zi-Pi (within-mod-
ule and among-module connectivity) plot as well as net-
work structural robustness calculation based on natural
connectivity was applied to identify and verify keystone
populations that had great influences on network stabil-
ity [40, 42, 43] (detailed methods are described in Addi-
tional file 2: Supplementary Methods).

Results

Characteristics of sulfamethoxazole degradation

The removal efficiencies were lower than 3.5% in the
sterilized control microcosms after 8 days’ incubation,
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so abiotic processes contributed slightly to SMX elimina-
tion. The non-inoculated sediment microcosm showed a
certain SMX degradation capacity, but the removal effi-
ciency was only about 10% in 8 days (Fig. 1). The two
studied strains (Pseudomonas sp. M2 and Paenarthrobac-
ter sp. R1) both accelerated SMX biodegradation in sedi-
ment microcosms, especially strain Paenarthrobacter sp.
R1. In the microcosms inoculated with Paenarthrobacter
sp. R1, SMX was completely removed within half a day,
and a high rate of SMX degradation was even maintained
when SMX was re-added at days 8 and 10 (with removal
efficiencies of nearly 100% within two days). In the micro-
cosms inoculated with Pseudomonas sp. M2, the SMX
removal efficiency increased by 70% compared to the
non-inoculated microcosms on day 8, and the degrada-
tion efficiencies at days 10 and 11 were similar to those in
the microcosms with Paenarthrobacter sp. R1 when SMX
was re-added. Therefore, the bioaugmentation using both
Pseudomonas sp. M2 and Paenarthrobacter sp. R1 could
significantly improve the SMX biodegradation efficiency
in SMX-amended sediment microcosms.

Temporal dynamics and interaction networks of bacterial
communities

Inoculation with Pseudomonas sp. M2 significantly
decreased evenness, observed features and Shannon
index (alpha diversity) in sediment, while inoculation
with Paenarthrobacter sp. R1 significantly increased
observed features of the bacterial communities (Fig. 2A,
ANOVA, P<0.05). The Shannon index of each treatment
firstly decreased (on day 1) and then increased with incu-
bation time (Fig. 2B). Bacterial community compositions
were significantly different among treatments based on
Weighted_Unifrac similarity (PERMANOVA, R*=0.33,
P=0.001) (Fig. 2C). The samples from treatments Pseu.
Inoc. and Non-Inoc. were distinctly separated from oth-
ers on the first and second axes, respectively, while the
samples from treatments Paen.Inoc. and Non-SMX
showed similar bacterial community structures.

The addition of SMX or the inoculation of R1 and M2
showed no significant effect on the phylum composition
(Additional file 2: Fig. S1), but the profile of bacterial
composition at genus level indicated different distribu-
tions of the dominant microbial members (Fig. 2D, F).
Methylobacterium was more abundant in all of the three
SMX-added treatments, and Clostridium sensu stricto 1,
Paenarthrobacter, and Pseudomonas were respectively
more abundant in treatments Non-Inoc., Pseu.Inoc., and
Paen.Inoc., compared to non-SMX treatment (ALDEx2,
P<0.05). On the contrary, the relative abundance of
f Rhodocyclaceae.g_unclassified (an unclassified mem-
ber affiliated within Rhodocyclaceae), Acinetobacter,
or Azohydromonas was significantly decreased in the
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SMX-added microcosms (P<0.05). Besides, compared to
non-inoculated control, Paenarthrobacter, Flavobacte-
rium, Azohydromonas, and f Rhodocyclaceae.g_unclas-
sified were enriched in treatment Paen.Inoc. (P<0.05),
and Pseudomonas was enriched in treatment Pseu.
Inoc. (P<0.05), while the abundance of Acinetobacter
decreased in both inoculated treatments (Additional
file 2: Fig. S2). In addition, the relative abundance of Pae-
narthrobacter in the non-inoculated sediment micro-
cosm samples was less than 0.2%, but it reached about
20% after inoculation and then decreased with the incu-
bation time (Fig. 2E). The decrease in Paenarthrobacter
abundance in treatment Paen.Inoc. might be related to
the absence of SMX for a long time, and the abundance
increased slightly after the re-addition of SMX on day 8.
Interestingly, the relative abundance of Paenarthrobacter
in treatments non-Inoc. and Pseu.Inoc. also increased
after 10 days of incubation, and the growth induction of
Paenarthrobacter in treatment Pseu.Inoc. was stronger.
Pseudomonas dominated in all treatments, and its abun-
dance decreased with the degradation of SMX in Pseu-
domonas sp. M2-inoculated microcosms, but increased
in both inoculated microcosms after the re-addition of
SMX.

The interactions among sediment microorganisms
were explored using the correlation-based co-occur-
rence ecological networks (Fig. 3). The addition of SMX
reduced the complexity (average degree decreased),
closeness (average clustering coefficient decreased and
average path distance increased), and modularity (mod-
ule number decreased) of the networks, but promoted
the cooperative relationship (the proportion of posi-
tive correlation increased), which was mitigated by the
inoculation of Pseudomonas sp. M2 but exacerbated
by the inoculation of Paenarthrobacter sp. R1 (Fig. 3A
and Additional file 1: Table S3). In addition, 8, 3, 4, and
6 ASVs were determined as the keystone taxa (having a
great influence on network stability) in treatments non-
SMX, non-Inoc., Pseu.Inoc., and Paen.Inoc., respectively,
according to the scatter plot of within-module connec-
tivity (Zi) and among-module connectivity (Pi) (Fig. 3B
and Additional file 1: Table S4). The effects of random
loss of nodes in the network and targeted loss of the
keystones on the structural robustness also showed the
importance of the proposed keystones (especially module
hubs) on the microbial stability, where the impacts of the
loss of the keystone species on robustness of treatments
non-SMX, non-Inoc., Pseu.Inoc., and Paen.Inoc. were
respectively consistent with the loss of 19, 19, 12, and
19 species, reaching 20%, 23%, 10%, and 25% (Fig. 3C).
No common keystone taxa appeared in the four treat-
ments except Acinetobacter and f_Planococcaceae.g_
unclassified (an unclassified member affiliated within
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Inoc. (with the degree of 39), and it was positively cor-
related with ASV458 (Tumebacillus), ASV488 (Clostrid-
ium sensu stricto 12), and ASV489 (Clostridium sensu
stricto 13), but negatively correlated with other 36 ASVs.
However, Pseudomonas was not identified as a keystone
taxon in treatment Pseu.Inoc., and only showed negative
and positive correlations with ASV569 (o__DTUO14.g__
unclassified) and ASV971 (Acinetobacter), respectively.

Abundance of functional genes, antibiotic resistance
genes, and mobile genetic elements

The number of bacterial 16S rRNA gene rapidly increased
after one day of incubation and then remained relatively
stable (Fig. 4A). Besides, the amendment of SMX signifi-
cantly increased the number of bacteria (Fig. 4B). The
number of SA biodegradation monooxygenase encoding

gene (sadA gene) firstly increased but then decreased
with incubation time, and there was no significant dif-
ference in sadA gene copies among the four treatments
(Fig. 4A, B). The number of sull gene (SA resistance gene)
increased slowly and rapidly in treatments non-SMX and
non-Inoc. during the incubation period, respectively.
Moreover, the number of sull gene in treatments Pseu.
Inoc. and Paen.Inoc. mounted up immediately after the
inoculation of Pseudomonas sp. M2 or Paenarthrobac-
ter sp. R1, followed by a decrease with the degradation
of SMX, and slightly increased after the re-addition of
SMX. In the end of the incubation period, the rank of
sull gene number in the four treatments was treatment
Pseu.Inoc.>non-Inoc.>Paen.Inoc.>non-SMX. The number
of another SA resistance gene, sul2 gene, in all these
treatments increased with incubation time as well, and
sul2 gene copies in treatments non-Inoc. and Pseu.
Inoc. were significantly higher than those in treatments
non-SMX and Paen.Inoc. (p<0.05). Additionally, after
11 days of incubation, the rank of the total number of
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sull and sul2 genes in the four treatments was treatment
non-Inoc.>Pseu.Inoc. > Paen.Inoc. >non-SMX, suggest-
ing that the inoculation of SMX-degraders (especially
Paenarthrobacter sp. R1) could abate the enrichment of
SA resistance genes induced by SMX pollution.
Metagenomic analysis further demonstrated that bio-
augmentation using SMX-degraders could abate ARG
accumulation and transmission risk (represented by the
abundance of ARGs and MGEs) (Fig. 4C and D). The
abundance (coverage, XGb) of both ARGs and MGEs
in treatment non-Inoc. was higher than that in the
other three treatments, as 4.2 and 5.3, 3.9 and 2.1, and
6.2 and 2.8 times as that in treatments non-SMX, Pseu.
Inoc., and Paen.noc., respectively. Moreover, it was
noteworthy that the addition of SMX but without exog-
enous SMX-degrader not only resulted in the accumu-
lation of SA resistance genes, but also promoted the
abundance of tetracycline, multidrug, chloramphenicol,

and aminoglycoside resistance genes, as well as the
abundance of MGE such as integrase, plasmid and
transposase.

Active sulfamethoxazole degraders revealed by DNA-SIP

To further reveal the microbial mechanism of pro-
moted SMX removal by exogenous degrading bacteria,
DNA-SIP was conducted to identify active microor-
ganisms involved in SMX biodegradation during the
bioaugmentation process. A total of 23 and 4 bacterial
types, dominating in the heavy DNA fractions of the
13C-SMX labeled treatments but not in the correspond-
ing fractions of unlabeled control, were identified as
the functional SMX degraders in Pseudomonas sp. M2
and Paenarthrobacter sp. R1 inoculated microcosms,
respectively (Fig. 5, Additional file 1: Table S6, Addi-
tional file 2: Figs. S3 and S4). The diversity of SMX-
degrading bacteria was relatively high in Pseudomonas
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sp. M2 inoculated microcosm, but the average abun-
dance of most microbes was less than 1%, and Paenar-
throbacter was the dominant SMX-degrader (Fig. 5C,
ASV99, with relative abundance of 92% in fraction 10
from 13C-labeled treatment). Although Pseudomonas
was highly abundant in sediment after inoculation, it
was not labeled by *C-SMX (Fig. S3, ASV978), indi-
cating that Pseudomonas sp. M2 might only improve
SMX removal by promoting the metabolism of SMX by

indigenous microorganisms. Paenarthrobacter, Methy-
lophilus, Methylobacterium, and Caulobacter (ASV99,
ASV891, ASV689, and ASV664) were identified as the
active SMX-degraders in Paenarthrobacter sp. R1 inoc-
ulated microcosm, and Paenarthrobacter was the most
abundant functional microorganism participating in
SMX degradation, as well (Fig. 5B). Therefore, Paenar-
throbacter sp. R1 promoted the removal of SMX mainly
by directly participating in the biodegradation of SMX.
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Prediction of sulfamethoxazole assimilation pathway

A total of 91 assembled genomes (with complete-
ness>70% and contamination<10%) were recovered,
including the six previously proposed SMX-degraders
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(Bin16_Noviherbaspirillum, Bin35_Paenarthrobacter, Bin52_
Caulobacter, Bin64_Geobacter, Bin74_Opitutus, and
Bin88_Methylophilus) (Fig. 6A and Additional file 2:
Fig. S5). A putative SMX assimilation pathway was
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proposed according to the evidence provided by the
SMX-degrader genomes and our previous studies
(Fig. 6B) [22, 30]. SMX was firstly converted to 1,2,4-tri-
hydroxybenzene by the flavin-dependent monooxyge-
nases and FMN reductase encoded by the sadABC genes.
Further degradation of 1,2,4-trihydroxybenzene shared
similar mechanisms of subsequent degradation of benzo-
ate (KEGG map00362). Briefly, 1,2,4-trihydroxybenzene
was converted to succinyl-CoA and eventually entered
the TCA cycle by hydroxyquinol 1,2-dioxygenase (chgB
gene), maleylacetate reductase (E1.3.1.32), 3-oxoadipate
CoA-transferase (pcal or pcaJ gene), acetyl-CoA acyl-
transferase (fadA and fadl gene), and 3-oxoadipyl-CoA
thiolase (pcaF gene). The SMX initial ipso-hydroxyla-
tion-related functional genes, sadABC genes, were only
detected on the Paenarthrobacter genomes, indicating
its important role in the initial transformation of SMX.
Besides, all genes associated with the hypothesized SMX
assimilation pathway were annotated on the Paenarthro-
bacter genomes, which was consistent with its dominance
in 3C-SMX labeled microorganisms in both bioaugmen-
tation systems. Pangenomic analysis showed that sadA
gene existed only in our isolated strain of Paenarthro-
bacter (Paenarthrobacter sp. R1) and was not shared by
other Paenarthrobacter microorganisms (Fig. 6A). The
Noviherbaspirillum genome, which contained all the
relevant genes except the sadABC genes, also played an
important role in the Pseudomonas sp. M2-inoculated
system. Additionally, the other '*C-labeled microor-
ganisms were mainly involved in the TCA cycle step
(Caulobacter in Paenarthrobacter sp. Rl-inoculated
system, and Geobacter, Methylophilus, and Opitutus in
Pseudomonas sp. M2-inoculated system). Last but also
important, although Pseudomonas was not labeled by
13C-SMX and did not contain the sadABC genes, it had
been demonstrated to catalyze the ipso-hydroxylation
of SMX and utilize SMX as the sole carbon source [22].
Therefore, in Pseudomonas sp. M2-inoculated systems,
the initial transformation of SMX might be also driven by
Pseudomonas, whose intermediate products were subse-
quently assimilated by other *C-labeled microorganisms
such as Paenarthrobacter and Noviherbaspirillum.

Discussion

Bioaugmentation strategies successfully removed
sulfamethoxazole

The natural attenuation of SA usually proceeds slowly
and incompletely in contaminated ecosystems, leading to
the accumulation of SMX in the environments [9, 10], in
line with the result observed in non-bioaugmented sedi-
ment microcosms in this study. Microbial degradation
is the main pathway for the removal of SA [2, 44], and
the key factor impeding fast and complete attenuation
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of SA is likely the absence or low abundance of potent
metabolic microorganisms in contaminated ecosystems,
which also accounts for the slow degradation of other
organic pollutants (e.g., PAHs) [45, 46]. Bioaugmentation,
an effective approach to accelerate the natural attenua-
tion of pollutants by introducing exogenous functional
microorganisms, has been successfully implemented in
several fields including soil remediation and activated
sludge treatment processes [14, 15]. Recently, some
researchers have also suggested that bioaugmentation
technology can improve the removal of SA from bio-
film reactor, membrane bioreactor, and activated sludge
[17, 18, 47], but the feasibility and mechanisms of bio-
augmentation application in the natural environment
(e.g., sediment) still need to be explored. In this study,
we demonstrated that bioaugmentation using either of
two SMX-degraders could achieve the rapid degradation
of SMX in the sediment microcosms, and in particular,
Paenarthrobacter sp. R1 showed a much better perfor-
mance. Additionally, the results of repeated addition tests
indicated that the exogenous degrading bacteria could
enhance the biodegradation of SMX for at least 3 cycles.
Noteworthily, Paenarthrobacter and Pseudomonas could
also degrade other structurally distinct SA (sulfadiazine,
sulfamethazine, etc.) [22, 48, 49], which made the strains
R1 and M2 be suitable for bioaugmented treatment of
wastewater contaminated with multiple SA compounds.

Bioaugmentation strategies successfully lowered ARG
transmission risk

The accumulation and transmission of ARGs during
antibiotic biotreatment processes is a common chal-
lenge. On one hand, the spreading of ARGs is one of
the important ecological and environmental issues
imposed by antibiotic pollution [1, 50]. On the other
hand, the known SA resistance genes are usually shared
among the SA-degrading bacteria [48, 51]; thus, the
inoculation with exogenous SMX-degrading bacte-
ria risks promoting the accumulation and transmis-
sion of ARGs. A previous work pointed out that the
number of SA resistance genes was affected by anti-
biotic treatment in a bioaugmented moving bed bio-
film reactor, but no comparison was made between
the bioaugmentation group and the control group,
and this phenomenon was not elucidated in terms of
the genome composition and the dynamic changes
of resistance genes [17]. The ability of bioaugmenta-
tion process to abate ARGs should be further investi-
gated [21]. As expected, sull gene (one of SA resistance
genes) was observed in the genome of Paenarthrobac-
ter sp. R1 [22], and Pseudomonas is a common host for
sull gene [52, 53], which accounted for the immediate
increase in sull gene in the two inoculation treatments.
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Additionally, although su/l gene was not annotated in
our previously assembled Pseudomonas sp. M2 genome
(constrained by sequencing and assembly methods),
the quantitative assay results provide evidence for the
presence of sull gene [22]. Moreover, we found that
although inoculation of exogenous SMX-degraders
directly introduced sull gene into the sediments, the
introduced ARG abundance (number or coverage) was
significantly lower than that caused by SMX accumula-
tion, especially the abundance of total ARGs and MGEs
(Fig. 4). Our findings suggested bioaugmentation as a
promising treatment strategy for SMX pollution in
terms of the high removal efficiency of SMX and the
low risk of ARG transmission. Moreover, the superior-
ity of Paenarthrobacter sp. R1 was also highlighted.

Different responses of bacterial communities to strains M2
and R1

The findings of this study contributed to a better under-
standing of the influence of bioaugmentation using
exogenous SMX-degrading bacteria on the microbial
ecology in the environment. We found that bioaugmen-
tation using Pseudomonas sp. M2 significantly lowered
the diversity and changed the structure of the indigenous
sediment microbial communities, while bioaugmenta-
tion using Paenarthrobacter sp. R1 did not cause obvi-
ous changes in the overall diversity and structure. The
remodeling of indigenous bacterial community structure
by exogenous microorganisms is a common phenom-
enon in the process of bioaugmentation [21, 54]. The
long-term existence of SMX made Pseudomonas main-
tain a continuously dominant position in the bioaug-
mented sediment microcosm, so it had a great impact on
the structure of the indigenous microbial communities.
However, Paenarthrobacter could completely clean up
SMX in a very short time, and its abundance decreased
after SMX removal because of its obligate metabolism
for SMX, which imposed a slight impact on the indige-
nous communities [46, 55]. In addition, Paenarthrobacter
was identified as a module hub of the network, indicat-
ing that it had established robust linkages with various
indigenous microorganisms. The successful insertion of
Paenarthrobacter into the indigenous microbial network
was conducive to the stable existence of foreign bacteria
in the bacterial community and the sustainability of SMX
clean-up [46]. In contrast, the link between Pseudomonas
and indigenous microorganisms was not strong, which
was consistent with the conclusion that the community
keystones were often rare species with low abundance
[56, 57]. These fundamental ecological findings could be
valuable for the selection of microorganisms for bioaug-
mentation practice.
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Bioaugmentation mechanisms of exogenous degraders
Despite the satisfactory performance of several bioaug-
mentation applications to treat SA-containing wastewa-
ters by the addition of exogenous degraders [17, 18, 47],
no study has confirmed the activities or degrading capac-
ities of the reintroduced strains in SA degradation. DNA-
SIP has found successful applications in exploring active
PAHs-degraders in bioaugmented soils [13, 45, 58, 59],
and this method can also help to unveil the mechanisms
of promoting SMX removal by exogenous degraders. The
present study for the first time revealed the mechanism
of exogenous degrading bacteria in the bioaugmentation
treatment of SMX.

Bioaugmentation mechanisms of Paenarthrobacter sp. R1
Four bacterial genera (Paenarthrobacter, Methylobac-
terium, Caulobacter, and Methylophilus), especially
Paenarthrobacter, were identified as the main SMX-
degrading microorganism in Paenarthrobacter sp. Rl
bioaugmentation treatments based on DNA-SIP analy-
sis. Paenarthrobacter and Methylobacterium have been
shown to degrade SMX in pure culture experiments,
and they might be the important microbes driving the
initial transformation of SMX in the bioaugmenta-
tion microcosms [22, 60]. Methylophilus can promote
the biodegradation of pollutants such as PAHs through
co-metabolism, which might also explain its mecha-
nism in SMX degradation [61]. Caulobacter strains can
degrade PAHs and make it have the potential to metabo-
lize intermediate metabolites of SMX benzene ring [62].
The findings of these microbial degradation capabilities
and the conservation of sadABC genes in a few Micro-
bacteriaceae and Micrococcaceae SA-degraders sup-
ported our hypothesis of SMX assimilation pathways
with Paenarthrobacter as the core player [22, 60, 62, 63].
Paenarthrobacter sp. R1 achieved rapid elimination of
SMX by directly participating in the biotransformation
process of SMX and cooperating with a few indigenous
microorganisms.

Bioaugmentation mechanisms of Pseudomonas sp. M2

A total of 23 microorganisms were labeled by *C-SMX
rather than Pseudomonas in Pseudomonas sp. M2 bio-
augmentation system. Results of DNA-SIP, gene annota-
tion, and pure culture all suggested the important role of
Paenarthrobacter in SMX removal in Pseudomonas sp.
M2 bioaugmentation system [22, 64]. Some metagen-
omic studies have speculated the potential of Geobac-
ter and Bradyrhizobium for SMX degradation [65, 66],
while other 13C-labeled bacteria were not associated with
SMX biodegradation. More diverse '3C-labeled micro-
organisms might be related to cross-feeding caused by
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prolonged labeling [67], and these labeled microorgan-
isms might be mainly involved in the degradation of SMX
intermediates, which was also consistent with the results
of gene annotation. DNA-SIP and genomic assembly evi-
dence suggested that Pseudomonas sp. M2 could promote
SMX removal by stimulating the SMX-degrading activ-
ity of indigenous microorganisms (Paenarthrobacter)
in the bacterial community. Previous reports on PAHs
removal using bioaugmentation treatment also suggested
that exogenous degrading bacteria enhanced the biodeg-
radation of pollutants mainly by changing the composi-
tion and diversity of in situ degrading bacteria as well as
co-metabolism with them, rather than directly partici-
pating in the metabolism of pollutants [13, 45, 58].The
production of surfactants by exogenous bacteria, like
Pseudomonas, was a possible reason for the activation of
indigenous degrading bacteria [45, 68—70]. Besides, Pseu-
domonas has been proven to catalyze the ipso-hydroxyla-
tion of sulfonamide based on pure culture experiments in
our previous study [22]; thus, it could also achieve SMX
assimilation by catalyzing the initial biotransformation
of SMX and with the cooperation of other microorgan-
isms. On the whole, the mechanism of Pseudomonas sp.
M2 enhancing SMX removal revolved two aspects: (1)
Pseudomonas directly participated in the initial transfor-
mation of SMX through unknown mechanisms, and its
products were subsequently assimilated by the microor-
ganisms '*C-labeled microbes. (2) The addition of Pseu-
domonas induced the growth and SMX degradation
activity of Paenarthrobacter.

Last but not least, we noted that SMX degradation
rates increased in phase II and phase III when SMX was
re-added. It has been well-documented that no degrada-
tion process happens before the preferred carbon sources
are depleted or the substrate concentration is below the
threshold value, and the insufficient induction of the cata-
bolic genes is often considered as one of the reasons for
this phenomenon [23, 71-74]. In the first phase, the low
SMX concentration and the addition of sodium acetate
resulted in the low activity of SMX degradation genes of
Pseudomonas, which further affected the SMX removal
efficiencies. After the first phase of induction, the re-addi-
tion of SMX could induce a relatively high SMX-degrad-
ing genes activity and thus could rapidly attenuate SMX.
The mechanism of SMX degradation by Pseudomonas
and the cooperative relationship between Pseudomonas
and Paenarthrobacter still needs to be further explored.

Conclusion

In this study, we evaluate the bioaugmentation using Pae-
narthrobacter sp. R1 and Pseudomonas sp. M2 from both
the perspective of SMX removal efficiency and ARG trans-
mission risk and explored the microbial mechanisms of
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bioaugmentation process in terms of temporal dynamics
of the bacterial community, ecological network, the in-situ
degraders, and SMX assimilation pathway. Bioaugmenta-
tion using both Paenarthrobacter sp. R1 and Pseudomonas
sp. M2, especially R1, could achieve rapid removal of SMX
in sediment microcosms and could last for at least 3 cycles
according to the repeated SMX addition tests. Although
the inoculation with Paenarthrobacter sp. R1 and Pseu-
domonas sp. M2 directly introduced sull gene to the sedi-
ments, ultimately, it could significantly abate the risk of
ARGs transmission through rapidly degradation of SMX.
Due to the dominant position of Pseudomonas in the bac-
terial community, M2 significantly lowered the diversity
of the bacterial community and altered its structure, and
it was not closely linked with the indigenous microorgan-
isms. On the contrary, Paenarthrobacter sp. R1 showed a
slight effect on the indigenous bacterial community and
established robust linkages with various indigenous micro-
organisms, which was conducive to its colonization in
sediments and its SA-metabolic function. The evidences of
DNA-SIP and genomic assembly, as well as our previous
pure culture experiment, indicating that Paenarthrobac-
ter sp. R1 enhanced SMX removal by directly participat-
ing in SMX degradation, while Pseudomonas sp. M2 did
it by both directly participating in SMX degradation and
stimulating SMX-degrading activity of indigenous micro-
organisms (Paenarthrobacter) in the community. Overall,
this study demonstrates that bioaugmentation with SMX-
degraders, especially Paenarthrobacter sp. R1, is a feasible
strategy to dissipate SMX.
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