Antagonistic effects during phenanthrene and pyrene co-degradation by Pseudoxanthomonas: Pathway competition and substrate preference
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Abstract
The biodegradation of polycyclic aromatic hydrocarbons (PAHs) involves complex metabolic interactions among multiple degradation pathways. However, how interactions among different pathways influence the overall degradation efficiency remains poorly understood. In this study, Pseudoxanthomonas sp. G3, an efficient degrader of phenanthrene (PHE) and pyrene (PYR), was used to investigate pathway interactions under mixed-PAH conditions. Genomic and metabolomic analyses revealed that strain G3 degrades PHE and PYR through three pathways: the phthalate pathway (with phthalic acid as the dead-end product), a shared catechol degradation pathway, and the benzoate degradation pathway. Notably, PYR induced the benzoate degradation pathway, representing a previously unreported metabolism of PYR by bacteria. Integrated analyses revealed that PHE inhibits PYR degradation via dual mechanisms. Specifically, PHE preferentially utilizes the PYR-induced benzoate degradation pathway, thereby diverting metabolic flux and impeding PYR degradation. Moreover, the benzoate degradation pathway further inhibits the catechol degradation pathway, intensifying suppression of PYR degradation. These findings elucidate mechanistic insights into the interactions among the biodegradation pathways under mixed-PAH stress and provide a theoretical basis for targeted improvement of the efficiency and predictability of mixed-PAH degradation.
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Environmental implication
This study reveals that PHE inhibits PYR degradation through dual inhibition-competition mechanisms: PHE preferentially occupies the PYR-induced benzoate degradation pathway and suppresses the catechol degradation pathway during PYR degradation. Such metabolic crosstalk creates bottlenecks that constrain overall PAH degradation in mixed systems. To enhance bioremediation efficiency, the types and concentrations of PAHs and the metabolic traits of degrading microbes should be systematically assessed. Competitive interactions at key metabolic nodes should be evaluated, and tailored microbial consortia or engineered strains can be designed to relieve pathway interference and optimize metabolic flux, enabling efficient, simultaneous removal of mixed PAHs from contaminated environments.



1. Introduction
[bookmark: OLE_LINK18][bookmark: _Hlk196207202]Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous persistent organic pollutants with carcinogenic, teratogenic, and mutagenic effects [1, 2]. Given the threat to human health [3, 4], it is imperative to develop promising remediation technologies for PAH-contaminated environments [5, 6]. Bacterial remediation offers an effective, eco-friendly, and cost-effective strategy [7]. This strategy relies on specific metabolic pathways to achieve PAH biodegradation. Therefore, to optimize bioremediation, a deeper mechanistic understanding of degradation pathways is essential.  
Significant progress has been made in characterizing diverse pathways for the biodegradation of PAHs [8–11]. The upstream degradation of PAHs under aerobic conditions is usually initiated by ring-hydroxylated dioxygenases, which undergo a series of enzymatic reactions to produce key downstream intermediate products such as salicylic acid and phthalic acid. These intermediates are further metabolized through downstream pathways to form acetyl-CoA and succinyl-CoA, which are then incorporated into the TCA cycle to complete mineralization. Different PAHs can produce different intermediate products. Low-molecular-weight PAHs, such as phenanthrene (PHE), are typically degraded via the salicylate or phthalate degradation pathways [12]. In contrast, the degradation of high-molecular-weight PAHs, such as pyrene (PYR), is more complex due to their structural features. For instance, PYR can be metabolized by Mycobacterium through the phthalate degradation pathway, by Pseudomonas through the salicylate degradation pathway, and by Roseobacter through the gentisate degradation pathway [13–16]. Despite much progress, the current understanding of PAH degradation remains incomplete. For example, emerging evidence from limited genomic and metabolic studies suggests that PYR may also be metabolized via the benzoate degradation pathway [15, 17]. This indicates the existence of previously unknown or incompletely elucidated pathways for PAH degradation. Therefore, a comprehensive understanding of the metabolic pathways remains a critical objective in current research.
Bacterial strains can simultaneously activate multiple metabolic pathways when degrading a specific PAH. For example, Pseudomonas putida ND6 degrades naphthalene via both the catechol ortho- and meta-cleavage pathways [18], while Mycobacterium sp. WY10 concurrently initiates the phthalate and salicylate pathways during PHE degradation [19]. Notably, these coexisting pathways often share intermediate metabolites and key enzymes, implying potential interactions between them. Under realistic environmental conditions where multiple PAHs coexist [20, 21], such pathway interactions become increasingly complex. For instance, concurrent degradation of PHE and PYR via the phthalate and salicylate pathways may lead to pathway competition, which in turn limits the overall efficiency of PAH remediation [19]. However, current explanations for the degradation behavior of mixed PAHs are largely limited to the unidirectional regulation of one PAH on the degradation pathway of another [11, 22–25]. While these explanations describe the observed phenomenon, they often fall short of elucidating the underlying mechanism by which PHE influences PYR degradation. Crucially, this perspective overlooks a deeper underlying mechanism: the impact of PHE on PYR likely stems from the complex interplay among their multiple degradation pathways. Therefore, the specific mechanisms of pathway interactions and their regulatory effects on overall PAH degradation remain to be fully elucidated.
To address these knowledge gaps, PHE and PYR were selected as model pollutants due to their shared degradation pathways. Pseudoxanthomonas sp. G3, isolated from coking plant soil, served as the model strain for its ability to degrade both PAHs simultaneously. We systematically investigated the PHE and PYR degradation pathways of strain G3 and elucidated how interactions between distinct pathways influence the overall metabolism of mixed PAHs. The degradation efficiency of individual and mixed PAHs by strain G3 was characterized using HPLC and GC-MS analytical approaches. By integrating analyses of metabolic intermediates, genomic information, and degradation experiments, the models of PHE and PYR degradation pathways were proposed. Subsequently, RT-qPCR, metabolite kinetics, and enzyme activity was measured to assess specific degradation pathways and pathway crosstalk.

2. Materials and methods
[bookmark: _Hlk197694685]2.1. Chemicals and culture media
PHE (98%), PYR (98%), 1-hydroxy-2-naphthoic acid (98%), phthalic acid (99.5%) and salicylic acid (99.5%) were obtained from Aladdin (Shanghai, China), while phenanthrene-d10 (98%) was supplied by Macklin (Shanghai, China). All solvents and reagents applied in this study were of analytical or HPLC grade. Mineral salt medium (MSM) consisted of 1.1 g L-1 NH4Cl, 1.0 g L-1 K2HPO4, 0.5 g L-1 NaCl, 0.2 g L-1 MgSO4·7H2O, 0.2 g L-1 KCl, 0.01 g L-1 CaCl2 and 0.001 g L-1 FeSO4·7H2O. The initial pH was adjusted to 7.2 prior to sterilization. For solid cultures, the liquid MSM was supplemented with 2% (w/w) agar. Luria-Bertani (LB) broth consisted of 5 g L-1 yeast extract, 10 g L-1 tryptone, and 10 g L-1 NaCl. All culture media were sterilized by autoclaving at 121 °C for 25 min before use.
2.2. Strain isolation and identification
[bookmark: _Hlk206952290][bookmark: _Hlk159836369]PAH-degrading bacteria were isolated from contaminated soil obtained from a coking plant in Beijing, China (39°51′0.42″N, 116°31′38.83″E) using an enrichment culture technique. Specifically, a 10 g soil sample was placed in a 250 mL flask with 90 mL of sterile water and glass beads, followed by incubation at 37 °C with shaking at 180 rpm for 3 hours. Subsequently, a 5 mL aliquot of the supernatant was transferred to 45 mL of MSM that had been supplemented with PHE and PYR (25 mg L-1 of each). These enrichment cultures were incubated for 7 days. A subculturing procedure was repeated four times, each time with progressively higher concentrations of PHE and PYR, increasing to 50, 75, 100, and finally 125 mg L-1. For the isolation of individual strains, the final enrichment culture was serially diluted ranging from 10-3 to 10-6.  A 100 µL acetone solution of PHE and PYR at 200 mg L-1 was added to MSM solid medium. After acetone evaporation, 100 µL of each bacterial suspension, serially diluted from 10-3 to 10-6, was spread onto MSM solid medium. The plates were incubated for 3 days at 37 °C. The strain was streaked for isolation based on colony morphology to obtain pure cultures. The 16S RNA gene of the isolated bacteria was sequenced by Borui Biotechnology Company (Xiamen, Fujian).
2.3. Determination of PAHs and intermediate metabolites degradation efficiency
[bookmark: _Hlk211966034]The degradation of PHE (50 mg L-1), PYR (50 mg L-1), and their mixture (50 mg L-1 each) was assessed in triplicate. For the preparation of experimental flasks (250 mL), 0.5 mL of a 5 g L-1 PAHs stock solution in acetone was dispensed into each, and the solvent was subsequently allowed to evaporate completely. The degradation process was initiated by adding 45 mL of MSM and 5 mL of a strain G3 suspension (OD600 = 0.8) to each flask. At designated time points (0, 1, 3, 5, and 7 days), an equal volume of methanol (1:1 v/v) was added to each flask containing total culture broth for subsequent quantification of PHE and PYR concentrations[26, 27]. The mixture was sonicated for 30 minutes using a KQ-300DE digital ultrasonic cleaner (Kunshan Shumei Ultrasonic Instrument Co., Ltd., China), then filtered through a 0.22 µm membrane prior to HPLC analysis (Shimadzu LC-20A). Quantification was performed using an external standard method, with calibration curves established from certified reference standards of PHE and PYR, showing excellent linearity (R2 > 0.999). HPLC analysis was performed on a C18 column (SinoChrom ODS-BP, 4.6 × 250 mm, 5 μm; Elite, Dalian, China) at 30 °C. A mobile phase of 90% methanol in water was used at a flow rate of 1.0 mL min-1. The injection volume was 20 µL, and the analytes were detected at 254 nm.
The degradation of phthalic acid and benzoic acid was determined using a procedure analogous to that described for PAHs, with minor adjustments. Initial concentrations of phthalic acid and benzoic acid were set at 10 mg L-1. Samples were collected at the designated time points and processed under identical extraction and filtration procedures as for PAHs. HPLC analysis was performed using the same C18 column at 30 °C. The solvent flow rate was 1 mL min-1, and the mobile phase consisted of solvent A (0.1% formic acid in acetonitrile) and solvent B (0.1% formic acid in purified water). The gradient program was as follows: solvent A was initially 10%, increased linearly to 34% at 12 min, then to 60% at 30 min, and to 74% at 35 min, before returning to 10% at 40 min; the sum of solvents A and B was maintained at 100% throughout, according to the method described by Sun et al. [19].
2.4. Metabolite extraction and identification
Strain G3 suspensions (10%, v v-1) were inoculated into 250 mL Erlenmeyer flasks containing 50 mL of MSM supplemented with either PHE (50 mg L-1), PYR (50 mg L-1), or a mixture of both (50 mg L-1 each). All cultures, along with abiotic controls prepared using sterile MSM instead of bacterial inoculum, were incubated in the dark at 37 °C with shaking at 180 rpm. All treatments were prepared in triplicate, and samples were collected after 12 hours and 4 days of incubation.
Following incubation, the entire culture was centrifuged (8000 × g, 4 °C, 5 min). The supernatant was first extracted twice with equal volumes of ethyl acetate under neutral conditions. The resulting aqueous phase was then acidified to pH 2.3 with 6 M HCl and subjected to a second round of extraction, again performed twice with equal volumes of ethyl acetate. The combined ethyl acetate extracts from both steps were dehydrated over anhydrous Na2SO4. The solvent was concentrated to 1-2 mL using a rotary evaporator and then completely evaporated under a gentle stream of nitrogen gas. The dry residue was reconstituted in 500 µL of n-hexane and filtered through a 0.22-µm membrane for subsequent analysis.
The derivatization and qualitative identification of metabolites, as well as the GC-MS column temperature program, were conducted following the procedures described by Sun et al. [19].   
2.5. Genome analysis
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Genome sequencing and assembly were carried out at Shanghai Majorbio Bio-Pharm Technology Co., and gene annotation was performed using the NCBI nonredundant database, COG, and KEGG databases. GenBank files of different PAH-degrading mode strains were used as reference genomes, and the predicted PAH degradation genes in G3 were obtained after annotation. Strain G3-containing microbiomes in the NCBI SRA database were identified via MAPseq v1.2.6 (https://microbeatlas.org/) using a 99% sequence similarity cutoff by comparison with the full-length 16S rRNA gene [28]. This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession JBYFBI000000000. The version described in this paper is version JBYFBI010000000.
2.6. Elucidation of the Antagonistic Mechanism
2.6.1. RT-qPCR analysis of key degradation genes
During PYR and PHE degradation, the cells were collected aseptically at 0, 1, 3, 5 and 7 days. RNA extraction was performed with the SteadyPure Quick RNA Extraction Kit (AG21023-S AG). The concentration and purity of the extracted RNA were subsequently verified using a NanoDrop 1000 spectrophotometer (NanoDrop Tech., Wilmington, DE, USA). cDNA synthesis was carried out with TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (TRAN). Primers for PYR and PHE degradation genes (0960, 1125, 3468) and the housekeeping gene 16S rRNA were designed using Primer Premier 6.0 (Table S2).
A LightCycler 480II Real-Time PCR System was used for RT-qPCR analysis. The PCR program consisted of an initial denaturation at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s and annealing/extension at 60 °C for 30 s. A melt-curve analysis was subsequently performed to verify amplification specificity and exclude nonspecific products. For each reaction, Ct values were converted to log2-fold changes using the 2-ΔΔCT method.
2.6.2. Quantification of key metabolites
For the quantification of key metabolites (phthalic acid, catechol, and 1-hydroxy-2-naphthoic acid), experiments were conducted in 250 mL flasks containing 50 mL of MSM supplemented with either individual PAH (50 mg L-1 PHE or PYR) or their mixture (50 mg L-1 each).  The degradation process was initiated by adding 45 mL of MSM and 5 mL of a strain G3 suspension (OD600 = 0.8) to each flask. At designated time points (0, 1, 3, 5, and 7 days), samples were collected and treated with formic acid to adjust the pH to 2.3, an equal volume of methanol (1:1 v/v) was added to each flask containing total culture broth to extract total residual key metabolites. The mixture was sonicated for 30 minutes, then filtered through a 0.22 µm membrane prior to HPLC analysis, following the same procedures described in Section 2.3 for phthalic acid and benzoic acid.
2.6.3. Catechol dioxygenase activity assay
The activities of catechol 1,2-dioxygenase (C12O) and catechol 2,3-dioxygenase (C23O) were determined under the same degradation conditions as described in Section 2.3. Five milliliters of cell culture was harvested by centrifugation (4,000 × g, 5 min). The resulting cell pellet was washed once with MSM and then lysed by sonication (200 W, 80 cycles of 3 s pulses with 2 s intervals) in an ice bath using a SCIENTZ JY92-II ultrasonic cell disruptor (Ningbo Scientz Biotechnology Co., Ltd.). After removing cell debris by centrifugation (13,000 × g, 20 min), the supernatant (cell lysate) was collected. The reaction mixture (3.0 mL total) contained 2.0 mL of 100 mM phosphate buffer, pH 7.0, 0.6 mL 1 mM catechol, 0.2 mL deionized water, and 0.2 mL lysate supernatant, and the reaction was conducted at 22 °C. C12O and C23O activities were quantified according to Li et al. [29] and Kojima et al. [30], respectively, by monitoring the formation of the corresponding ring-cleavage products spectrophotometrically. C12O activity was assayed by measuring the formation of cis,cis-muconic acid at 260 nm, using a molar extinction coefficient difference of 16,000 M-1 cm-1. C23O activity was quantified by monitoring the formation of 2-hydroxymuconic semialdehyde at 375 nm, using a molar extinction coefficient of 12,000 M-1 cm-1. One unit of enzyme activity (U) was defined as the amount of enzyme required to convert 1 µmol of catechol per minute under the specified assay conditions (22 °C, pH 7.0).
2.6.4. Exogenous supplementation experiments
To probe the metabolic crosstalk between the benzoate and catechol degradation pathways, parallel degradation experiments of mixed PAHs were conducted with the exogenous addition of either benzoic acid (1 mg L-1) or 18 µM catechol (1.98 mg L-1). The setup of these flasks was identical to that described in Section 2.4, with the supplements being added simultaneously with the bacterial inoculation. The impact of these additions on degradation efficiency, metabolite profiles, and C23O activity was assessed.
2.6.5. Isotopic Tracing Experiment
To track the metabolic fate of individual PAHs and identify potential pathway crosstalk, degradation experiments were conducted using a combination of deuterated phenanthrene (PHE-d10) and unlabeled PYR as co-substrates. The experimental setup, including culture preparation and inoculation with strain G3 (OD600 = 0.8), followed the procedure detailed in Section 2.4.
Samples were collected after specified incubation periods. The residual PAHs were extracted and quantified via HPLC as described in Section 2.4. For the analysis of intermediate metabolites, the extraction protocol from Section 2.5 was employed with a key modification: following the complete removal of solvent, the dry residue was reconstituted in 500 µL of methanol instead of n-hexane, optimized for subsequent LC-MS analysis. 
The LC-MS/MS analysis was performed on an AB Sciex 3200 QTRAP triple quadrupole mass spectrometer (ABI, USA) coupled with a Shimadzu LC system (LC-30AD binary pump, SIL-30AC autosampler, and CTO-20AC column oven). Chromatographic separation was achieved on a Kinetex® C18, 2.6 µm, 100 × 2.1 mm, 100 Å column maintained at 40 °C. The mobile phase consisted of water containing 0.1% formic acid (A) and methanol (B) at a flow rate of 0.3 mL/min. The gradient program was: 0–0.1 min, 30% B; 0.1–7.00 min, linear increase from 30% to 100% B; 7.00–11.00 min, hold at 100% B; 11.00–12.00 min, linear decrease from 100% to 30% B; 12.00–15.00 min, hold at 30% B for column re-equilibration. The injection volume was 5 µL. 
Mass spectrometry was performed using electrospray ionization (Turbo Spray) in negative ion mode with multiple reaction monitoring (MRM). The optimized ion source parameters were: curtain gas 20 psi, collision gas (CAD) medium, ion spray voltage -4500 V, temperature 500 °C, nebulizer gas (GS1) 50 psi, and heater gas (GS2) 50 psi. The MRM transitions were from m/z 121.0 to m/z 77.0 for benzoate (collision energy -12 V, declustering potential -30 V), and from m/z 125.0 to m/z 81.0 for benzoate-D4 (collision energy -12 V, declustering potential -30 V). Data acquisition and processing were performed using Analyst software.
2.7. Statistical Analysis 
All experiments were performed in triplicate (n = 3), and the results are presented as mean ± standard deviation. Statistical analyses were conducted using SPSS 26.0. Differences in degradation efficiency, metabolite concentrations, and enzyme activities among treatments were evaluated using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. For pairwise comparisons between single-PAH and mixed-PAHs treatments at the same time points, independent-samples t-tests were applied. A significance threshold of P < 0.05 was used for all analyses.

3. Results and discussion
[bookmark: _Hlk197694786]3.1 Degradation characteristics of mixed PAHs by strain G3
Strain G3, isolated from PAH-contaminated soil, was identified as Pseudoxanthomonas sp. based on 16S rRNA phylogenetic analysis (Fig. S1). It exhibited broad-spectrum degradation capabilities for PAHs, including naphthalene, fluorene, phenanthrene, pyrene, and fluoranthene, and potential adaptation to diverse environmental conditions, highlighting its considerable potential for bioremediation applications (Fig. S2-S4 and Table S1).
[bookmark: _Hlk197694815][bookmark: OLE_LINK15]Strain G3 exhibited antagonistic interactions during the degradation of mixed PAHs, using PHE and PYR as representative substrates. In single-substrate cultures, the degradation of PHE reached almost 40% within 1 day and was almost completely removed by day 5. Meanwhile, the degradation of PYR reached almost 80 % by day 7 (Fig. 1A and B). In binary mixtures, the addition of PHE significantly inhibited PYR degradation, reducing it to almost 60 % by day 7, whereas PYR had minimal impact on PHE degradation (Fig. 1C). Despite the reduced PYR degradation, strain G3 maintained moderate to high degradation efficiency compared with previously reported strains [31–34]. In parallel, OD600 monitoring showed a slight increase during incubation, indicating that strain G3 could sustain growth when PAHs were supplied as the sole carbon sources (Fig. 1D). Therefore, the reduced PYR degradation in the presence of PHE is more likely attributable to metabolic interference.


[image: ]
Fig. 1. Degradation of (A) PHE (50 mg L-1), (B) PYR (50 mg L-1), and (C) mixed PAHs (PHE and PYR, each at 50 mg L-1) by Pseudoxanthomonas sp. G3. CK represents the abiotic control (PAHs without inoculation). (D) Growth curves of G3 on Growth curves of G3 on single PHE, single PYR and mixed PAHs.
3.2 Identification of PHE and PYR biodegradation metabolites
[bookmark: _Hlk197694839]To examine whether the observed substrate-dependent inhibition was associated with metabolic interference between PHE and PYR, we analyzed their degradation intermediates and reconstructed the corresponding degradation pathways.
3.2.1 Identification of PHE biodegradation metabolites
The intermediates of PHE degradation identified by GC-MS (Fig. 2A and B and Table 1) were: 1-hydroxy-2-naphthoic acid (1H2N), phthalic acid, salicylic acid, and catechol.
[bookmark: OLE_LINK16]Previous studies have shown that PHE biodegradation typically proceeds via dioxygenation at the C-1,2 and C-3,4 positions [35, 36]. Meta-cleavage of the diols generated from C-1,2 and C-3,4 dioxygenation of PHE produces 2-hydroxy-1-naphthoic acid and 1-hydroxy-2-naphthoic acid, respectively [37–40]. Notably, GC-MS detected 1H2N but not 2-hydroxy-1-naphthoic acid, suggesting that PHE degradation in strain G3 is predominantly initiated via the C-3,4 dioxygenation pathway. Subsequently, 1H2N may be metabolized via two distinct pathways: the phthalate pathway (with phthalic acid and protocatechuic acid as intermediates) and the catechol degradation pathway (with salicylic acid and catechol as intermediates) [41]. Thus, the presence of salicylic acid, catechol, and phthalic acid suggests that strain G3 metabolizes PHE via both pathways, while some Pseudoxanthomonas strains have been reported to degrade PHE via the phthalate pathway [42, 43].
3.2.2 Identification of PYR biodegradation metabolites
Seven metabolites were identified during PYR degradation (Fig. 2C and D, Table 1). Analysis of PYR degradation metabolites indicated that, in addition to catechol and phthalate, strain G3 may also degrade PYR via benzoate. The detection of 1H2N, salicylic acid, and phthalic acid indicated similarity in the downstream metabolic pathways of PHE and PYR. Unlike PHE degradation, PYR degradation produced benzoic acid and 3-hydroxybenzoic acid. Previous studies have shown that certain fungi degrade phenanthrene-4-carboxylic acid to benzoic acid, with 3-hydroxybenzoic acid as a subsequent metabolite [44]. However, this specific degradation pathway has not been reported in bacteria during PYR degradation [45]. To elucidate the formation pathway of benzoic acid, metabolites were further analyzed by solid-phase extraction, identifying phenanthrene-4-carboxylic acid (Fig. S5). Collectively, these findings indicate that strain G3 degrades PYR via phenanthrene-4-carboxylic acid conversion to benzoic acid, confirming the involvement of the benzoate degradation pathway. 
Under mixed-PAH conditions, all intermediates detected during the degradation of PHE and PYR as single substrates were also observed, with no novel metabolites identified, indicating that no additional degradation pathways were activated. The analysis via GC-MS did not fully clarify the downstream metabolites of the aforementioned intermediates. This limitation might be due to the rapid turnover of enzymatic reactions, preventing the sufficient accumulation of intermediates to levels detectable by GC-MS. In addition, GC-MS is not optimal for analyzing highly polar or thermally labile compounds [46]. These constraints suggest that the degradation pathway in strain G3 may not be fully characterized. Therefore, integration of genomic information will be necessary to fully elucidate the degradation pathways of PHE and PYR.

Table 1 GC retention times (RTs) and mass spectral data of phenanthrene and pyrene metabolites detected.
	
	RT (min)
	m/z of fragment ions 
(% relative intensity)
	Identified metabolite

	PHE
	12.00
	73 (100), 239 (20), 74 (15), 136 (9), 75 (8), 254 (62), 255 (16), 151 (12), 166 (8), 256 (6)
	Catechol (diTMS)

	
	12.16
	195 (100), 92 (44), 138 (27), 75 (19), 224 (16), 120 (72), 177 (28), 121 (23), 209 (17), 135 (16)
	Salicylic acid (TMS)

	
	16.07
	163 (100), 77 (28), 50 (22), 164 (15), 133 (10), 76 (10), 92 (10), 194 (7), 104 (5), 135 (5)
	Phthalic acid (diTMS)

	
	22.66
	57 (100), 171 (86), 71 (65), 186 (54), 85 (52), 115 (43), 55 (36), 69 (24), 99 (21), 83 (20)
	1-Hydroxy-2-naphthoic acid

	PYR
	9.91
	179 (100), 77 (50), 180 (14), 51 (11), 73 (10), 105 (68), 135 (49), 57 (12), 136 (10), 55 (9)
	Benzoic acid (TMS)

	
	11.82
	73 (100), 254 (29), 92 (13), 75 (11), 239 (9), 176 (65), 120 (17), 177 (11), 74 (9), 138 (8)
	Catechol (diTMS)

	
	12.15
	195 (100), 92 (39), 121 (22), 138 (19), 224 (17), 120 (58), 177 (28), 75 (21), 209 (18), 196 (15)
	Salicylic acid (diTMS)

	
	15.92
	169 (100), 73 (71), 191 (38), 55 (34), 69 (28), 75 (81), 141 (40), 265 (36), 77 (29), 280 (26)
	3-Hydroxybenzoic acid (diTMS)

	
	16.08
	163 (100), 77 (22), 76 (13), 92 (11), 50 (11), 164 (10), 133 (7), 194 (6), 104 (6), 135 (6)
	Phthalic acid (diTMS)

	
	22.66
	57 (100), 171 (80), 71 (60), 186 (51), 85 (44), 115 (41), 55 (28), 69 (24), 83 (22),99 (12)
	1-Hydroxy-2-naphthoic acid

	
	32.25
	89 (100), 57 (35), 205 (33), 75 (27), 71 (25), 177 (22), 176 (21), 294 (20), 85 (17), 279 (15)
	Phenanthrene-4-carboxylic acid (TMS)



[image: ]
Fig. 2. GC-MS chromatograms of metabolites of strain G3 after degradation of PHE for 12 h and 4 d (A and B) and degradation of PYR for 12 h and 4 d (C and D).

3.3 Genome analysis and construction of PAH degradation pathways
The complete genome of strain G3 comprises a 4.05 Mb circular chromosome with a GC content of 67.02% (Fig. 3A). COG functional classification of the G3 genome was predicted (Fig. S6). Further functional annotation identified 28 putative genes potentially involved in PAH degradation (Table S3). Notably, several degradation genes in G3 exhibited relatively low sequence homology to their counterparts in other known PAH-degrading bacteria [47–49]. Phylogenetic analysis indicated that these genes formed distinct evolutionary clades characterized by traits specific to Pseudoxanthomonas (Table S3, Fig. S7). Furthermore, the putative degradation genes in strain G3 exhibited a complex organization, with related genes distributed across multiple clusters. These findings suggest that Pseudoxanthomonas may employ a flexible genetic architecture for rapid adaptation to environmental pollutants [50]. 
[bookmark: OLE_LINK14]Three putative dioxygenase genes involved in PHE and PYR degradation were identified in strain G3: a ring-hydroxylating dioxygenase (RHD, encoded by gene 3468), an extradiol ring-cleavage dioxygenase (exRCD, encoded by gene 1125), and a catechol-2,3-dioxygenase (C23O, encoded by gene 0960). RHD catalyzes the initial oxidation of PAHs to form cis-dihydrodiol, a step often considered rate-limiting for aerobic PAH biodegradation [51–53]. exRCD catalyzes dioxygenation of substrates, resulting in the cleavage of aromatic rings [54]. C23O catalyzes the extradiol cleavage of catechol to produce 2-hydroxymuconic semialdehyde (HMS) [55–57]. HMS is further metabolized via the dehydrogenation pathway mediated by 2-hydroxymuconic semialdehyde dehydrogenase. Four genes (0554, 0586, 0960, and 1800) are associated with this pathway, indicating that the catechol degradation pathway likely functions as a downstream pathway for PHE and PYR degradation. 
Genome analysis identified genes associated with the catechol degradation pathway, but no typical functional genes involved in the downstream metabolism of phthalic acid or benzoic acid were immediately apparent in the annotation, suggesting that strain G3 might not metabolize phthalate or benzoate. To evaluate the functionality of these degradation pathways, substrate utilization assays were conducted with strain G3 (Fig. 3B). Degradation experiments further confirmed that strain G3 does not metabolize phthalic acid, indicating that it represents a terminal metabolite. In contrast, benzoic acid was effectively metabolized, suggesting that a functional benzoate degradation pathway exists for PYR degradation. However, no functional gene information for the reaction of benzoic acid generating 3-hydroxybenzoic acid was searched from the KEGG database, and the G3 genome also failed to annotate the related genes for subsequent metabolism. This indicated the involvement of novel or atypical enzymes in benzoate degradation by strain G3. Based on the integrated genomic and metabolic evidence, the degradation pathways of PHE and PYR were proposed (Fig. 3C). 
To the best of our knowledge, our research provides the first experimental evidence suggesting that PYR can be degraded through the benzoate in bacteria, expanding the known metabolic pathways for PAH degradation. While the conventional phthalate pathway often experiences bottlenecks due to incomplete downstream metabolism leading to intermediate accumulation [19], the benzoate degradation pathway offers an effective alternative route that sustains substrate consumption and energy generation [58, 59].

[image: ] 
Fig. 3. (A) Circular maps of the chromosomal DNA of Pseudoxanthomonas sp. G3. (B) Substrate utilization of phthalate and benzoate by strain G3. (C) Proposed PHE and PYR degradation pathways in Pseudoxanthomonas sp. G3 based on metabolites and whole-genome analysis. Blue metabolites, detected by GC-MS; black metabolites, speculated metabolites; Blue gene numbers represent the function genes with clear annotations; Grey gene numbers represent the predicted potential function genes; solid arrow, one-step reaction; dotted arrow, multi-step reaction.

[bookmark: _Hlk156549718]3.4 Antagonistic mechanism of PHE on PYR degradation in a mixed-PAH system
3.4.1 Transcriptional repression of downstream genes contributes to limited degradation 
Based on the analysis of the PHE and PYR degradation pathways, we further explored the mechanism underlying the limited degradation of PYR under the mixed-PAH stress. Transcriptional analysis of key degradation genes under mixed-PAH stress indicated that the initial oxidation step was not the rate-limiting factor for PYR degradation. Specifically, gene 3468 (RHD) was highly expressed across all conditions: showing 28-fold and 58-fold upregulation under single PHE and PYR conditions, respectively, and maintaining elevated expression levels from day 3 to day 7 in the mixed-substrate system (Fig. 4A). In contrast, transcriptional analysis of genes encoding downstream dioxygenases revealed consistently lower expression under mixed-PAH conditions (Fig. 4B and C). When supplied individually, PHE or PYR markedly induced transcription of gene 0960 (C23O) and gene 1125 (exRCD) within the first day. However, under mixed-PAH exposure, their transcription remained lower than in single-PAH treatments and failed to sustain high expression over time. Specifically, gene 0960 showed relative expression levels of 0.84 and 0.25 on days 1 and 3, while gene 1125 exhibited levels of 0.16 and 0.18, respectively. Notably, the reduced transcription of gene 0960 suggests downregulation of the catechol degradation pathway, likely contributing to diminished PYR degradation. 
This inhibition of downstream gene expression under mixed-PAH conditions has also been reported in other strains. For instance, in Mycobacterium sp. JS19b1, the transcription levels of several PAH degradation genes (such as phdF, phdI, and phtAa) decreased in the presence of both PHE and PYR, reducing degradation efficiency [58]. Similarly, Mycobacterium crocinum czh-3 degraded 100% and 75% of PHE and PYR individually, but only 20% and 5% in the mixture, correlating with downregulation of key degradation genes [8]. 
3.4.2 Catechol degradation constitutes a metabolic bottleneck
Metabolite analysis further confirmed that catechol degradation constitutes a metabolic bottleneck. In the mixed-PAH system, the concentrations of 1H2N on days 1 and 5 were significantly higher than those in the single-substrate system (Fig. 4D–F). In contrast to previous reports suggesting that PYR reduces 1H2N levels by inhibiting the conversion of PHE to 1H2N [25], our study indicates that the conversion of PYR to 1H2N is not the rate-limiting step. Instead, the restriction stems from the interference of 1H2N downstream metabolism by PHE.
Although 1H2N can be metabolized via phthalate and catechol, phthalate was confirmed to be a dead-end degradation product; its intermediate, phthalic acid, remained at consistently low levels (3.36–9.91 µg) with no significant changes between days 1 and 3. Therefore, the accumulation of 1H2N strongly implies a functional limitation in the catechol degradation. Supporting this inference, catechol concentrations in the mixed system (1.28 µg on day 1 and 2.78 µg on day 3) were significantly lower than those in the single PHE treatment (4.32 µg and 3.64 µg, respectively). Combined with the downregulation of key genes in the catechol degradation pathway, these findings indicate that the catechol branch of the PAH degradation pathway is significantly constrained in the early stages of degradation. Furthermore, the accumulation of 1H2N suggests that its conversion to catechol is also subject to a certain limitation. However, the decrease in the concentration of 1H2N and the gradually increasing content of catechol implies that this conversion process is still ongoing.
It is worth noting that the accumulation levels of 1H2N and catechol in this study did not reach the thresholds previously reported to trigger feedback inhibition. For instance, Patel et al. demonstrated that excessive metabolite accumulation (>0.1% w/v) feedback-inhibits key enzymes [60], while Suresh et al. found that increasing salicylic acid concentration from 31 mM to 310 mM significantly enhanced the inhibition of benzo[a]pyrene degradation [61]. Conversely, the consistently low catechol concentration (1.28 µg on day 1 and 2.78 µg on day 3 in mixed-PAH treatment) likely restricted the activity of downstream enzymes, such as C23O. This hypothesis was validated by exogenous catechol addition experiments, where catechol supplementation significantly enhanced C23O activity (Fig. 4G). This observation aligns with prior studies indicating that high concentrations of phenolic compounds can induce C23O activity and promote PAH degradation [62–65]. In the mixed-PAH system, both catechol concentrations and the corresponding C23O activities (0.0286 U L-1 on day 1 and 0.0438 U L-1 on day 3) were consistently lower than those in single PHE treatment (0.1253 U L-1 and 0.1113 U L-1). This further confirms that insufficient catechol accumulation hinders the induction of C23O, thereby restricting PYR degradation.
In addition, catechol 1,2-dioxygenase (C12O) activity was undetectable in all treatments, and genomic analysis revealed no homologs of catA in strain G3, indicating that catechol is exclusively metabolized via the C23O-mediated meta-cleavage pathway. This rules out the possibility that the low C23O activity was compensated by an ortho-cleavage route.
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Fig. 4. The transcriptional levels of the putative PAH-degrading genes (A) RHD, (B) C23O and (C) exRCD in strain G3 were detected by RT‒qPCR under PHE, PYR or mixed-PAH stress. The quantified metabolites (D) 1H2N, (E) phthalic acid and (F) catechol in mineral media during the degradation of PHE, PYR and mixed PAHs. (G) C23O activity in PHE, PYR, mixed PAHs, mixed PAHs with 18 µM catechol and mixed PAHs with 1 mg L-1 benzoic acid. *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as the mean ± SD of three independent experiments (n = 3).

3.4.3 PHE inhibits PYR degradation by occupying the benzoate degradation pathway 
Although the catechol degradation pathway was restricted, strain G3 still maintained high degradation activity, suggesting that the benzoate degradation pathway might have served as the primary downstream metabolic route. To further assess the role of the benzoate degradation pathway in PYR degradation, exogenous benzoic acid addition experiments were conducted. Results demonstrated that the addition of benzoic acid significantly increased the concentration of 1H2N in the mixed system, while simultaneously decreasing catechol levels, and inhibiting C23O activity (Fig. 5A and B). This indicates that the benzoate degradation pathway exerted an antagonistic effect on the catechol degradation pathway, thereby impeding the further metabolism of 1H2N. The rapid changes in enzyme activity suggest direct inhibition of C23O and other key enzymes by benzoic acid or its metabolites [66], although the cofactor competition cannot be entirely excluded [67].
Notably, the negligible effect of low benzoic acid concentrations on the PHE degradation rate (Fig. S8), despite the inhibition of the catechol degradation pathway, suggests that PHE degradation may be partially channeled through the benzoate degradation pathway. Combined with the observations that strain G3 degrades PHE faster than PYR, and that PYR exerts negligible inhibitory effect on PHE degradation in the mixed system, it can be inferred that PHE is the preferred substrate of strain G3. Consequently, PHE likely occupies the benzoate degradation pathway, thereby competing with PYR for metabolic flux. 
Stable isotope labeling experiments provided direct evidence supporting this hypothesis. When deuterium-labeled PHE (PHE-d10) and PYR were used as carbon sources, deuterated benzoic acid (benzoic acid-d4) was detected (Fig. 5C and Fig. S9). To clarify whether the activation mechanism of benzoate degradation pathway stems from the enzyme-substrate interactions or is induced by metabolic intermediates[68], we investigated potential precursors. When 1H2N was utilized as the sole carbon source, no benzoic acid was detected, indicating that 1H2N is not a direct precursor of the benzoate degradation pathway. Furthermore, GC-MS analysis confirmed that phenanthrene-4-carboxylic acid is a characteristic metabolic product of PYR, rather than originating from PHE [19], and may be converted into benzoic acid as previously reported in fungal systems [44]. These results suggest that the benzoate degradation pathway in mixed-PAH cultures is likely induced by upstream metabolites of PYR, and the evidence supporting direct enzyme-substrate interactions remains limited.
Collectively, these findings lead us to propose a metabolic crosstalk model (Fig. 6): PHE preferentially utilizes the benzoate degradation pathway induced by PYR, occupying its metabolic flux. Simultaneously, benzoate or its downstream transformation interferes with catechol degradation, further suppressing PYR degradation. This model reveals a novel mechanism underlying PHE inhibition of PYR degradation that is distinct from conventional understanding [60, 69–71], advances understanding of inhibitory interactions from the level of substrates, enzymes, or gene expression to metabolic pathway resource competition. Unlike the traditional “substrate competition” where two or more substrates compete for the active site of the same enzyme, this “pathway occupation” is more complex. It involves selective channeling of substrate and its metabolites into pathways, cross-activation or inhibition of pathway induction. Interestingly, some studies have also reported the phenomenon of “PYR inhibits PHE”, which might be caused  by metabolic flux redirection or the generation of atypical intermediates resulting from broad enzyme substrate specificity [25, 58]. These contrasts indicate that different strains may employ fundamentally distinct metabolic strategies, underscoring the critical importance of elucidating metabolic strategies at the pathway level.
For the metabolic bottleneck issues identified in this study, targeted bio-strategies can be adopted in the actual environment. For instance, the G3 strain can be co-cultured with a phthalate-degrading bacterium to reduce the accumulation of end products and promote the complete mineralization of intermediates. The G3 strain can also be co-cultured with a benzoate-degrading bacterium to accelerate the metabolism of benzoic acid and alleviate the inhibition of the catechol degradation pathway. And bacteria capable of secreting catechol can be introduced to activate the catechol degradation pathway. Moreover, while this study offers a novel perspective on metabolic interference among PAHs, several limitations should be acknowledged. First, whether the restricted conversion of 1H2N to catechol is directly inhibited at the enzymatic level or regulated via gene expression. Second, as the interactions were investigated in a single-strain system, the applicability of these findings in complex environments containing multiple species or mixtures of pollutants remains uncertain. Future studies integrating stable isotope labeling, metabolic flux analysis, and targeted genetic modifications will help deepen mechanistic insights and assess the broader applicability.
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Fig. 5. (A) 1-hydroxy-2-naphthoic acid and (B) catechol in mineral media during the degradation of PHE, PYR and mixed PAHs with 1 mg L-1 benzoic acid (BA). (C) MRM chromatograms of benzoic acid and benzoic acid-d4. **P < 0.01, ***P < 0.001. Data are shown as the mean ± SD of three independent experiments (n = 3).
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Fig. 6. Metabolic mode of strain G3 in phenanthrene, pyrene and mixed PAHs.

4. Conclusion
[bookmark: _Hlk197695006]In this study, Pseudoxanthomonas sp. G3 was isolated from PAH-contaminated soil. It demonstrated robust biodegradation of PHE and PYR, with PHE nearly completely degraded within 5 days and PYR reaching 84.2% degradation by day 7. An antagonistic interaction was observed during mixed PAH degradation. PYR did not affect PHE degradation, whereas PHE significantly inhibited PYR degradation, reducing its degradation efficiency to 64.8% by day 7. Integration of metabolic intermediates analysis, genomic information, and degradation experiments revealed that PHE degradation involved the catechol degradation pathway and the phthalate (terminal product) pathway, while PYR degradation not only involved the above two pathways but also specifically induced the benzoate degradation pathway. Despite partial pathway overlap, mixed PAH degradation did not produce a synergistic effect; instead, it caused metabolic crosstalk. PHE preferentially occupied the benzoate degradation pathway induced by PYR, while benzoic acid inhibited catechol accumulation, thereby limiting the C23O activity and weakening the catechol degradation pathway. These findings reveal how competition at the pathway level affects the degradation efficiency of the mixed PAH system and highlight the necessity of eliminating metabolic crosstalk. To address metabolic crosstalk, in the future, it can be eliminated by constructing microbial consortia and through targeted gene modification, to achieve the simultaneous and efficient removal of multiple PAHs in complex contaminated environments.
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