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Abstract: Although reclaimed water (RW) has become a promising alternative source for alleviating
water shortage in arid and semiarid regions, the ecological risks it poses to the receiving water
bodies remain largely unknown. Dissolved organic matter (DOM) is crucial for affecting the quality
of RW and strongly influences bacterial communities (BCs) in aquatic ecosystems. In this study,
we aimed to unravel the role of DOM signatures on the spatiotemporal composition of microbial
communities (MCs) in a seasonally ice-sealed urban river that had been chronically replenished by
RW. We found that discharging RW resulted in elevated DOM levels in the receiving river. Notably,
an increase of 10% in protein-like substances was revealed. The differences between compositional
characteristics of DOM and the abundance of riverine BCs between freezing and non-freezing periods
were revealed. In the freezing season, humic-like components, aromaticity, and hydrophobicity
of DOM were more significant, and bacterial taxa such as Bacteriodetes and Flavobacterium were
increased, while Proteobacteria was decreased. Similarly, co-occurrence network analysis revealed
an enhanced interplay between DOM and BCs at the same time. However, Klebsiella pneumoniae
markedly decreased during the ice-sealed period. These results suggest that variations in DOM
characteristics have remarkable impacts on the dynamics of aquatic BCs, which points to the need for
a DOM—oriented RW quality monitoring strategy.
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1. Introduction

The scarcity of freshwater resources and the intensified pollution in urban rivers are
prevalent challenges faced by regions across the globe. There are 44% to 53% of global
rivers enduring dry periods lasting a minimum of one month annually [1], most of which
are located in the Northern Hemisphere where there is little precipitation [2,3]. To overcome
this challenge, China has proposed that by the year 2025, the utilization of unconventional
water sources nationwide will exceed 17 billion m3. Reclaimed water (RW) is one of the
most representative unconventional water sources derived from advanced treatment from
wastewater treatment plants (WWTPs) [4,5]. In recent years, RW has become a feasible
strategy for river water replenishment and helps alleviate water scarcity problems [6,7].

Owing to the complex components of RW, its introduction remains widely recognized
as the primary risk to the receiving lotic ecosystems [8,9]. Aquatic microbial communities
(MCs) are susceptible to changes in water environment [10], which impact their multiple
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ecosystem functions such as carbon cycling and pollutant degradation processes [11-14].
Introduction of WWTP effluent to the receiving water bodies has significantly altered
the composition of BCs, such as increases in Acidobacteria, Firmicutes and Bacillus [15-17].
Notably, RW facilitated the exposure of pathogenic microorganisms such as human aden-
oviruses and Streptococcus pneumoniae [18,19].

Serving as one of the largest carbon pools in aquatic ecosystems, DOM is responsible
for the transport, bioavailability, and toxicity of pollutants [20,21]. Studies have shown that
DOM affects the fate of contaminants in the environment and ecological risk. Increased
DOM exogenous input also significantly inhibits the degradation of pharmaceutical and per-
sonal care products (PPCPs) [22-24]. Moreover, DOM supports the heterotrophic microbial
metabolism, which determines the integrity and function of the aquatic ecosystem [25]. The
amount and composition of DOM are intimately associated with the structure of MCs and
vice versa [26,27]. For instance, nitrogenous organic matter was revealed to promote bacte-
rial diversity in both a lake environment and wastewater, while MCs are also responsible
for increased nitrogenous organic matter [28,29]. Other studies demonstrated that Pro-
teobacteria and Actinobacteria were important for degrading humic-like DOM, which helped
lipid and carbon metabolic processes regulated by MCs at urban river confluences [25].
However, whether and how RW recharge affects the distribution pattern and interaction
between DOM and MCs in receiving rivers, which is essential for low-risk external water
supplementation as well as river water management, remains poorly understood.

The distribution patterns and interactions of DOM composition and MCs vary with
different ecosystems and inherent environmental conditions [30]. For rivers experiencing
a freezing period, it is hypothesized that a decreased opportunity of exogenous inputs of
DOM and other pollutants and the low flow rate during an ice-sealed period in the ice
may result in variation in their transportation. Research has demonstrated the role of ice in
modulating the temporal variability of pollutants and the level of ecological risk during
the freezing and thawing periods of rivers [24]. Moreover, the abundance and diversity of
MCs in rivers exhibited significant seasonal variations, such as higher bacterial diversity in
winter than in summer [31,32]. Therefore, it should be noted that RW recharge during the
ice-free and ice-sealed periods can be highly influenced by the distribution patterns and
interplay between DOM and MCs.

To address this knowledge gap, we conducted a survey on a stretch of an urban river
in both ice-free and ice-sealed periods to investigate variations in spatiotemporal DOM
characteristics and riverine MC composition. Accordingly, the main purposes of this study
are: (1) to explore changes in the distribution and compositional characteristics of DOM
and MCs during the ice-free and ice-sealed periods of rivers under RW recharge; and (2) to
elucidate the relationships among water quality indicators, composition traits of DOM,
and diversity of MCs. These results will help us to comprehend the ecological processes
and impact of RW replenishment, which may contribute to improving the integrity of river
ecosystems in the context of better RW quality.

2. Materials and Methods
2.1. Study Area and Sample Collection

The Yitong River is a constituent of the secondary system of the Songhua River,
which is the most extensive water system in northeast China. The Yitong River spans an
area of 343 km? and encompasses a watershed of 8440 km?. The annual flow rate of the
system remains constant at 3.2 m3/s. The ecological water demand for the year is roughly
5.66 billion m3, and there is an average annual water deficit of around 18 million m3.
The watershed experiences an average annual rainfall of 593.8 mm, accompanied by a
freezing period from December to March. To investigate the changes before and after river
freezing, sampling activities were carried out in October 2022 (ice-free) and February 2023
(ice-sealed). Due to the thick ice on the surface of the river, we were able to collect only 7 of
10 samples during the ice-sealed period. Figure 1 illustrates the sampling locations [33,34],

and the longitude and latitude information for each point is provided in Table S1.
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Figure 1. Map of river with sampling locations. Y3 is the reservoir outlet, which is at 9.7 km
upstream of WWTP A (Y5) and is the control sample obtained in the field; Y11 (WWTP B) is located
18 km downstream of Y5; and Y4-Y13 comprise urban areas positioned both upstream (US) and
downstream (DS).

We positioned ten sampling sites throughout a 29.5 km section of the Yitong River in
the city of Changchun (43°71’ N to 43°97' N, 125°34' E to 125°36’ E). The primary treatment
process of WWTP A employs the oxidation ditch method, with disinfection performed
through ultraviolet irradiation. It serves a population exceeding 300,000 individuals. The
principal treatment method utilized at WWTP B is the A2 /O (anaerobic-anoxic-oxic) pro-
cess, with disinfection achieved through liquid chlorine treatment. It caters to a populace
exceeding 1.5 million individuals. Approximately 100,000 m3-d~! and 80,000 m3-d~! of RW,
which has undergone treatment, is discharged into the Yitong River as ecological replenish-
ment. For each sampling site, a one-off sample of 4.75 L (4 L + 250 mL x 3) comprising one
4 L container and three 250 mL bottles as replicates was obtained. At each site, the water
sample comprised two subsamples, collected at a 30 s interval. Following collection, the
samples were promptly transported to the laboratory and stored at a temperature of 4 °C,
shielded from light. They were then analyzed within 1-3 days.

2.2. Detection of Water Quality Parameters

The collected samples were analyzed for temperature and pH values on-site using a
multiparameter water quality analyzer (Ultrameter II™ 6PFCE, Myron Co., Carlsbad, CA,
USA). After bringing the water samples back to the laboratory, various materials of the
samples were promptly analyzed using specific instruments. Ammonia nitrogen (NH;*-N),
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total phosphorus (TP), total nitrogen (TN), nitrite nitrogen (NO, ~-N), and nitrate nitrogen
(NO37-N), were immediately analyzed using a DR3900 visible spectrophotometer (HACH
Co., Loveland, CO, USA). Additionally, dissolved organic carbon (DOC) was measured by
a total organic carbon analyzer (TOC-5000A, Shimadzu Co., Kyoto, Japan).

2.3. Optical Spectroscopy Measurements and Analysis

The water samples were filtered with a 0.45 pum nylon fiber filter membrane. Excitation—
emission fluorescence spectroscopy of the filtrate was conducted using a fluorescence
spectrophotometer (Hitachi F-2700, Tokyo, Japan). The parameters were set as follows:
the voltage was 700 V; the scanning speed was 3000 nm/min; the excitation wavelength
range was 220-450 nm; the emission wavelength range was 220-550 nm; and the slit width
was 10 nm. Prior to the measurement, Milli-Q ultrapure water was utilized as a blank to
eliminate the impact of Rayleigh and Raman scattering. PARAFAC analysis was performed
using the DOMFluor toolbox in MATLAB software (MATLAB 2018a) [35].

The ultraviolet-visible (UV-vis) absorption spectra characteristics were determined by
a UV-vis spectrophotometer (Genesys 10S, Thermo Scientific Co., Lenexa, CO, USA) using
a 10 mm quartz cuvette for water samples in the wavelength range of 200-800 nm with
the scan interval set at 1 nm. The spectral parameters are calculated to characterize the
structural features of DOM.

The identification of the functional groups present in the samples of DOM was accom-
plished through the utilization of Fourier-transform infrared spectroscopy (FI-IR) (Nicolet
IS50, Thermo Scientific Co., Lenexa, CO, USA). The 50 mL water samples were placed in
centrifuge tubes, frozen at —20 °C, subjected to freezing at a temperature of —20 °C, and
subsequently put into a freeze-dryer operating at a temperature of —80 °C for a duration
of 72 h. The dried material was combined with 100 mg of spectrally pure KBr at a ratio of
1 mg to 100 mg. The mixture was then compressed into thin slices at a pressure of 10 MPa
and left for 2 min. The wavelength range used for analysis was 400-4000 cm !, with a total

of 32 scans and a resolution of 4 cm™1.

2.4. DNA Extraction and 16S rRNA Gene High-Throughput Sequencing

Each sampling point’s water samples were filtered using a 0.45 pm nylon fiber filter
membrane, with approximately 500 mL to 1 L of water filtered for each sample. The filter
membranes were collected and stored in a refrigerator at —80 °C. A DNeasy Power Water
Kit (Qiagen Co., Germantown, MD, USA) was used to extract DNA from the samples follow-
ing the instructions provided by the manufacturer. The DNA concentration was determined
using a NanoPhotometer (N50, IMPLEN Co., Westlake Village, Germany). Sequencing was
performed using the Illumina MiSeq PE300 sequencing platform with a paired double-end
250 bp strategy. The 16S rRNA gene V4 region was amplified using the forward primer 515F
(GTGYCAGCMGCCGCGGTAA) and reverse primer 806R (GGACTACNVGGGTWTC-
TAAT). Raw read files were uploaded to the National Center for Biotechnology Information
Sequencing Read Archive database (SRA; https://trace.ncbi.nlm.nih.gov/Traces/sra/, The
ice-free period samples were accessed on 11 September 2023 and the ice-sealed period sam-
ples were accessed on 22 November 2023) with the BioProject Accession ID PRJINA1015121.
A list of the sample names and their corresponding BioSample Accession IDs is shown in
Table S2.

2.5. Pathogen Quantification Using High-Throughput Quantitative PCR (HT-gPCR)

The quantification and identification of pathogens were carried out using a TagMan
probe-based HT-qPCR assay (Magigene, Guangzhou, China). The assay was completed
utilizing a WaferGen smart-chip real-time PCR system. HT-qPCR reactions were performed
in triplicate, with sterilized water serving as the negative control with no template. HT-
qPCR was performed in a 100 nL reaction system using the TagMan®® gene expression
master mix kit’s optimal reaction system. It included 1 x TagMan gene expression master
mix, 1 x ROX (6-carboxyl-X-rhodamine) reference dye, bovine serum ampere (1 mg/mL),
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forward and reverse primers (0.9 umol/L), probe (0.25 pmol/L), DNA (5 ng/uL) and
nuclease-free water [36]. The following procedure was formulated: initial denaturation
(95 °C, 10 min), followed by 40 cycles (i.e., denaturation at 95 °C for 30 s, annealing
treatment at 60 °C for 30 s), and finally the absolute quantitative information of the sample
genes was acquired by melting curve analysis automatically generated by the program.

2.6. Bioinformatics and Statistical Analysis

The data obtained through Illumina-Miseq high-throughput sequencing were sub-
jected to base calling, resulting in the generation of raw paired-end sequences (raw data).
The raw data obtained in the previous step underwent processing: using the cutadapt
software (v1.9.3), primer sequences were trimmed (with a maximum allowed mismatch
rate set at 15%). Subsequently, DADA2 was employed to process the qualified paired-end
raw data using default parameters in QIIME2, followed by a series of analyses including
denoising: first, a quality filtering process is applied, followed by denoising, merging, and
ultimately removing chimeras [37-39]. After deduplication, the resulting feature sequences
are referred to as amplified sequence variants (ASVs). Subsequently, an abundance table
was generated that represents both the ASVs and their corresponding representative se-
quences. Diversity analysis was conducted to uncover disparities in species composition
among the samples and community structure between samples, as well as to undertake
tailored analysis and extensive data mining.

The sampling point distribution map was created using ArcGIS 10.5 (ESRI, Redlands,
CA, USA), and statistical analysis was carried out in R 4.2.3. The study aimed to investigate
the proportion of BCs in receiving rivers derived from sewage treatment plant BCs using
Source Tracker analysis [40]. Additionally, co-occurrence network analysis with the R
package “Hmisc” was used to probe the link between 200 microbial ASVs and DOM com-
ponents and fluorescence signature parameters [41,42]. Furthermore, Spearman correlation
analysis was conducted to thoroughly explore the correlations of bacterial pathogens with
DOM and environmental factors. The flowchart of the experimental content is shown in
Figure S1.

3. Results and Discussion
3.1. Variation in River Water Physicochemical Characteristics

The concentration of TN was higher in the ice-sealed period, potentially owing to the
lower water temperature (Table 1). This led to a decrease in microbial metabolism and rate
of TN degradation [43]. Higher concentrations of NO3™-N, NO,-N, TN, and TP were
found at WWTP effluent discharge and downstream, which might indicate nonnegligible
pollution. As shown in Figure S2, it is evident that the water temperature is significantly
positively correlated with NO, ™-N, while it is significantly negatively correlated with DO.
DO exhibits a significant negative correlation with NO, ~-N, as well as a significant negative
correlation with water temperature. The effluent from the WWTP exhibits elevated water
temperatures, resulting in an increase in NO, -N levels and a decrease in DO. Oxygen
needed for biological metabolism is reduced and nitrifying bacteria proliferate. This results
in a deterioration in water quality downstream from the WWTP.

DOM concentration (represented as DOC levels) also showed a significant increase at
WWTP effluent discharge and downstream, while it was lightly affected by river freezing.
RW had a substantial impact on the water quality indicators of the river during the ice-free
and ice-sealed periods. The DOM in the receiving river originated primarily from RW. In
addition, we found that the amount of DOM in the upstream river was small, the amount
of DOM in the RW was large, and the amount of DOM in the downstream was gradually
increasing. This suggests that in addition to the discharge of reclaimed water increasing
the levels of DOM in the river, the downstream river itself is being organically polluted.
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Table 1. Water quality parameters of surface water in the river.

T H DO NO3;—-N NO;~-N NH;*-N N TP DOC

Q) P (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Y30 5.2 5.47 6.66 1.22 0.021 0.02 1.23 0.05 6.078
Y40 4.7 5.45 7.03 1.54 0.029 0.72 1.92 0.08 9.708
Y50 13.3 5.51 6.08 3.76 0.052 2.96 3.95 0.17 11.57
Y6O 7.8 5.47 6.51 3.35 0.033 1.88 3.67 0.05 10.66
Y70 8.8 5.48 6.19 3.12 0.05 0.66 3.37 0.13 8.92
Y8O 8.2 7.48 5.87 2.45 0.063 1.13 3.00 0.17 9.003
Y100 12.2 8.11 5.44 2.14 0.115 N 2.53 0.28 8.086
Y110 15.1 7.36 5.74 3.52 0.09 1.63 3.88 0.32 9.908
Y120 139 7.89 5.84 2.96 0.167 3.25 343 0.10 12.61
Y130 13.2 8.02 5.32 1.23 0.116 4.6 1.57 1.25 24.63
Y3F 34 747 6.16 1.54 0.008 0.01 N 0.08 8.629
Y5F 8.2 742 6.47 3.77 0.019 0.02 3.54 0 11.74
Y6F 35 7.57 6.79 3.46 0.014 0 3.62 0.03 10.78
Y7F 2.8 7.61 6.97 3.05 0.023 0.37 3.35 0.23 10.32
Y8F 1.9 7.67 6.83 2.33 0.031 0.52 2.66 0.32 10.04
Y11F 9.8 7.53 5.55 3.55 0.127 0.97 2.74 0.20 15.58
Y13F 2.7 7.69 6.81 2.14 0.055 1.64 2.37 0.15 12.55

Notes: N represents the concentration was under the limit of determination. The ice-free period and the ice-sealed
periods are distinguished by O and F, with O representing during the ice-free period and F representing during
the ice-sealed period.

3.2. Spectral Characteristics and Source Identification of DOM

Figure 2 presents three-dimensional fluorescence spectra and maximal excitation—
emission wavelength distribution curves for two periods. Component 1 (C1) and com-
ponent 2 (C2) were found in the ice-free period and C1, C2, and component 3 (C3) were
identified in the ice-sealed period. Among them, C1 and C3 were humic-like substances,
and C2 was a protein-like substance (Figure 2b). Figure 3a,b shows the relative propor-
tions of DOM fluorescence components during the ice-free and ice-sealed periods. In the
effluent and downstream of the WWTP, the recharge of RW led to a substantial increase in
protein-like substances, exceeding 10%. In water bodies contaminated with sewage, the
proportion of protein-like substances in fluorescent fractions increased substantially [44,45].
The humic-like C1 occupied over 50% of the content in both periods. This indicates that the
river was mainly composed of humic substances. During the ice-sealed period, the humic-
like components of the river significantly increased by over 10%. This phenomenon was
likely due to the seasonal control exerted by temperature and light conditions, influencing
the composition of DOM [46].

During the ice-sealed period, the fluorescence index (FI) value indicates that the
river exhibited significant autotrophic characteristics. On the contrary, the ice-free period
displayed a confluence of endogenous and exogenous sources (Figure 3d) [47]. The highest
concentrations of the biological index (BIX) and freshness index (f3:«) were found at the
effluent discharge site of the WWTP, which suggested that microbial activity plays a critical
role in the production of DOM in RW (Figure 3c,f). Elevated humification index (HIX)
values indicated a reduced concentration of humic substances in the RW. Additionally,
during the ice-sealed period, the values of BIX, HIX (Figure 3e), and (3: were greater than
those during the ice-free period. This finding suggested that microbial activity was more
significant in the production of DOM, with an increased prevalence of aromatic compounds,
during the ice-sealed period.

The UV fluorescence spectral parameters are defined as shown in Table S3. SUVA;s4
and SUVAyg values were significantly higher during the ice-sealed period of the river than
the ice-free period of the river (Figure 4a,b). Chemical structures that were more stable
were those in which aromatic and hydrophobic groups were present. This may be due
to an increase in humic-like substances during the ice-sealed period, with the humic-like
substances exhibiting heightened stability [48]. The E,/E3 and E; /E4 values indicated that
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the river had a higher molecular weight and molecular condensation during the ice-sealed
period [49,50]. The overall low Apss/Apps value demonstrated that the substituents contained
in the benzene ring in the structure of DOM in rivers were mainly non-polar functional
groups (Figure 4e) [51]; Sg values indicated a higher molecular contribution during the ice-
sealed period of the river (Figure 4f) [52]. The SUVAs54 value, along with the lower Sg and
E,/Ej3 values, suggested the presence of aromatic high molecular weight DOM, indicating the
existence of aromatic high-molecular-weight DOM during the ice-sealed period. The research
findings align with the literature, suggesting that aromatic high-molecular-weight molecules
dominate the composition of DOM during the winter season [53].

The infrared spectra of DOM in river samples are shown in Figures S3a and S1b. River-
ine DOM comprised an extensive array of components and functional groups that can
interact with pollutants, thereby significantly influencing pollutant toxicity, distribution,
and biological availability [54,55]. In conclusion, the replenishment of RW can alter the
composition of DOM, according to our research. DOM also demonstrated pronounced
seasonal variations. The significance of humic-like components, aromaticity, and hydropho-
bicity of DOM increased during the freezing season. This suggested that variations in
temperature might incite the transformation of DOM from substances with lower molecular
condensation, like fulvic acids, into substances with humic characteristics. Prior studies have
documented that fulvic acid, a primary constituent of humic substances, is capable of under-
going non-biological transformation into substances that resemble humic substances [56].
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Figure 2. EEM contours, excitation and emission loadings of the two components identified by
DOMFlour PARAFAC analysis: (a) ice-free period; (b) ice-sealed period.
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fluorescence spectral parameters in the Eff, US, and DS water bodies of the WWTP.

3.3. BC Composition and Distribution Characteristics

During the ice-free and ice-sealed periods, a total of 2365 ASVs and 3940 ASVs were
found. Alterations in Chaol and the ACE indices suggested that the quantity of community
species was greater during the ice-sealed period. The increases in the Shannon and Simpson
indices at the effluent and downstream suggested that the recharge of RW contributed to
a heightened diversity of species within the river community (Table S4). At the phylum
level, the dominant phyla during the ice-free period of the river were Proteobacteria (average
relative abundance: 50%), Bacteroidetes (15%), Actinobacteria (12.4%), and Cyanobacteria
(12%) (Figure 5a). The dominant phyla during the ice-sealed period of the river were
Proteobacteria (34%), Bacteroidetes (27%), and Actinobacteria (15%) (Figure 5c). At the genus
level, the dominant genera during the ice-free period of the river were Flavobacterium
(16%), Saccharibacteria_genera_incertae_sedis (2.7%), and Mycobacterium (2.7%) (Figure 5b).
The dominant genera during the ice-sealed period of the river were Arcobacter (7.2%),
Flavobacterium (6.4%), and Pseudarcobacter (2.6%) (Figure 5d). The composition of BCs at the
genus level varied significantly between the ice-free and ice-sealed periods. Furthermore,
the PCoA results unveiled noteworthy variations in the composition of BCs in the ice-free
and ice-sealed periods. (Figure 6a). The composition of MCs has been demonstrated to be
influenced by seasonal variations, such as temperature [42].

The relative abundance of Proteobacteria and Bacteroidetes in the receiving rivers in-
creased significantly. Compared to the ice-free period, Proteobacteria exhibited a significant
reduction of 16%, Bacteroidetes exhibited a notable increase of 12%, and Flavobacterium
exhibited a noteworthy increase of 10% during the ice-sealed period. The freezing of the
river markedly altered the composition of BCs. This indicated that both temporal and
spatial variations influence the composition of BCs. Research has revealed that Proteobac-
teria and Bacteroidota play indispensable roles in the biogeochemical cycles of Earth [57].
Proteobacteria and Bacteroidetes demonstrated remarkable abilities in the degradation of a
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wide range of macromolecular organic substances, thereby performing an essential function
in the material cycling of riverine ecosystem environments [58,59]. Flavobacterium plays a
vital role in the microbial food web [60]. It has been shown that the abundance of Proteobac-
teria increases with increasing temperature, while the abundance of Bacteroidetes decreases.
Flavobacterium can tolerate lower temperatures [61]. Research suggested that the relative
abundance of Bacteroidetes significantly increases during winter, potentially due to the
enhanced nitrification capacity of winter systems [62], wherein Bacteroidetes play a crucial
role in organic matter nitrification, reflected in the decrease in effluent ammonia nitrogen
concentrations. The increase in the relative abundance of Flavobacterium is associated with
the elevation of water body eutrophication. Flavobacterium predominantly accumulates
during winter, when river flow is reduced, potentially leading to the retention of pollutants.
Flavobacterium belongs to the class of typical denitrifying bacteria, with the increase in

winter TN leading to an augmentation in the relative abundance of Flavobacterium [63].
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Figure 5. Sankey diagrams illustrating the relative abundance of the enriched genera among the US,
Eff, and DS samples at phylum (a) and genus (b) levels during the ice-free period. Sankey diagrams
illustrating the relative abundance of the enriched genera among the US, Eff, and DS samples at
phylum (c) and genus (d) levels during the ice-sealed period.
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Figure 6. PCoA ordination plot showing bacterial community composition (beta diversity) based on
the Bray-Curtis distance during the ice-free and ice-sealed periods (a); contribution of the WWTP
source to microbial communities in the river revealed by the source tracker during the ice-free and
ice-sealed periods (b).

The possible contribution of WWTP effluent to the BCs of the receiving river was
identified using source tracker analysis (Figure 6b). Overall, 89% of the BCs in river water
originated from WWTP effluent. This finding indicated that WWTP effluent significantly
influenced the diversity of BC in the receiving river. River pollution was more likely as a
result of the RW discharge [64—66]. This showed the potential dangers of RW discharge
into river ecosystems.

3.4. Distribution Characteristics of Pathogenic Bacteria

Three predominant pathogenic bacteria—Klebsiella pneumoniae (K. pneumoniae), Pseu-
domonas aeruginosa (P. aeruginosa), and Bacillus spp.—were identified in samples col-
lected in the ice-free and ice-sealed periods (Figure 7a,b). We detected Bacillus spp.
in all 10 sampling sites during the ice-free period of the river, with an abundance of
2.1 x 10°~1.5 x 10° copies/L; K. pneumoniae was detected in 8 of the 10 sampling sites,
with an abundance of 1.7 x 10°-1.6 x 10° copies/L; and P. aeruginosa was detected only in
the effluent, with an abundance of 4.5 x 10° copies/L (Figure 7a). Bacillus spp. were not
detected at Y3 only during the ice-sealed period of the river, with an abundance range of
7.9 x 10°-2.3 x 108 copies/L; K. pneumoniae was detected in the effluent and downstream
of the WWTP B, with an abundance of 1.8 x 10*-3.4 x 10* copies/L, and P. aeruginosa was
detected only downstream, with an abundance of 2.5 x 10° copies/L (Figure 7b).

Figure 7a,b reveals that the detection rate and abundance of Bacillus spp. were highest
in the river samples. This ubiquitous occurrence in detecting pathogenic bacteria in river
environments can be ascribed to the robust vitality and rapid reproductive rate of Bacillus
spp. Prior studies have established the active involvement of Bacillus spp. in nitrification
and denitrification processes, thereby establishing the genus as a significant functional
entity in the cycling of carbon and nitrogen [67]. In addition, many studies have shown
that Bacillus spp., P. aeruginosa, and K. pneumoniae were the dominant pathogens in rivers
and WWTPs.
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Figure 7. Abundance of pathogen marker genes detected in rivers using HT-qPCR assay: (a) ice-free
period; (b) ice-sealed period. Abundance of total bacterial 16S rRNA genes detected in rivers using
HT-qPCR assay: (c) ice-free period; (d) ice-sealed period. The values presented are log-transformed.

The abundance of the total bacterial 165 rRNA genes in the ice-free period ranged from
6.7 x 10'% to 1.1 x 10'® copies/L (Figure 7c) and 4.0 x 10° to 1.2 x 10'? copies/L in the
ice-sealed period (Figure 7d). The 165 rRNA genes exhibited minimal variation between the
two periods. In addition, we found that the abundance and detection rate of K. pneumoniae
were much higher during the ice-free than ice-sealed period of the river. This may be
due to the lower temperatures during the ice-sealed period of the rivers. Previous studies
have indicated a potentially significant positive correlation between temperature and the
detection rate of K. pneumoniae and that excessively high temperature may influence the
antibiotic resistance of K. pneumoniae [68]. Compared to the ice-sealed period, the content
of 165 rRNA genes was greater during the ice-free period of the river. We concluded that
the increase in temperature-induced promotion of bacterial growth could be the cause
of this phenomenon. The activity of specific enzymes within microbial cells was the
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primary mechanism by which temperature impacted the growth and metabolic rates of
microorganisms [69].

3.5. Co-Occurrence Patterns among Bacterial Community and Their Interactions with
Environmental Factors

Co-occurrence patterns were analyzed based on the 200 ASVs with the highest rela-
tive abundance and environmental variables. Co-occurrence networks between BCs and
environmental variables during the ice-free period of the river were constructed (Spearman

Irl >0.6,p <0.1), and the network consisted of 207 nodes and 1797 edges (Figure 8a). Based
on the correlation analysis (Spearman Ir| > 0.8) and significance (p < 0.05), co-occurrence
patterns between BCs and environmental variables during the ice-sealed period of the river
were constructed, and the network consisted of 217 nodes and 4229 edges (Figure 8b). The
nodes in the network indicated dominant phyla of Proteobacteria, Bacteroidetes, Actinobacteria
and Cyanobacteria. As shown in Figure 8a,b, the environmental variables correlating with
the bacterial community (ASVs) during the ice-free and ice-sealed periods of the river were
NH4"-N, NO; ™ -N, Apsz/Aggs, SUVA 54, SUVA e Ey /E4, and DOM components.

The primary nutritional substance that regulates the constraints on life processes on
Earth is nitrogen, which is a fundamental constituent of all living organisms [70]. This
indicates that nitrogen compounds are the main drivers of the river bacterial community.
Research indicated that Proteobacteria can degrade aromatic compounds [71]. Therefore,
this suggested that functional groups have a possible influence on the diversity of the
phylum Proteobacteria. During the ice-sealed period, there were significant correlations
with the C1, C2, and C3 components of DOM (Figure 8b). DOM, the most sizable mobile
organic carbon reservoir globally, augmented the carbon source necessary for BC growth in
tandem with the proliferation of humic-like substances [72-74]. Furthermore, correlations
were significantly stronger during the ice-sealed period than the ice-free period. This may
be as a result of the higher aromaticity of DOM during the ice-sealed period: high DOM
aromaticity resulted in more complex and connected networks of bacteria [75].

Spearman correlation analysis showed that during the ice-free period of the river,
the Shannon index exhibited a significant correlation with C1 (r = —0.65, p = 0.05), C2
(r=-0.72,p =0.038), and NO,;-N (r = —0.65, p = 0.043) (Figure 8c). On the other hand,
it demonstrated substantial correlations with C1 (r = 0.93, p = 0.0025) and C3 (r = 0.91,
p = 0.0022) during the ice-sealed period (Figure 8d). The lack of a considerable impact on
bacterial diversity resulting from the river freezing (Table S4) suggested that alterations
in DOM might have played a role in the substantial variation in the correlation between
DOM and bacterial community diversity (Figure 8c,d). This indicated that river freezing
has a substantial impact on the correlation between DOM components and BC diversity.
Seasonal variations may be noticeable in the correlation between DOM and BCs.

Furthermore, Spearman correlation analysis revealed that during the ice-free period
of the river, K. pneumoniae exhibited significant correlations with C1 (r = —0.68, p = 0.046),
DOC (r = —0.7, p = 0.023), and Ajps3/App3 (r = —0.75, p = 0.012) (Figure 8c). This suggested
that the augmentation in the components and concentration of humic substances during
the ice-free period may lead to a reduction in the abundance of K. pneumoniae. Bacillus
spp- were significantly correlated with FI (r = —0.82, p = 0.023) during the ice-sealed
period (Figure 8d). The change in the source of river DOM during the ice-sealed period
may affect changes in the abundance of Bacillus spp. During the ice-sealed period of the
river, endogenous sources constituted the predominant source of DOM (Figure 3d). This
suggested that an increase in endogenous DOM may lead to a decrease in the abundance of
Bacillus spp. Studies have shown that the composition of DOM is largely influenced by its
sources and that these sources influence BC variation through bottom-up processes based
on metabolic preferences and capabilities [76].
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4. Conclusions

Our study revealed that ice-sealed RW recharge has resulted in spatial and temporal
distribution patterns of DOM and MCs from aquatic ecosystems in seasonally ice-sealed
urban rivers. We found that discharges of RW affected water quality in receiving rivers and
dramatically increased the protein-like substance of DOM by 10%. During the ice-sealed
period, the aromaticity and hydrophobicity of DOM increased significantly in compari-
son to the ice-free period. Simultaneously, the concentration of humic-like components
increased substantially. During the ice-sealed period, Proteobacteria were significantly
reduced by 16%, while Bacteroidetes and Flavobacterium were significantly increased by
more than 10%. K. pneumoniae decreased significantly during the ice-sealed period. This
demonstrated the presence of pronounced seasonal disparities in both DOM and MCs. In
addition, co-occurrence network analysis revealed a more significant correlation between
BCs and DOM during the ice-sealed period. This revealed the possibility of a more robust
correlation between highly aromatic and hydrophobic DOM and BCs. The findings of the
Spearman correlation analysis indicated that there was a significant relationship between
the abundance variation of pathogenic bacteria and the components and compositional
characteristics of DOM, which exhibited a high degree of variability during the ice-free
and ice-sealed periods. In the future, if DOM can be used to indicate RW sources and
contamination levels, this will greatly reduce detection time and testing costs. Furthermore,
comprehending the correlation between RW components, including DOM and MCs, will
not only be essential for forecasting the transmission of waterborne diseases in conjunction
with natural water bodies but will also facilitate the enhancement of RW quality to foster
greener aquatic ecosystems with reduced anthropogenic risk.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/w16060906/s1. Figure S1: Flowchart of experimental content; Figure S2:
Spearman correlation analysis of water quality indicators; Figure S3: Region between 4000 and
400 cm ™1 of typical FT-IR absorbance: (a) ice-free period; (b) ice-sealed period; Table S1: The latitude
and longitude information of each sampling sites; Table S2: Accession Identifiers for the raw reads
uploaded to the National Center for Biotechnology Information (NCBI) Sequencing Read Archive
(SRA); Table S3: Meaning of the characteristic parameters of the UV spectra; Table S4: Alpha diversity
indexes of the river; Reference [77] is citied in the Supplementary Materials.
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