Microbes from different soil regions play distinct roles in the processing of aquatic dissolved organic matter
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Abstract
[bookmark: _Hlk178495169]Soil harbors abundant bacteria and viruses that can be delivered into water environments and alter aquatic ecology. However, the mechanisms by which the intruded soil microbes mediate the turnover of dissolved organic matter (DOM) in waters are unknown. Here, we prepared bacterial and phage-enriched inocula from the northern high-humic-composition (NHHS) and southern low-humic-composition (SLHS) soils in China, and investigated their roles in aquatic DOM transformation via microcosm experiments. The aquatic DOM was more rapidly degraded by the soil-derived microbes than the aquatic microbes. However, associated with the soil regions, phage-enriched inocula caused two different molecular transformation patterns. Unlike the NHHS soils, phage-enriched fractions from the SLHS soils can enhance the bacterial decomposition of DOM (especially many aromatic CHO and S-containing compounds), while inhibiting the accumulation of few aliphatic molecules with O/C<0.5 and H/C>1. Additionally, the potential effects of soil virus-enriched fractions on the microbial degradation of aquatic DOM can be largely predicted by the organic composition in soils. Our findings demonstrate the divergent and environment-associated roles of different soil microbial fractions in aquatic carbon cycling, which provide new insights into the biogeochemical consequences of soil microbiome transfer in the land-water continuum.
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Synopsis: Soil microbiomes have the potential to alter the cycling of dissolved organic matter in aquatic environments, with the roles of the small-sized (<0.2 μm) microbial fractions related to local environmental factors.


Introduction
Soil is one of the largest reservoirs of microorganisms on the earth, with tens of millions of bacterial, archaean, fungal, viral and microeukaryotic species.1,2 Furthermore, the concentration of bacteria and archaea in some topsoil can be over 109 g-soil-1, and for viruses can reach up to 1012 g-soil-1.2 Due to the connections between land and water, soil microbiomes can move into water environments via hydrological networks and propagate3,4. Increasing evidence has shown that many aquatic microbial communities originate in the soil seed bank,5,6 and the inoculation of soil microorganisms influences the microbiomes in water bodies.7 Nevertheless, studies on the land-water transfers of terrestrial microbes are scarce. Furthermore, the roles of the transported microbes in C cycling are unclear and are often overlooked in biogeochemical models. In addition, climate change (e.g., extreme precipitation and glacial melting) may intensify the migration of microorganisms.8
Microbial processing of dissolved organic matter (DOM) is an important part of the ecological functions of aquatic ecosystems, which has profound effects on wider processes.9 The microbial mineralization of DOM contributes to greenhouse gas emissions and regulates the carbon flow in water bodies.9 Moreover, alterations in organic composition can affect water quality and microbial ecology.10,11 Further, the organic matter in source waters supplying drinking water is associated with drinking water quality.12 Fundamentally, the fate and environmental impacts of aquatic DOM are mediated by microbial composition and functional traits. Therefore, the biogeochemical consequences of DOM in aquatic ecosystems may be altered as a result of the input of exogenous microorganisms.
The biological transformation of DOM is primarily via microbial metabolic processes. In these processes, bacteria and fungi can ingest and utilize DOM via diverse mechanisms,13,14 and the compounds are mineralized or converted into partially transformed chemicals and microbial biomass. In addition, as predators, the viruses and protists interact with microbial communities (e.g., bacteria) and thus are related to carbon cycling.15,16 Particularly, the bacterial viruses (phages), as a top-down factor, play a vital role in the biogeochemical processes in diverse environments.16,17 This is because they shape the abundance and diversity of microbiotas via two pathways: i) Viral predators infect hosts and propagate in host cells directly. After replication, the phages cause lysis of the host cells, altering both the microbial taxa and the composition of organic compounds.16,18,19 ii) During infection, viral genes are integrated into host cells. The metabolic pathways of the hosts are redirected to synthesize the genetic material and proteins of the viruses.16 Furthermore, some viral genes are auxiliary metabolic genes related to energy metabolism, which are involved in the synthesis and degradation of components (e.g., carbohydrates).20 Due to the diverse viral and bacterial composition together with the complex virus-host interactions,18 the biogeochemical consequences of viruses in different ecosystems remain poorly understood.
Environmental conditions are associated with the construction of microbial communities.21-23 For soil microbiomes, the microbial ecology and functions depend on various edaphic characteristics.8,24,25 In the previous study, based on the analysis of ~90 soil samples, we found that the DOM composition of Chinese grassland soils displayed a pronounced South-North divide. Soil DOM in the northern China regions (i.e., NHHS soil regions) consisted of a greater humic composition, while that in the southern regions (i.e., SLHS soil regions) displayed a greater protein-like fractions (lower humic fractions).26 On this basis, we aim to reveal the impacts of soil bacteria and phages from these soil regions on the biogeochemical cycling in waters after land-water transfers, which are unclear to date. Specifically, we pose three questions: 1) What effects do the different soil microbiomes have on aquatic organic carbon cycling as compared to the aquatic microbes? 2) How do the microbes (bacterial and virus-enriched fractions) from the two different types of soil regions alter the kinetic cycling of aquatic DOM? 3) What environmental factors can be used to predict the potential roles of soil virus-enriched fractions in the systems? To address these questions, we have selected eight soil samples from the NHHS and SLHS soil regions to extract bacteria and virus particles, and the roles of the two microbial fractions from the two soil regions in the dynamics of aquatic DOM were investigated by microcosm experiments. The degradation kinetics and molecular variations of DOM were monitored to quantify the effects of different microbial fractions and elucidate the molecular mechanisms. The initial functional potential of the bacteria and viruses were analyzed by metagenomes, and the shaped bacterial composition was analyzed to reveal their response to the virus-enriched inocula. Finally, the relationships between the environmental factors and the potential roles of enriched viruses were examined to explore the predictors. Overall, our results provide new insights into the biogeochemical consequences of soil microbiomes (in particular the virus-enriched fractions) in carbon cycling across land and water ecosystem boundaries.

Materials and Methods
Soil and water sampling
The humic composition and bioreactivity of soil DOM in China display a significant spatial difference as revealed by 89 soil samples in our previous studies.26,27 To investigate the potential roles of microbes from these soils in the cycling of aquatic organic matter, in this study we selected four geographically-varied representative soils from each of the NHHS and SLHS soil regions, respectively (Details are listed in Table S1). This also helps to increase the validity of our results in a wider range of environments. The data of climate, soil properties and soil DOM composition were described in our previous study.26 Five surface (0-20 cm) soil cores were collected and mixed in each sample site to compose a composite soil sample. Fresh soil samples were stored in a -20 oC freezer during transportation (2-3 days), and were then thawed in a 4 oC refrigerator in the laboratory for 1-2 days before utilization. Overall, soil microbes were extracted within 5 days after the sampling. It should be noted that to reduce the alteration of microbial communities, soil samples were frozen at -20 oC during transportation. However, it is inevitable that the storage of samples may cause some microbial mortality, which should be considered when interpreting the results.
Water sample was collected from the Guanting Reservoir (40o23’N, 115o48’E) in Zhangjiakou city, Hebei province, China, with catchment areas >43000 km2. A total sample volume of 150 L was collected from the surface layer in ten dispersed locations and mixed thoroughly. The properties of the reservoir water are listed in Table S2.

Preparation of bacteria and phage-enriched inocula
Soil microbes were firstly extracted as follows: 50 g sieved fresh soil and 500 mL buffer solution containing 2.4 g NaCl, 0.8 g MgSO4·7H2O and 21 mL 1 M Tris-HCl (pH 7.5) were mixed and shaken for 2 h at 250 rpm, followed by centrifugation for 20 min (4 oC and 2500 g).19 The tangential flow filtration was used to obtain bacterial and phage concentrates. This is an established method and is commonly used to isolate bacteria and virus particles in aqueous samples for incubation experiments.19,28-30 Specifically, 400 mL soil supernatant or surface water was filtered through 2 μm (cellulose acetate), 0.22 μm and 30 kDa (polyether sulfone, PES) membranes sequentially. The 20 mL retentates of 0.22 μm and 30 kDa membranes represented the concentrated bacterial and phage solutions, respectively. The 2 μm filters were used to remove large particles as well as most fungi and protozoa, and thus the microbes mainly indicate the <2 μm fractions in this study. Consistent with the previous studies,19,29,30 the bacteria and phage-enriched fractions in this study were also defined as the >0.22 (0.22-2) μm and <0.22 μm (0.22 μm -30 kDa) fractions, respectively. The microbe-free water was the filtrate of the 30 kDa membrane, with a dissolved organic carbon (DOC) of 13.48 ± 0.02 mg L-1. Finally, the concentrated active bacteria and phage solutions from the reservoir water and eight different soils were obtained. Dead aquatic microbes were prepared by autoclave sterilization (121 oC and 30 min). The abundance of bacteria and phages was enumerated by a flow cytometer (Text S1). Afterwards, all the soil microbial solutions were diluted to the same concentrations as the aquatic microbial inocula prior to use, with the concentrations of bacterial cells or phage-like particles controlled at 136 × 106 cells mL-1 and 158 × 106 particles mL-1, respectively.

Microcosm experiment
Batch incubation was conducted in pre-combusted (450 oC for 5 h) 3 L glass jars, filled with 1 kg of combusted quartz sand to provide microbial attachment. For each microcosm, 2.8 L microbe-free water (with DOC controlled to 10 mg L-1) and 28 mL bacterial/phage-enriched inoculum were added. Two groups of inocula were used: (1) 28 mL bacterial inoculum + 28 mL dead phage-enriched inoculum (Bacteria); and (2) 28 mL bacterial inoculum + 28 mL phage-enriched inoculum (Phage-enriched). Coupled with the two soil sources (NHHS and SLHS soil regions), the soil-derived microbial inocula comprised 4 categories, namely NHHS bacteria, NHHS phage-enriched, SLHS bacteria and SLHS phage-enriched inocula. The differences between the bacterial and phage-enriched fractions reveal the roles of phage-enriched fractions, and the differences between the NHHS and SLHS microbes indicate the geographical differences of the microbial roles associated with the soil sources. Given that the different microcosms only differed in the initial inocula and the autoclaved dead inocula should not affect DOM degradation, the dead aquatic Bacteria and aquatic Phage-enriched inocula were selected to prepare the negative control samples. The DOC increase caused by the addition of different phage-enriched inocula was <0.3 mg L-1 and was negligible for the DOM solution. In total, 20 treatments were prepared, including 8 soil Bacteria, 8 soil Phage-enriched, 1 aquatic Bacteria, 1 aquatic Phage-enriched, 1 dead aquatic Bacteria and 1 dead aquatic Phage-enriched inocula. All treatments had two replicates. To alleviate possible nutrient limitation, the C:N:P stoichiometry of the initial DOM solutions for all microcosms was adjusted to the Redfield ratio,31 with the addition of KNO3 and KH2PO4 based on the DOC of the solution. Microcosms were incubated in the dark at 20 oC, with parafilm caps to allow airflow. Solutions were stirred every 12 h for two minutes. Water samples were analyzed after 0, 2, 4, 8, 14, 21, 31, 45, 60, 90, 120 and 150 days. No marked variations in dissolved organic carbon were observed for control samples during incubation.

DOM characterization
Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were determined by a TOC/TN analyzer (TOC-L CSH/CSN, Shimadzu, Japan). The two-phase association model was used to describe the degradation of DOC composed of labile and stable pools, and the one-phase association model was applied to fit the degradation kinetics of bulk DOM. Details are available in Text S2, and the results are given in Tables S3 and S4. Inorganic nitrogen was quantified by a continuous flow analyzer (SAN++, Skalar, The Netherlands), and dissolved organic nitrogen (DON) was calculated by subtracting TDN from inorganic nitrogen. To determine the δ13C-DOC, samples were freeze-dried after adjusting to pH 2 using 1 M HCl, and analyzed by an isotopic ratio mass spectrometer (MAT 253 Plus, Thermo Fisher, USA).
UV-Visible absorbance spectra were measured using a Shimadzu UV spectrophotometer (UV2600, Japan), and excitation-emission matrices (EEMs) were collected using a Hitachi fluorescence spectrofluorometer (F4600, Japan). Total fluorescence volume was calculated using fluorescence regional integration to quantity fluorescent DOM (FDOM). The specific UV absorbance at 254 nm (SUVA254) was calculated to display the aromaticity of DOM. Details of the EEM data processing and SUVA254 calculation are available in Text S3. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) was applied to analyze the molecular composition of DOM. Details of the FT-ICR MS analysis were described in Text S4, with results listed in Table S5.

[bookmark: _Hlk174107249]Bioinformatics analyses
The initial microbial composition was revealed by metagenomes. To show the dominant composition of the initial microbes and save costs, we analyzed the total microbiome in the unfractionated inocula (<2 µm filtrates) instead of the isolated inocula; this was still able to describe the major composition and functional potentials of bacteria and viruses in the initial fractionated inocula. Soil supernatant and surface water (<2 μm filtrates) without pre-filtration were filtered by 30 kDa PES membranes, and then the membranes were collected for DNA extraction. Paired-end sequencing was performed on the Illumina NovaSeq 6000 platform following the manufacturer’s instructions, and the filtered reads were assembled into contigs for further analysis. Functional genes were annotated against the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Carbohydrate-Active enzymes (CAZy) Database with an e-value cutoff <10-5.
The shaped bacterial communities were also analyzed. Given that the amount of DNA extracted from the limited water sample (~1.5 L for each sample) was not enough for genomic sequencing for some samples, only the bacterial communities were analyzed at 150 days so that the final microbial communities can be comparable. Although this provides different information from the metagenomic analysis, it still helps to reflect the effects of the virus-enriched inocula on bacterial processing. Water samples at the end of the incubation experiment were filtered by 0.22 μm PES membranes for DNA collection and extraction. The V3-V4 region of bacterial 16S rRNA gene was sequenced, and amplicon sequence variants (ASVs) were generated. The potential functions of bacterial genes were predicted using PICRUSt2 based on the KEGG database. The MAG and bacterial taxa data were analyzed on the BMKCloud platform (www.biocloud.net). Raw sequence data were deposited in the Sequence Read Archive with accession number PRJNA1209634. Details of the metagenomic analysis and bacterial community analysis are provided in Texts S5 and S6, respectively. 

Statistical analysis
The response ratio (RR) to phage-enriched inocula was calculated as the ratio of Phage-enriched treatment to the corresponding Bacteria treatment (RRvariable = VariablePhage/VariableBacteria), which was used to indicate the effects of phage-enriched fractions in the bacterial processing of DOM. Specifically, response ratios of the degradation and compositional change of DOM were calculated, mainly including the RR of DOC and DON removal, degradation rate constant, and variations in fluorescence compounds and molecular composition. The differences between the Bacteria and Phage-enriched treatments were examined by the paired Wilcoxon test, and the Mann-Whitney U Test was used to examine the differences between the NHHS and SLHS microbes. Principal component analysis (PCA) (package vegan) was performed to show the differences in DOM quantity and quality induced by different soil microbial fractions. Random forest analysis (package randomForest) was conducted to identify the major factors predicting the virus-enriched effects. Partial least-squares path models (PLS-PM) (package plspm) were applied to reveal the relationships among bacterial communities, compositional variations of DOM and DOC degradation and the relationships between environmental factors and the virus-enriched effects (RR of DOM degradation). All statistical analyses were performed in R software (v 4.4.0).


Results and discussion
Effects of different soil microbes on aquatic DOM degradation
The humic fraction of soil DOM in the NHHS and SLHS soil regions was significantly different (P < 0.05) (Figure 1a). With or without the phage-enriched inocula, the aquatic dissolved organic carbon (DOC) was consumed faster by microbes from the soils than the reservoir water (Figure 1b, c). Therefore, given the microbial connections between soil and water,7 the soil microbes have the potential to accelerate aquatic DOM transformation. The impacts of phage-enriched inocula from the different sites of NHHS or SLHS soil regions were similar. However, the NHHS and SLHS phage-enriched fractions played different roles in the degradation of DOM, indicating that the effects of the virus-enriched fractions were associated with the soil sources. For the NHHS soil and aquatic microbes, the phage-enriched fractions suppressed the bacterial degradation of DOC and fluorescent DOM (FDOM) (Figure 1b, c and Figure S1), which led to a DOC removal (<30 %) close to that of many other aquatic DOM in previous studies.32,33 While for the SLHS microbes, an inverse degradation pattern was observed.
In contrast to the NHHS microbes, the SLHS microbes with the presence of phage-enriched fractions displayed a significantly greater degradation of DOM than those without after 120 days (P < 0.05) (Figure 1d-f). Consistent with this, the average response ratio of the DOC, FDOM and DON removal for the NHHS and SLHS microbes was 0.80±0.11 and 1.30±0.21, respectively (Figure S2). Also, the response ratio of degradation rate constant was <1 for the NHHS microbes, and was significantly (P < 0.05) lower than that for the SLHS microbes (>1) (Figure 1g and Figure S3). Furthermore, the response ratio of the stable DOC pool for the SLHS microbes was significantly lower than that for the NHHS microbes (P < 0.05) (Figure 1h). Compared to the NHHS microbes, the greater response ratio of DOM removal and degradation rate and lower response ratio of the stable DOC pool for the SLHS microbes indicated that the phage-enriched inocula could increase DOM decomposition, which not only accelerated compound consumption but also increased the accessibility to the stable fractions. Take together, the divergent biodegradation kinetics of the aquatic DOM demonstrated the negative and positive effects of the NHHS and SLHS phage-enriched fractions on the bacterial processing, respectively. This suggests that soil regions could be an indicator of the functional potential of soil microbiomes in the area. Specifically, contrary to the NHHS phage-enriched fractions, the SLHS phage-enriched inocula increased the accessibility and decomposition of DOM effectively. The different impacts of phage-enriched fractions on DOM degradation are similar to the varied microbial respiration induced by soil viruses reported previously.19,34 
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[bookmark: _Ref175319492]Figure 1. Microbes from soils with different humic composition led to divergent degradation dynamics of dissolved organic matter (DOM). (a) The humic composition of soil DOM from the NHHS and SLHS soil regions. (b, c) Degradation of DOC incubated (b) without and (c) with phage-enriched inocula. The curves were fitted by two association models. (d-f) Biodegradation levels of (c) DOC, (d) FDOM and (f) DON after 120 days. (g, h) Response ratio of the (f) degradation rate constant and (g) DOC pool. The greater response ratio indicates an increased degradation rate or labile/stable pool induced by the phage-enriched fractions. The differences in soil humic fraction and response ratio between the NHHS and SLHS soil regions were examined by the Mann-Whitney U Test, and the differences in DOM removal between the Bacteria and Phage-enriched treatments were examined by the paired Wilcoxon test. NHHS, northern high-humic-composition; SLHS, southern low-humic-composition; DOC, dissolved organic carbon; FDOM, fluorescent DOM; DON, dissolved organic nitrogen. * P < 0.05; ** P < 0.01; *** P < 0.001.


Alteration of DOM composition by soil microbes
The changes in fluorescent DOM during 0-150 days also indicates the inconsistent roles of soil microbes in processing the aquatic DOM. For the NHHS microbes, the fluorescence removal was higher in the absence of phage-enriched inocula (Figure 2a and Figure S4), since the phage-enriched inocula inhibited the reduction of different components (except RI) (P < 0.05) (Figure 2b and Figure S5). While for the SLHS microbes, the fluorescence was more degraded in the presence of phage-enriched fractions (Figure 2a and Figure S4), as they can facilitate the removal of protein-like (RI and RII) and fulvic acid-like (RIII) components (P < 0.05) (Figure 2c and Figure S6). Unlike the NHHS microbes, the SLHS microbes displayed a greater response ratio (RR) of the degradation of RII-RV components (P<0.01) (Figure S7), indicating an increased capability to degrade different fluorescent compounds induced by the phage-enriched fractions. However, the SLHS phage-enriched fractions only slightly altered the degradation of soluble microbial-like (RIV) and humic-acid like (RV) component (Figure 2c). They also caused a greater increase in the aromaticity (SUV254) of DOM, with the RR of SUVA254 increase of the SLHS microbes greater than the NHHS microbes (Figure S7). This is possibly because the SLHS phage-enriched fractions could direct the preferential utilization of labile compounds and more accumulation of recalcitrant compounds derived from viral lysis.19
In addition to the changes in fluorescent components, the δ13C-DOC fraction of DOM also varied in response to different microbes. Bacteria from both soil regions elevated the δ13C values during 0-150 days (Figure 2d). However, the SLHS phage-enriched inocula could decrease the δ13C fraction (P < 0.05) (Figure 2d), which tended to enhance the depletion of δ13C-rich compounds, such as some hydrophilic, and microbial biomass- or C4 plant-derived molecules.35-37 Moreover, the δ13C shift induced by the SLHS microbes was found correlated with the degradation of diverse components, whereas that caused by the NHHS microbes was only related to the reduction of fulvic-like component (RIII) (P < 0.05) (Figure 2e), suggesting that the NHHS microbes were more preferential to specific compounds.
Consequently, the remained DOM varied substantially in quantity and quality due to the different inocula, particularly with the addition of phage-enriched fractions (Figure 2f). Given the impacts of viruses in different environments,16,17 our results implied the potential importance of soil phage-enriched fractions to the carbon cycling across land-water ecosystem boundaries. Moreover, the soil regions are associated with the capacity of different soil bacteria to access specific aquatic DOM components and the roles of phage-enriched fractions in these processes.
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[bookmark: _Ref175342412]Figure 2. Compositional changes of DOM after 150 days. (a) Degraded (difference between days 0 and 150) fluorescence by the NHHS and SLHS microbes. (b, c) Intensities of the five fluorescent components after incubation with the microbes from the (b) NHHS and (c) SLHS soil regions for 120-150 days. (d) δ13C fraction of DOM at day 150. The differences in fluorescence intensity and δ13C fraction between the Bacteria and Phage-enriched treatments were examined by the paired Wilcoxon test. (e) Spearman correlations between δ13C shift vs compound removal and fluorescence reduction. (f) Differences in the properties of DOM at day 150 shown by principal component analysis (PCA). NHHS, northern high-humic-composition; SLHS, southern low-humic-composition; RI, tyrosine protein-like; RII, tryptophan protein-like; RIII, fulvic acid-like; RIV, soluble microbial byproduct-like; and RV, humic acid-like; PI-PV, relative abundance of the RI-RV component, respectively; DOC, dissolved organic carbon; FDOM, fluorescent DOM; DON, dissolved organic nitrogen; RR, response ratio. * P < 0.05; ** P < 0.01; *** P < 0.001.


Regulation of molecular transformation
The molecular composition before and after degradation was analyzed to further assess the effects of soil phage-enriched fractions on the DOM transformation. Unlike the aquatic inocula, over 2600 molecular formulae (>65% of the initial DOM composition) were still present after incubation with the soil inocula for 150 days (Figures 3a, b and Figure S8). Overall, the response ratio (RR) of the lipid-, protein/amino sugar- and carbohydrate-like fractions for the NHHS microbes was close to 1.2, and that for the SLHS microbes was ~1 (Figure 3c). The SLHS microbes also displayed a lower RR of CHOS and CHNOS components, but a higher RR of molecule number than the NHHS microbes (Figure 3d). This indicated that the SLHS phage-enriched inocula promoted the reduction of less aromatic fractions, the maintenance of chemodiversity, and the depletion of organosulfur compounds. The increased mineralization of organosulfur compounds was partly associated with the higher degradation of DON, as the enriched available nitrogen benefits the microbial mineralization of S-containing organics.38 Moreover, compounds derived from the viral lysis of host cells could increase the molecular diversity.39
Specifically, the effects of phage-enriched inocula from the NHHS and SLHS soil regions on the molecular transformation of DOM were quite different. For the NHHS microbes, the phage-enriched fractions primarily inhibited the reduction of many tannin-like and few lignin- and condensed aromatic-like compounds with O/C>0.5 and H/C<1 (Figure 3e). Also, the NHHS phage-enriched fractions enriched a large number of CHO and S-containing compounds, including lignin-like and some protein/amino sugar-like molecules with medium-to-high H/C and O/C (Figure 3e and Figure S9). However, the SLHS phage-enriched fractions not only enhanced the reduction of many CHO and S-containing lignin-, tannin-, and condensed aromatic-like compounds with O/C>0.5 and H/C<0.5, but also inhibited the accumulation of lignin- and protein/amino sugar-like compounds with O/C<0.5 and H/C>1 (Figure 3f and Figure S10). Overall, the phage-enriched fractions from both soil regions promoted the removal of some molecules, partly because of their potential to alter the microbial composition and the capacity of microbes to consume substrates.16,40 On the other hand, the soil phage-enriched fractions, particularly for the SLHS soil regions, enriched numerous aromatic molecules. This might be the results of three effects: i) The phages direct the transformation of other compounds into aromatic compounds; ii) The lysing of hosts, induced by phages, released many simple and complex aromatic constituents; iii) The utilization of released labile components by surviving microbes caused the production and accumulation of relatively recalcitrant compounds.19,39 Collectively, the differences in molecular transformation between the NHHS and SLHS soil microbes imply that the metabolic processes of aquatic organic compounds induced by soil microbes also depend on the soil regions where the microbiome initially colonized.
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[bookmark: _Ref175383586]Figure 3. Molecular variations of dissolved organic matter (DOM) after 150 days induced by soil microbes from the NHHS and SLHS soil regions. (a-b) Formulae partitioning of DOM in days 0 and 150 for soil microbes from the (a) NHHS and (b) SLHS soil regions. (c, d) Response ratio of (c) the relative abundance of different compound groups, and (d) the molecular properties and elemental composition of DOM. The greater response ratio denotes an increased relative abundance of compounds or a greater difference in molecular properties induced by the phage-enriched fractions. (e, f) The common shared molecular formulae whose degradation was (e) suppressed by the NHHS phage-enriched fractions and (f) promoted by the SLHS phage-enriched fractions. The molecules are ranked in relative intensity with three colors. The higher ordinal number indicates a greater relative abundance of the molecules. RR, response ratio; LG, lignin; TN, tannin; CA, condensed aromatic; LP, lipid; PA, proteins/amino sugar; CH, carbohydrate. NOSC, nominal oxidation state of carbon.
Viral composition and the potential functional genes
The initial composition and functional genes of the microbes were revealed by metagenomes. Bacteria and viruses accounted for >97.8% of the microbial composition of the inocula (Figure 4a and Figure S11). Due to the potential roles of viruses in modulating the bacterial transformation of DOM, the composition and potential functions of viruses were further explored. At the phylum level, Uroviricota (44.3%) and Nucleocytovirota (45.2%) accounted for the major viral composition of the NHHS inocula, while Uroviricota (91.9%) and Preplasmiviricota (6.3%) were the major viral phyla in SLHS inocula (Figure 4b). Of these viruses, Uroviricota can interact with the bacteria Proteobacteria, Cyanobacteria and Bacteroidota.41 At the family level, Siphoviridae (30.4%), Podoviridae (4.3%), and Myoviridae (1.8%) were the dominant viruses for the NHHS microbes that are expected to infect bacteria.42 While for the SLHS microbes, the Siphoviridae (76.6%), Podoviridae (9.1%), Tectiviridae (6.3%), Myoviridae (4.2%) and Ackermannviridae (1.1%) families were the major viruses that can infect bacteria (Figure S11).43-45 These different viruses have varied host ranges,41,46 and can infect the cells and encode auxiliary metabolic genes (AMGs).16 Consequently, the different composition and α diversity of the bacteriophages in the NHHS and SLHS inocula (Figure 4c and Figure S11), indicate their varied AMGs, infectivity, and interactions with hosts.42-45,47,48 
The relative abundance of the bacterial and viral CAZy genes was similar for both the NHHS and SLHS inocula (Figure 4d and Figure S12). The glycosyltransferase (GT) contributes to synthesizing glycosidic bonds and thus the glycans (such as disaccharides, oligosaccharides, and polysaccharides).49,50 In contrast, the glycoside hydrolase (GH) catalyzes the hydrolysis of glycosidic bonds,49 and the polysaccharide lyase (PL) cleaves the polysaccharides with uronic acid group via β-elimination.51 Compared to the SLHS inocula, the bacteria and viruses in the NHHS inocula contained higher proportions of GT genes and lower relative proportions of GH genes (P < 0.05) (Figure 4d and Figure S12). Moreover, the viruses in the SLHS inocula were more enriched in PL genes than those in the NHHS inocula (P < 0.01). Overall, the CAZy genes of the SLHS bacteria appeared to be more beneficial to compound decomposition and may be strengthened by the viral AMGs,16 which is in line with the lower response ratio of DOC removal for the SLHS microbes. On the other hand, compared to the NHHS microbes, the proportions of genes with replication and repair functions were higher in the SLHS viruses and bacteria (P < 0.01) (Figure 4e and Figure S12). This implied that the SLHS microbes may have a greater potential to replicate and maintain or even increase the metabolic functions via the bacteria-virus interactions.16,18 Furthermore, compared to the NHHS microbes, the SLHS microbes were more enriched in N and S mineralization genes (P < 0.05), and were less abundant in N and S uptake or assimilation genes (P < 0.05) (Figure 4f, g). This might be beneficial to the mineralization of organic nitrogen and sulfur compounds, which is consistent with the greater DON removal and lower RR of S-containing fractions for the SLHS microbes.
[bookmark: _Hlk205234567]Overall, along with the two different transformation patterns induced by the phage-enriched inocula from the NHHS and SLHS soil regions, the initial composition and functional genes of the viruses indicated their different functional potentials. This is helpful to explain how the soil viruses may function in the systems. Importantly, the more abundant genes involved in replication and carbohydrate metabolism were consistent with the increased bacterial decomposition of aquatic DOM, which appeared to be correlated with the geographical differences of the virus-enriched roles across ecosystem boundaries. In addition, as expected from the fractionation procedure used to generate the inocula, relatively few fungi (<0.32 %) and protists (<0.001 %) were observed despite the presence of a large proportion of eukaryotic viruses in the <2 µm fractions of NHHS soil microbes (Figure 4a). These microbes may contribute to the processing of DOM to some extent,14,15 as they are also related to organic compound metabolism or bacterial composition restructure. On the other hand, it is noteworthy that Nucleocytovirota and some Preplasmiviricota species can infect eukaryotic cells, such as protozoa.52 Thus, these viruses observed in the initial inocula (<2 μm fraction) implied the presence of abundant protozoa in the >2 μm fractions of the NHHS and SLHS soil microbes. In particular, Nucleocytovirota represents diverse viruses that only infect eukaryotes (e.g., protozoa) and accounted for over 40% of the viral composition of NHHS inocula. As predators, protozoa could structure bacterial and viral communities and thus alter the functional potentials of the entire microbial communities.53-55 In fact, like viruses, they were also recognized as a “top-down” regulator of soil microbiome.56 Therefore, as a biotic driver, the soil protozoa should be partly responsible for the differences in soil microbial composition and their roles in decomposing aquatic DOM between the NHHS and SLHS soil regions. 



[bookmark: _Ref175389956][image: ]Figure 4. Initial composition and functional traits of the total microbes in unfractionated inocula (<2 µm filtrates) shown by metagenomes. (a) Relative abundance of microbial composition at the kingdom level. (b) Relative abundance of viral composition at the phylum level. (c) Shannon indices for the annotated bacteria and viruses. (d-e) Relative abundance of the (d) carbohydrate-active enzyme (CAZy) and (e) KEGG functions for viral genes. (f-g) Relative abundance of the (f) N cycle and (g) S cycle functions for the bulk microbiomes. The differences in the relative abundance of viral functional potential between the NHHS and SLHS soil regions were examined by the Mann-Whitney U Test. PL, polysaccharide lyase; GT, glycosyltransferase; GH, glycoside hydrolase; CE, carbohydrate esterase; CBM, carbohydrate-binding module; AA, auxiliary activity. * P < 0.05; ** P < 0.01; *** P < 0.001.


Restructured bacterial communities by phages
The shaped composition and functions of bacteria were analyzed to reveal how the phage-enriched inocula mediate the microbial processes. At the phylum level, Proteobacteria, Bacteroidota, Verrucomicrobiota, and Acidobacteriota accounted for >81% of the bacterial composition for the NHHS and SLHS microbes (Figure 5a). Different from the NHHS phage-enriched inocula, the SLHS phage-enriched inocula promoted the decrease in Proteobacteria, Actinobacteriota, Planctomycetota and Chloroflexi that are associated with utilizing small and complex saccharides and aromatic compounds.57-59 Moreover, the SLHS phage-enriched fractions also promote the enrichment of Acidobacteriota, Myxococcota and Verrucomicrobiota mainly with potential to degrade complex carbohydrates,57 in accordance with the lower response ratio of the carbohydrate fraction (Figure 3c). At the genus level, the SLHS phage-enriched fractions mainly enriched Limnobacter, Pseudorhodobacter, Polynucleobacter and Methyloversatilis, which are related to the conversion and metabolism of sulfur60 and nitrogen61, and DOC degradation62. However, the NHHS phage-enriched fractions principally enriched Methylotenera and Methylobacterium_Methylorubrum and decreased Methylophilus and unclassified_Simkaniaceae (Figure S13), leading to the alteration of species linked to the decomposition of simple and aromatic compounds.63,64
[bookmark: _Hlk195223301][bookmark: _Hlk195223342]The response ratio of the Shannon index for the NHHS microbes was >1, which is higher than that for the SLHS microbes (~1) (P < 0.01) (Figure 5b), indicating the increased diversity of bacterial communities by the NHHS phage-enriched fractions in contrast to the SLHS phage-enriched fractions (Figure S13). Nonetheless, the phage-enriched inocula from both the NHHS and SLHS soil regions restructured the bacterial composition, but the former led to the significant (P < 0.05) alteration of more genera (Figure 5d). Along with the reshaped composition, the potential bacterial functions (predicted using PICRUSt2) were also altered. Both the NHHS and SLHS phage-enriched fractions increased many potential metabolic genes for the bacteria (P < 0.05) (Figure 5 and Figure S14). However, the NHHS phage-enriched fractions inhibited the potential genes which may be related to the synthesis and metabolism of some key compounds such as lipopolysaccharide, peptidoglycan, pyruvate, and lysine (P < 0.05) (Figure 5d). These potential functions could be associated with the viability,65,66 shape,67 energy production66 and stress tolerance68 of bacteria. Their decreases have the potential to increase cell death and burst, and thus might be partly related to the inhibited DOM processing by the NHHS phage-enriched fractions. Furthermore, despite the decreased predicted genes that may be associated with compound degradation, the SLHS phage-enriched fractions increased the potential genes possibly linked to the overall metabolic functions (Metabolism in diverse environments) of bacteria (P < 0.05) (Figure 5e and Figure S14), which may help to improve bacterial resource acquisition.
The altered bacterial communities and predicted potential functional genes by the phage-enriched fractions were in accordance with the initial functional genes found in the viruses. Compared to the NHHS soil regions, phage-enriched fractions from the SLHS soil regions caused fewer changes in bacterial diversity and might increase the global metabolic functions of the bacteria. Moreover, the propagation of SLHS phage-enriched fractions and their encoding of AMGs might have played a role in accelerating the metabolism of compounds. (Figure 4), which can help the bacteria to acquire additional metabolic functions.16 In contrast, since the NHHS phage-enriched fractions reduced some species (e.g., Limnobacter), additional species tended to be increased in turn to compensate the lost hosts and metabolic functions (Figure 5d), similar to the “kill-the-winner” strategy resulting from the virulent phages.18,69 Furthermore, together with the suppressed degradation of organics by the NHHS phage-enriched inocula, the AMGs in the NHHS viruses likely failed to compensate for the reduced bacterial metabolic potentials.

[image: ]
[bookmark: _Ref175391545][bookmark: _Hlk195223522]Figure 5. Composition and functions of the structured bacterial communities derived from the NHHS and SLHS soil regions at day 150. (a) Relative abundance of the bacterial composition at the phylum level. (b) Response ratio of the Shannon and Chao1 indices. The differences in the response ratio of bacterial diversity between the NHHS and SLHS soil regions were examined by the Mann-Whitney U Test. The greater response ratio suggests an increased microbial diversity or abundance induced by the phage-enriched fractions. (c) The significantly different genera between the bacterial and phage-enriched groups revealed by metastat analysis. (d) Decreased functions by phage-enriched fractions from the NHHS soil regions. (e) Increased functions by phage-enriched fractions from the SLHS soil regions. The potential functions of bacterial genes were predicted using PICRUSt2 based on the KEGG database. The differences in bacterial composition and predicted functions between the Bacteria and Phage-enriched treatments were examined by the paired Wilcoxon test. * P < 0.05; ** P < 0.01; *** P < 0.001.
Links between DOM degradation vs molecules and bacteria
[bookmark: _Hlk175666322]The associations among molecular variations, shaped bacterial taxa and DOM degradation were explored. Compared to the SLHS microbes, the degradation of DOM by the NHHS microbes was associated with more molecules (P < 0.05), especially the lignin-like molecules with moderate O/C and H/C (Figure 6a). In addition, the molecular variations were associated with different bacterial phyla (P < 0.05) (Figure 6b and Figure S15). For the NHHS microbes, more molecules were positively related to Bacteroidota and Chloroflexi (Figure 6b and Figure S16), which are related to the degradation of aliphatic compounds (e.g., high molecular weight carbohydrates).70,71 For the SLHS microbes, the molecular changes were mainly positively associated with Nitrospirota, Patescibacteria, Planctomycetota, Proteobacteria, Acidobacteriota and Desulfobacterota (Figure 6b and Figure S17). Compared to the NHHS microbes, more molecules (in particular lignin- and tannin-like) were associated with the bacteria from the SLHS soil regions, and the associations were dominated by the six phyla involved in utilizing various complex carbohydrates and metabolizing N and S.57-59,72-74 Given the reduced stable DOM pool (Figure S3), the bacteria in SLHS microbes (especially with phages) may have a higher capacity to access substrates.75 By contrast, the molecular variations induced by the NHHS microbes were more evenly associated with most bacterial phyla. Since the DOM degradation depends on more molecules (Figure 6a), the NHHS bacteria may require more cooperative activities of several species to decompose complex molecules.76 Overall, the partial least-squares path model (PLS-PM) showed that the combination of the shaped bacterial composition and molecular variations explained >90% of the DOC degradation (Figure 6c). The structured bacterial communities had direct negative effects on fluorescence reduction and molecular variation, and thus indirectly control the degradation of DOM (P < 0.05) (Figure 6c and Figure S18). Therefore, the transfer of soil bacteria and phages from soil to water environments is crucial to the cycling of aquatic organic carbon. 
Given the different roles of soil phage-enriched fractions in the processing of aquatic DOM, their environmental predictors were explored. This, involved examination of the relationships among the climate factors, edaphic properties and response ratio of aquatic DOM degradation (virus-enriched effects). Random forest analysis showed that the climate, soil properties and soil organics were the major predictors of the virus-enriched effects (RR of DOM removal). (Figure 6c and Figure S19). Further, the combined environmental factors explained 77% of the virus-enriched effects. Temperature, precipitation, soil moisture and protein-like fraction were positively correlated with the virus-enriched effects (P < 0.05) (Figure 6e). Soil dissolved nitrogen and exchangeable Na and Ca, and humic acid-like and 3.4-25 kDa fractions of soil organics were negatively correlated with the virus-enriched effects (P < 0.05) (Figure 6e). Furthermore, the soil organic composition was related to the virus-enriched effects by a direct pathway, whereas climate and soil properties were associated with it by indirect pathways (P < 0.01) (Figure 6e and Figure S18). Previous results showed that soil viromes are associated with many environmental factors, such as temperature, moisture, pH and micro-nutrients.8,24,25 Our results have revealed that the dissolved organics in soils can be important predictors to the potential roles of soil-derived viruses in biogeochemical cycling, especially after microbial transfer.
It should be emphasized that the bacterial and virus-enriched inocula were obtained using the size fractionation method. Some small-sized microorganisms (e.g., ultramicrobacteria) could also be present in the phage-enriched fractions. Despite the low abundance (<5% typically) and unknown functional traits,77-79 they may also play a role in the biogeochemical cycling of DOM to some extent. This should be taken into consideration when interpreting the effects of virus-enriched fractions in this study. Therefore, more studies are necessary to further isolate the viruses and the ignored microbial fractions (e.g., ultramicrobacteria and large-sized bacteria) and quantify their actual contributions to the kinetic cycling of organic carbon. Furthermore, we mainly revealed the roles of virus-enriched fractions based on the altered DOM transformation process and structured bacterial communities, and only the initial composition of the unfractionated inocula and the final bacterial composition and predicted functions were analyzed to infer the viral information. Therefore, further studies are required to reveal the interactions among the bacteria, phages and DOM turnover at the transcriptome level, especially the variations of the actual gene expression and functions of different microbial fractions in the systems.
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[bookmark: _Ref175401300]Figure 6. Associations between DOM degradation vs the molecular variation and bacterial composition. (a) Van Krevelen diagrams of molecular formulae significantly (P < 0.05) correlated with the degradation level of DOM (including DOC, FDOM and DON). Correlation coefficients were calculated based on the Spearman method. (b) Sankey diagrams showing the significant positive correlations (P < 0.05, r > 0) between bacterial phylum and molecular composition. LG, lignin; TN, tannin; CA, condensed aromatics; PA, proteins/amino sugars. (c, e) Partial least-squares path model (PLS-PM) showing the interactions (c) between bacterial communities and DOM transformation and (e) between environmental factors and the virus-enriched effects. The latent variables in the models are listed in Table S6. The purple and blue lines denote significant (P < 0.05) positive and negative relationships, respectively. The “↑” and “↓” indicate a positive and negative correlation between the factors and the virus-enriched effects, respectively. Numbers adjacent to the arrows are standard path coefficients. (d) Key environmental predictors for the RR of DOC removal revealed by random forest model (P < 0.05). The mean square error (MSE) indicates the importance of variables. MAT, mean annual temperature; MAP, mean annual precipitation; Na, Mg, Ca and Al, soil exchangeable sodium, magnesium, calcium and aluminum, respectively; TP, soil total phosphorus; ECE, soil electrical conductivity; pH, soil pH; Clay and Sand, soil clay and sand fraction, respectively; NOx-, SDON and DTN, soil dissolved nitrate, organic nitrogen, and total nitrogen, respectively; SPV, HMW, MMW, and LMW, humic-like, 3.4-25 kDa, 1.2-3.4 kDa, and <1.2 kDa fractions of soil dissolved organic matter, respectively. * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.001.


Implications
Due to the connectivity between aquatic environments and the surrounding soils,3 water bodies receive not only soil organics of varying quality but also soil microbial communities with varying DOM degradation capacities via hydrological processes (e.g., during rainfall or flood events). The transferred microbes could have different efficiencies in decomposing the organic compounds in waters, with the effects depending on the soil regions. Firstly, soil microorganisms with high diversity and richness input into waters can alter the microbial taxa in water environments.7 The degradation of aquatic DOC in this study was increased by 7.3±3.8% (without phage-enriched inocula) and 19.0±15.3% (with phage-enriched inocula) by the soil microorganisms in comparison to the aquatic microorganisms. In particular, the degradation of DOM was increased by up to 40% by the soil bacteria and virus-enriched fractions from certain soil regions. This suggests that the alteration of community structure of the microbiota (including the activities of phages) induced by soil microbes, can play a role in modulating the decomposition efficiency of DOM in aquatic ecosystems. In this aspect, the intruded soil microbes may finally influence wider environmental processes to some extent. Importantly, soil microbiome transfer and the potential impacts are likely to intensify under climate change scenarios (e.g., extreme precipitation and glacier melting).3,8
[bookmark: _Hlk204935980][bookmark: _Hlk204891376]Secondly, soil microbiomes are spatially varied due to the different environmental properties.24 This indicates that the soil microbes in different soil regions could have diverse abundance, composition, activities and functional potentials, and thus may play distinct roles in aquatic biogeochemical processes after being delivered into receiving waters. The NHHS microbes displayed 5.3% (without phage-enriched inocula) and 25.7% (with phage-enriched inocula) lower DOM degradation than the SLHS microbes. In contrast to the NHHS phage-enriched fractions, the SLHS phage-enriched fractions could enhance the bacterial degradation of aquatic DOM. Our findings reveal that the composition of soil organics was primarily related to the potential roles of the phage-enriched fractions, and the climate and other edaphic properties can also serve as the indirect predictors. Therefore, since the ecological functions of soil microbiomes remain largely unknown, our results provide a greater understanding of the environmental predictors of the potential impacts of the phage-enriched (<0.2 μm) soil microbes in biogeochemical cycling. Furthermore, it should be pointed out that the eukaryotic viruses in the initial inocula reflected the possible presence of abundant protozoa in the soils (in particular the NHHS soils). The bacteria-consuming protozoa are associated with the abundance and diversity of soil bacteria and phages, and thus can be a potential and indirect biotic predictor for the effects of soil phage-enriched fractions on aquatic carbon cycling.
[bookmark: _Hlk204891262]Ultimately, with the potential to alter DOM processing across ecosystem boundaries, it is recommended that the contribution of different soil microbial fractions (particularly the viruses) to the biogeochemical cycling of aquatic carbon, as well as their actual impacts on carbon emissions in aquatic ecosystems, water quality, and human life (e.g., drinking water production), should be further evaluated. Moreover, how the composition and functions of bacteria and phages are associated with the organics in soils should also be explored in the future.
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