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Abstract 20 

River confluences result in mixture and transformation of dissolved organic 21 

matter (DOM), influencing the phylogeny of microbial community, furthermore, the 22 

integrity and function of river systems. The relationship between the microbial 23 

community and DOM is complex, especially in the confluence zone. Previous reports 24 

focused on shifts in the different bacterial community in response to exposure to the 25 

same terrestrial DOM. However, the transformation of bacterial community induced 26 

by convergent DOM remains unknown. This study showed the shifts of DOM 27 

components at the junction via excitation–emission matrices parallel factor analysis. 28 

Metabolic differences were also determined via phylogenetic investigation of 29 

communities by reconstruction of unobserved states. The results demonstrated a direct 30 

link between the microbial metabolism and DOM biodegradation during the 31 

heterotrophic process. In response to diverse DOM conditions, the taxonomic 32 

composition and metabolic function of the microbial community presented significant 33 

differences. Different taxa may be involved in metabolizing various DOM 34 

components. As indicative bacteria that are closely associated with DOM components, 35 

Proteobacteria (Sphingomonas) were significant for microbial utilization and were 36 

important during the DOM-degrading process. Compared with other conditions, the 37 

abundance of carbon metabolism was higher in convergences where urban rivers 38 

joined with estuary or source water. Furthermore, humic-like DOM, converging in the 39 

confluence zone, induced a more active lipid metabolism. This study applied 40 

techniques that capture the diversity and complexity of bacterial communities and 41 
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DOM, and provides new insight on the basis of the interaction between bacterial 42 

communities and DOM in confluence processes of biogeochemical significance. 43 

Keywords: river confluence; dissolved organic matter; microbial community; 44 

functional prediction; maximal information coefficient analysis; co-occurrence 45 
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1. Introduction 46 

River channel confluences form important geomorphological nodes in riverine 47 

networks that exert important ecological and morphological functions (Richards 1980; 48 

Rice 2017). The environmental heterogeneity, biological diversity, and productivity 49 

may peak at river confluences (Benda et al., 2004), since a number of microbes may 50 

leverage the unique hydrologic characteristics (Gualtieri et al., 2017). In the river 51 

ecosystem, dissolved organic matter (DOM), which is composed of proteinaceous 52 

substances, carbohydrates, and humic-like material, is a potentially important 53 

substrate. It supports the heterotrophic microbial metabolism (Stedmon et al., 2011) 54 

and affects both integrity and function of river ecosystems to a certain extent. 55 

Changes in the abundance and type of DOM occur in the confluence zone (Xu et al., 56 

2018). Bound with a broad diversity of elements, such as Co, Cr, Ag, and Ni, DOM 57 

affect the chemical reactions and toxicity of trace metals in the confluences (Du et al., 58 

2019). Moreover, the availability of highly concentrated DOM forms an important 59 

contribution to eutrophication (Guenther and Valentin 2009). Information about the 60 

dynamic changes of DOM in this process is thus of considerable importance for an 61 

improved understanding of the biogeochemical activity of the confluence zone (Xu et 62 

al., 2018). 63 

Despite significant research pointing out that climatic, hydrogeological, and 64 

nutritional conditions in the tributaries may impact the degradation of DOM 65 

downstream (Grinsted et al., 2013; Guo et al., 2014; Zhou et al., 2016), few studies 66 

have investigated inland river confluence areas (Saarenheimo et al., 2017; Zhou et al., 67 
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2017). However, DOM of different quality and quantity exist in multifarious water 68 

confluences such as river-lake interaction (Kaartokallio et al., 2016), in which, 69 

process biodegradation of DOM hold an important position. Import flows add a 70 

mixture of nutrients at different levels that can cause changes of the microbial 71 

community. Microbial community structure and function can shift with changing 72 

carbon loading (Traving et al., 2017). During the metabolic process, DOM character 73 

can influence water safety and ecosystem functional variables, including light 74 

absorption, nutrient cycling, pollution transport and the allochthonous microbial 75 

communities’ structure and function (Beier et al., 2015). It remains unclear how the 76 

characteristic of various composed DOM will influence the microbial community and 77 

thus the fate of carbon and nutrients in the river ecosystem. 78 

DOM cycling in the aquatic food web is decomposed by the bacteria community, 79 

and the relationship between both is complicated and bidirectional (Jansson et al., 80 

2007). It has been reported that DOM can influence the dynamics of the major 81 

representative species of the heterotrophic bacterial community, and these groups can 82 

also participate in the DOM hydrolysis process (Kirchman et al., 2004). Aquatic 83 

settings of similar DOM concentration and character may support/engender different 84 

bacterial community structures (Logue et al., 2016). Researchers have pointed out that 85 

functionally distinct bacterial groups play key roles in the variation of bacterial 86 

respiration and production when faced with changes in DOM quality and quantity 87 

(Kirchman et al., 2004). So far, many studies have reported notable results and 88 

disciplines, e.g., the DOM degrading rules and relative changing patterns of the 89 
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bacteria community (Landa et al., 2014). However, it is difficult to find high 90 

correspondence between these. Furthermore, using phylogenetic information only 91 

derived from 16S rRNA genes to predict the DOM-utilizing ability of one taxa is still 92 

not easy (Logue et al., 2016). Due to the complex nature and various sources, DOM 93 

of exactly the same quality and composition cannot be included in two different water 94 

areas, even in similar environments (Holland et al., 2018). The associations between 95 

the response of autochthonous communities in composition and function induced by 96 

various DOM and the corresponding patterns in DOM turnover are barely known. 97 

This study assessed structural and metabolic variations of the microbial 98 

community, the shifts in concentration and composition of DOM, and the associations 99 

of theses change at the confluence. An indoor experiment was designed in which 100 

different DOM media were inoculated with the same microbial communities. To 101 

obtain a variety of DOM characteristics over broad ranges in river confluence 102 

conditions, DOM were sampled at the intersections where urban rivers met the estuary, 103 

the drinking water source, and the effluent of wastewater treatment plant (WWTP). 104 

These areas span large gradients of environmental properties. The microbial 105 

communities were analyzed via high-throughput 16S rRNA gene sequencing and 106 

phylogenetic investigation of communities by reconstruction of unobserved states 107 

(PICRUSt) while the DOM were characterized via excitation–emission matrices 108 

parallel factor analysis (EEM-PARAFAC) analyses to determine component 109 

differences. This work contributes to the completion of the research on links between 110 

microbe utilization and DOM biodegradation based on a previous study (Logue et al., 111 
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2016). The results provide insight into microcosmic changes of river confluence. 112 

2. Materials and methods 113 

2.1 Sampling 114 

Four typical confluence areas were studied in this experiment, which are all 115 

situated in the Qinhuai River Basin of Nanjing, China (Table S1). These areas differ in 116 

dissolved organic carbon (DOC) characteristics and the types of confluent rivers. 117 

They were, respectively, an estuary (SCE) in which the Qinhuai River joined the 118 

Yangtze River, a junction (QHR), where city inland rivers converge, a site (DWS) 119 

where the drinking water source met the urban river, and the convergence (JXZ), 120 

where the effluent from a WWTP was discharged into the river. 121 

Sampling was conducted on 22 May 2018. The confluence represented an 122 

important input of upstream freshwater and organic carbon to the downstream area. 123 

Thirty water samples (each 50 L) were taken from each site. Specific water chemistry 124 

analyses were conducted in situ, such as temperature, redox potential, conductivity, 125 

and DO. 1-L water samples were acid fixed and transported to the laboratory at 4 °C 126 

for further chemical analyses including TN, TP, and DOC. All samples were taking 127 

grab samples and were collected in sterile 25-L polypropylene bottles. Samples were 128 

kept cold and in the dark during transportation to the laboratory. Upon arrival at the 129 

laboratory, samples were stored at 4 °C and in the dark until further processing. 130 
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2.2 Experimental design 131 

A batch culture approach was applied in which different media were inoculated 132 

with the same bacteria from the YR sample (Table S1). A control treatment consisted 133 

of medium made by ultrapure water, and was run alongside the four experimental 134 

treatments. Microbial inocula were added in 1-L glass bottles by precombusted GF/D 135 

filters (Guo et al., 2014), which were sealed according to (Logue et al., 2016). Batch 136 

cultures were filled without headspace and were continuously oscillated by shaker 137 

throughout the experiment. 138 

The media were prepared from water samples collected from the four pools (SCE, 139 

QHR, DWS, and JXZ). By filtering through a 0.22-µm PES-filtrate which was rinsed 140 

with Milli-Q and heat-sterilized at 120 °C before utilization, 1-L liquid media were 141 

prepared, which were diluted to a final concentration of 17 mg C l−1. Nitrogen and 142 

phosphorus were added as NH4–NO3 (final concentration: 8.5 mg N l−1) and NaH2–143 

PO4 (final concentration: 0.3 mg P l−1), respectively, thus avoiding nitrogen and 144 

phosphorus limitation. Sterile media were prepared via UV (Hijnen et al., 2006). 145 

All experimental treatments and the control were run in three independent 146 

triplicates each. The experiment was operated in a constant temperature shaker at 147 

15 °C and in the dark. DOM fluorescence and microbial analysis were sampled nine 148 

times (at 0, 12, 24, 48, 72, 96, 120, 168, and 360 h). 149 
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2.3 Fluorescence characterization 150 

Excitation–emission matrices (EEMs) were collected with a fluorescence 151 

spectrophotometer (F7000, Hitachi, Japan), using a 1-cm quartz cuvette. Both 152 

excitation wavelengths (λEx) and emission wavelengths (λEm) ranged from 200 to 153 

600 nm in 5-nm increments and the integration time was 0.1 s. Blank subtraction, 154 

removal of the inner filter effects along with the 1st and 2nd order Rayleigh and 155 

Raman scatter, and calibration to Raman units was conducted, following the methods 156 

reported by previous studies (Zepp et al., 2004; Lakowicz 2013). 135 EEM samples 157 

were identified for individual fluorescing components via parallel factor analysis 158 

(PARAFAC) using the DOMFluor toolbox (Stedmon and Bro 2008) for MATLAB 159 

and Statistics Toolbox (R2017a). 160 

2.4 DNA extraction and pyrosequencing 161 

Microbial community compositions were assessed via next generation 162 

sequencing of the 16S rRNA gene. Samples (500 ml) for DNA extraction were filtered 163 

onto separate 0.22-mm cellulose-acetate filters (Gelman Supor R). DNA was 164 

extracted using the FastDNA spin kit for soil (Q-BIOgene, Carlsbad, CA), following 165 

the manufacturer’s instructions. Bacterial 16S rRNA amplicons of the V3-V4 regions 166 

of bacterial communities were obtained using the primers 341F 167 

(5’-CCTAYGGGRBGCASCAG-3’) and 806R 168 

(5’-GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2012). PCR amplicons 169 

were pooled at equimolar concentrations and were submitted for commercial 170 
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paired-end sequencing on an Illumina MiSeq. PCR amplification and Illumina Miseq 171 

sequencing were performed by Shanghai Biozeron Bio-Pharm Technology Co., Ltd. 172 

(Shanghai, China). Through quality checking, barcodes and primers of raw illumina 173 

paired-end reads that exceeded 75% of the amplicon length were trimmed off and 174 

combined using Flash v1.2.7. Data for all samples are available on the Sequence Read 175 

Archive (http://www.ncbi.nlm.nih.gov/sra/) project reference SRP212348. 176 

2.5 Sequence analyses and functional gene prediction 177 

Sequence analysis was performed using QIIME v1.9.0 (Caporaso et al., 2010). 178 

29355 operational taxonomic units (OTUs) were assigned using Uclust (Edgar 2010) 179 

based on 97% identity. A representative sequence from each OTU was classified using 180 

the Ribosomal Database Project (RDP) classifier (Wang et al., 2007) and a training set 181 

extracted from the Silva v128 reference database. 182 

The functional potentials of bacterial communities under different conditions 183 

were predicted using PICRUSt 1.1.0 (Langille et al., 2013). Based on the 16S rRNA 184 

sequences and the genome database, PICRUSt was employed to predict the functional 185 

composition of a metagenome. Clustered OTUs were used to pick the sampled reads 186 

against the Greengenes 13.5 database. The 16S rRNA gene copy number was 187 

normalized using a normalized OTU table. Finally, the metagenome prediction of 188 

molecular functions was categorized into Kyoto Encyclopedia of Genes and Genomes 189 

(KEGG) Orthologs (KOs) at 1–3 pathway levels. 190 
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2.6 Statistical analyses 191 

To investigate whether the relative abundance of the microbial community was 192 

significantly different between treatments, a one-way analysis of variance (ANOVA) 193 

was conducted. Relationships between bacterial assemblages were calculated by 194 

non-metric multidimensional scaling (NMDS; Bray–Curtis distance) ordination. 195 

Analysis of similarities (ANOSIM) based on NMDS was used to investigate 196 

significant differences among microbial communities. 197 

To investigate whether taxonomic and relative abundances of functional gene 198 

categories were significantly different under various DOM backgrounds, Lefse and 199 

Statistical Analysis of Metagenomic Profiles (STAMP) analyses were conducted. The 200 

software STAMP v.2.1.3 was used to analyze the KEGG abundance profile to identify 201 

significant pathways for metabolism between groups using a two sided Welch's t-test. 202 

Heatmaps were created to investigate metabolic functional differences between 203 

communities based on the Bray–Curtis distance. 204 

Understanding the interactions between the microbial community and DOM is 205 

essential to identify community assembly rules for utilizing the organic matrix. The 206 

co-occurrence of bacterial OTUs and fluorescent intensities of PARAFAC 207 

components was identified via MINE statistics by calculating the maximal 208 

information coefficient (MIC) (Reshef et al., 2011). MIC analysis can capture a wide 209 

range of correlations between data pairs, which contain both linearity and nonlinearity. 210 

Multiple testing corrections accounted for the use of the false discovery rate (FDR) to 211 

modulate P-values (Benjamini and Hochberg 1995). False discovery rates were 212 
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calculated using the R package locfdr (Efron 2004). The correlation was considered 213 

significant when FDR was < 1%, which was equivalent to MIC > 0.497. The matrix 214 

of MIC values > 0.497 was used with Gephi v.9.1 to visualize the network of 215 

corresponding to positive linear correlations. In these visualizations, bacterial OTUs 216 

and DOM components are represented as nodes that are connected by lines, 217 

proportional in length to the MIC value. Pearson product moment correlations were 218 

used to determine significant relationships (P values < 0.05) between metabolic 219 

function and significantly variable bacteria of phylogenetic structure among groups. 220 

These correlations were conducted using R and were visualized using a heatmap in 221 

which P-values were opposed to an α-value of 0.05. 222 

3. Results and discussion 223 

3.1 Change of DOM in fluorescence 224 

DOC concentrations varied among confluent sites in situ (Supplementary Table 225 

S1). These ranged from 9.55 to 16.3 mg/L following the sequence of SCE > JXZ > 226 

DWS > QHR. Previous research pointed out that DOC are transported through 227 

estuaries to oceans (Seitzinger and Sanders 1997), which could explain that DOC 228 

were more abundant in estuary areas than in inland rivers. 229 

PARAFAC analysis identified six distinct fluorescent components for EEM at all 230 

samples (Table 1), describing 98.83% of the variability within data. The PARAFAC 231 

model was compared against other published models in the Openfluor database, 232 

where ≥  93.8% similarity matched to models. Component one (C1) depicted 233 
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characteristics as microbially DOM with fewer aromatic structures (Peleato et al., 234 

2017). Component two (C2), categorized as the previously defined 235 

humic-and-fulvic-like material, was common in aquatic environment (e.g. stream, 236 

river, estuary, lakes, wetlands, and shelf seas) (Lapierre and del Giorgio 2014). 237 

Component three (C3) was previously reported to be related to proteinaceous 238 

tryptophan-like matter (Cohen et al., 2014). 239 

Component four (C4) showed locations of maximum peak intensities that are 240 

typical for what has been referred to as a combination of marine humic-like peak M 241 

and terrestrially humic peak A (Shutova et al., 2014). Both C3 and C4 can be found in 242 

wastewater; however, C4 could either originate from recycled water, greywater stream 243 

or treated drinking water (Murphy et al., 2011). The JXZ sample, originated from 244 

WWTP, contained higher abundances of proteins and humic substances (Figure 1), 245 

similar as the results reported by previous study (Yang et al., 2014). Component five 246 

(C5) possessed low Ex-EM wavelength fluorescence and was identified as a 247 

combination of protein-like and tannin-like (D'Andrilli et al., 2017). Based on lower 248 

molecular weights and aromaticity, C5 was confirmed to have higher bio-availability 249 

(Cohen et al., 2014). Confluence area like DWS and QHR had more abundant C5 250 

constituent. Component six (C6) exhibited fluorescence properties similar to humic- 251 

and tryptophan-like DOM (Jorgensen et al., 2011), which was abundant in SCE and 252 

QHR samples. 253 

The spectra and fluorescence intensities of six DOM components changed in 254 

four experimental treatments were shown in Figure 1. During the initial 12 h after 255 
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inoculation, the fluorescence intensities of most humic-like DOM and few 256 

proteinaceous DOM decreased, which was also found in previous research (Young et 257 

al., 2004). This suggests that the loss of humus within a short incubation period could 258 

be explained as bacterial metabolism and the adsorption of humic matter onto 259 

bacterial cell walls along with other dissolved solids or inorganic colloids (Docherty 260 

et al., 2006). Compared with other confluence area, most components, including 261 

protein-like and humic-like matter, turned more active in SCE and WWTP area. C4 262 

showed similar fluctuation trends in all samples. C5 exhibited strong changes, 263 

suggesting that it was more labile than other organics. As major component of tannins 264 

and humic DOM, compositions like C5 commonly exists in the aquatic system and 265 

were similar to fluorophore peak B (tyrosine-like; Ex: 240; Em: 300 nm). Moreover, 266 

the mineralization and remineralization processes caused a change of organic 267 

compounds in quantity. It was confirmed that the utilization of the same DOM 268 

component could vary over different water backgrounds. However, humus was less 269 

disturbed by various confluent environments. Finally, the humification degree 270 

decreased in SCE and JXZ and increased in both QHR and DWS. Therefore, these 271 

results suggest that amino-like DOM can be rapidly utilized in all areas, and the 272 

humification process will be accelerated in the confluence zone with high percentages 273 

of humic-like DOM. 274 

3.2 Shifts in Bacterial Community Composition 275 

In response to DOM loads, the individual populations (i.e., OTUs) were 276 
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examined, which contributed significantly to the differences in community 277 

composition between treatments from the start to the end of the experiment. 278 

Following quality filtering, a total of 29,355 reads were obtained from 41 samples (36 279 

experimental samples and 5 control samples). Experimental samples contained an 280 

average of 6583 OTUs. Bacterial communities under the four treatments were distinct 281 

from one another in composition and varied at the temporal scale (Figure 2). Almost 282 

all reads were mainly assignable to eight phyla. The results implied that in all 283 

microbial communities, the four dominant phyla were Proteobacteria, Bacteroidetes, 284 

and Actinobacteria. Proteobacteria have been reported to be able to decompose 285 

soluble sugars into both monosaccharides and short chain fatty acids (Xu et al., 2017). 286 

It has been reported that Proteobacteria could be strongly influenced by lipid and 287 

humic-like DOM, while Actinobacteria were reported to be significantly adjusted by 288 

aromatic and humic-like DOM (Liu et al., 2019). Bacteroidetes, which are common 289 

and widespread in surface water bacterial communities, were functional in 290 

decomposing hydrolytic cellulose, starch polysaccharides, and carbohydrate (Reddy et 291 

al., 2019) and have been reported to respond rapidly and remineralize complex and 292 

labile DOM (Bauer et al., 2006). Similar research, which focused on the effect of 293 

DOM addition to bacterial community, reported that Bacteroidetes, Alpha-, and 294 

Betaproteobacteria were the particularly dominant phylum in response to elevated 295 

DOM levels (Traving et al., 2017). 296 

Significant differences were found among samples in the relative abundance of 297 

Deltaproteobacteria (P < 0.05). Taxonomic differences among different treatment over 298 
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time were evident. Both Betaproteobacteria and Actinobacteria followed a trend of 299 

fluctuating decline in all conditions, and a particular proliferation of 300 

Betaproteobacteria occurred in the JXZ treatment. In contrast, the relative abundance 301 

of Alphaproteobacteria increased with fluctuation, and Bacteroidetes increased at the 302 

beginning, which was followed by a decrease. The abundance of Deltaproteobacteria 303 

shifted between the control and other DOM liquor. Bacterial communities were 304 

significantly clustered according to the treatment (Figure 3, P = 0.01). Moreover, the 305 

communities in the same sampling time among groups were taxonomically similar. 306 

Cyanobacteria and Verrucomicbia were closer to each other (low Bray–Curtis distance, 307 

Figure 3) than other genera. 308 

Experimental bacterial assemblages with DOM addition differed in composition 309 

compared to control samples, and the distances subsequently shortened in non-metric 310 

multidimensional scaling ordination (Figure 4). ANOSIM analysis also showed a 311 

significant distinction (P < 0.05) in five DOM backgrounds including control. There 312 

were no significant differences (P = 0.107) in four treatment except for the control 313 

sample. This indicates that DOM play a significant role in the shaping of the structure 314 

of the microbial community and impact its composition. 315 

3.3 Comparison of functional properties between different treatment 316 

Functional differences among different treatments were clearly found in a 317 

comparison of the relative abundance of the PICRUSt predicted KEGG orthologies 318 

(KOs) classified at level-2-involved metabolic pathways (Figure S1). Pathways that 319 
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are indicative of metabolic functions were clearly higher in the DWS treatment, which 320 

may be due to the similarity of DWS and inoculated primary environment. These 321 

major gene categories were significantly different in abundance among microbial 322 

communities in different DOM treatment (P < 0.05, Figure 5). The activities of lipid 323 

metabolism (ether lipid metabolism) followed the sequence of JXZ > SCE > DWS > 324 

QHR. Similarly, it was found that addition of high molecular weight DOM from 325 

surface seawater to microbial communities enriched genes that are involved in the 326 

lipid metabolism (McCarren et al., 2010). Therefore, the result indicates that the more 327 

humic-like DOM converge, the more active lipid metabolisms will be induced at the 328 

confluence. With regard to the metabolism of cofactors and vitamins (one carbon pool 329 

by folate) and amino acid metabolism (lysine degradation), the sequences followed: 330 

QHR > DWS > SCE and DWS > SCE > QHR. Both metabolic pathways were 331 

strongly associated with the degradation of alanine, aspartate, glutamate, and other 332 

carbohydrates (Neis et al., 2015). The pathways of the energy metabolism (carbon 333 

fixation pathways in prokaryotes) were significantly higher in QHR and JXZ, 334 

compared with that in SCE and DWS (P < 0.05). This indicates an acceleration of 335 

nutrient conversion and a depletion of the available organic carbon (Shi et al., 2017) 336 

in QHR and JXZ. 337 

Microbial functional genes, related to the lipid metabolism (arachidonic acid 338 

metabolism) were significantly more expressed in SCE, compared with that in QHR, 339 

DWS, and JXZ (P < 0.05). Furthermore, genes related to the carbohydrate metabolism 340 

(propanoate metabolism and galactose metabolism), were higher in SCE than those at 341 
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DWS and JXZ (P < 0.05). This suggested that the rates of carbon turnover and 342 

utilization capacity of carbon sources by bacterial community were higher (Zhou et al., 343 

2019) in SCE. However, functional genes that are linked to the carbohydrate 344 

metabolism (glycolysis/gluconeogenesis and inositol phosphate metabolism), and 345 

xenobiotics biodegradation and metabolism (fluorobenzoate degradation) were 346 

significantly lower in JXZ (P < 0.05). This may be related to the high percentage of 347 

humic components. 348 

Compared with SCE, QHR, and JXZ, the functional genes that are involved in 349 

the amino acid metabolism (phenylalanine, tyrosine, and tryptophan biosynthesis), 350 

metabolism of cofactors and vitamins (retinol metabolism), and biosynthesis of other 351 

secondary metabolites (isoquinoline alkaloid biosynthesis) were significantly lower in 352 

DWS (P < 0.05). This implies that the biodegradations of labile substances (e.g. amino 353 

acids) were less active in DWS. Additionally, functional genes linked with the 354 

metabolism of terpenoids and polyketides (geraniol degradation) and xenobiotics 355 

biodegradation and metabolism (caprolactam degradation) were higher in DWS than 356 

in SCE and QHR (P < 0.05). Similar results were reported, which indicates that 357 

refractory organics could be mainly degraded by thermophilic bacteria (Wang et al., 358 

2018). All of the above may contribute to higher abundances of metabolic function 359 

(level-2) in DWS than in other DOM backgrounds. 360 
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3.4 Co-occurrence between community composition and DOM components, 361 

metabolic function and DOM components 362 

MIC analysis provided information about direct associations between FI and 363 

relative abundances of the most abundant bacterial taxa at the end of the experiment 364 

(classified predominantly as Proteobacteria and, to a far lesser extent, Bacteroidetes; 365 

as shown in Figure 6). It was found that 199, 217, 25 and119 OTUs had associations 366 

with various DOM components in SCE, QHR, DWS and JXZ samples respectively. 367 

Actinobacteria, Bacteroidetes, and Proteobacteria were highly relevant to DOM 368 

components. Different taxa involved in metabolizing DOM components with various 369 

characteristics. Alphaproteobacteria (OTU 3912), Gammaproteobacteria (OTU 2010), 370 

and Verrucomicrobia (OTU 2902), showed positive correlations with C2 both in SCE 371 

and QHR, implying that these OTUs were close to humic-like DOM. Actinobacteria 372 

(OTU 296), Betaproteobacteria (OTU 4965), Gammaproteobacteria (OTU 163, 1047, 373 

1769, and 3456), Deltaproteobacteria (OTU 162), and Verrucomicrobia (OTU 82) had 374 

close links with protein-like and amino acids-like components. Gemmatimonadetes 375 

and Planctomycetes had close connections with humic-like and amino acids-like 376 

components in SCE and JXZ area. Both phyla exist in aquatic and terrestrial 377 

ecosystems (Ward et al., 2006), and members of Gemmatimonadetes were reported to 378 

be highly abundant after DOM addition (Traving et al., 2017). As minor phyla in 379 

freshwater, populations of Verrucomicrobia and Planctomycetes were suggested to 380 

participate in N-acetyl-glucosamine (NAG) degradation in lakes (Tada and Grossart 381 

2014). Compared with other DOM components, humic-like components C2, C4, and 382 
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C6 exhibited a higher degree of connectivity with OTU. C1, C2 and C4 formed 383 

closely related groups in JXZ. Moreover, the highly active component C5 was bound 384 

to Proteobacteria, Verrucomicrobia, and Actinobacteria in SCE, QHR, and DWS. 385 

Proteobacteria have been confirmed to be significantly linked to DOM concentration 386 

and/or composition (Amaral et al., 2016). Actinobacteria are abundant in freshwaters 387 

and involved in DOM hydrolysis process (Kirchman et al., 2004; Ma et al., 2019). 388 

Deltaproteobacteria were found to be strongly correlated with C5 and C6 (SCE), C1, 389 

C3, C4, and C5 (QHR), and C6 (JXZ), suggesting that both humic-like and 390 

protein-like DOM may be contributing factors to the significant difference of this 391 

class among groups. 392 

Most protein-like and humic-like organic matter exhibited high associations with 393 

OTU in the MIC analysis. A number of studies indicated that the distribution and 394 

dynamic changes of the humic substances follow pronounced correlations with the 395 

production of microbial metabolites (Lee et al., 2019), even though humic-like DOM 396 

coagulated through abiotic self-assembly are more resistant to microbial utilization 397 

compared to both carbohydrates and protein-like DOM (Beier et al., 2015). Compared 398 

to low molecular weight DOM, the high molecular weight organics were generally 399 

characterized with high hydrophobic properties and numerous functional groups (Xu 400 

et al., 2019). A previous study showed that bacteria were able to consume refractory 401 

DOM, the microbial reworking of, which is important in freshwater systems 402 

(Docherty et al., 2006). It can be inferred that humic-like matter together with most 403 

protein or tyrosine like substances is closely linked to microbes, which may be due to 404 
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the unique and functional compositions and impact ecosystem function. 405 

To better understand the relationship between DOM and the microbial 406 

community for the utilization and degradation process, further research was 407 

conducted on the functional level. Through Lefse analysis, various genera among 408 

groups have been selected (Figure S2). Pearson product moment correlations were 409 

calculated to explore significant relationships (P values < 0.01, Rho values > 0.9) 410 

between metabolic function and bacteria indicative of group difference (Figure S3). 411 

Energy metabolism (carbon fixation pathways in prokaryotes) and xenobiotics 412 

biodegradation and metabolism (caprolactam degradation) were significantly 413 

associated with Proteobacteria (Sphingomonas and Acinetobacter) in all treatments 414 

and highly correlated in QHR and DWS. The active carbon fixation function and 415 

genera that were significantly linked with this function may explain the observed 416 

increase of fluorescence intensity during the cultivation process. This suggests that the 417 

microbial utilization of DOM in DWS may be due to the function of caprolactam 418 

degradation. The lipid metabolism (arachidonic acid metabolism) was only highly 419 

correlated with Proteobacteria (Sphingopyxis) in SCE, which corresponds to the result 420 

of the functional prediction and might be linked to a shift of amino acid like matter 421 

such as C2 in SCE. However, the metabolism of cofactors and vitamins (retinol 422 

metabolism) was also closely linked to Proteobacteria (Candidatus Accumulibacter) 423 

only in DWS, which did not match the functional prediction. 424 

By comparing the results of MIC and Pearson analysis, Sphingomonas varied 425 

among groups and were found to be significantly correlated to both DOM components 426 
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and metabolism function. The variation of the microbial community in composition or 427 

function between treatments may be due to utilizing DOM (containing humic-like, 428 

protein-like, and tannin-like DOM) through this genus. Furthermore, not every 429 

component in different confluence area had the same degrading tendency and 430 

correlation with microbes, e.g., C1 in QHR and JXZ samples, and C3 in SCE and 431 

QHR samples. The degree of DOM biodegradation depends on not only the microbial 432 

community structure but also the chemical properties of DOM components. Moreover, 433 

the observed fluorescent dissolved organic matter (fDOM) are a subset of the total 434 

DOM pool (Stubbins et al., 2014), which suggested that the remaining DOM may also 435 

contribute to the degrading processes. Meanwhile, various bacterial phylogenetic 436 

communities are dominant in different compositions of DOM (Cottrell and Kirchman 437 

2000), and responses of a number of bacteria to various amino acid were completely 438 

different in that they were auxotrophic for specific amino acids (Tripp et al., 2009). 439 

DOM is an assemblage of many components, and the biodegradation of one 440 

ingredient may change according to the characteristics of other composed organic 441 

matter. These results suggested that the source, quality, and quantity of DOM varied 442 

in different river confluences, and a number of DOM components overlapped, which 443 

would induce a change of microbial phylogeny and exert significant impacts on the 444 

metabolic balance of pools or river systems. 445 

4. Conclusions 446 

In the natural inland watershed, the influence zone, composed by the accepted 447 
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river and its input rivers, is highly complex. Various DOM originating from different 448 

flows and background interact with each other and impact both the microbial 449 

community and the ecosystem. This study documented the changes of different 450 

converged DOM, biodegraded by the same bacterial community and detailed the 451 

response of community in taxonomy and metabolic function. Significant shifts of taxa 452 

at the genus level structure and level-2 metabolic function were found among groups. 453 

EEM-PARAFAC analysis indicated that most DOM components shifted differently in 454 

various conditions. Moreover, even though organics like protein and amino acid were 455 

first utilized, humics showed more abundant correlation with community and 456 

microbial metabolism. 457 

Actinobacteria, Proteobacteria, Bacteroidetes, and Verrucomicrobia were found 458 

to be closely linked to the degradation of humic-like matter. Moreover, the results of 459 

OTU filtering correlated with DOM and genera associated with metabolic function 460 

overlapped (Proteobacteria (Sphingomonas)). This suggests that the coinciding 461 

microbes may be the key for the exploration of the biodegradation process of DOM. 462 

Deltaproteobacteria turned to be significantly different even though the whole 463 

bacterial phylogeny were not significantly different among various DOM background. 464 

The metabolism of the same microbial community shaped differently when facing 465 

DOM in various urban river confluences. The utilization capacity of carbon sources 466 

by the bacterial community were higher in the estuary. The metabolic function was 467 

more abundant at the intersection of source water and urban rivers. The abundance of 468 

the microbial metabolism was lower downstream of the WWTP effluent. This work 469 
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offers a method to investigate the biodegraded of various DOM compounds and 470 

provides a basis for the exploration of the interaction of DOM and the microbial 471 

community at different river confluence reaches. 472 
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Tables 703 

Table 1 The PARAFAC component matches with other freshwater components in the 704 

Openfluor database and their associated details. 705 

 706 

Figure captions 707 

Figure 1 Spectra of the six main components determined via PARAFAC analysis (a) 708 

and fluorescent intensities of components (b). (a) EEMs collected from the beginning 709 

to the end of experiment across the three replicates for each treatment (n = 3). (b) 710 

Insets visualise the respective spectral properties of the six fluorescent components 711 

identified by PARAFAC analysis. 712 

 713 

Figure 2 Taxonomic composition of bacterial experimental communities as relative 714 

abundances of each phylum. Proteobacteria and Actinobacteria are identified to class 715 

level. 1-1 to 1-9 represent the samples of SCE, 2-1 to 2-9 represent the samples of 716 

QHR, 3-1 to 3-9 represent the samples of DWS, 4-1 to 4-9 represent the samples of 717 

JXZ, and 5-1 to 5-9 represent the samples of Control. 718 

 719 

Figure 3 Heatmap showing the taxonomic differences of microbial communities in 720 

different treatments based on the Bray–Curtis distance. Bray–Curtis distances were 721 

calculated using relative abundances of OTUs. 722 

 723 
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Figure 4 NMDS representation of bacterial community in five experimental 724 

environments. NMDS ordination was derived from pairwise Bray–Curtis distances. 725 

S1-S9 represent the microbial community of SCE, Q1-Q9 represent the microbial 726 

community of QHR, D1-D9 represent the microbial community of DWS, J1-J9 727 

represent the microbial community of JXZ, and C1-C9 represent the microbial 728 

community of Control. 729 

 730 

Figure 5 The functional composition of significant changes in intestinal bacterial 731 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of level-3 metabolic 732 

categories between SCE and QHR, SCE and DWS, SCE and JXZ, QHR and DWS, 733 

QHR and JXZ, or DWS and JXZ using the response ratio method at a 95% confidence 734 

interval (CI). 735 

 736 

Figure 6. Associations between DOM components (triangles) and bacterial OTUs 737 

(circles) in (a) SCE, (b) QHR, (c) DWS, and (d) JXZ, identified with MIC statistics 738 

and visualized as a network. C1-C6 were the DOM components identified by 739 

EEM-PARAFAC analysis. The sizes of the circles are proportional to the relative 740 

abundance of the OTU.  741 
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Table 1 The PARAFAC component matches with other freshwater components in the 742 

Openfluor database and their associated details. 743 

Component 
Ex 

(max)/ nm 

Em 

(max)/ nm 
TCC* Details Reference 

C1 310 385 0.987 Microbially DOM with fewer aromatic structures Peleato et al. 2016 

C2 275 430 0.938 Humic- and fulvic-like material Lapierre et al. 2014 

C3 275 330 0.981 Proteinaceous tryptophan-like matter Cohen et al. 2014 

C4 255 465 0.983 Terrestrially humic-like DOM Shutova et al., 2014 

C5 220 290 0.944 A combination of protein- and tannin-like matter D'Andrilli et al. 2017 

C6 230 355 0.967 Humic-and tryptophan -like DOM Jörgensen et al. 2011 
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 745 

Figure 1. Spectra of the six main components determined via PARAFAC analysis (a) 746 

and fluorescent intensities of components (b). (a) EEMs collected from the beginning 747 
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to the end of experiment across the three replicates for each treatment (n = 3). (b) 748 

Insets visualise the respective spectral properties of the six fluorescent components 749 

identified by PARAFAC analysis. 750 
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 752 

Figure 2. Taxonomic composition of bacterial experimental communities as relative 753 

abundances of each phylum. Proteobacteria and Actinobacteria are identified to class 754 

level. 1-1 to 1-9 represent the samples of SCE, 2-1 to 2-9 represent the samples of 755 

QHR, 3-1 to 3-9 represent the samples of DWS, 4-1 to 4-9 represent the samples of 756 

JXZ, and 5-1 to 5-9 represent the samples of Control. 757 
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 759 

Figure 3. Heatmap showing the taxonomic differences of microbial communities in 760 

different treatments based on Bray–Curtis distance. Bray–Curtis distances were 761 

calculated using relative abundances of OTUs. 762 
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 764 

Figure 4. NMDS representation of bacterial community in five experimental 765 

environments. NMDS ordination was derived from pairwise Bray–Curtis distances. 766 

S1-S9 represent the microbial community of SCE, Q1-Q9 represent the microbial 767 

community of QHR, D1-D9 represent the microbial community of DWS, J1-J9 768 

represent the microbial community of JXZ, and C1-C9 represent the microbial 769 

community of Control. 770 
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Figure 5. The functional composition of significant changes in intestinal bacterial Kyoto Encyclopedia of Genes and Genomes (KEGG) 772 

pathways of level-3 metabolic categories between SCE and QHR, SCE and DWS, SCE and JXZ, QHR and DWS, QHR and JXZ, or DWS and 773 

JXZ using the response ratio method at a 95% confidence interval (CI). 774 
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 775 

Figure 6. Associations between DOM components (triangles) and bacterial OTUs 776 

(circles) in (a) SCE, (b) QHR, (c) DWS, and (d) JXZ, identified with MIC statistics 777 

and visualized as a network. C1-C6 were the DOM components identified by 778 

EEM-PARAFAC analysis. The sizes of the circles are proportional to the relative 779 

abundance of the OTU. 780 



Highlights 

� Proteobacteria showed high connectivity with humic-like DOM. 

� Sphingomonas were significant at various confluences in urban areas. 

� Humic-like -DOM converge could induce a more active lipid metabolism. 

� The Carbon metabolism was active when rivers joined with estuary or source 

water. 
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