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Phosphate release from particulate organic matter (POM) dominates phosphorus (P) cycling in aquatic ecosystems. However, the mechanisms underlying P release from POM remain poorly understood because of complex fractionation and analytical challenges. In this study, the release of dissolved inorganic phosphate (DIP) during POM photodegradation was assessed using excitation-emission matrix (EEM) fluorescence spectroscopy and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). POM in suspension was significantly photodegraded under light irradiation, concomitantly with the production and release of DIP in the aqueous solution. Chemical sequential extraction revealed that organic phosphorus (OP) in POM participated in photochemical reactions. Moreover, FT-ICR MS analysis revealed that the average molecular weight of P-containing formulas decreased from 374.2 to 340.1 Da. Formulas containing P with a lower oxidation degree and unsaturation were preferentially photodegraded, generating oxygen-enriched and saturated formula compounds, such as protein-and carbohydrate-like P-containing formulas, benefiting further utilization of P by organisms. Reactive oxygen species played an important role in the photodegradation of POM, and excited triplet state chromophoric dissolved organic matter ( 3 CDOM * ) was mainly responsible for POM photodegradation. These results provide new insights into the P biogeochemical cycle and POM photodegradation in aquatic ecosystems.

Introduction

Frequent water blooms caused by eutrophication pose a major threat to ecological health and drinking water safety [START_REF] Hou | Global mapping reveals increase in lacustrine algal blooms over the past decade[END_REF]Zhang et al., 2022b). Phosphorus (P) is the key element involved in eutrophication and algal blooms [START_REF] Conley | Controlling eutrophication: Nitrogen and phosphorus[END_REF][START_REF] Schindler | Reducing phosphorus to curb lake eutrophication is a success[END_REF]. After the efficient control of exogenous P input, the rapid transformation of endogenous P has become an important source of P compensation [START_REF] Xu | Release of phosphorus from sediments under wave-induced liquefaction[END_REF]. The transport and transformation of particulate organic matter (POM), a carrier of endogenous P, can greatly impact the amount of bioavailable P in water [START_REF] Joshi | Organic matter remineralization predominates phosphorus cycling in the mid-Bay sediments in the Chesapeake Bay[END_REF]Li et al., 2017a). Accelerated eutrophication of water bodies accumulates a large amount of POM, and the decomposition of POM through mineralization or abiotic processes can release a large amount of dissolved nutrients, compensating for the P demand during phytoplankton growth.

Traditionally, research has been focused on the biomineralization process of POM, in which microorganisms play an important role (Zhang et al., 2022a). Recent studies have revealed that photochemical transformation is also important for the fate of POM [START_REF] Harfmann | Composition and lability of photochemically released dissolved organic matter from resuspended estuarine sediments[END_REF][START_REF] Helms | Photochemical dissolution of organic matter from resuspended sediments: Impact of source and diagenetic state on photorelease[END_REF][START_REF] Lee | Dynamic exchange between particulate and dissolved matter following sequential resuspension of particles from an urban watershed under photo-irradiation[END_REF][START_REF] Liu | Solar radiation-enhanced dissolution (photodissolution) of particulate organic matter in Texas estuaries[END_REF]. The photochemical transformation of POM caused by solar radiation can change its chemical composition and molecular size and ultimately affect the biogeochemical processes of carbon (C), nitrogen (N), and P [START_REF] Hu | Photogeochemistry of particulate organic matter in aquatic systems: A review[END_REF][START_REF] Lee | Photochemical and microbial transformation of particulate organic matter depending on its source and size[END_REF][START_REF] Mayer | Photodissolution of particulate organic matter from sediments[END_REF]. Previous studies have also confirmed that POM can be photodegraded and release dissolved nutrients and that this process can be affected by irradiation conditions, POM properties, reactive oxygen species (ROS), and other factors [START_REF] Hu | Mechanisms of photochemical release of dissolved organic matter and iron from resuspended sediments[END_REF][START_REF] Shank | Solar radiation enhanced dissolution of particulate organic matter from coastal[END_REF]. Our previous research revealed that suspended particles in shallow lakes can release dissolved inorganic phosphate (DIP) under sunlight exposure [START_REF] Guo | Photo-induced phosphate release during sediment resuspension in shallow lakes: A potential positive feedback mechanism of eutrophication[END_REF][START_REF] Li | Distribution of organic phosphorus species in sediment profiles of shallow lakes and its effect on photo-release of phosphate during sediment resuspension[END_REF]. Its release mechanism involves photolysis, enzymatic hydrolysis of organic phosphorus (OP), and catalytic hydrolysis by minerals [START_REF] Baldwin | Phosphate ester hydrolysis facilitated by mineral phases[END_REF][START_REF] Klein | Abiotic phosphorus recycling from adsorbed ribonucleotides on a ferrihydrite-type mineral: Probing solution and surface species[END_REF][START_REF] Wan | Polyphosphate adsorption and hydrolysis on aluminum oxides[END_REF]. However, the extractants used in chemical sequential extraction lack specificity [START_REF] Zhu | Characterization of organic phosphorus in lake sediments by sequential fractionation and enzymatic hydrolysis[END_REF]. Moreover, the peak spectrum in 31 P-nuclear magnetic resonance ( 31 P-NMR) is easy to overlap [START_REF] Worsfold | Characterisation and quantification of organic phosphorus and organic nitrogen components in aquatic systems: A review[END_REF], resulting in insufficient understanding of the mechanism of DIP release during POM photodegradation.

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is a robust tool for analyzing complex organic matter (OM) at the molecular level, despite its complexity and heterogeneity. This ultra-high-resolution technique is powerful to determine the molecular composition of complex environmental samples [START_REF] Bahureksa | Soil organic matter characterization by Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS): A critical review of sample preparation, analysis, and data interpretation[END_REF] and has been widely used for the molecular characterization of OM in various types of environmental samples [START_REF] Kellerman | Persistence of dissolved organic matter in lakes related to its molecular characteristics[END_REF][START_REF] Mcdonough | A new conceptual framework for the transformation of groundwater dissolved organic matter[END_REF][START_REF] Singer | Biogeochemically diverse organic matter in Alpine glaciers and its downstream fate[END_REF][START_REF] Wagner | Linking the molecular signature of heteroatomic dissolved organic matter to watershed characteristics in world rivers[END_REF]. Because OP molecules in the environment are composed of ester (C-O-P) and carbon phosphorus (C-P) [START_REF] Ni | Cognizing and characterizing the organic phosphorus in lake sediments: Advances and challenges[END_REF], a few scholars have successfully used FT-ICR MS to analyze the source, composition, and transformation of OP in the environment [START_REF] Brooker | Discrete organic phosphorus signatures are evident in pollutant sources within a Lake Erie Tributary[END_REF][START_REF] Gao | Molecular insight into the variation of dissolved organic phosphorus in a wastewater treatment plant[END_REF][START_REF] Ni | Molecular insights into water-extractable organic phosphorus from lake sediment and its environmental implications[END_REF]. The use of this technology greatly helps understand the P biogeochemical cycle at the molecular level.

This study aimed to investigate DIP release resulting from POM photodegradation in water, focusing on molecular changes occurring during this process. POM photodegradation and DIP release were assessed through a simulated light experiment.

The molecular weight distribution, species, and structure of P-containing formulas in POM during photodegradation were analyzed using FT-ICR MS. In addition, ROS involved in POM photodegradation were investigated using a reactive oxygen molecular probe to obtain key results on the molecular mechanisms underlying DIP release during the photochemical transformation of POM.

Materials and Methods

Photodegradation experiments

A suspension of lake water and sediments was used to simulate the photodegradation of POM in shallow lakes. Lake water and sediment samples were collected from Lake Nanhu (Wuhan, China) on March 17, 2019. Basic information on Lake Nanhu is provided in the Supporting Information. The weather was bright, and the wind speed was 3.4-5.6 m/s in the week before sampling. The water sample was obtained from the overlying 10 cm surface of the lake. The top 10 cm sediment was collected using a Peterson grab collector. All water and sediment samples were screened for impurities and were mixed, covered with ice packs, and stored at 4 °C and -20 °C, respectively. The overlying water samples collected from each sampling site were filtered using 0.45 μm filters (Jinteng Experimental Equipment Co., Ltd, Tianjin, China) and stored at 4 °C. The basic physical and chemical parameters of the lake water and sediment samples are summarized in Table S1.

Wet sediment (4 g, moisture content: 34.63% ± 0.05%) was added to filtered lake water (1 L) in a beaker and completely resuspended by stirring at 350 rpm for 16 h. The suspension (approximately 500 mg/L suspended particles) was then allowed to settle for 20 min, and the top 20 cm was collected for conducting photodegradation experiments in a rotating photoreactor (Phchem III, Newport Corporation, Beijing, China). A schematic of the experimental setups has been provided in our previous study [START_REF] Guo | Photo-induced phosphate release during sediment resuspension in shallow lakes: A potential positive feedback mechanism of eutrophication[END_REF]. A high-pressure mercury lamp (300 W) was used to provide light, and a UV light photometer (UV254, Newport Corporation, Beijing, China) was used to measure the irradiance on the surface of the quartz tubes. The irradiation intensity was measured to be approximately 3.5 mW/cm 2 , which was close to that on the lake water surface on a midsummer day. The internal temperature of the reactor was maintained at 35 ± 2 °C by connecting it with a quartz cold trap and a ventilation device. Before light irradiation, the magnetic stirrer was turned on overnight to ensure that the particles in suspension in the photochemical reaction tubes were in a completely suspended state and weakly adsorbed P was completely released. Samples were collected at scheduled time intervals to analyze the concentration of DIP. Dark treatment was set as a control and performed under the same conditions but by wrapping in tinfoil. To clarify the contribution of POM photodegradation to DIP concentrations in water, filtered lake water samples under light and dark treatments were used as controls.

Determination of P content

The amount of DIP released from POM photodegradation was determined using the molybdenum blue colorimetric method [START_REF] Murphy | A modified single solution method for the determination of phosphate in natural waters[END_REF]. The dissolved total phosphorus (DTP) content was measured after digestion with 5% potassium persulfate. The dissolved organic phosphorus (DOP) content was calculated by subtracting DIP from DTP.

To assess the changes in P components during POM photodegradation, the P fractions before and after light irradiation were analyzed by chemical sequential extraction, as proposed by [START_REF] Rydin | Potentially mobile phosphorus in Lake Erken sediment[END_REF]. Details of the method can be found in Fig. S1.

Using this method, P was separated into six groups: NH4Cl-P (loosely adsorbed P), BD-P (P forms sensitive to low redox potential, adsorbed to iron and manganese), NaOH-rP (P exchangeable with OH -, mainly aluminium oxide), NaOH-nrP (OP), HCl-P (P forms sensitive to low pH, such as apatite), and Res-P (refractory organic P and the inert inorganic P fraction).

Pretreatment of POM and excitation-emission matrix (EEM) analysis

To evaluate the photodegradation of POM in suspension under light irradiation, the fluorescence spectrum of POM was determined. POM was extracted as described previously [START_REF] He | Molecular diversity of riverine alkaline-extractable sediment organic matter and its linkages with spectral indicators and molecular size distributions[END_REF]. In brief, the suspended particles were collected using 0.45 μm filters (Jinteng Experimental Equipment Co., Ltd, Tianjin, China) before and after light irradiation for 58 h and then freeze dried before grinding. Next, 1.0 g of freezedried suspended particles were soaked in 0.1 mol/L of NaOH solution and shaken at 180 rpm at 25 °C for 24 h. The solutions were then centrifuged at 10,000 rpm for 20 min, and the supernatants were filtered through precombusted 0.22 μm glass fiber filters (Jinteng Experimental Equipment Co., Ltd, Tianjin, China). The filtrates were collected and stored at 4 °C for no more than 2 weeks until other analyses and solid phase extraction (SPE). The concentration of total organic carbon (TOC) was measured by a TOC analyzer (Vario TOC Cube, Elementar, Germany).

The fluorescence spectroscopy of POM was obtained by scanning at an excitation wavelength of 220-450 nm (2 nm interval) and emission wavelength of 250-600 nm (1 nm interval) using the Shimadzu fluorescence spectrophotometer RF5301.

Fluorescence regional integration (FRI) and parallel factor (PARAFAC) modeling analyses of the POM extract were performed on MATLAB R2018b. EEM fluorescence spectroscopy data were calibrated using an ultrapure water blank.

SPE and FT-ICR MS analysis

SPE was performed using a previously described method [START_REF] Brooker | Discrete organic phosphorus signatures are evident in pollutant sources within a Lake Erie Tributary[END_REF].

In brief, 500 mg Bond Elut PAX cartridges (Agilent Technologies, 12257506) were used to extract POM formulas and P-containing formulas from all samples. The cartridges were first washed with 20 mL LC-MS-grade methanol (Fisher, USA) and then washed with 20 mL of ultrapure water. While still wet, the filtrates, which were adjusted to pH ~10 using NH4OH and HCOOH, were gravity filtered through conditioned PAX cartridges to collect and concentrate OM with molecular weight < 1000 Da. The cartridges were rinsed with 20 mL of 1% NH4OH for the complete removal of Cl -and other ions to minimize the interference of Cl on the formula assignment of P-containing formulas. Next, the cartridges were dried with ultrapure N2 gas. The samples were eluted from the cartridges using 10 mL of LC-MS-grade methanol, followed by 10 mL of methanol with 5% formic acid. The elutes were combined into amber glassware and dried with N2 gas. After redissolving the elutes using LC-MS-grade methanol, a 9.4 T Bruker Apex Ultra FT-ICR MS instrument equipped with an Apollo II electrospray ion source was used for FT-ICR MS analysis in the negative-ion mode. Detailed information on the operating parameters and data processing is provided in the Supporting Information. In brief, a 1 mL aliquot of leachates was dried with N2 gas and diluted using 50 mL of ultrapure water to measure the extraction efficiency of PAX cartridges.

Van Krevelen diagrams are typically used for FT-ICR MS data comparison. They can distinguish biomolecular chemical classes using O/C and H/C plots [START_REF] Kim | Graphical method for analysis of ultrahighresolution broadband mass spectra of natural organic matter, the van Krevelen diagram[END_REF][START_REF] Ohno | Ultrahigh resolution mass spectrometry and indicator species analysis to identify marker components of soil-and plant biomass-derived organic matter fractions[END_REF]. According to van Krevelen diagrams, compounds are generally classified into seven categories [START_REF] Feng | Chemical composition of microbe-derived dissolved organic matter in cryoconite in Tibetan Plateau glaciers: Insights from Fourier transform ion cyclotron resonance mass spectrometry analysis[END_REF][START_REF] Ni | Molecular insights into water-extractable organic phosphorus from lake sediment and its environmental implications[END_REF]: (1) lipids 5) lignins (0.7 ≤ H/C ≤ 1.5, 0.1 ≤ O/C ≤ 0.67), ( 6) tannins (0.5 ≤ H/C ≤ 1.5, 0.67 ≤ O/C ≤ 1.2), and (7) condensed aromatic structures (0.2 ≤ H/C ≤ 0.7, 0 ≤ O/C ≤ 0.67).

(1.5 ≤ H/C ≤ 2, 0 ≤ O/C ≤ 0.3), (2) proteins (1.5 ≤ H/C ≤ 2.2, 0.3 ≤ O/C ≤ 0.67), (3) carbohydrates (1.5 ≤ H/C ≤ 2.4, 0.67 ≤ O/C ≤ 1.2), (4) unsaturated hydrocarbons (0.7 ≤ H/C ≤ 1.5, 0 ≤ O/C ≤ 0.1), (

Capture and detection of ROS

To determine the contribution of different ROS types on POM photodegradation, a series of sacrificial experiments were performed. Isopropanol (IPA, 0.2%), superoxide dismutase (SOD, 1200 U/L), catalase (CAT, 20 U/L), 2,4,6-trimethyphenol (TMP, 10 mM), and furfuryl alcohol (FFA, 5 mM) were added to quench any hydroxyl radical (OH), superoxide anion (O2 -), H2O2, excited triplet state chromophoric dissolved organic matter ( 3 CDOM * ), and singlet oxygen ( 1 O2) [START_REF] Zeng | Mechanistic study of the effects of agricultural amendments on photochemical processes in paddy water during rice growth[END_REF][START_REF] Zhang | Photomineralization of effluent organic phosphorus to orthophosphate under simulated light illumination[END_REF][START_REF] Zheng | In-situ production of singlet oxygen by dioxygen activation on iron phosphide for advanced oxidation processes[END_REF], respectively. O2 -was qualitatively analyzed by determining the content of diformazan (produced by O2 -and nitro blue tetrazolium chloride) at 530 nm using a UV spectrophotometer [START_REF] Zong | Non-selective degradation of organic pollutants via dioxygen activation induced by Fe(II)-tetrapolyphosphate complexes: Identification of reactive oxidant and kinetic modeling[END_REF]. The generated H2O2 was quantified by the colorimetric method using cerous sulfate. The selective probe compound FFA, at an initial concentration of 1 mM [START_REF] Song | Coordinated photodegradation and biodegradation of organic matter from macrophyte litter in shallow lake water: Dual role of solar irradiation[END_REF], was used to capture 1 O2. The probe molecule for 3 CDOM * -TMP was added to the reaction solution at an initial concentration of 1 mM [START_REF] Song | Coordinated photodegradation and biodegradation of organic matter from macrophyte litter in shallow lake water: Dual role of solar irradiation[END_REF]. To measure the OH concentration, benzoic acid (BA) (1 g/L) was added to the system [START_REF] Chen | Photochemistry of hydrochar: Reactive oxygen species generation and sulfadimidine degradation[END_REF]. The concentrations of FFA, TMP, and para-hydroxybenzoic acid (PBA) (generated by OH and BA) were determined by high-performance liquid chromatography (HPLC, Agilent 1260). The detailed parameters of HPLC analyses are listed in the Supporting Information.

Results and Discussion

Photodegradation of POM and variation in P content

The fluorescence spectroscopy of POM under light irradiation and dark treatment is shown in Fig. S2. The signal intensity and region volume sharply decreased after light irradiation, while almost no change was noted after dark treatment (Fig. S2 and Table S2), indicating that the fluorophoric POM components were degraded under light irradiation. The concentration of TOC in the POM extract decreased from 198.78 mg/L to 93.68 mg/L after light irradiation, and the degradation rate reached to 52.87%. In addition, the PARAFAC model with two to seven components was assessed. Based on the residual analysis and split-half analysis, three components, including the proteinlike component C1, microbial humic-like component C2, and terrestrial humic-like component C3, were determined as the best fit (Fig. 1). The maximum fluorescence intensity (Fmax) values of these three components significantly decreased after light irradiation. The microbial humic-like component C2 showed the highest decrease (55.3%), followed by the terrestrial humic-like component C3 (50.5%) and protein-like component C1 (42.6%), indicating the photodegradation property of POM. This property can affect the composition and fate of POM, thereby affecting the concentration of bioavailable nutrients in aquatic environments and the eutrophication process.

Fig. 2 shows the release of DIP during the photodegradation of POM in suspension.

The concentration of DIP in the suspension increased under both light and dark treatments. In the dark treatment group, DIP increased by 0.06 mg/L, mainly because of the microbial mineralization of POM. In contrast, DIP increased by 0.35 mg/L in the light treatment group; this was approximately sixfold higher than that in the dark treatment group, indicating that more POM was degraded during light treatment.

Considering the amount of DIP released in the filtered lake water after light treatment (only 0.03 mg/L) (Fig. 2a), it could be confirmed that POM was a significant potential source of P in water. Kinetic analysis revealed that DIP release during POM photodegradation fit the pseudo-second order reaction (Table S3 and Fig. S3), indicating that intermediates were produced. The analysis of DOP concentration during the reaction process also revealed that as the irradiation time increased, the DOP concentration initially increased and then gradually decreased (Fig. S4), indicating that DOP may play a more intermediate role during the photodegradation of POM. To further clarify the effect of microorganisms on phosphate release during POM degradation, flow cytometry was performed to determine the number of microorganisms (living and dead bacteria) in the resuspended samples (Fig. S5 and Table S4). The number of microorganisms during light treatment was lower than that during dark treatment after 10 h, indicating that the increase in DIP concentration during light treatment was due to the photochemical degradation of POM.

To determine the P components involved in the photodegradation of POM, chemical sequential extraction was performed to analyze the P components in POM.

The contents of BD-P and NaOH-rP, important components of the P pool in POM, did not change significantly before and after light irradiation, while that of NaOH-rP only increased slightly (Fig. 2b). These findings suggest that BD-P and NaOH-rP are not the sources of DIP release in solution. The NaOH-nrP component (organic bound P) of POM significantly decreased after light irradiation (Fig. 2b), again indicating that OP in POM degraded during light irradiation. Surprisingly, the Res-P content also decreased significantly after light irradiation. Res-P consists of refractory OP and inert inorganic P [START_REF] Rydin | Potentially mobile phosphorus in Lake Erken sediment[END_REF]. Although inert OP in Res-P is difficult to be biodegraded [START_REF] Benitez-Nelson | The biogeochemical cycling of phosphorus in marine systems[END_REF], it can still undergo photochemical decomposition.

Variations in molecular characteristics of OP

The molecular weight distributions of POM and P-containing formulas in POM before and after light irradiation are presented in Fig. 3. The median molecular mass of POM and P-containing formulas decreased from 365, 381 Da to 339, 335 Da, indicating that light irradiation resulted in the conversion of POM and P-containing formulas into small molecules. The average molecular weight of P-containing formulas was 374.2 Da (Table S5), which is close to that reported by [START_REF] Ni | Molecular insights into water-extractable organic phosphorus from lake sediment and its environmental implications[END_REF]. However, the number of P-containing formulas detected in our sample (101) was lower than that reported by [START_REF] Ni | Molecular insights into water-extractable organic phosphorus from lake sediment and its environmental implications[END_REF]. This may be related to the sample composition, pretreatment process, and data analysis.

The changes in P-containing formulas in POM before and after light irradiation are shown in Fig. 4. Before light irradiation, most P-containing formulas were lipid-, lignin-, and carbohydrate-like P-containing formula compounds, with a relative abundance (RA) of 46.5%, 18.8%, and 13.9%, respectively. This was followed by unsaturated hydrocarbon-like (5.0%) and protein-like (2.0%) P-containing formula compounds. No P-containing formulas were detected in the tannin-and condensed aromatic structurelike formula compounds. After light irradiation, lipid-, unsaturated hydrocarbon-, and lignin-like P-containing formula compounds were almost removed; their RA decreased by 94.6%, 94.4%, and 48.3%, respectively (Fig. S6). Some protein-and carbohydratelike P-containing formula compounds with high O/C were newly generated (Fig. 4b).

The H/Cwa of P-containing formulas increased from 1.78 to 2.01 and their O/Cwa increased from 0.20 to 0.75 after light irradiation (Table S5), indicating that Pcontaining formulas exhibited higher saturation and stronger oxidation after light irradiation. In summary, our results indicate that photochemical degradation tended to remove P-containing formula compounds in POM with a low oxygen content, such as lipid-and lignin-like P-containing formula compounds, and produce P-containing formula compounds with a high oxygen content, such as protein-and carbohydrate-like P-containing formula compounds.

To illustrate the compositional changes occurring within each subcategory of molecules, photodegradable (peak lost), photogenerated (new peak), and photoresistant (peak retained) P-containing formulas after light irradiation are plotted in Fig. 5. The transformation of P molecules can be inferred from the two-dimensional display of Kendrick mass defect (KMD) versus nominal mass in FT-ICR MS [START_REF] Hughey | Kendrick mass defect spectrum: A compact visual analysis for ultrahigh-resolution broadbangd mass spectra[END_REF]. Molecules with the same KMD value correspond to compounds belonging to the same class and type but with different numbers of functional groups (CH2 groups in this study, alkyl chain length). The difference between compounds with the same KMD value but different mass values can be explained by the change in the number of CH2, which represents the difference in the aliphatic properties of OM [START_REF] Riedel | Molecular fractionation of dissolved organic matter with metal salts[END_REF]. In other words, the longer the alkyl chain length (i.e., the more the number of CH2 groups), the stronger is the aliphatic property of OM. An increase or decrease in the number of alkyl chain substituents of their homologous formula will correspondingly increase or decrease the molecular weight.

Before light irradiation, P-containing formulas were evenly distributed in the range of 250-480 Da (Fig. 6). After light irradiation, P-containing formulas with different alkyl chain lengths were removed to varying degrees. In the homologous series, P-containing formulas with higher mass values (greater than 400 Da) were preferentially removed, which corresponded to the decrease in their molecular weights (Table S5). When the KMD values were <0.25, P-containing formulas were almost removed, indicating lower removal selectivity by light irradiation. This implies that Pcontaining formulas with high molecular weights (stronger aliphatic property) and low KMD values are preferentially removed by light irradiation. In addition, the intensity of P-containing formulas decreased to varying degrees after light irradiation, also indicating the photodegradation of P-containing formulas. Double bond equivalent (DBE) is an important parameter to clarify the unsaturation and aromaticity of organic compounds [START_REF] Gao | Molecular insight into the variation of dissolved organic phosphorus in a wastewater treatment plant[END_REF]. The distribution of DBE and carbon numbers (CNs) can be used to analyze and compare the characteristics of oxygen-containing molecules in OM [START_REF] Bae | Study of double bond equivalents and the numbers of carbon and oxygen atom distribution of dissolved organic matter with negative-mode FT-ICR MS[END_REF]. The relationship between the DBE and CNs of P-containing formulas is plotted in Fig. S8.

Before light irradiation, P-containing formulas had a wide DBE range of 0-9; this range is lower than that of P-containing formula compounds (0-14) reported by Gao et al. in various treatment units of a wastewater treatment plant [START_REF] Gao | Molecular insight into the variation of dissolved organic phosphorus in a wastewater treatment plant[END_REF]. This indicates that the P-containing formulas in our study had low unsaturation and low aromaticity, which also corresponded to the lower AIwa. After light irradiation, formulas with DBE > 5 were largely removed and the DBE value sharply decreased, indicating an increase in double bonds (unsaturated hydrocarbons) or the opening of the benzene ring (lignin/carboxyl-rich acyclic molecules) [START_REF] Liu | Characterization of oxygen-containing species in methanolysis products of the extraction residue from Xianfeng lignite with negative-ion electrospray ionization fourier transform ion cyclotron resonance mass spectrometry[END_REF], because formulas with DBE > 4 may contain one or more benzene rings. Moreover, DBEwa decreased from 2.35 to 0.63 after light irradiation, indicating that the generated P-containing formulas became more saturated and nonaromatic (e.g., protein-and carbohydrate-like P-containing formula compounds); this also explains the sharp decrease in AIwa and DBEwa (Table S5). This result also corresponded to that of the P-containing formulas presented in Fig. 5. P-containing formulas had a CN range of 6-27 before light irradiation. After light irradiation, formulas with CNs > 15 were largely removed and the average CNs decreased, suggesting a decrease in the average molecular weight of P-containing formulas (Table S5) and indicating the breakage of C-O-P and/or C-P bonds by light irradiation.

The P-containing formulas removed after light irradiation were characterized by a low oxygen content (Fig. 5), while the generated P-containing formulas were rich in oxygen and highly saturated. The removed P-containing formulas mainly included lipid-like P-containing formula compounds with a low oxygen content and some saturation, unsaturated hydrocarbon-like P-containing formula compounds with low unsaturation, and lignin-like P-containing formula compounds with a low oxygen content (Fig. 4). As lipids are usually related to algae-derived OM with high bioavailability [START_REF] Liu | Linking the molecular composition of autochthonous dissolved organic matter to source identification for freshwater lake ecosystems by combination of optical spectroscopy and FT-ICR-MS analysis[END_REF], they can be easily removed after light irradiation.

Previous studies considered lignin-like OM to be resistant [START_REF] Hertkorn | Characterization of a major refractory component of marine dissolved organic matter[END_REF][START_REF] Mesfioui | Reactivity and chemical characterization of effluent organic nitrogen from wastewater treatment plants determined by Fourier transform ion cyclotron resonance mass spectrometry[END_REF][START_REF] Opsahl | Distribution and cycling of terrigenous dissolved organic matter in the ocean[END_REF][START_REF] Yuan | Molecular insights into the transformation of dissolved organic matter in landfill leachate concentrate during biodegradation and coagulation processes using ESI FT-ICR MS[END_REF]. However, we found that part of the lignin-like P-containing formula compounds were degraded after light irradiation (cf. blue spheres in zone 5; Fig. 5), implying that lignin-like P-containing formula compounds were not completely inert and their reactivity could be related to their molecular structure. In contrast, lignin-like P-containing formula compounds with high O/C (pink spheres in Fig. 5) were produced after light irradiation. These results suggest that lignin-like P-containing formula compounds with a low oxygen content are more photosensitive than those with a high oxygen content. The relationship between the light sensitivity of lignin-like P-containing formula compounds and their molecular structures should be further investigated in future studies. The generated Pcontaining formulas were mainly protein-and carbohydrate-like P-containing formula compounds, i.e., biolabile compounds and semibiolabile compounds freshly generated in surface waters [START_REF] Chen | Ultrahigh resolution mass spectrometric differentiation of dissolved organic matter isolated by coupled reverse osmosis-electrodialysis from various major oceanic water masses[END_REF][START_REF] Wagner | Linking the molecular signature of heteroatomic dissolved organic matter to watershed characteristics in world rivers[END_REF]. In brief, P-containing formulas generated after light irradiation have a high oxygen content, high saturation, and low aromaticity.

Role of ROS

ROS play an important role in the element cycle of aquatic systems [START_REF] Cory | Singlet oxygen in the coupled photochemical and biochemical oxidation of dissolved organic matter[END_REF]. Particularly, 3 CDOM * , OH, H2O2, 1 O2, and O2 -are associated with the transformation of OM in water under light irradiation [START_REF] Li | Synergistic photogeneration of reactive oxygen species by dissolved organic matter and C60 in aqueous phase[END_REF][START_REF] Mcneill | Triplet state dissolved organic matter in aquatic photochemistry: Reaction mechanisms, substrate scope, and photophysical properties[END_REF][START_REF] Mostafa | Singlet oxygen formation from wastewater organic matter[END_REF][START_REF] Page | Assessing the contribution of free hydroxyl radical in organic matter-sensitized photohydroxylation reactions[END_REF][START_REF] Wang | Interfacial molecular fractionation on ferrihydrite reduces the photochemical reactivity of dissolved organic matter[END_REF][START_REF] Zhang | Photochemically induced formation of reactive oxygen species (ROS) from effluent organic matter[END_REF]. To assess the effects of ROS on POM photodegradation, a series of ROS capture experiments were performed. As shown in Fig. 7, the release of DIP decreased to varying degrees after adding various free-radical scavengers. After adding TMP (a 3 CDOM * scavenger), the release of DIP decreased by 59.2%. After adding IPA (an OH scavenger) and CAT (an H2O2 scavenger), the release of DIP decreased by 38.8% and 32.6%, respectively. The order of contribution of each ROS was as follows:

3 CDOM * > OH > H2O2 > 1 O2 > O2 -. Fig. S9 presents the time evolution of H2O2, O2 -, PBA, FFA (a probe of 1 O2), and TMP (a probe of 3 CDOM * ). During dark treatment, there was no obvious transformation of probe molecules, which was observed in ultrapure water (especially for FFA and TMP). The steady-state concentrations and formation rates of 1 O2 and 3 CDOM * are summarized in Table S6. The steady-state concentrations and formation rates were 1.51 × 10 -13 M and 0.76 × 10 -7 M/s, respectively, for 3 CDOM * and 0.43 × 10 -12 M and 0.11 × 10 -6 M/s, respectively, for 1 O2 in suspension, being much lower than those in filtered lake water. This indicates that the presence of particles hinders the production of 1 O2 and 3 CDOM * or that the generated 1 O2 and 3 CDOM * are rapidly absorbed by particles. However, opposite results were observed for OH. The accumulated •OH content gradually increased with an increase in illumination time, and those in suspension were higher than those in filtered lake water. Thus, •OH plays an important role in the photorelease of DIP.

Previous studies have revealed that both DOP and particulate organic phosphorus (POP) can be photolyzed to release DIP [START_REF] Li | Molecular insight into the release of phosphate from dissolved organic phosphorus photo-mineralization in shallow lakes based on FT-ICR MS analysis[END_REF][START_REF] Zhang | Photomineralization of effluent organic phosphorus to orthophosphate under simulated light illumination[END_REF]. The release of DIP from DOP is caused by the cleavage of P-O bonds by •OH [START_REF] Zhao | Fe(III)-oxalate complex mediated phosphate released from diazinon photodegradation: Pathway signatures based on oxygen isotopes[END_REF].

During the photodegradation of POM, we found that the release of DIP was accompanied by an increase in DOP concentration (Fig. S4). Hence, it can be inferred that POP in POM is first converted to DOP and DOP is then oxidized to produce DIP.

In general, OH is the main ROS affecting the photochemical transformation of OM in water [START_REF] Goldstone | Reactions of hydroxyl radical with humic substances: Bleaching, mineralization, and production of bioavailable carbon substrates[END_REF]. We previously found that the photolytic release of P in water significantly decreased after adding an OH scavenger (Li et al., 2017b).

However, this phenomenon is different in lakes with different trophic states. In mesotrophic lakes, NO3 -is the main contributor of OH in water. With the proliferation of lake eutrophication, dissolved organic matter (DOM) gradually becomes the main contributor of OH in water bodies [START_REF] Guo | Photo-induced phosphate release during sediment resuspension in shallow lakes: A potential positive feedback mechanism of eutrophication[END_REF]. Lake Nanhu, selected in this experiment, is severely affected by eutrophication, and DOM is the main contributor to OH generation in this lake. Notably, the photochemical reaction of DOM does not directly generate OH. Instead, it first generates 3 CDOM * under light irradiation and then generates OH, H2O2, 1 O2, and O2 -through a series of reactions [START_REF] Sharpless | The importance of charge-transfer interactions in determining chromophoric dissolved organic matter (CDOM) optical and photochemical properties[END_REF]. The addition of TMP cuts off the subsequent reaction process, thereby inhibiting the photolytic release of dissolved phosphate.

Environmental implications

POM generally exists in various natural aquatic ecosystems, and its source and composition are extremely complex. It can be divided into exogenous and endogenous types. Exogenous POM mainly includes terrestrial plant debris and OM discharged by human activities and carried by rivers; its flux into lakes exhibits great variability.

Endogenous POM is mainly produced by the residues of phytoplankton, large aquatic plants, animals, and their metabolites. In previous studies, POM and DOM were mainly distinguished according to their particle size [START_REF] Azam | Microbial structuring of marine ecosystems[END_REF][START_REF] Roulet | Environmental chemistry: Browning the waters[END_REF]. However, this classification does not fully reflect the chemical characteristics, biological characteristics, and ecological functions. In fact, part of the POM in aquatic ecosystems is relatively stable and difficult to decompose. It hardly participates in the ecological process. In contrast, the other part is very active and has an abnormally rapid turnover rate. This rapid transformation and degradation have an important impact on the distribution pattern of nutrients and the recycling process.

However, understanding of the structural composition, degradation rate, and transformation mechanism of POM in aquatic ecosystems is limited, resulting in a lack of important links and basis for objectively describing the eutrophication process and in turn controlling water bloom.

In eutrophic shallow lakes, excessive phytoplankton growth results in a large amount of suspended POM. With the growth of phytoplankton, dissolved inorganic nutrients are gradually consumed, and the mineralization and decomposition of POM become an important nutrient compensation source. We found that POM exposed to light irradiation could be photodegraded and DIP could be subsequently released. FT-ICR MS revealed that the average molecular weight of P-containing formulas in POM significantly decreased after light irradiation. P species in POM with lower oxidation degrees and/or unsaturation were preferentially photodegraded, resulting in the generation of species with higher oxidation degrees and more saturation (such as protein-and carbohydrate-like P-containing formula compounds). 3 CDOM * was chiefly responsible for the photodegradation of POM. With the intensification of lake eutrophication, the easily degradable components of POM and the yield of 3 CDOM * photo induced by DOM increase. The interaction between POM and 3 CDOM * can lead to the rapid degradation of P species and their transformation into DIP, thereby exacerbating the P transformation rate in a water body. This indicates the importance of focusing on the continuous supply of endogenous P to study eutrophication and control blooms occurring in shallow lakes.

Conclusions

This study investigated the mechanism underlying DIP release during POM photodegradation using EEM and FT-ICR MS. POM in suspension was photodegraded and released DIP under light irradiation, and OP in POM participated in the photochemical reactions. The photodegradable P-containing formulas were mainly characterized by a lower oxidation degree and unsaturation. Meanwhile, some new Pcontaining formula compounds, particularly protein-and carbohydrate-like Pcontaining formulas that had a high oxygen content and were saturated, were photogenerated. 3 CDOM* was the main ROS that played an important role in the photodegradation of POM. These results provide new insights into the biogeochemical cycle of POM and P in aquatic ecosystems and may further deepen our understanding of algal blooms in shallow lakes. 
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