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ABSTRACT ARTICLE HISTORY
Waterborne pathogens in urban rivers of estuarine areas pose a Received 22 March 2021
great threat to human health. In this study, both bacterial and Accepted 28 August 2021
fungal community structures of four urban rivers in the Pearl
River estuarine area were investigated using high-throughput
sequencing. Results showed that the diversity and richness indices
of the bacterial community were higher than that of fungi.
Taxonomic analysis indicated that the most abundant bacterial
phylum was Actinobacteria, while the most abundant fungal phy-
lum was Ascomycota. In addition, 35 major pathogens were found
at the level of genus with Mycobacterium being the most abun-
dant. Specifically, pathogens of Burkholderiales, Bartonella,
Rhizobiales, Bordetella and Brucella were first detected in this area,
although with relative low abundances. Spearman correlation ana-
lysis revealed that temperature, TOC and TDP were significant fac-
tors shaping both total microbial community and pathogenic
microbial community structure. TDP was positively correlated with
almost all the potential pathogenic genera. PICRUSt analysis fur-
ther predicted that bacterial infectious disease was the most
abundant pathway associated with microbial functions of human
disease in all the studied rivers. This work provides useful infor-
mation not only for in-depth understanding of bacterial and fun-
gal communities in urban rivers of estuarine areas under
anthropogenic disturbances but also for environmental risk man-
agement of potential waterborne pathogens.
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Introduction

Estuarine ecosystems, connecting the terrestrial and coastal areas, play a crucial role in
biogeochemical cycling and global energy flows. Rivers, lakes, reservoirs, ponds, sewers
and sewage treatment systems are important habitats for microorganism populations,
which participate in biogeochemical processes including the nitrogen, carbon, sulfur and
phosphorus cycles, as well as the degradation of organic pollutants. However, the increas-
ing pace and extent of urbanization alters the physicochemical parameters of surface
waters, which leads to changes in the microbial community. Thus, microbial analysis has
become an essential procedure for evaluating water quality and its impact on
human health.

Although it has been reported that the microbial communities in freshwater are com-
posed of bacteria belonging to Proteobacteria (mostly Betaproteobacteria), Actinobacteria
and Cyanobacteria (Sun et al. 2014; Mohiuddin et al. 2019; Xue et al. 2020), the commu-
nity structure is sensitively affected by the water environment, especially in areas with
intensive human activities. For example, antibiotic pollution from human activities has
greatly changed the microbial community structure of the Urumqi River, resulting in the
increase of unknown bacteria taxa (Xue et al. 2020). Ammonia nitrogen and ORP (oxida-
tion-reduction potential) were identified as the main factors that determine bacterial com-
munity composition in a heavily polluted urban river (Zhang et al. 2019). Total nitrogen
(TN), pH, dissolved oxygen (DO), and heavy metals were the main drivers that affected
the diversity of the bacterial community in Maozhou River under anthropogenic distur-
bances (Ouyang et al. 2020). On the other hand, principal health risks are associated with
waterborne pathogenic microorganisms from anthropogenic discharges, including domes-
tic sewage, industrial wastes, hospital effluents, and urban/agricultural runoffs (Cui et al.
2019; Wu et al. 2019; Al Salah et al. 2020; Zhang et al. 2021). For instance, the bacteria
Vibrio cholerae found in domestic sewage can result in severe gastroenteritis, which causes
dehydration and death (Moehling et al. 2020). Opportunistic fungal pathogens such as
Penicillium, Paracoccidioides and Coccidioides from urban effluents are involved in
respiratory tract infections (Yu et al. 2005; Gade et al. 2020; Singulani et al. 2020). The
inputs of agricultural waste water with high phosphorus concentrations are responsible
for the presence and abundance of both fungal and bacterial pathogens (Duarte et al.
2015; Wu et al. 2019). However, the pollution profile of pathogens and the driving envir-
onmental factors in typical urban rivers in estuarine areas have not been reported.

The Pearl River is the second largest (annual discharge of 3.30 x 10'" m>.yr™") and the
third longest (2.32 x 10’ km) river in China (Mai et al. 2018). As the estuary of the Pearl
River, Wangingsha district has the most complex estuarine system located in the center of
the "Golden Triangle" of Guangzhou, Hong Kong and Macao, which has become an eco-
nomically developed and densely populated area in China. Recently, increased industrial-
ization and urbanization have brought the discharge of industrial and sewage waste to the
Pearl River estuary causing environmental pollution problems, such as severe eutrophica-
tion (Liu et al. 2020), pollution from heavy metals (Ye et al. 2012; Xie and Wang 2020),
and organic pollutant pollution (Li et al. 2014) derived from riverine sewage and waste
disposal (Mai et al. 2018). Additionally, many airborne opportunistic pathogenic bacteria
and fungi were found and 21 ARG (antibiotic resistance gene) subtypes were detected in
The Pearl River area according to our previous report (Liang et al. 2020). However, the
waterborne pathogenic microbial community composition and its corresponding driving
factors in this area have not been studied. It is difficult to directly detect the pathogens in
water due to the wide variety of types and difficulties in cultivation. Microbial indicators,
such as total coliforms and fecal coliforms are closely associated with pathogenic bacteria
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and, therefore, are widely used to assess the pollution profile of waterborne pathogens.
However, owing to their nonpathogenic characteristics, these indicators are not sufficient
to accurately evaluate the microbial safety. Therefore, direct examination of the patho-
genic microbial community structure is essential to assess the threats to human health.

In this work, the microbial community structure of both fungi and bacteria in
Woangqingsha urban rivers affected by human activities in the Pearl River estuarine area
were analyzed using ITS and 16S rRNA high-throughput sequencing. Meanwhile, the
characteristics of potential pathogens were also investigated in this area. The main object-
ive was to clarify the key factors that shape the microbial and pathogen communities and
to assess the microbial threats to human health. This work provides useful information
for in-depth understanding of estuarine microbial communities for risk management of
potential waterborne pathogens.

Methods
Water sampling

The sampling region was located on the main branch of Pearl River Estuary and a total
of 11 samples were collected in August 2019 across Wangingsha Island
(22°35'17"-22°43'4" N, 113°33/92”-113°37'52" E) in the Nansha district, Guangzhou,
China. The Wangqingsha Island has a total 19 human-made urban rivers that connect to
the estuary (Figure 1). Urban rivers 4, 8, 16 and 19 were selected as sampling sites. Urban
river 4 was located in an industrial area which was influenced by industrial production
activities. Urban river 8 was located in a residential area which was influenced by residen-
tial activities. Urban river 16 was an ecological area which had a small human population
and thus was less affected by anthropogenic activities. Urban river 19 was considered as
the inlet area at the mouth of the sea. As shown in Figure 1, the water sampling sites
were located in the industrial-influenced area (upper reach (R4U), middle reach (R4M),
and lower reach of urban river 4 (R4D)), the residential-influenced area (upper reach
(R8U), middle reach (R8M), and lower reach of urban river 8 (R8D)) , the ecological area
(upper reach (R16U), middle reach (R16M), and lower reach of urban river 16 (R16D),
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Figure 1. Map of sampling sites for different areas influenced from human activities in the urban rivers of Pearl
River Estuary.
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and the estuary area (middle reach (R19M), and lower reach of urban river 19 (R19D)),
respectively.

Surface water samples from approximately 0.5m depth were collected using an etha-
nol-disinfected water sampler and stored in sterile plastic sampling bottles. The collected
waters were immediately transported to the lab and filtered through 0.45um glass fiber
filters. The filtered water samples were stored at 4°C in darkness until water quality ana-
lysis was performed. Microorganisms were collected by filtering 150 mL of the collected
water through a membrane filter (0.22 pm, Feiteng, China) and then stored at —80°C
until DNA extraction.

Water quality analysis

Water quality indicators including dissolved oxygen (DO), water temperature (T) and pH
were immediately measured after sampling using a portable DO meter (ST300D/B,
Ohaus, US), while chemical oxygen demand (COD), total dissolved phosphorus (TDP),
nitrate (NO;-N) and nitrite (NO,-N) were analyzed in the laboratory according to stand-
ard methods (GB 5749-2006) (Wu et al. 2016). Total organic carbon (TOC) was measured
using a total organic carbon analyzer (TOC-L CPH, Shimadzu, Japan). The UV254
absorbance of the samples was measured using a UV-vis spectrophotometer (Agilent,
Cary 100, US) with a 1 cm quartz cuvette, and ultrapure water was used as both a refer-
ence and a blank.

EEM measurements and PARAFAC modeling

Organic matter profiles were investigated by three-dimension excitation emission matrix
(3D-EEM) fluorescence spectroscopy. The 3 D-EEM spectra of the samples with excitation
(Ex) wavelengths of 240-400nm and emission (Em) wavelengths of 290-550nm were
measured using a fluorescence spectrometer (FS5, Edinburgh, UK). The PARAFAC mod-
els were generated using the DOMFluor toolbox of the Matlab (2.0, Eigenvector Research
Inc.) software package, which contains all of the tools used to identify outliers and can
decompose the EEM spectrum into independent fluorescent components as well as per-
form residual errors and split-half diagnostics according to the tutorial described by
Murphy et al. 2008. EEMs were corrected for instrument bias and inner filtering effects, a
blank subtracted and normalized to the area under the water Raman peak of the blank
at 350 nm.

DNA extraction, PCR amplification and sequencing

High-quality DNA was extracted from the filter membranes with MP FastDNA® SPIN Kit
for Soil (MP Biomedicals, USA) according to the previous study (Liang et al. 2020). The
details of DNA extraction and quality control procedures can be found in Supplemental
Information. PCR amplification was conducted wusing the primers 338F:5'-
ACTCCTACGGGAGGCAGCAG-3" and 806 R:5-GGACTACHVGGGTWTCTAAT-3 tar-
geting V3-V4 hyper-variable region of the bacterial 16S rRNA gene, and ITS3F: 5'-
GCATCGATGAAGAACGCAGC-3' and ITS4R: 5'-TCCTCCGCTTATTGATATGC-3
targeting the internal transcribed spacer (ITS) region of the fungi, respectively. PCR amp-
lification was performed in triplicate for one sample at each site. PCR reactions were per-
formed using 20 uL mixtures containing 5uL of 5 x FastPuf Buffer, 2pL of 2.5mM
dNTPs, 0.8 uL of each primer (5uM), 0.4 uL of FastPuf polymerase, 0.2 uL of BSA, 10ng
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of template DNA, and sterilized ultrapure water to bring volume up to 20 pL. PCR condi-
tions were as follows: initial denaturation at 95°C for 3 min; followed by 35 cycles of
95°C for 30s, annealing at 55°C for 30s, and extension at 72°C for 45seconds; and a
final extension at 72°C for 10 min. PCR products were extracted from 2% agarose gels
and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA)
according to the manufacturer’s instructions and quantified using QuantiFluor™-ST
(Promega, USA). All PCR products were sequenced using the Illumina MiSeq platform
(Majorbio Bio-pharm Technology).

Data analysis

Data were processed using the Quantitative Insights Into Microbial Ecology (Qiime 1.9.1)
pipeline for 16S rRNA and ITS data sets (http://qiime.org/tutorials/index.html). Low qual-
ity sequences were identified by denoising and filtered out of the dataset. Chimeric
sequences were removed using the Uchime function with the sequence collection as its
own database in the Mothur program 1.30.2 (https://www.mothur.org/wiki/Download_
mothur) (Schloss et al. 2009). The effective sequences were then clustered into operational
taxonomic units (OTU) at 97% sequence similarity with a standard Uparse method
(http://www.drive5.com/uparse/). The taxonomy of bacteria, fungi and opportunistic
pathogens were analyzed by RDP Classifier algorithm aligned and compared with the
SILVA version 132 (https://www.arb-silva.de/), UNITE version 8.0 (https://unite.ut.ee/)
and human pathogenic bacteria (HPB) database constructed by the taxonomic list derived
from the HPB virulence factor database (http://www.mgc.ac.cn/VFs/) (Chen et al. 2012)
and other references (Fang et al. 2015; Liang et al. 2020), respectively. The details of fun-
gal community analyses can be found in Supplemental Information. Axis lengths of
DCAL of bacterial and fungal sequences were 0.70 and 0.74, respectively. Therefore, RDA
using R-vegan was most suitable for comparing species-environment correlations.
Spearman correlation between the physicochemical parameters and the relative abundance
of bacterial communities was performed using R package (version 3.5.1). Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) (http://
picrust.github.io/picrust/) was used to predict the bacterial community function. The pre-
diction genes were compared with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database.

Results and discussion
Water parameters and 3 D-EEM analysis

Table SI lists the temporal physicochemical parameters of collected water samples, includ-
ing Temperature, pH, TDP, DO, COD, TOC, NO;-N, NO,-N, and UV254. The water
temperature was in the range of 28.4°C ~ 32.3°C with an average of 30.8°C, and pH
ranged from 7.86 to 8.3 with an average of 8.07. The water temperature of studied rivers
displayed a decreasing trend from upstream to downstream, and the pH value displayed a
gradually increasing trend from river 4 to river 19. Notably, the concentrations of TDP in
urban river 4 were higher than in the others with the highest value observed at site R4U
(1.98 mg/L), which indicates the industrial-influenced river may be mainly contaminated
by phosphorus-polluted effluents. Meanwhile, the highest COD (147.2mg/L) and TOC
(4.6 mg/L) concentrations were found at site R8U (residential area), suggesting organic
polluted wastewater discharge was even worse in the residential area than in the industrial
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Figure 2. Contour plots of the six components identified from the complete EEM datasets by PARAFAC.

area. Irregular changes in DO (ranging from 3.70mg/L to 7.08 mg/L), NO;-N (ranging
from 7.06 mg/L to 45.9mg/L) and NO,-N (ranging from 0.1 mg/L to 0.43mg/L) were
observed in all the sites, and the highest values were found at urban river 16, which was
the area least affected by human activities.

To study the pollution profile, 3D-EEM was used to characterize the features of
organic pollutants. A total of 6 components were determined by PARAFAC modeling
from the residuals and split-half analysis. As shown in Figure 2, the spectral
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characteristics of these 6 components were matched with the OpenFluor database (simi-
larity > 0.95) (Murphy et al. 2014). Specifically, Component 2 (C2) with the Ex/Em max-
imum at (250)335/450 nm could be assigned to typical humic-like substances according to
the references (Lambert et al. 2016; Derrien et al. 2018). The components Cl (<240/
475nm) and C3 (<240/385nm) were attributable to terrestrial humic-like substances
(Murphy et al. 2011; Kowalczuk et al. 2013) and microbial humic-like substances
(Yamashita et al. 2011; Retelletti Brogi et al. 2019), respectively. The components C4
(<240/360(450) nm) and C6 (275/325nm) were indicators for the presence of tyrosine-
like and tryptophan-like proteins and were presumably derived from plankton-derived
organics or wastewater-impacted waters according to the references (Harjung et al. 2019;
Wang et al. 2019). Overall, it was found that humic-like components C1, C2, C3, and C5
represented a total of 81 £3% (mean +SD), while the two protein-like components (C4
and C6) accounted for 19+3% of the six components, suggesting the dissolved organic
matter is dominated by humic-like substances. Besides, the highest relative abundances of
C1 were found at site R4U, which may be ascribed to the industrial production increasing
the dissolved organic matter load.

3.2. The abundance and diversity of waterborne microorganisms

A total of 485,900 high quality 16S rRNA gene sequences and 635,875 ITS2 sequences
were optimized for classification with dominant length distributions of 414 and 334bp,
respectively. After randomizing the sequences according to the minimum sample sequence
number, 26,354 16S rRNA gene sequences and 28,771 ITS2 sequences of each sample
were conducted for further statistical analyses.

Alpha diversity of the samples was investigated by analyzing Sobs, Shannon, Simpson,
ACE, Chao, and coverage indices at the same sequence depth (Table 1). Overall, the
Good’s coverage index of the bacteria and fungi was all above 99.0% and the rarefaction
curves according to Sobs index on OTU level tended to approach the saturation plateaus
(Figure S1), indicating that the obtained sequences could well represent the waterborne

Table 1. Richness and abundance of bacteria and fungi estimated by diversity index.

Sample Sobs Shannon Simpson Ace Chao Coverage

Bacteria R4U 928.00 4.84 0.03 1185.15 1162.97 0.99
R4M 1001.00 4.88 0.03 1265.07 1257.69 0.99
R4D 1041.00 5.20 0.01 1384.59 1344.81 0.99
R8U 651.00 438 0.04 793.47 789.97 0.99
R8M 745.00 4.44 0.04 1004.05 1067.84 0.99
R8D 919.00 5.07 0.02 1050.29 1038.86 0.99
R16U 760.00 4.83 0.02 967.18 990.07 0.99
R16M 755.00 4.58 0.04 978.36 958.03 0.99
R16D 875.00 4.75 0.03 1110.07 1116.00 0.99
R19M 854.00 492 0.02 1081.13 1046.61 0.99
R19D 773.00 4.87 0.02 969.69 939.69 0.99
Fungi R4U 659.00 3.77 0.07 1108.91 941.72 0.99
R4M 942.00 4.58 0.04 1121.13 1090.67 0.99
R4D 454.00 322 0.15 477.11 474.51 1.00
R8U 275.00 2.99 0.11 513.52 422.00 1.00
R&8M 371.00 348 0.08 496.15 488.19 1.00
R8D 402.00 4.85 0.02 406.17 409.09 1.00
R16U 328.00 3.54 0.08 411.85 422.89 1.00
R16M 265.00 3.03 0.09 434.63 375.76 1.00
R16D 366.00 3.22 0.08 478.30 457.47 1.00
R19M 660.00 434 0.03 783.08 768.67 0.99

R19D 304.00 2.82 0.15 490.47 414.00 1.00
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Figure 3. Redundancy analysis (RDA) biplot of the distribution of (a) bacterial and (b) fungal communities on the phy-
lum level with environmental variables in 4 different urban rivers.

microbial communities in these samples. The Venn diagram showed that there were 766
bacterial OTUs shared by all sites, while R4 had the largest number of unique OTUs
(195), followed by R8 (74 OTUs), R16 (26 OTUs) and R19 (23 OTUs) (Figure S2). The
Shannon diversity and Chaol richness index of the bacteria ranged from 4.38 to 5.20 and
from 789.97 to 1344.81, respectively, and was higher than that of fungi which ranged
from 2.82 to 4.85 and from 375.76 to 1090.67, respectively, suggesting the alpha diversity
and richness of the bacterial community was higher than that of the fungal community.
For different urban rivers, the Shannon diversity index suggests that R4D (industrial area)
had the highest bacterial diversity, while R8D (residential area) had the highest fungal
diversity. In addition, the Sobs number and Chaol estimator of the bacteria and fungi in
R4 was much higher than in the other three rivers (R8, R16, R19). This may due to the
enrichment of phosphorus and terrestrial humic-like substances in the industrial area pro-
moting the population growth of bacteria and fungi, while the enrichment of organic mat-
ter in the residential area favored the growth and reproduction of fungi.

To study the similarity of the microbial community structures of the samples, redun-
dancy analysis (RDA) was performed (Figure 3). The sites influenced by human activity
(R4, R8, R19) were well separated from upstream to downstream, indicating the structure
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of microbial communities was significantly changed under anthropogenic disturbances.
The sites in the ecological area (R16) with less human activity were clustered together,
suggesting that they had similar community structure composition. However, for fungi,
the separation of sites R16U and R16M from the other sites shows a more obvious differ-
ence than the bacterial community. These results further demonstrate that the bacterial
and fungal community structures are changed under the influence of human activities.
The specific bacterial and fungal taxon differences are discussed in the next section.

3.3. Taxonomic assignment and community structure

The taxonomic distributions for 16S rRNA/ITS2 sequences of all the water samples are
demonstrated in Figure S3. A total of 1,612 bacterial OTUs and 1,602 fungal OTUs were
detected at a similarity threshold of 0.97, which can be classified into 35 phyla, 83 classes,
217 orders, 355 families, 587 genera, 929 species and 9 phyla, 32 classes, 67 orders, 116
families, 147 genera, and 172 species, respectively.

For bacterial sequences at the phylum level, the largest bacterial sequences (89,327
sequences) were assigned to Actinobacteria, and the second largest groups were
Proteobacteria (75,794) and Cyanobacteria (68,944) followed by Bacteroidetes (29,805).
Among them, the most OTUs belonged to Proteobacteria (41.27%), followed by
Bacteroidetes (19.46%) and Cyanobacteria (10.14%), suggesting that there were more spe-
cies of Proteobacteria. Based on relative abundances, the major bacterial groups (>1%
abundance) were further studied and the results were displayed in Figure 4(a). It was
found that Actinobacteria, Proteobacteria, Cyanobacteria and Bacteroidetes were the most
dominant groups in all the samples, which occupied more than 80% of all the species.
However, the community structure obviously varied from upstream to downstream of the
studied rivers, except for ecological area (R16). For instance, the relative abundance of
Proteobacteria was increased from upstream to downstream in R4 and R8. The proportion
of Cyanobacteria in downstream sites was lower than midstream/upstream in R4, R8 and
R19, while it remained uniform in R16. In addition, the site R8U had the highest percent-
age of Actinobacteria (39.23%), the sample R4D had the highest percentage of
Proteobacteria (38.8%), and the sample R8M contained the highest percentage of
Cyanobacteria (34.68%).

Among the fungi that can be classified, the most predominant fungi were Ascomycota
(134,282 sequences) which occupied 24.4% of all the fungal OTUs, while Chytridiomycota
(9,317) occupied 4.11% and Basidiomycota (1,467) occupied 4.99% with relatively lower
proportion. To be specific, Figure 4(b) shows that urban river 16 exhibited higher relative
abundance of Ascomycota with the highest value obtained at R16M (70.36%). It was
reduced obviously in the other rivers which have intense human activity, indicating that
human activity may limit the growth of Ascomycota. In addition, the highest abundance
of Chytridiomycota and Basidiomycota was found in sample R8D (occupied 9.20% and
2.05%, respectively), followed by sample R4D (occupied 8.82% and 0.68%, respectively).
These results showed that the bacterial and fungal community structure at the phylum
level were different in different urban rivers, with Proteobacteria, Cyanobacteria and
Ascomycota phyla more susceptible to human activities.

3.4. Detection of waterborne pathogens

The waterborne pathogen community was identified by a total of 8 phyla, 13 classes, 19
orders, 32 families, 35 genera, 47 species according to the standard of USEPA. At the
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Figure 4. The community compositions of waterborne (a) bacteria and (b) fungi at the phylum level.

genus level, Mycobacterium was found to be the most dominant pathogen in all samples
(>20%), which belongs to the phyla of Actinobacteria (Figure 5). The second abundant
was Burkholderia-Paraburkholderia (>5%), while Burkholderiales, Bartonella, Rhizobiales,
Bordetella, Brucella were detected with relative low abundance (>1%). Coincidentally,
they all belonged to the phyla of Proteobacteria and the abundance increased from
upstream to downstream in human activity-influenced rivers (i.e., R4 and R19). To be
specific, high abundances of Bartonella, Rhizobiales and Brucella were found in R4D,
which accounted for 6.33%, 4.81% and 1.23%, respectively. High abundances of
Burkholderiales and unclassified phyla proteobacteria were found in R19D, which
accounted for 5.77% and 4.91%, respectively. In addition, potential waterborne pathogens
with relatively low abundance (<1%) were also investigated. It was found that
Mycoplasma was rich in R8U and R8M, while Helicobacter, Legionella, Pseudomonas,
Salmonella, Enterococcus, Streptococcus, Escherichia-Shigella and Staphylococcus were rich
in R4D and R8D. In particular, Escherichia-Shigella, Streptococcus, and Enterococcus which
are considered to be human-associated enteric pathogens were detected in all the studied
rivers except the non-human-activity-influenced river (i.e., R16). This result indicated that
potential human contamination would favor the community of pathogens.



JOURNAL OF FRESHWATER ECOLOGY 315

Bordetella W Proteobacteria

Rhizobiales W unclassified_k__norank
Proteobacteria W Actinobacteria
Bartonella

Burkholderiales

Burkholderia-Paraburkholderia Ml Tenericutes
unclassified_k__norank W Bacteroidetes

Mycobacterium B Chlamydiae

Staphylococcus ) 5
Bacillales Fusobacteria
Streptococcus

Enterococcus

Corynebacterium_1
Clostridium_sensu_stricto_I18

Helicobacter

Mycoplasma

Brucella

Corynebacteriales

Gammaproteobacteria

Bacteroides

Vibrio

Listeria

Chlamydia

Bacilli

Bacillus

Fusobacterium

Acinetobacter

Pseudomonas

Legionella letd
Enterobacteriaceae '
Clostridium_sensu_stricto_I let3
Salmonella -let+2
Escherichia-Shigella L el
Campylobacter

Campylobacterales [ let0

- le-1

Firmicutes

I,

S & 2 & & &8
S S © o 9O O ©
§ &5 T s F e

Figure 5. The community heatmap showing the normalized relative abundance of waterborne potential pathogens at
the genus level.

3.5. Correlations of environmental factors with waterborne pathogens

The relationship between microbial taxa and environmental factors was investigated by
RDA analysis (Figure 3), and the correlation coefficient (r?) values were shown in Table
S2. Temperature (r* = 0.58, p <0.50) and TOC (r* = 0.66, p <0.50) were found to be
the most significant environmental factors that shaped the bacterial community, while
temperature (r* = 0.77, p <0.01) and nitrite (r* = 0.54, p < 0.50) were significantly influ-
ential factors driving the fungal community. Spearman correlation was further used
to examine the correlations between the specific phylum and environmental factors
(Figure 6). For bacteria, the factors of nitrite, temperature and TOC had a correlation
with 5, 7 and 9 phyla, respectively. For instance, the relative abundance of Cyanobacteria
was positively correlated with temperature and TOC, while the relative abundances of
Dependentiae, Acidobacteria, and Nitrospirae displayed the opposite pattern. In addition,
the relative abundance of Proteobacteria had a strong negative connection with tempera-
ture and TOC, while the relative abundance of Spirochaetes showed the opposite pattern.
Notably, TDP was the only factor that had a positive correlation with all six phyla (i.e.,
Epsilonbacteraeota, Acidobacteria, Nitrospirae, Verrucomicrobia, Armatimonadetes, unclas-
sified). For fungi, TDP was also the environmental factor that had the greatest impact on
fungal communities, exhibiting a positive correlation with the abundance of
Basidiomycota, Chytridiomycota, Mortierellomycota, Rozellomycota, and Zoopagomycota,
and a negative correlation with Ascomycota (the predominant fungi in these samples).
The abundance of Chytridiomycota had a negative correlation with 4 water indices (tem-
perature, pH, UV254, and nitrite). Furthermore, pathogens at the genus level were also
investigated. As shown in the spearman correlation heatmap in Figure S4, 21 of the 30
top genera were significantly correlated with these environmental factors. TDP was found
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to be the most important factor, which was positively correlated with 9 genera
(Acinetobacter, Burkholderia-Paraburkholderia, Bacteroides, Pseudomonas, Escherichia-
Shigella, Brucella, Helicobacter, Gammaproteobacteria and Enterobacteriaceae). Further, all
9 genera were identified to be negatively correlated with TOC and UV254, while 7 and 6
genera were positively related to temperature and nitrite, respectively. These results illus-
trated that the discharge of organic matters is closely related to the growth of different
bacteria and fungi species.

3.6. Functional predictions of potential pathogenic communities

The functional profiles were predicted according to PICRUSt analysis. The PICRUSt gene
function prediction results were used to enrich the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway annotation information. In our study, a total of 6 KEGG level
1 pathways and 40 KEGG level 2 pathways were annotated in all samples, while the dif-
ferences among the studied urban rivers were not significant (Figure S5(a)). Among the
level 1 pathways, metabolism was the function most enriched (60%), including metabol-
ism of carbohydrate, amino acids, lipid, cofactors and vitamins. Environmental informa-
tion processing was the second most abundant function (16.83%), including the process
of signal transduction, membrane transport, signaling molecules and interaction. Genetic
information processing (12.13%) was the function containing the process of translation,
transcription, replication and repair, folding, sorting and degradation. Cellular processes
(3.15%) were the function containing the process of cell growth and death, transport and
catabolism, cell motility. Organismal systems (1.14%) were the function containing
immune system, excretory system, endocrine system, circulatory system. The KEGG level
2 pathways associated with human diseases were involved in infectious disease (bacterial,
parasitic and viral), neurodegenerative disease, cancer, immune disease, endocrine and
metabolic disease and cardiovascular disease (Figure S5(b)). It was noted that bacterial
infectious disease was shown to be the most abundant pathway in all the studied rivers.
The highest abundance of bacterial infectious disease was found at site R4D, suggesting
the health risk of pathogenic microorganism contamination was more associated with
human industrial activities.

3.7. Association with human activity

Human activities have raised great threats to coastal and estuary ecosystems worldwide,
such as the input of nutrients, sewage, and industrial wastes. In this study, a great impact
on the microbial community influenced by discharged chemicals from human activities
was found. On the one hand, the concentrations of TDP (ranged from 0.76 mg/L to
1.98mg/L) and COD (ranged from 32.2mg/L to 147.2mg/L) all exceeded the national
surface water quality criteria IV (TDP < 0.3mg/L; COD < 30 mg/L), indicating that the
studied urban rivers suffered from severe phosphorus and organic matter load. Specially,
R4 (industrial area) contained much higher concentration of TDP than the other three
rivers, indicating that the river was richer in phosphorus nutrition which leads to the
variation of microbial diversity, especially the multiplication of Proteobacteria and
Chytridiomycota. On the other hand, previous research had revealed that Fluorescent
Dissolved Organic Matter (FDOM), a type of soluble organic matter in water that con-
tains humic acid, fulvic acid and aromatic polymers (Rodriguez-Avella et al. 2020), were
more sensitive to anthropogenic sources, such as effluents of aquaculture, treated domestic
and industrial wastewater (Du et al. 2021). In this study, the EEMs data with PARAFAC
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analysis showed that the terrestrial humic-like substances C1 had a higher maximum
fluorescence intensities (FI,,.x) level at R4 (Figure S6), which mainly existed in high nutri-
ent and wastewater-impacted environments, indicating the direct influence by human
activities through exporting anthropogenic organic matters. In addition, higher concentra-
tion of TOC and COD were found at site R8U (4.60 mg/L and 147.20 mg/L, respectively),
followed by R4U (3.87mg/L and 113.20 mg/L, respectively), further indicating that the
urban rivers influenced by industrial and residential waste were suffered from organic pol-
lutant contamination from human activity.

For all the studied rivers, the diversity and richness of bacterial community were higher
than that of fungal community, which is consistent with the results of airborne microorgan-
isms according to our previous report (Liang et al. 2020). At the phylum Ilevel,
Actinobacteria (31.09%), Proteobacteria (26.38%) and Cyanobacteria (24.00%) were found to
be the three most dominant bacteria, followed by Bacteroidetes (10.37%) (Figure S3).
However, Mai et al. (2018) demonstrated that Proteobacteria was the most abundant
(63.97%) phyla in surface waters from Pearl River estuaries, followed by Actinobacteria
(17.01%) and particularly low abundance of Cyanobacteria (1.82%). The results may be
attributed to shorter distance from urban area and overall higher nutrient content in our
studies, which likely promotes the growth of Actinobacteria and Cyanobacteria (Harris et al.
2016). Previous studies also found that the dominant phyla Actinobacteria and Proteobacteria
in the Ganjiang River and Maozhou River under anthropogenic disturbances (Wang et al.
2016; Ouyang et al. 2020). Higher relative abundance of Actinobacteria and Proteobacteria
indicated higher health risk, because they were the most abundant phylum in wastewater
and hospital effluents, which contains the opportunistic pathogens, including Mycobacterium
spp., Legionella spp., and M. avium (Marti et al. 2013). For fungi, Ascomycota was found to
be the most abundant phylum occupying ~42.49% of all the fungal sequences, while
Chytridiomycota occupied 2.95%. Li et al. (2016) also reported the dominant role of
Ascomycota in the intertidal region, which was highly influenced by anthropogenic activities.

Furthermore, the potential waterborne pathogen community composition was analyzed
at the genus level, indicating that Mycobacterium was the major genera in The Pearl River
estuaries, followed by Burkholderia-Paraburkholderia (Figure S7). A previous study reported
that Mycobacterium was also the dominant pathogens from the water supply network and
typical urban surface water (Wolf-Baca and Piekarska 2020), which was positively related to
autochthonous organisms (Leight et al. 2018). Several species of Mycobacterium were patho-
genic to both animals and human beings, causing pulmonary and cutaneous disease, like
tuberculosis (Jin et al. 2018; Tao et al. 2020). In contrast, Liang et al. (2020) found the
higher abundance of Burkholderia-Paraburkholderia, Bacillales and Staphylococcus in the
bioaerosols samples at the same area. Jin et al. (2018) has investigated 16 typical surface
water samples and found that the most frequently identified genera were Pseudomonas and
Aeromonas, while Ouyang et al. (2020) found Vibrio and Arcobacter were the dominant
genera in Maozhou River with anthropogenic disturbances. Except for these abundant
pathogens, Burkholderiales, Bartonella, Rhizobiales, Bordetella, Brucella were detected with
relative low abundances in this study, which has not been reported in previous research of
this area. It should be noted that these species were highly related to human health. For
instance, Burkholderia-pseudomallei, a Gram-negative pathogen, can cause melioidosis
infected through wounds, mucous membranes and respiratory routes, often fatal infectious
disease for humans. Bartonella is responsible for Oroya fever and Verruca Peruana.
Bordetella can cause human pertussis, which is a highly contagious respiratory disease.
Moreover, PICRUSt analysis predicted that the high relative abundance of functions related
to human disease was bacterial infectious disease. Overall, the high abundance of pathogens
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in industrial-influenced and residential-influenced urban rivers suggests that more attention
should be paid to these areas for risk management.

Spearman correlation showed that TDP was the main factor that driven both bacterial
and fungal community compositions in this study. The concentration of TDP was posi-
tively correlated with six bacterial and five fungal phyla, which was consistent with the
previous research that the increased nutrient loading from urban lands would stimulate
the growth of bacteria (Shao et al. 2013; Du et al. 2021). In addition, UV254, Nitrate,
TOC and Temperature were also shown to be significant factors to determine bacterial
community structures. It was noted that TDP had positive correlation with almost all the
potential pathogenic genera (Figure S4), while TOC, UV254 and Temperature were nega-
tively correlated with some of them. This result further suggested that the surface water
with high nutrient concentration (indicated by TDP) would provide a favorable environ-
ment for the growth of potential pathogens.

4, Conclusions

In this study, the pollution profile of waterborne bacterial and fungal community along
with potential pathogens was investigated in urban rivers of Pearl River estuarine area. It
was found that the microbial pollution was strongly related to the physiochemical charac-
teristics and chemicals in the water samples. Anthropogenic activities, such as discharge
of industrial waste, domestic sewage, agriculture and fishery pollution, changed the physi-
cochemical parameters of the water and then increased the diversity of bacterial and fun-
gal community, while the abundance and diversity of bacterial community were higher
than that of fungi. Temperature, TOC and TDP were the major factors that drive both
total microbial and pathogenic microbial community compositions. Besides, 35 major
pathogens were detected in these samples at the level of genera while the most abundant
was Mycobacterium, rising potential human health risk and a high risk of waterborne
disease outbreak. Overall, the information provided in this study is valuable not only for
in-depth understanding of the changes of microbial community driven by discharged
chemicals from anthropogenic activities in estuary reservoirs, but also for assessment of
microbial safety caused by the identified pathogens.
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