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Abstract: Oxytetracycline (OTC) is widely used in mariculture as a prophylactic and feed supplement, leading to its frequent detec-
tion at high concentrations in coastal environments and posing risks to marine ecosystems and human health. To address this
issue, a novel OTC-degrading strain, Brucella sp. F-6, was isolated from estuarine sediments. It was first verified to degrade OTC
into small molecules with a degradation rate of 92.06+0.98% whitin 48 h. The OTC degradation pathway was explored, and
Glycine betaine monooxygenase (Gbs) and sarcosine oxidase (Sox) were proposed as candidate degradation proteins based on
transcriptomic analysis and degradation product identification. The genes encoding candidate degradation protein Gbs were sig-
nificantly upregulated even at an environmentally relevant concentration of 0.1 ug/L OTC. The Cu-OTC chelate was suggested to
be involved in OTC detoxification. Strain F-6 resisted OTC through multiple mechanisms, including drug efflux, outer membrane
protection, ribosomal protection, and DNA repair. Meanwhile, nitrogen metabolism, one-carbon metabolism, and the antioxi-
dant system were affected or inhibited. However, only drug efflux was activated under environmental concentrations of OTC.
These findings have important implications for research on antibiotic removal and environmental toxicity assessment.
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improving agricultural growth and feed efficiency because of
their low cost and broad-spectrum bactericidal propertiestl.
TCs are among the most frequently detected antibiotics in mari-

1. Introduction

Antibiotics are essential for disease prevention and treat-

ment in humans and animals, but they are usually incom-
pletely absorbed by mammals and thus are excreted and dis-
persed into the environment!'l. As a result, the concentration
of antibiotics entering aquatic ecosystems has also
increased!?, The sustained presence of antibiotics in the envi-
ronment leads to the occurrence and accumulation of antibi-
otic resistance genes (ARGs) and antibiotic-resistant bacteria
(ARB). ARGs and ARBs are closely related to human health;
hence, the occurrence and removal of antibiotics in the environ-
ment are highly important.

Tetracyclines (TCs) are among the most commonly used
antibiotics for the treatment of bacterial infections and for
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culture environments, with detection frequencies ranging
from 17% to 83% in typical aquaculture areas surrounding the
Yellow Seal. Oxytetracycline (OTC) is one of the most com-
monly used TCs. It binds to the 30S subunit of the bacterial ribo-
some to block protein synthesis. OTC is widely used as a disin-
fectantin mariculture. In addition, itis also used as a growth pro-
moter and feed additive, with OTC contents reaching mg/kg lev-
elsBl. The extensive use of OTC, together with its high excre-
tion rate in active form and environmental persistence (>40
days), has led to its frequent detection at high concentra-
tions in mariculture ponds, adjacent coastal waters, and even
aquaculture organisms. Chen et al. detected OTC with the high-
est concentration of 15,163 ng/L in sea shrimp pond?}; OTC
was also detected at high concentrations in biofilms (up to
1478.29 ng/qg) in typical marine aquaculture farms surround-
ing the Yellow Seal®. Han et al. also found OTC was the main
antibioticin organism samples in marine aquaculture farms sur-
rounding Laizhou Bay, Bohai Sea®. The frequent detection of
OTC in mariculture and coastal environments causes the accu-
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mulation of ARGs in the environment, disrupting the structure
and function of marine microbial communities. Furthermore,
human intake of OTC via seafood poses a direct threat to
human health.

The pervasiveness of OTC has drawn worldwide attention
to take necessary action and develop technologies for its reme-
diation to protect the environment. Bacteria, as decomposers,
are important candidates for organic pollutant removal and
for OTC removal'9., Compared with physical and chemical
degradation methods, bacterial degradation offers several
advantages, such as environmental friendliness, cost-effective-
ness, and convenience. Studies on bacterial degradation have
focused on two main aspects: the bacterial community (e.g.,
sludge, sediment, and compost) and a single strain. The effects
of the bacterial community on OTC are more complicated and
involve a combination of biosorption, biotransformation, and
biodegradation['"), However, the single strain has more advan-
tages in mechanistic research on OTC degradation. In recent
years, several strains with the ability to degrade OTC have
been isolated, like Marinobacter hydrocarbonoclasticus RAD-
2021 Ochrobactrum sp. KSS10U'3), and Planococcus sp. strain
pw2U'4, and so on. However, most of the current studies are
focused on OTC degradation by the bacterial community, and
exploration and supplementation of novel bacterial strains
that can degrade OTC are still lacking. OTC-degrading bacte-
ria in special regions such as coastal waters and estuaries have
barely been exploited.

In this study, we isolated a novel strain, F-6, identified as
Brucella sp., which can efficiently degrade OTC from estuary
water. The degradation efficiency and influencing factors of F-
6 on OTC were investigated. In addition, the OTC degradation
pathway, key degradation proteins, resistance and response of
strain F-6 to OTC were explored. Moreover, the responses of
degradation-, resistance- and metabolism-related genes under
mild OTC contamination (0.1 pg/L), heavy OTC contamination
(100 pg/L), and OTC bacteriostatic concentration (10 mg/L)
were investigated. To the best of our knowledge, this is the
first report on the OTC degradation capacity and mechanism
of Brucella sp.

2. Materials and methods

2.1. Isolation and identification of OTC-degrading
bacterial strains

A total of 10 g of sediment from the Jiahe Estuary, Yantai,
China, was collected, and 1 g of sediment was added to 100
mL of the minimum medium (MM) culture medium; 50 mg/L
OTC was added as the sole carbon source, and the mixture
was cultured at 30°C and 160 rpm. After 3 days, 5 mL of the cul-
tured suspension was transferred to 100 mL of fresh MM with
50 mg/L OTC, and the culture was continued for another 3
days. This process was repeated five times. Then, 1 mL of the cul-
ture medium was collected and filtered through a 0.22 pm
membrane, and the OTC concentration was detected via high-
performanceliquid chromatography (HPLC). When the OTC con-
centration was much lower than 50 mg/L, the cultured suspen-
sion was diluted and coated on an LB culture plate. Through
repeated screening, the strain with the highest OTC degrada-
tion efficiency was selected and numbered F-6. The 16S rRNA
gene sequence of strain F-6 was amplified via the primers 27F
and 1492R and then sequenced and aligned against the Gen-
(8 447w | Sci@pen
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Bank and EzBioCloud databases. The phylogenetic tree of
strain F-6 was constructed via MEGA5.0 software. Strain F-6
was cultured, immobilized, and scanned by scanning electron
microscopy (Hitachi S-4800, Japan Tokyo). The configurations
of all the culture mediums and buffer solutions used in this
study and all sequences of primers used in this study are
shown in Table S1 and S2.

2.2. OTC degradation experiments

Strain F-6 was cultured for 12 hours in LB medium, and
the cells were collected via centrifugation at 8000 rpm for 3
min, and washed with sterile PBS for 3 times. The washed cells
of strain F-6 were added to MM medium containing 10 mg/L
OTC at a concentration of 108 CFU/mL and then incubated in a
shaking incubator at 30°C and 160 rpm as the experimental
group. A 1 mL suspension was collected every 12 h, filtered
through a 0.22 ym membrane, and detected by HPLC. A 1 mL
suspension was collected at 24 h, and the OTC products were
analyzed by HPLC-ESI-MS/MS. MM medium containing 10
mg/L OTC without strain F-6 as the control group was col-
lected and detected like the experiment group. Each treat-
menthad threerepetitions. The OTC degradation rate was calcu-
lated via the following equation:

R=S0"Ct 00
G

where R represents the degradation rate of OTC (%); C, repre-
sents the initial concentration of OTC (mg/L); and C; repre-
sents the remaining concentration of OTC at time t (mg/L).

The initial concentration of OTC, pH, and salinity were
selected to investigate their effects on the OTC degradation of
strain F-6. The OTC concentrations were set to 0.5, 1, 5, 20, and
50 mg/L. The pH values were set to 5, 6, 7, 8, and 9 according
to Table S3. The salinity experiment was performed with 0%,
20%, 40%, 60%, 80%, and 100% seawater diluted with phos-
phate buffer solution, and the salinities were 0, 7, 14, 21, 28,
and 35, respectively. The initial OTC concentration for the pH
and salinity experiments was 10 mg/L, and the initial cell con-
centration for all the experiments was 108 CFU/mL. The bacte-
rial suspensions were detected after 1 day. Each treatment
had three repetitions.

2.3. Transcriptome analysis

A transcriptome experiment was carried out under 10
mg/L OTC. 5x108 CFU/mL of strain F-6 was cultured in MM
medium as the control group, and in MM medium supple-
mented with 10 mg/L OTC as the experimental group. After 24
hours, the cells were collected for transcriptome analysis. Tran-
scriptome sequencing and analysis were performed by Major-
bio (Shanghai, China). Briefly, total RNA was extracted, quanti-
fied, and fragmented into ~200 bp fragments. Then, cDNA was
synthesized and patched into flat ends by adding End Repair
Mix, and an A base was added to the 3’ ends. The second
strand of cDNA was digested with the UNG enzyme so that
only the first strand of cDNA was included in the library. The
library was sequenced on the lllumina NovaSeq XP and DNB-
SEQ-T7 platforms.

2.4. Key gene responses of Brucella sp. strain F-6 to
OTC at different concentrations
Based on the known published data, the OTC concentra-

Environmental Chemistry and Safety 2026, 2: 9600047



tions in surface water, wastewater, and were set to 0.1 ug/L
and 100 pg/L respectivelyl® 15161, and its bacteriostatic concen-
tration was set to 10 mg/L!"7], To investigate the responses of
strain F-6 to different concentrations of OTC, cells were inocu-
lated in the MM medium supplemented with 0.1 pg/L, 100
pg/L, or 10 mg/L OTC at an initial cell concentration of 108
CFU/mL, and the same conditions without OTC were used as
controls. Each treatment had three repetitions. After 24 hours
of culture, the cells in each group were collected, total RNA
was extracted via TsingZol Total RNA Extraction Reagent, RNA
was reverse transcribed to cDNA via SynScript® RT SuperMix
for gPCR, and RT—gPCR was performed via EasyQ SYBR gPCR
Mix according to the 2-22Ct method by QuantStudio 5 (Thermo
Fisher, America). The primers used in this study are shown in
Table S2.

2.5. Analytical methods

The OTC concentration was detected by Agilent 1260 Infin-
ity Il HPLC (Agilent, America) equipped with an Agilent
reversed-phase SBC18 column (4.6 x 150 mm, 5 pm). The
mobile phase consisted of two solvents: acetonitrile and 0.4%
(v/v) ethanoic acid at a ratio of 10:90. The flow rate was 1
mL/min, the injection volume was 10 pL, the detection wave-
length was 280 nm, and the column temperature was set to
35°C.

The degradation products were detected via LCQ Fleet
HPLC-ESI-MS/MS (Thermo Fisher Scientificc America). The
mobile phase was the same as that used for HPLC, and the
flow rate was 0.3 mL/min. The mass spectrometer was oper-
ated in positive ion mode at a full-scan m/z range of 100-1000,
an ion spray voltage of 3 kV, a spray voltage of 5 kV and a capil-
lary temperature of 270°C.

2.6. Statistical analysis

For transcriptomic analysis, DEGs were selected by
DESeq2 with absolute values of log2|fold change| > 1 and pad-
just < 0.05. Group differences in ENR degradation rates and
gene responses were evaluated via one-way ANOVA and

E{:ﬂmmﬂ’a thiophenivoransiDSM 7216|NNRJ01000011
99

{ Brucelia piturtosa CCUG 50899/ AM490609
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Tukey and Waller-Duncan tests via SPSS and GraphPad Prism.
All the data are expressed as the mean + standard deviation.

3. Results and Discussions

3.1. Isolation and identification of OTC-degrading
bacteria

After rounds of enrichment and screening, a bacterial
strain, F-6, with high OTC degradation efficiency was isolated
from estuarine sediment. The 16S rRNA partial sequence of
strain F-6 was submitted to GenBank with the accession num-
ber PQ461247. Compared with sequences in the GenBank
database and in the EZBioCloud type strain sequence
database, the 16S rRNA gene sequence of strain F6 was
98.85% similar to that of Brucella anthropi HNXS-W4, with acces-
sion number of PP092114.1. The neighbor-joining tree based
on 16S rRNA gene sequences revealed a closer relationship
with Brucella anthropic (ATCC 49188) and Brucella tritici
(SClI24|AJ242584) (Fig. 1a). On the basis of these results, strain
F-6 was identified as belonging to the genus Brucella. Strain F-
6 is a gram-negative bacterium, and scanning electron micro-
scope images revealed that the cells of strain F-6 were non-
spore-forming, non-flagellated, and rods (0.55-0.6 x 2.1-4.2
pum), and a few cells longer than 7 um were also observed (Fig.
1b and 1c).

Some bacterial strains have been reported to have OTC-
degrading ability, including Lysinibacillus sp. strain 3+I18), Kleb-
siella sp. stain SQY5U'9, Marinobacter hydrocarbonoclasticus
strain RAD-2U'2, Ochrobactrum sp. KSS100'3], and Planococcus
sp. strain pw2['4, and so on. To the best of our knowledge, this
is the first report on OTC degradation by Brucella sp. bacteria.
Furthermore, it has enriched the microbial resource of oxytetra-
cycline-degrading bacteriain the special environment of estuar-
ies. Now, more studies have focused on OTC degradation by
microbial communities rather than on isolated single strains,
such as the biodegradation of oxytetracycline by
autochthonous microbial communities or activated sludge

Fig. 1. Phylogenetic tree and scanning electron microscope images of the OTC-degrading bacteria Brucella sp. strain F-6. (a): Neighbor-joining

tree based on 16S rRNA gene sequences of strain F-6 and related type strains. The numbers at branch nodes indicate bootstrap percentages

derived from 1000 replications. Bar, 0.005 accumulated changes per nucleotide position. (b), (c): Scanning electron microscopy image of strain F-

6 after 12 h of growth on LB medium at 30°C.
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microbial communities. However, the use of single bacteria
will be beneficial for research on the molecular mechanism of
antibiotic biodegradation.

3.2. Degradation efficiency of OTC by Brucella sp.
strain F-6

As shown in Fig. 2a, Brucella sp. strain F-6 degraded
92.06+0.98% of 10 mg/L OTC within 48 h by at an initial bacte-
rial concentration of 108 CFU/mL, whereas the degradation
rate in the control groups was only 35.37+0.69%. For compari-
son, Ochrobactrum sp strain KSS10 could degrade 61.63% of
25 mg/L OTC within 80 h at an initial bacterial concentration of
108 CFU/mLD3Y; Lysinibacillus strain 3+l could degrade 85% of
10 mg/L OTC within 7 days at an initial bacterial concentra-
tion of 107 CFU/mLD8], Planococcus sp. strain pw2 could
degrade 90.62% of 10 mg/L OTC within 7 days at an initial bacte-
rial concentration of 107 CFU/mL4. Overall, strain F-6 shows
favorable OTC degradation efficiency. The initial concentra-
tion of OTC and salinity significantly affected the OTC degrada-
tion rate of strain F-6, whereas the effect of pH was not signifi-
cant (Fig. 2b-d). Similar to most microbial degradation pro-
cesses, the higher the initial concentration of OTC, the lower
the degradation efficiency of OTC by strain F-6[29, The OTC
degradation rates for initial OTC concentrations of 0.5 and 1
mg/L for 24 h were 75.26+2.31% and 74.04+3.17%, respec-
tively, which were significantly higher than 55.42+2.65% and
51.29+2.04% for initial OTC concentrations of 5 and 20 mg/L.
When theinitial OTC concentration was 50 mg/L, the OTC degra-
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dation rate sharply decreased to 21.91£3.91%. Salinity also
clearly influenced the OTC degradation efficiency. The lower
the salinity was, the greater the OTC degradation efficiency
was. When the salinity increased to 7, the OTC degradation
rate decreased from 76.96+4.10% to 49.90+3.19%. When the
salinity was greater than 14, the OTC degradation rate
decreased to 27-32%. In conclusion, strain F-6 efficiently
degraded OTC and was essentially unaffected by pH (5-9).
Strain F-6 could degrade OTC at high initial concentrations in
seawater, but a lower initial OTC concentration and lower salin-
ity were more conducive to OTC degradation.

3.3. Transcriptomic response of Brucella sp. strain F-5
to OTC

A total of 87,620,466 valid reads and 13,156,187,145 bp
bases were obtained after the exclusion of low-quality
sequences. The clean data were compared with the reference
genome sequence of Brucella anthropi (NCBI accession num-
ber: GCF_016128015.1), and reads mapped successfully
accounted for 96.56% of the original reads. Among the
mapped reads, uniquely mapped reads accounted for 96.33%.
All the transcriptomic data were deposited in NCBI data base
(Accession: PRJINA1371707).

Compared with those in the control group, a total of 360 dif-
ferentially expressed genes (DEGs) were identified in the experi-
mental group (strain F-6 exposed to 10 mg/L OTC). Among all
the DEGs, 236 genes were upregulated, and 124 genes were
downregulated (Fig. 3a). The transcriptome data were further
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Fig. 2. OTC degradation rates of Brucella sp. strain F-6. (a): Time course of OTC degradation rates by strain F-6. (b),(c),(d): Effects of initial OTC con-
centration (b), pH (c), and salinity (d) on OTC degradation rates by strain F-6. The initial OTC concentration of a, ¢, and d was 10 mg/L. The degrada-

tion time of (b)-(d) was 24 hours.
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validated through RT-gPCR, and the comparison results are  strain F-6 might also be attributed to the upregulation of oxi-
shown in Fig. 3d. There was a strong positive correlation  doreductase activity, which acts on NAD(P)H. The genes associ-
between them (R? = 0.84), which could indicate that the expres-  ated with the most obviously downregulated genes were
sion data from the transcriptome data were reliable. related to the molecular functions of antioxidant activity

The DEGs were functionally enriched according to the GO (GO:0016209), oxidoreductase activity (GO:0016491), catalase
and KEGG enrichment analyses. All the DEGs were signifi-  activity (GO:0004096), inorganic molecular entity transmem-
cantly enriched in 90 GO terms (P value < 0.05). The most obvi-  brane transporter activity (GO:0015318) and the biological pro-
ous differences with respect to upregulation were focused on  cesses of reactive oxygen species metabolic process
the molecular functions of structural molecule activity (G0:0072593), hydrogen peroxide metabolic and catabolic pro-
(GO:0005198),  structural  constituent of ribosome  cess (GO:0042743, 0042744), pyruvate family amino acid
(GO:0003735), and oxidoreductase activity acting on NAD(P)H  metabolic process (GO:0009078), and monoatomic ion home-
(GO:0016652); on the biological processes of tetrahydrofolate  ostasis (GO: 0055080, 0050801, 0098771), and so on (Fig. 3c).
metabolic process (GO:0046653), peptide metabolic process  The antioxidant defense system is normally upregulated in
(GO:0006518, 0043043), and protein metabolic process response to antibiotic stress, especially in eukaryotes. OTC
(GO:0019538,0006575);and onthe cellularcomponentsofintra- ~ could also resultin an increase in antioxidant activity in the bac-
cellular organelles (GO:0043229, 0043232) and ribosomes  terial community!2], and the antitoxin system of Bacillus sub-
(GO:0005840) (Fig. 3b). Oxidoreductase enzymes playanimpor- tilis was also activated to trigger global regulation against tetra-
tant role in antibiotic degradation!2', and Tian et al. reported  cycline pressurel26l, However, in strain F-6, the antioxidant activ-
that a native laccase from Pycnoporus sp. SYBC-L10 could ity and reactive oxygen species metabolic process were glob-
degrade OTC and tetracycline efficiently’2?], peroxidase was  ally downregulated, and OTC could limit this capacity, thus
also shown to degrade OTC[23. 241, The degradation of OTC by  increasing the amount of reactive oxygen species(?”), This find-
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Fig. 3. Transcriptome analysis and RT-gPCR validation. (a): MA plot of expressed genes. Plots in blue, red, and gray separately represent downregu-
lated genes, upregulated genes, and genes without differential expression, respectively. (b): GO enrichment of upregulated genes. (c): GO enrich-
ment of downregulated genes. BP, CC and MF stand for biological process, cellular component and molecular function, respectively. (d): Verifica-
tion of the transcriptome data via RT-qPCR. The RNA-Seq log2 (fold change) data are the result of the transcriptome. (e): KEGG enrichment analy-
sis. The size of the dot indicates the number of DEGs in this pathway, and the color of the dot corresponds to different p value ranges.
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ing also suggested that strain F-6 has alternative defense mech-
anisms that are different from those of other bacterial species.

According to the KEGG pathway in which the DEGs were
significantly enriched, metabolic pathways and signaling path-
ways associated with OTC resistance and degradation could
be identified. The most significantly enriched KEGG pathways
were ribosome  (map03010), methane  metabolism
(map00680), glycine, serine and threonine metabolism
(map00260), mitogen-activated protein kinase (MAPK) signal-
ing pathway (map04011, map04016), beta-alanine
metabolism (map00410), mineral absorption (map04978), per-
oxisome (map04146), propanoate metabolism (map00640),
and ABC transporters (map02010) (Fig. 3e). Many studies have
indicated that tetracyclines bind to the RNA component of bac-
terial ribosomes(28], and DEGs are also enriched in the ribo-
some pathway in strain F-6 under OTC stress. DEGs enriched in
methane, glycine, serine, threonine, alanine, and propanoate
metabolism might be involved in OTC degradation. The DEGs
enriched in mineral absorption and ABC transporters might be
related to OTC resistance.

3.4. Possible degradation pathway and key genes
associated with OTC degradation by Brucella sp.
strain F-6

To better understand the degradation pathway and mecha-
nism of OTC degradation by strain F-6, LC-MS and transcrip-

OTC m/z=461

Demethylation

Demethylation

tome data were combined. Ten possible degradation prod-
ucts were detected, and their mass spectra structural formulas
are shown in Fig. S1 and S2. Two potential degradation path-
ways and several hypothetical key genesinvolved in OTC degra-
dation are shown in Fig. 4 and Table S4.

In pathway |, P1 (m/z = 432) was generated through decar-
bonylation, which referred to the loss of CO from the ring struc-
ture of OTC. Liu et al. reported that OTC was likely to undergo
a-cleavage to generate a diradical intermediate. Through the
loss of CO, the formed diradical could produce other diradical
compounds that could generate decarbonylation byproducts
by ring closure. However, this process has been reported only
under UV irradiation!29, P2 (m/z = 413) likely formed from P1
by dehydration.

In pathway II, P3 (m/z = 432) was generated through serial
detachments of methyl groups from dimethylamine attached
to the benzene ring of OTC; this process was also reported in
microbial fuel cells of Raoultella sp. strain XY-1130 and the OTC-
degrading bacteria Bacillus sp. and Escherichia sp.B'l. In the
present study, transcriptomic analysis of strain F-6 revealed
that the genes encoding glycine betaine monooxygenase
(Gbs, encoded by gbsA [RS03600] and gbsB [RS03595] and sarco-
sine oxidase (Sox, encoded by soxA [RS11025] and soxB
[RS11035]) were significantly upregulated under OTC stress
(Table S4). Gbs can catalyze the oxidative N-demethylation.
Sox can catalyze both the oxidative N-demethylation of sarco-

I Pathway I1

gbsA
gbsB P11 m/z=225
soxA I
soxB
OH
OH NH, O ‘
oW
OH O OH
P9 m/z=259

P6 m/z=345

1 [e]
I

OH O OH

P10 m/z=263

P7 m/z=340

P8 m/z=340

Fig. 4. Potential degradation pathways and candidate genes for OTC degradation by Brucella sp. strain F-6. gbsA/gbsB: encode glycine betaine
monooxygenase subunits A and B; soxA/soxB: encode sarcosine oxidase subunit alpha and beta.
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sine and the terminal N-demethylation of non-amino-acid com-
pounds!32l, Flavoprotein monooxygenase has been shown to
inactivate tetracycline antibiotics by monohydroxylation(33!,
These results suggest that Gbs and Sox are potential candi-
date enzymes involved in OTC degradation by strain F-6,
although direct enzymatic evidence is still needed. P3 could
be hydroxyl detached, demethylated, and subjected to a
series of other reactions to generate the product P4 (m/z =
362). An intermediate formed by the detachment of the
hydroxyl group, and then the amino group was replaced by an
aldehyde group involved in the formation of product P6
(m/z = 345). P4 might be deaminated by aminotransferase,
which could degrade the mycotoxin fumonisin B1 by deamina-
tionB4, Then, dehydration and a ring-opening reaction fol-
lowed to form P10 (m/z = 263)[331, Li et al. reported that Bacil-
lus brevis strain MM2 could degrade OTC and produce P4{20],
P4 was one of the main products of OTC degradation by strain
F-6 (Fig. S1). P5 was formed with the detachment of hydroxyl
groups and amide reduction from P3B3¢l, P5 might be further
demethylated and deamidated to form P7 (m/z = 340) or dehy-
droxylated and deamidated to form P8 (m/z = 340). P7 and P8
were both detected in OTC degradation, and the former was a
product from the bacteria Bacillus sp. and Escherichia sp.13,
and the latter was from highly dispersed copper single-atom
catalysts activated peroxymonosulfateB3¢l, P7 was followed by
ring opening to obtain P9 (m/z=260)371. P9 underwent de-ethy-
lation and oxidation to obtain P11 (m/z = 225).
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3.5. Resistance and response mechanism of Brucella
sp. strain F-6 to OTC

The resistance mechanisms of tetracyclines are catego-
rized into tetracyclines efflux, ribosomal protection, and enzy-
matic inactivation of tetracyclines38l, Fig. 5 illustrates the over-
all degradation, detoxication, resistance and response mecha-
nisms of strain F-6 to OTC, with the genes involved shown in
the figure, and detailed information about the DEGs and their
coding proteins is provided in Table S4 and S5. In strain F-6,
several cell structural defenses, membrane protection, and
drug efflux-related genes, including the ABC transporter, outer
membrane synthesis, and RND (resistance-nodulation-divi-
sion) efflux pump, were significantly upregulated in response
to exposure to OTC.

The ABC transporter superfamily plays an important role
in multidrug resistance through the efflux of antibioticsB9. In
strain F-6, the genes of glycine betaine/proline transport sys-
tem (substrate-binding protein: ProX, permease protein: ProW,
ATP-binding protein: ProV) and erythritol transport system (sub-
strate-binding protein: EryG, permease protein: EryF, ATP-bind-
ing protein: EryE) were significantly upregulated. Glycine
betaine, proline, and erythritol are osmoprotectants and mem-
brane protectants in cells, and OTC promotes cell membrane
damagel*?, thus, the delivery of more osmoprotectant protec-
tants to the membrane might be one of the resistance mecha-
nisms of strain F-6 to OTC. Moreover, strain F-6 responded to
OTC stress by upregulating genes encoding membrane pro-
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Red : Down-regulation
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Fig. 5. Overall resistance and response mechanisms of Brucella sp. strain F-6 to OTC. The red and blue characters represent upregulated and down-

regulated genes, respectively.
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teins, such as outer membrane protein (OMP, OmpA) and mem-
brane protein (OM), to strengthen the synthesis of the outer
membrane. Nascent OMP is synthesized in the bacterial cyto-
plasm and can then be delivered through the inner mem-
brane via two mechanisms: delivery via a protein-exporting
chaperone (Sec B) to twin-arginine translocase (TatC) or via
the ribosome to Sec-independent protein translocase
(TatB)™'. This is also a protein export process. The outer mem-
brane is an effective permeability barrier for protecting gram-
negative bacteria from noxious chemicals in the environment.
In addition, OmpA can improve drug efflux from cells and
decrease drug accumulation2 431, RND transporters function
as major multidrug efflux pumps in many gram-negative bacte-
ria. These RND efflux pumps consist of three components: an
inner membrane RND transporter, a periplasmic adaptor pro-
tein, and an outer membrane channel®* 451, Upregulation of
the genes encoding the efflux RND transporter periplasmic
adaptor (AcrA), efflux RND transporter permease subunit
(AcrB), and tol-pal system protein (TolC) indicated that RND-
mediated efflux might be an important resistance mechanism
of strain F-6 against OTC.

Strain F-6 upregulated genes encoding ribosomal pro-
teins to resist OTC. OTC operates by targeting the bacterial ribo-
some, especially the small subunit (30S), effectively obstructs
theattachmentofaminoacyl-tRNAtothe mRNA-ribosome com-
plex, thereby inhibiting protein synthesis#6l. Eleven ribosomal
genes were significantly upregulated under OTC stress to main-
tain ribosome structure and function, 8 encoded 50S riboso-
mal subunit proteins, and 3 encoded 30S ribosomal subunit pro-
teins. This phenomenon also occurred in Escherichia coli
MG1655 under OTC stress!#7). Moreover, strain F-6 resisted OTC
damage via DNA repair, as evidenced by the upregulation of
genes encoding exodeoxyribonuclease (Exo7), DNA poly-
merase (Dpo3), and DNA mismatch repair endonuclease
(MutL). An increase in DNA repair enzymes in bacteria is a com-
mon response strategy for coping with antibiotics in bacteria,
such as in Paenarthrobacter sp. AT5, which responds to sul-
famethoxazole!8], and in the response of the compost micro-
bial community to OTC[25],

The upregulation of genes encoding a copper chaperone
(CopZ) and a P-type Cu(l) transporter (CopA) indicated that
strain F-6 increased the absorption of Cu(l) and oxidized Cu(l)
to Cu(ll) via cytochrome c oxidase subunit IV (CatH). Hassan et
al. reported that OTC could form an OTC-Cu(ll)-OTC chelate,
and this chelation reaction might reduce the toxicity of
OTCH9 501, The sites of chelation of oxytetracycline with Cu(ll)
are shown in Fig. $3. The formation of copper-OTC chelates
was also a mechanism of OTC detoxification in strain F-6.

In addition to the resistance mechanisms mentioned
above, strain F-6 also had other noteworthy responses to OTC.
First, the nitrogen metabolism of strain F-6 was affected. The
nitrate/nitrite transporter (NarK) plays a central role in nitrate
uptake and nitrite excretion across the membranel>'; downreg-
ulation of narK genes might reduce nitrate uptake and nitrite
excretion. Moreover, the narG gene (encoding nitrate reduc-
tase) was downregulated, while the nmo gene (encoding
nitronate monooxygenase), a key enzyme in the conversion of
nitroalkane catabolism to nitrite52, was upregulated. Overall,
OTC might cause nitrite accumulation, and these nitrites are
derived from nitroalkane catabolism rather than nitrate reduc-
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tion. Substantial nitrite accumulation has also been observed
in the OTC-degrading strain Ochrobactrum sp. KSS100'31, Sec-
ond, OTC could affect the one-carbon metabolism of strain F-
6. Upregulation of the fdhA gene (encoding glutathione-inde-
pendent formaldehyde dehydrogenase) and the fgh gene
(encoding S-formylglutathione hydrolase) could promote for-
mate formation, whereas downregulation of the fdhL and
fdhH genes (encoding formate dehydrogenase subunits)
could reduce the conversion of formate to CO,. Formate, a
potential biomarker of one-carbon metabolism, might accumu-
late in strain F-6. Studies on the effects of antibiotics on car-
bon metabolism have focused mostly on central carbon
metabolism, with few studies on one-carbon metabolism>3l,
Specifically, the sodC gene (encoding superoxide dismutase,
Cu-Znfamily) and the katE gene (encoding catalase) were down-
regulated, indicating that OTC restricts the activities of the
antioxidant system of strain F-6, which is different from the
usual upregulation in response to antibiotic stress[2> 541,

In conclusion, strain F-6 resisted OTC damage through a
variety of mechanisms. First, strain F-6 could increase protein
export as well as glycine betaine/proline and erythritol trans-
port to maintain the structure and stability of the outer mem-
brane in response to destruction of the cell membrane by
OTC. Second, strain F-6 enhanced RND efflux pumps and the
outer membrane protein OmpA to expel OTC from cells or pre-
vent OTC from entering cells. Third, it upregulates genes encod-
ing several ribosomal proteins and DNA repair proteins to main-
tain ribosome structure and function. Fourth, strain F-6
degraded or chelated OTC to detoxify it through OTC degrada-
tion proteins or OTC-Cu(ll)-OTC chelation. OTC also affected
the physiological processes of strain F-6, such as reducing
nitrate and nitrite intake and the conversion of nitrate to
nitrite, but increasing nitroalkane catabolism to nitrite, ulti-
mately leading to the accumulation of nitrite. OTC could also
affect one-carbon metabolism and restrict the antioxidant sys-
tem of strain F-6.

3.6. Response of Brucella sp. strain F-6 to OTC at
different concentrations

OTCis often detected in wastewater and river water at con-
centrations ranging from ng/L to pg/L and, in some cases, at
mg/L levels. Based on the known published data, environmen-
tal concentrations of OTC were set to 0.1 pg/L and 100 pg/L
respectively, which represented mild OTC contamination and
heavy OTCcontamination.Meanwhile, bacteriostaticconcentra-
tion of OTC was set to 10 mg/L. The fold change (log,FC) was
calculated as difference in expression between different levels
of OTC stress and the control. In accordance with the results of
the transcriptome analysis described above, representative
genes for OTC degradation, resistance, and other responses
were selected, including gbsB for OTC degradation process,
copZ for Cu-OTC chelate, tolC for RND efflux pump, ompA for
OTC efflux and the outer membrane synthesis, proV for ABC
transporter of membrane protectant, romF for ribosome protec-
tion, mutL for DNA repair, narK for nitrogen metabolism, and
katE for antioxidant system (Fig. 6A-6l).

The OTC degradation process of strain F-6 was activated
even under mild OTC contamination (Fig. 6a), indicating that
strain F-6 would degrade OTC at a low OTC concentration (0.1
pg/L), and hold great promise for the treatment of environmen-
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Fig. 6. Effects of OTC at different concentrations on Brucella sp. strain F-6, including degradation (a), Cu chelation (b), efflux and outer membrane
(¢, d, e), ribosome protection (f), DNA repair (g), nitrogen metabolism (h), and antioxidant system (i) related genes. The fold change (log2FC) was
calculated as the difference in expression between different levels of OTC stress and the control. Significant differences between groups are
marked with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significant difference.

tal OTC pollution. In contrast to the bacteriostatic concentra-
tion, the environmental concentration of OTC inhibited the
absorption and utilization of Cu(l) (Fig. 6b), indicating that
OTC was not detoxified through the Cu-OTC chelate at the envi-
ronmental concentration. However, some studies have shown
that only high-OTC treatments (4.6-9.2 mg/L) decrease the Cu
absorption of the marine microalga Isochrysis galbanal>s,

The drug efflux pump of RND was activated by heavy OTC
contamination and was not activated by mild OTC contamina-
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tion (Fig. 6¢). But drug efflux of OmpA was activated by the
mild OTC contamination (Fig. 6d). Therefore, it's speculated
that the mild OTC contamination would activate partial drug
efflux. The resistance mechanism of OTC is mostly related to
drug efflux, and high concentrations of OTC have been shown
to spread ARGs through horizontal gene transfer among micro-
bial communities®l. Lin et al. reported that 100 ug/L OTC
strongly promoted ARGs abundancel®’). However, few studies
have focused on the effects of ng/L OTC on the spread of
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ARGs. The drug efflux pump of strain F-6 was not activated,
but a functional protein with an efflux function was activated
at the ng/L level of OTC, which has important implications for
the spread of ARGs in the environment with trace concentra-
tions of antibiotics.

In addition to the drug efflux process, the OTC resistance
mechanisms of membrane protection, ribosome protection
and DNA repair were activated only at bacteriostatic concentra-
tions of OTC (Fig. 6e-6g). Therefore, they might not consti-
tute the main resistance mechanism of strain F-6 to OTC at envi-
ronmental concentrations. However, the absorption of inor-
ganic nitrogen was inhibited by mild OTC contamination (Fig.
6h). Several previous studies have shown that antibiotic
residues affect nitrogen transformation in the bacterial commu-
nity!>8], but few studies have focused on the influence of trace
antibiotics on the nitrogen mechanism. Notably, the antioxi-
dant system of strain F-6 was activated by mild OTC contamina-
tion, in contrast to the inhibition of heavy and bacteriostatic pol-
lution (Fig. 6i). In eukaryotes, catalase activity significantly
increases after chronic exposure to 0.3 ug/L OTCB%; however,
in the bacterial community, catalase activity increases after
exposure to 100 pg/L OTCI®, To the best of our knowledge,
no studies have investigated the response of single bacteria or
bacterial communities to ng/L OTC.

In summary, there were both similarities and differences
in the responses of degradation-, resistance- and metabolism-
related genes under OTC stress between antimicrobial concen-
trations and environmental concentrations. The degradation
process, partial efflux function, and nitrogen metabolism were
activated or affected even under mild OTC contamination (0.1
pg/L). The drug efflux pump of RND was activated under
heavy OTC contamination (100 pg/L). The antioxidant system
was start to be inhibited under 100 pg/L OTC in contrast to the
stimulation of 0.1 pg/L OTC. Other OTC resistance mecha-
nisms, including membrane protectant transportation, ribo-
some protection and DNA repair were activated only at bacterio-
static concentration of OTC.

4. Conclusions

In this study, a novel bacterial strain, Brucella sp. F-6, was
shown to be able to efficiently degrade OTC into small
molecules. Strain F-6 might degrade and detoxify through
glycine betaine monooxygenase, sarcosine oxidase, and Cu-
OTC chelate and resist OTC through drug efflux, outer mem-
brane protection, ribosome protection, and DNA repair. Some
effects related to degradation, resistance and metabolism pro-
cesses were observed at environmental concentrations of
OTC. The results of this study also provide a strategy for
research on the environmental behavior and toxicity of trace
amounts of antibiotics in the environment. However, since Bru-
cella sp. F-6 is a pathogenic bacterium, considerable work is
still required before its practical application, including system-
atic evaluation of biosafety, as well as the screening, heterolo-
gous expression and functional verification of key functional
proteins.
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