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Reservoirs, rivers and groundwater are the top three sources of drinking

water supplies in China. As microbial contamination of drinking water is still a

prominent water quality problem in rural areas, understanding the microbial

quality of these sources is important to the public’s health and economic

prosperity of communities. In this study, three types of source water samples

were collected from three cities in China. Bacterial contamination indicators

testing showed that: total coliforms (TCs) and potential E. coli were not

detected in groundwater, but both were detected in river and reservoir

water. Total bacteria (TB) of rivers and Res-Ⅰ (sampling site Ⅰ of reservoir

water) were greater than 100 CFU/ml, while less than 100 CFU/ml from Res-

Ⅱ (sampling site Ⅱ of reservoir water) and groundwater. Salmonella spp. were

isolated from river water and no pathogenic microorganisms were isolated

from the other two types of water sources by selective culture. Microbial

communities testing by 16S rRNA gene amplicon sequencing indicated that,

there were 14,114 operational taxonomic unit (OTU) of microbial abundance

from all 30 samples, andmost OTUs were only present in river water (15.17%),

reservoir water (10.46%) or groundwater (43.91%), while 1540 OTUs (10.91%)

were shared by all three types of water sources. There were significant

differences in the microbial communities of the three types of source water

(p < 0.05). Based on the Ace, Chao, and Shannon-Weaver, and Simpson

indexes, the species diversity of bacteria in groundwater was higher than in

river water or reservoir water (p < 0.05), with the reservoir water having the

lowest diversity of bacteria. More than seven potential pathogenic bacteria

were detected in 30 water samples, for example, E. coli, Staphylococcus

aureus, Clostridioides difficile and Bacteroides fragilis were present in all

three types of water sources, while other pathogenic bacteria occurred only

in some of the water samples. Clostridium perfringenswere detected in river

water and groundwater. This study adds information on the microbial

communities of various drinking water sources in rural China, which is

valuable to water treatment and waterborne pathogen studies. In

addition, this study supports the idea that 16S rRNA gene amplicon

sequencing could be used as a supplementary tool for sources water

quality monitoring.
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1 Introduction

Access to safe drinking water is one of the basic human rights

and is crucial to health, while contaminated water is linked to

transmission of diseases such as cholera, diarrhoea, dysentery,

hepatitis A and typhoid fever. Drinking water supplies are

threatened by increasing water pollution resulting from more

intensive human activities in recent years (Wani et al., 2021).

Water pollution is caused by city sewage, industrial discharges,

and non-point sources such as runoff from roads or agricultural

lands following rain events. In rural China, microorganisms are a

widespread concern for tap water due to inadequate disinfection

of water supplies (Bei et al., 2019). Regular monitoring of

drinking water from 2007 to 2018 in China showed that

about 20%–30% of drinking water samples contained

indicator microorganisms [including total coliforms (TCs),

total bacteria (TB) and faecal coliforms (FCs)] and therefore

exceeded the national standard (Wang et al., 2021). Meanwhile,

more than one in five rural water supply projects did not have

proper water purification facilities and over 18% of small

centralized water supplies in rural China did not have

disinfection (Bei et al., 2019). Although rates for achieving

water quality standard in rural drinking water sources have

increased every year, the frequency of microorganism indexes

exceeding the standard was still higher than other indexes of

water quality. Monitoring data in 2018 showed that 2.4% of

samples from rural surface water sources exceeded the standard

for FCs, and over one-third of samples in underground water

sources exceeded the standard TCs (Zhou et al., 2020). Clearly,

microbial contamination of water sources, coupled with

inadequate treatment processes in small rural systems, poses

potential risks to the health of water consumers.

In China, water quality monitoring programs for source

water, piped water and tap water play prominent roles in

water source protection and drinking water safety (Li et al.,

2019). The National Standards for Drinking Water Quality was

revised in 2022, and TCs, TB, and FCs were included as the

microbiological indicators. The National Rural Drinking Water

Quality Monitoring Network (NRDWMN) was created in 2019,

and covered >98% of the townships in China (Li et al., 2021).

Equally important, the National Water Quality Monitoring Plan

for Urban Centralized Drinking Water Sources was issued in

2002 (Ministry of Ecological Environment of the People’s

Republic of China, 2002). Generally, the source of drinking

water may be divided into surface water and groundwater. In

2020, there were 53,432 centralized drinking water sources in

rural areas, serving about 400 million people, with an average of

more than 7,000 people per water source. Both the National

Surface Water Environmental Quality Standard and Surface

Water Environmental Quality Standard can be used for source

water quality assessment.

Routine microbiological testing of drinking water supplies is

essential for the protection of public health. Bacterial contamination

indicators such as TCs, FCs, and Escherichia coli (E. coli) are the

most common surrogates for the presence of microbes or fecal

contamination (Saxena et al., 2015). However, the application of

indicator microorganisms depends on their relationship to

pathogenic microorganisms (Ho¨rman et al., 2004; Savichtcheva

and Okabe, 2006). To obtain more direct evidence of microbial

contamination and an understanding of risk, pathogen detection is

also valuable. Conventional methods for pathogen detection are

typically based on culture and colony counting methods or PCR

(Rajapaksha et al., 2019). Both of these two methods provide robust

results, though culture and colony counting is a time consuming

process (Rajapaksha et al., 2019). For environmental waters, the

microorganisms cultured by conventional methods only account for

0.01%–10.0% of the total population, and it is therefore difficult to

understand the diversity of microbes in the environment using that

method (Amann et al., 1995). However, 16S rRNA gene amplicon

sequencing can provide information on the composition and

distribution of microbial communities by obtaining specific DNA

molecular fragments (Goodwin et al., 2016), and has been widely

used in monitoring of water environment (Tan et al., 2015).

The research described herein provides a comprehensive

overview of the microbiological quality of three main sources

of drinking water in rural areas of China. Groundwater, river

water, and reservoir water are the three top sources of rural water

supplies in China. By 2020, groundwater was the main source of

supply in central and north China, accounting for 2/3 of the total

water sources, while in south China, river water and reservoir

water accounted for 22.6% and 12% of the total water sources

respectively (Qing et al., 2022). In this study, routine

microbiological monitoring including testing for fecal

indicator bacteria and pathogen detection, as well as high-

throughput sequencing of source water samples. The purpose

of this study was to compare the differences in microbial

composition, and abundance in different types of water

sources, explore the possibility of applying 16S rRNA

sequencing to future source water monitoring programs.

2 Materials and methods

2.1 Sampling locations

Three cities were selected for this study based on water source

type and historical data of microbial water quality. They were

City A in Hubei province, City B in Liaoning province and City C
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in Heilongjiang province (Figure 1). City A, located in the west of

Hubei Province, lies at the junction of the middle and upper of

the Yangtze River. City A is a city with rich water resources, with

per capita water resources of 4,026 m3/person. The Yangtze River

and its tributaries are the main source of the city’s water supply.

City B, located in central Liaoning province, is a city with

relatively abundant but unbalanced spatial distribution of

water resources. Groundwater and surface water are both

important for suppling water to City B. City C, located in the

northeast of Heilongjiang Province, is different from City A and

City B, because groundwater plays the dominant role in rural

water supplies.

2.2 Sample collection, transportation, and
storage

The water sampling was conducted on August 2020, at three

cities: City A (river water), City B (reservoir water), and City C

(groundwater) (Figure 1). Five samples with 1 L each were

collected at the sampling points for a total of 30 samples. For

river water and reservoir source water, water samples were

collected from 0.3–0.5 m below the water surface and 1–2 m

away from the shore with an aseptic sampler. For groundwater

sources, water samples were collected from the outlet of the tube

well. Water samples were taken using water sample collector.

Samples were stored at 4°C, transported back to the laboratory,

and tested within 4 h.

2.3 Bacterial contamination indicators
testing and pathogen isolation

Bacterial contamination indicators including TB, TCs and

potential E. coli were detected by plate count method. Water

samples were diluted 10-times in series with sterile water, and

plated directly on nutrient agar medium, and incubated at 37°C

for 48 h. TCs and potential E. coli were also detected by the

membrane filter technique. The water samples were filtered with

a 0.45 μm membrane filter, transferred to a magenta sodium

sulfite medium and incubated at 37°C for 24 h. Then Gram-

negative colonies were selected by microscopic examination and

inoculated into lactose peptone culture medium. After culturing

at 37°C for 24 h, the total coliform bacteria were determined

according to acid and gas production, finally the number of cells

on the filter membrane was calculated. The total coliform filter

membranes with typical colony growth were tested for E. coli.

Then the filter membranes were transferred to the NA-MUG

plate under sterile conditions, incubated at 37°C for 4 h. The NA-

MUG plates were counted in the dark with a 6 W UV lamp

(wavelength 366 nm). The bacteria were incubated at 30°C for

24 h after mixing the water sample and buffer alkaline peptide

FIGURE 1
Outline of the map showing sampling locations.
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water. The culture medium was then streaked on thiosulphate

citrate bile salt sucrose (TCBS) agar (HiMedia) and incubated at

30°C for 24 h.

2.4 16S RNA sequencing

2.4.1 Water DNA extraction
Each of the 30 water samples was filtered through a 0.22 μm

diameter membrane. After filtration, the filter membrane was

placed in a freezer tube and stored at −80°C, and DNA was

extracted within 24 h. The modified CTAB method was used to

extract DNA from water samples (Wang et al., 2020). DNA

samples were diluted to 1 ng/μl with sterile water. Using the

diluted genomic DNA as a template, PCR was performed using

specific primers 515F (GTGCCAGCMGCCGCGGTAA) and

806R (GGACTACHVGGGTWTCTAAT) with Barcode,

Phusion® High-Fidelity PCR Master Mix with GC Buffer from

New England Biolabs, and high-efficiency and high-fidelity

enzymes, to ensure amplification efficiency and accuracy.

Thermal cycling consisted of initial denaturation at 98°C for

1 min, followed by 30 cycles of denaturation at 98°C for 10 s,

annealing at 50°C for 30 s, and elongation at 72°C for 30 s, then

72°C for 5 min. The samples were mixed with ×1 loading buffer

(contained SYB green) and loaded on to a 2% agarose gel for

detection. Bands were extracted with the Qiagen Gel Extraction

Kit (Qiagen, Germany), then purified by magnetic beads and

quantified by enzyme labeling.

2.4.2 Amplicon DNA library preparations
Sequencing libraries were generated using TruSeq® DNA

PCR-Free Sample Preparation Kit (Illumina, United States)

following manufacturer’s recommendations. The library

quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo

Scientific) and Agilent Bioanalyzer 2100 system. Finally, the

library was sequenced on an Illumina NovaSeq platform and

250 bp paired-end reads were generated. The NovaSeq6000 was

used for on-machine sequencing, and the final valid data was

obtained by processing the original sequencing data.

2.5 Data processing

The data of TB, TCs, and potential E. coli. were visualized

using box plots. The Uparse software (Uparse v7.0.1001, http://

drive5.com/uparse/) was used to report the operational

taxonomic units (OTU) (Edgar, 2013). The sequence

similarity was set to 97%, and the OTU representative

sequence was obtained, and then the Silva Database (http://

www.arb-silva.de/) (Quast et al., 2013) was used based on the

Mothur algorithm to annotate taxonomic information. We used

Qiime software to calculate alpha diversity-related indicators and

to analyze the bacterial species diversity of the samples. The

Wilcoxon—rank—sumtest in R (R Studio Team, 2019)was used

to analyze the differences between groups in the alpha diversity

index. According to the species annotation results, we selected

the top 15 species in the phylum taxonomic level and the top

30 most abundant species at the genus taxonomic level for each

sample, and generated a column accumulation chart of the

relative abundance of each species. A principal coordinates

analysis (PCoA) was used to visualize the species with high

relative abundance and their proportions at different

taxonomic levels in each sample, and graphed the results. The

16s-sequencing data in this study has been deposited in the

Sequence Read Archive (SRA) of NCBI database (https://www.

ncbi.nlm.nih.gov/sra/), BioProject ID is PRJNA865901.

3 Results

3.1 Sites of sampling

The two sampling sites in City A were located in the Yangtze

River and one of its tributaries. The two sampling sites in City B

were located in two different reservoirs. The turbidity was

between 2–3 and the pH value was between 6.5–7.5. Historical

monitoring data showed that the water quality of the two

groundwater sources in Heilongjiang were consistent. The

detailed information on the sampling points are summarized

in Table 1.

3.2 Indicator microorganisms and
selective plate culture method

Figure 2 described the distribution of TB, TCs, and potential

E. coli data in the three kinds of source water. All the indexes for

the groundwater were lower than the river or reservoir water.

There was high degree of variation observed for TB and TCs in

river water. And the selective plate culture showed that only

Salmonella was isolated from five river water samples. Among

them, three samples were for Riv-I, and the testing results were

20, 20, and 10 CFU/L respectively; two samples for Riv-II, and

the testing results were 20 and 10 CFU/L. There were no other

pathogenic microorganisms detected in all the water samples.

3.3 Composition of the microbial
communities by 16S rRNA gene amplicon
sequencing

3.3.1 Diversity indexes
The species accumulation curves for all three types of water

sources were observed to initially grow rapidly and then slightly

flatten, which meant the sampling size of each group was

sufficient. A total of 2,577,353 high-quality reads (average
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length is 254bp) in the V4 region of the 16Sr RNA gene sequence

were obtained from 30 water samples with quality control

measures. The range of reads for each sample was

64,597–99,268. After trimming and subsampling, the dataset

was clustered into 14,114 OTUs. The range of OTUs in each

sample was 1,543–5,668. The Venn diagram (Figure 3) illustrates

the overlap of the bacterial OTUs between groundwater, river

water and reservoir water. There were 9,815 OTUs in river water

samples (n = 2141, 15.17%), reservoir water samples (n = 1476,

10.46%) and groundwater samples (n = 6198, 43.91%). There

were 1,540 shared OUTs (10.91%) for the three kinds of source

water.

The alpha diversity of the water samples was analyzed, and

some of the common alpha diversity indexes are listed in Table 2.

The Chao and ACE richness index was used to estimate the

number of OTUs contained in the sample. The Ace and Chao

index for ground water was significant higher when compared

with river water and reservoir water (p < 0.05). Shannon-Weaver

and Simpson index conclude species richness and distribution

uniformity comprehensively when describing the microbial

ecology of water sources (Kim et al., 2017). We found no

difference between rivers and groundwater, but the Shannon-

Weaver index and Simpson index of reservoir water were the

lowest. (p < 0.05).

In addition, beta diversity in the water samples which were

determined based on Principal coordinate analysis (PCoA)

showed significant changes in microbial diversity in these

types of source water (Figure 4), with 29.62% variation in the

first axis (pcoa1) and 19.36% in axis 2 (pcoa2).

3.3.2 Taxonomic composition of the microbial
communities

In this study, a total of 135 phyla, 267 classes, 508 orders,

715 families, 1218 genera, and 774 species of bacterial

communities in source water were obtained from 30 samples.

In the following, the species information of the OTUs were

analyzed at phylum and genus levels to reveal the

compositional characteristics of bacterial communities in

different types of water sources.

Figure 5A showed the bacterial community composition of

the water samples at the phylum level, and the top 15 phyla in the

relative abundance (%) were listed for each group. A huge

TABLE 1 Description of the sampling points.

Water source
type

City of the
sampling

Detailed sampling
sites

Samples
size

Description of the
water source

River water City A Riv-I 5 Water source for one rural water supply system serving about 4,000 people

Riv-II 5 Water source for one rural water supply system serving about 11,000 people

Reservoir water City B Res-I 5 There is one water plant, using chlorine for disinfection, serving about
110,000 people

Res-II 5 There is one pumping station which does not use disinfection. The plant
serves about 8,000 people

Ground water City C Gro-I 5 There are five water stations in the area, all using ultraviolet disinfection,
serving about 7,000 people

Gro-II 5 There are five water stations in the area, all using chlorine, serving about
60,000 people

FIGURE 2
The boxplots of three indicator microorganisms testing indexes.
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difference of species abundance was observed among groups. The

relative abundance of the Proteobacteria accounted for the

highest proportion for every group (29.46% in river water,

52.42% in reservoir water, and 25.98% in ground water).

Cyanobacteria (14.32%) and Firmicutes (11.62%) were the

dominant microbiota in river water, while Bacteroidota

(33.60%) and Cyanobacteria (4.74%) dominated in reservoir

water, and Firmicutes (12.68%) and Desulfobacterota (11.97%)

in ground water. Figure 5B lists the top 30 genera in relative

abundance (%) in each group, and the rest of the species were

grouped into “others”. The category of “others” was the largest.

There were eight genera with relative abundance higher than 1%

in river water samples. They were Cyanobium_PCC-6307

(11.09%), hgcI_clade (5.57%), CL500-29 marine group (3.82%),

Candidatus Aquirestis (2.66%), LD29 (1.97%), Bacteroides

(1.94%), Rheinheimera (1.64%), and Polynucleobacter (1.38%).

The top six genera for relative abundance in the reservoir water

samples were Flavobacterium (17.42%), Pseudarcicella (7.56%),

Rhodoferax (4.65%), Fluviicola (2.14%), Candidatus

Methylopumilus (1.28%) and Sphingorhabdus (1.08%). The top

11 genera for relative abundance in groundwater were

Desulfocapsa (6.66%), Candidatus Omnitrophus (3.98%),

Streptococcus (3.37%), Gallionella (3.13%), Desulfovibrio

(2.25%), Acinetobacter (2.21%), Bacteroides (2.07%),

Rhodoferax (1.72%), Geobacter (1.63%), Methylotenera (1.44%)

and Lactobacillus (1.29%).

The Venn diagram in Figure 6 illustrates the overlap of

bacterial species at the phylum and genus levels between

groundwater, river water and reservoir water. At the top

15 phyla in Figure 6A, there were nine shared phyla for the

three kinds of source water while some phyla are owned by

them alone, such as two phyla in river water samples

(Planctomycetes and Crenarchaeota), one phylum in

reservoir water samples (Armatimonadota) and three phyla

in groundwater samples (Nitrospirota, Nanoarchaeota and

Candidatus_Wolfebacteria). At the genus level (Figure 6B),

19 of the top 30 genera belong to all three water sources, only

two genera exist alone in river water samples, one genus in

reservoir water samples. And six genera owned by ground

water samples.

3.4 Quantitative examination results

Testing results for indicator microorganisms and

pathogens are summarized in Table 3. The indicator

microorganisms test results are listed after a log-

transformation due to the large variation in results. Neither

FIGURE 3
Venn diagram of the operational taxonomic units (OTUs)
identified in the water sample.

TABLE 2 Bacterial sequence information and diversity index in each water source point sample.

Water source
area

OTUs Ace Chao Shannon-weaver Simpson

River water 2093.4 ± 402.97 2903.95 ± 559.06 2794.39 ± 585.47 7.46 ± 0.73 0.97 ± 0.02

Riv-I 2069.00 ± 563.56 2853.32 ± 716.47 2798.65 ± 776.28 7.38 ± 0.81 0.97 ± 0.018

Riv-II 2117.80 ± 215.12 2954.58 ± 428.35 2790.14 ± 410.59 7.53 ± 0.72 0.97 ± 0.02

Reservoir water 1514.8 ± 217.27 2222.98 ± 478.38 2061.45 ± 434.06 5.61 ± 0.66b 0.92 ± 0.03b

Res-I 1530.40 ± 188.45 2234.10 ± 334.10 2049.06 ± 349.56 5.75 ± 0.74 0.92 ± 0.04

Res-II 1499.20 ± 264.76 2211.85 ± 634.80 2073.84 ± 548.94 5.48 ± 0.62 0.91 ± 0.02

Ground water 3386.9 ± 799.33 4459.50 ± 1106.96a 4209.69 ± 1036.85a 8.27 ± 1.47 0.96 ± 0.07

Gro-I 3339.00 ± 656.82 4577.89 ± 1300.03 4382.41 ± 1164.68 8.48 ± 1.12 0.98 ± 0.01

Gro-II 3434.8 ± 1000.22 4341.11 ± 1015.84 4036.97 ± 993.88 8.06 ± 1.87 0.94 ± 0.09

Note: The data denote mean ± standard error. “a” indicates Ace and Chao of ground water, compared with river water and reservoir water, p < 0.05; “b” means Shannon-Weaver and

Simpson of reservoir water, compared with river water and ground water, p < 0.05.
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TCs or potential E. coli were detected in groundwater samples,

but both were detected in river and reservoir water. The TB

count of samples from Riv-I, Riv-II, and Res-I were greater

than 100 CFU/ml, while the TB count of samples from Res-II,

Gro-I, and Gro-II were less than 100 CFU/ml. However, more

than seven potential pathogenic bacteria were detected in

30 water samples by 16S rRNA gene amplicon sequencing,

for example, E. coli, Staphylococcus aureus, Clostridioides

difficile, and Bacteroides fragilis were found in all samples,

while other pathogenic bacteria were present only in some of

water samples. Clostridium perfringens were detected in river

water (relative abundance: 0%–0.004%) and groundwater

(relative abundance: 0%–0.09%).

4 Discussion

Species richness of bacteria, as determined by 16S rRNA, in

river water and reservoir water was significantly lower than that

in groundwater when comparing Chao and ACE richness

indexes, indicating that groundwater contained the most

bacterial species. This was inconsistent with the other research

(Lee et al., 2016), which found the species richness of

groundwater was lower than the river water and reservoir

water, because the amount of bacteria decreased with the

prolongation of the dark and sometimes anoxic environment

of groundwater. The lower species richness of river water and

reservoir water may be due to the higher mobility of river water

and turnover of reservoir water or high predictor (e.g., protozoa)

abundance in those waters. Other results in this study have

shown that the Shannon-Weaver and Simpson index of

reservoir water was significantly lower than rivers and

groundwater, while there was no difference between river and

groundwater. Unlike surface water, groundwater ecosystems are

relatively stable with lower more consistent temperatures, lack of

nutrients, and lack of dissolved oxygen (Griebler and Lueders,

2009). Heterotrophic bacteria in groundwater environments

constitute the main microbial community, because they are

better adapted to the characteristics of the groundwater

environment (Song et al., 2019). In this study, 135 phyla,

267 classes, 508 orders, 715 families, 1218 genera, and

774 species were obtained from 30 samples.

The three types of water contained the dominant species.

Others have also observed that most species are rare and just a

few are common (McGill et al., 2007; Su, 2018). Our study also

found significant differences in the abundance of various species

FIGURE 4
Principal coordinate analysis (PCoA) diagram.

FIGURE 5
Relative abundance of bacterial community compositions at (A) phylum, (B) genus levels.
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in three types of water sources, indicating that bacteria are

significantly different between groundwater sources and

surface water sources (Nescerecka et al., 2018). At the phylum

level, the relative abundance of Proteobacteria in the three types

of source water was the highest. Cyanobacteria and Firmicutes

ranked second and third in relative abundance in river water,

Bacteroidota and Cyanobacteria in reservoir water, and

Firmicutes and Desulfobacterota in groundwater. The

microbial community is an important participant in the

mineral cycle, energy conversion and information transfer,

and is a comprehensive reflection of the water environment.

Therefore, the water pollution situation could be reflected by the

sequence analysis of the microbial community in the water

(Smith et al., 2015). Proteobacteria, Firmicutes and

Desulfobacterota are related to SO4
2− (Yang et al., 2015). This

study found the relative abundance of Proteobacteria in reservoir

water was higher than that in river and groundwater (Figure 5),

indicating that SO4
2−pollution was more common in reservoir

water. The abundance of Firmicutes and Desulfobacterota in

groundwater was higher than river water, but may not reflect

groundwater SO4
2− pollution due to the influence of other

environmental factors in groundwater, such as oxygen levels

and leaching of soil minerals into the groundwater (Yang et al.,

2015). Cyanobacteria appeared in all three types of water

samples, and the relative abundance was: river water >
reservoir water > groundwater. Cyanobacteria can be found in

FIGURE 6
Venn diagram of the bacterial species identified in the water sample at (A) phylum, (B) genus levels.

TABLE 3 The different information contained at two methods.

Bacterial name River water Reservoir water Ground water

Riv-I Riv-II Res-I Res-II Gro-I Gro-II

Indicator microorganisms testing
indexes

Total Bacteria (TB) (lg CFU/mL) 3.13 ± 0.15 3.06 ± 0.18 2.56 ± 0.34 1.65 ± 0.12 ND 0.39 ± 0.36

Total coliform (TCs) (lg CFU/
100 ml)

2.57 ± 1.00 2.73 ± 0.52 2.76 ± 0.26 2.42 ± 0.31 ND ND

Potential E. coli (lg CFU/100 ml) 1.70 ± 0.69 2.06 ± 0.46 2.02 ± 0.63 1.65 ± 0.21 ND ND

16S rRNA gene amplicon sequencing E. coli 70.9 ± 56.9 212.4 ±
128.9

27.7 ± 9.8 47.9 ± 49.4 1838.0 ±
1752.2

160.5 ± 121.4

Staphylococcus aureus 7.1 ± 5.4 11.9 ± 10.3 23.8 ± 24.4 70.9 ±
120.4

433.5 ± 543.6 61.8 ± 15.4

Clostridioides difficile 2.8 ± 3.3 2.7 ± 3.9 9.1 ± 18.1 20.6 ± 41.7 139.5 ± 310.8 7.1 ± 9.6

Bacteroides fragilis 155.7 ±
112.8

331.3 ±
262.7

84.8 ±
175.2

13.4 ± 13.9 31.7 ± 18.7 2470.4 ±
5316.2

Corynebacterium
tuberculostearicum

0.8 ± 1.8 0.3 ± 0.8 ND 4.3 ± 7.7 191.8 ± 394.7 23.8 ± 26.4

Aeromonas sp THG-FG1.2 1.2 ± 1.8 2.8 ± 1.8 ND ND 0.7 ± 1.7 ND

Clostridium perfringens 3.9 ± 3.1 28.1 ± 36.4 ND ND 1.6 ± 2.2 0.3 ± 0.9

Note: The data show mean ± standard error of the mean; “ND” means negative; 16S rRNA, gene amplicon sequencing indicates relative abundance (*10–7).
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almost all terrestrial and aquatic habitats, and play an important

role as primary producers. Cyanobacteria may lead to

contamination of drinking water sources by interfering with

water treatment processes (clogging filters) and producing

cyanotoxins. Exposure to Cyanobacteria and cyanotoxins can

cause serious illnesses (Paerl and Paul, 2012). At the genus level,

Streptococcus, Acinetobacter, Vibrio and other genera containing

potential pathogenic bacteria were detected in 30 water samples.

Although only some pathogenic bacteria belonging to these

genera at species level, such as E. coli, Staphylococcus aureus,

and Clostridium difficile (Table 3) were detected in this study,

these genera still contain many other potential pathogens that

need attention. Although water treatment could reduce the

abundance and diversity of microorganisms, pathogenic

species could still be detected in drinking water (Thom et al.,

2022).

The TB, TC, and potential E. coli were tested for samples

from three types of water sources. The TB testing results of

Riv-I, Riv-II, and Res-I were all greater than 100 CFU/ml,

while the TB testing results of Res-Ⅱ, Gro-I, and Gro-Ⅱ were all

less than 100 CFU/ml. TC and potential E. coli were detected

in all the samples except for the Gro-I and Gro-II samples. TB

was used to determine the degree of bacterial contamination

of the three water bodies. The higher TB results indicated the

more serious the microbial pollution, and the more likely was

the water to contain pathogenic bacteria. E. coli is derived

from the feces of humans and warm-blooded animals, and it

has a wide range of bacteria and environmental survival

characteristics, which creates a good correlation between it

and pathogenic bacteria (Wu et al., 2011). The potential for

contamination by pathogenic bacteria is usually judged by

indicator bacteria, but there are many factors that influence

the correlation between indicator bacteria and pathogens,

such as resistance of organisms to environmental stressors,

carrier rates among host populations and the presence of host

populations. The correlation between indicator bacteria and

pathogens is also affected by the type of water sources, and the

probability of pathogen occurrence increases significantly

when indicator bacteria are detected in groundwater

(Payment and Locas, 2011).

Selective plating detected Salmonella in water samples from

Riv-I and Riv-II, while 16S rRNA gene amplicon sequencing did

not detect it in samples from the same water. This inconsistency

may have been caused by an error in sample collection or

pathogen isolation. There were still members of the microbial

community that had not been detected, although most of the

sample information had been obtained to reflect the general

microbial community composition of the samples. More than

seven potential pathogenic bacteria, such as E. coli and

Staphylococcus aureus, were detected in 30 water samples by

16S rRNA gene amplicon sequencing. E. coli was not detected by

fecal indicator bacteria (FIB) in Gro-Ⅰ, but was detected by 16S

rRNA gene amplicon sequencing. It was caused by the low

content of E. coli in the samples and the difference of the

sensitivity between the two methods.

Outbreaks of emerging waterborne pathogens such as

Yersinia enterocolitica in water systems have major public

health implications and these diseases were not always

associated with traditional water quality indicators (Furtula

et al., 2011; Saxena et al., 2015). Thus, monitoring of

microbial drinking water quality at every stage of the water

systems is important. Water quality monitoring primarily

relies on culture-based fecal indicator bacterial tests, or

enzyme tests to indicate fecal contamination of water samples.

FIB monitoring has the advantages of rapidity, sensitivity,

specificity, and easy culture, and is usually done on a regular

basis (Burnet et al., 2021), but it may also miss some of short-

term contamination events and may not fully capture high

variability of microbial concentrations over time and space

(Sokolova et al., 2021). This is because fecal contamination

events frequently appear and disappear in less than 24 h.

Besides FIB monitoring, some pathogens can be qualitatively

detected by selective culture plates although this direct

monitoring of waterborne pathogens is tedious and expensive.

In addition, there are cases where pathogens were present at

concentrations too low to be detected, but still enough to cause

disease (Saxena et al., 2015). Finally, FIBmonitoring and selective

plates are only available for culturable microorganisms (Alahi

and Mukhopadhyay, 2017; Bonadonna et al., 2019).

Advances in molecular technology have provided a variety of

nucleic acid-based detection platforms for monitoring. These

molecular methods have eliminated the shortcomings of other

methods by providing greater sensitivity, greater specificity, and

reducing the time required for detection greatly (Alhamlan et al.,

2015). Molecular biology approaches have greatly improved the

understanding of the richness, diversity, and functional

variability of aquatic microbial communities (Mansfeldt et al.,

2020). 16S rRNA amplicon sequencing has been shown to help

assess public health risk in drinking water systems (Vierheilig

et al., 2015). 16S rRNA amplicon sequencing can serve as a

valuable tool for water quality monitoring to monitor the

bacterial communities in water systems directly (Vierheilig

et al., 2015), which would facilitate the use of the molecular

diagnostic tools to detection of abundant bacterial indicators in

water resources (McLellan and Eren, 2014). Meanwhile, the

bacterial community structure in water can be used to

monitor eutrophication, diffuse pollution, and increase in

nitrogen content (Sagova-Mareckova et al., 2020).

Eutrophication resulted in an increase in bacterial OTU

richness (Kiersztyn et al., 2019), implying that community

richness was a general biomarker of eutrophication. In

addition, it is helpful for water systems to identify bacterial

species and develop effective strategy to purify water because

the microbial community structure is affected by some kinds of

treatment processes (Lin et al., 2014; Alexander et al., 2016; Belila

et al., 2016; Liu et al., 2019).

Frontiers in Environmental Science frontiersin.org09

Liu et al. 10.3389/fenvs.2022.990104

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.990104


5 Conclusion

Water samples from the top three water supply source types in

China were tested for fecal indicator bacteria, pathogenic

microorganisms and microbial community structure. Huge

differences in microbiological characteristics were found for the

three source water types. There were also significant differences in

microbial community structure including community diversity and

microbial composition among the three water source types. More

than seven pathogenic microorganisms at the species level were

detected by 16S rRNA gene amplicon sequencing. There were also

inconsistencies in the results of fecal indicator bacteria, selective plate

culture of pathogenic microorganisms and 16S rRNA gene amplicon

sequencing. 16S rRNA gene amplicon sequencing can be used as a

supplementary technology to provide more valuable information for

monitoring of water sources andwater supply systems. In conclusion,

molecular biologymethods offers high specificity and selectivity to get

informationmissing from other methods, despite increasing the cost,

the complexity and time of sample and data analysis.
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