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Abstract: Drinking water treatment processes are highly effective at improving water quality, but
pathogens can still persist in treated water, especially after extreme weather events. To identify how
extreme weather events affected bacterial populations in source and treated water, water samples
were collected from the Yangtze River Delta area and a local full-scale drinking water treatment plant.
Bacterial community structure and the occurrence of pathogens were investigated in samples using
16S rRNA sequencing and qPCR techniques. In this study, the results show that intense rainfall can
significantly increase levels of bacteria and opportunistic pathogens in river and drinking water
treatment processes (p < 0.05); in particular, the relative abundance of Cyanobacteria increased after
a super typhoon event (p < 0.05). The biological activated carbon (BAC) tank was identified as a
potential pathogen reservoir and was responsible for 52 ± 6% of the bacteria released downstream,
according to Bayesian-based SourceTracker analysis. Our results provide an insight into the challenges
faced by maintaining finished water quality under changing weather conditions.

Keywords: water treatment; extreme weather event; opportunistic pathogen; biological activated
carbon tank

1. Introduction

As the main water source of human beings, surface water resources including rivers
and lakes relate to drinking water safety. However, source water contains a large number
of chemical contaminants and pathogenic microorganisms from various environmental
pollution sources [1,2]. Climate change is an important driver of the variation in contami-
nants and pathogens in source water [3]. Due to climate change, the occurrence of extreme
weather events such as typhoons or hurricanes is becoming more frequent worldwide [4,5],
and these are expected to increase the frequency and intensity of extreme precipitation
events in the future with a concomitant increase in concerns over waterborne disease due
to contamination of the drinking-water supply [6]. Levels of turbidity, total organic matter
and hazardous contaminants such as heavy metals (e.g., arsenic and mercury), as well
as micropollutants such as pharmaceuticals and personal care products, pesticides and
disinfection by-products, have all been shown to increase in source and drinking water after
extreme weather events [7–10]. However, there has been few investigations of microbial
contamination resulting from climate change, although higher bacterial concentrations in
drinking water have been reported following a hurricane [9].
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Drinking water treatment processes are considered efficacious safeguards of water
quality, although the influence of source water is still apparent in the make-up of bacterial
communities present in finished water [11]. To abide by public health regulations, a
growing number of water treatment plants have deployed multi-step treatments to produce
potable water, among which conventional treatments like coagulation and sedimentation
are used to limit bacterial growth, while disinfection techniques including chlorination and
ozonation aim to inactivate bacteria [12,13]. Besides conventional treatments, a biological
activated carbon (BAC) step has been extensively applied in drinking water treatment plants
(DWTPs). BAC treatment has been found to be effective in removing organic and inorganic
matter, but growth of bacteria in the BAC medium can be responsible for contributing to
microbial communities downstream [14]. Accordingly, a detailed exploration of the effect
of drinking water treatment processes, especially BAC treatment, on the composition of
microbial communities in finished water is timely and necessary.

Thus, despite the various drinking water treatment processes that take place, there
are still plenty of bacteria remaining in finished water [15]. Among these microorgan-
isms are some waterborne pathogens or opportunistic pathogens such as Legionella and
Mycobacterium species, which pose a public health risk as they cause infectious diseases [16].
Previous studies have evaluated bacterial and fungal diversity at various stages in con-
ventional water treatment processes [17,18], have elucidated spatiotemporal changes in
bacterial communities [19,20], and have investigated the occurrence of pathogenic microor-
ganisms in drinking water systems [21]. For example, Tiwari et al. analyzed the spatial and
seasonal dynamics of bacterial communities within the Kokemäenjoki River watershed [20].
They concluded that artificial groundwater recharge can produce biologically stable and
microbiologically safe drinking water. However, a comprehensive demonstration of how
bacterial and pathogen contamination changes from the source water through the multi-
step water treatment processes is still lacking. Moreover, the influence of climate events
like typhoons and intense rainfall on the microorganisms in source water and drinking
water plants has not yet been explored.

In this study, source water samples from the Yangtze River Delta area, as well as water
samples from each treatment step in a local full-scale DWTP, were collected. Bacterial
communities were analyzed using 16S rRNA sequencing techniques, while opportunistic
pathogens were determined by a quantitative polymerase chain reaction (qPCR) method.
Specifically, the microbiome in water samples after super typhoon Lekima and a tropical
depression rainfall event occurring in summer 2019 was evaluated to determine the influ-
ence of these extreme weather events on the changes in microbial population from river
water through each treatment step. The variations in numbers of total bacteria, microbial
diversity, community structure and target opportunistic pathogens (i.e., Legionella spp.,
L. pneumophila, Mycobacterium spp., and M. avium) from source water to treated water
were investigated, while the contribution of BAC treatment to downstream bacteria and
pathogens was exclusively elucidated and estimated by Bayesian-based SourceTracker
analysis. Overall, this study aimed to obtain a better understanding of microbiome in
source and drinking water in extreme weather and to provide possible guidance for future
water management in adapting to changing weather conditions.

2. Materials and Methods
2.1. Water Sources

Four water sampling sites on and around the Yangtze River were chosen. These were
at the intake (S1) of source water from the Yangtze River for a water treatment plant and
2–3 kilometers upstream of the intake (S3); an alternative intake (S2) of source water from a
tributary of the Yangtze River; and a harbor (S4) in the tributary.

2.2. Water Treatment Process

An anonymous Chinese DWTP that treats river water from the above water source
intakes was selected in this study. The facility operates two trains of water treatment
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processes in parallel, providing 700,000 m3 of potable water daily to about 1,300,000 resi-
dents in the nearby city. Both trains contain coagulation-sedimentation, filtration, O3-BAC
and chlorine disinfection and are fed with the same flow of raw water (Figure S1). The
difference between the two trains is that Train I uses horizontal flow sedimentation and a
V-filter, while Train II uses Multiflo-sedimentation and a TGV filter. The design parameter
of major water treatment facilities in the DWTP is shown in Table S1.

2.3. Sample Collection

Water samples were collected from the four river sites listed above and from locations
along the treatment process for each train (Figure S1) at selected times (i.e., October 2018,
January 2019, April 2019, July 2019) representing autumn, winter, spring, and summer.
Average river temperature in the four seasons were 20.2 ◦C (October), 8.6 ◦C (January),
17.7 ◦C (April), and 25.3 ◦C (July), respectively. Annual precipitation in the sampling sites
is about 1061 mm. Furthermore, two extra sampling time points were selected to analyze
the influence of extreme weather events: July 12 to 13 2019 (before and after a rainfall event
influenced by a tropical depression) and 9 to 13 August 2019 (before, during and after super
typhoon Lekima). Typhoon Lekima (number 1909) was a category 4 super typhoon that
developed from a tropical storm, and it passed through our sampling area on 10 August
2019 (http://typhoon.nmc.cn/web.html, accessed on 31 August 2020). According to the
weather records of Jiangsu Weather Bureau, the 24 h cumulative rainfall was 51.0 mm
for the tropical depression event and 85.9 mm for the super typhoon event (http://data.
cma.cn/data/online.html?dataCode=SURF_R1&dataTime=20191205070000, accessed on
31 August 2020).

One-liter source water, 1 L raw water, 1 L sedimentation effluents, 2 L filtration
effluents, 2 L BAC effluents and 2–4 L disinfection effluents were collected in sterile
1 L sample bottles, which were filtered instantly and shipped to laboratories in coolers
containing ice and kept at −20 ◦C until analysis. BAC biofilm samples were collected from
the top (B1, at the depths of ~20 cm), middle (B2, 80–100 cm) and bottom (B3, >120 cm) of
the BAC filters in the fourth, fifth and sixth months (i.e., February 2019, March 2019 and
April 2019) after the start of its operation (the end of October 2018) using a self-designed
multilevel steel sampler. In addition, BAC influents and effluents were collected at the
same time points. In total, 74 samples were collected in this study, including 16 source
water samples, 9 BAC biofilm samples, 35 DWTP samples, and 14 typhoon samples.

2.4. Water Chemistry Analysis

Physiochemical parameters of water including temperature, turbidity, ammonia, ni-
trate and total chlorine were measured on-site. Temperature was monitored using a
Bante903P portable meter (BANTE Instruments, Shanghai, China). Turbidity was mea-
sured using a 2100P portable turbidimeter (HACH). Total chlorine, ammonia and nitrate
were measured using a HACH DR900 colorimeter based on the manufacturer’s instruc-
tions (HACH). Dissolved organic carbon (DOC) was measured on a L-TOC analyzer
(SHIMADZU, Tokyo, Japan). The physiochemical parameters of the water samples are
shown in Tables S2–S4.

2.5. DNA Extraction and qPCR

The three replicate BAC samples from each part of BAC filters were weighed (wet
weight: ~0.5 g) before DNA extractions. DNA from water and BAC biofilm samples was
extracted using a FastDNA SPIN Kit (MP Biomedicals) according to the manufacturer’s
instructions. Bacterial 16S rRNA genes from Legionella spp., L. pneumophila, Mycobac-
terium spp., M. avium were enumerated by qPCR using a 7500 real-time PCR system (Ap-
plied Biosystems, Foster City, CA, USA) according to a previously published method [22,23].
The method details including qPCR primers, probes, and annealing temperatures are sum-
marized in Table S5. Each qPCR reaction was performed in triplicate with each 10-µL
reaction mixture containing 5 µL 2 × Premix Ex Taq II, 200 nM each primer, 100 nM probe,

http://typhoon.nmc.cn/web.html
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0.1 µL 50 × ROX Reference Dye II and 1 µL DNA template. The limits of quantification
(LOQ) were 10 gene copies per reaction for all qPCR assays except for 16S rRNA genes
(100 gene copies per reaction). Samples yielding a detectable threshold cycle in at least two
experiments out of three were scored as positive. Control reactions contained the same
mixtures, but with 1 µL sterile water replacing the DNA template. Amplification efficiency
was monitored and standards amplified with similar efficiencies of 90–110%.

2.6. 16S rRNA Sequencing

The V3-V4 16S rRNA gene region was amplified in triplicate for each DNA extract us-
ing the primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGG
GTWTCTAAT-3′). PCRs were performed with a 20 µL system using TransStart Fastpfu
DNA Polymerase (Beijing TransGen Biotech, Beijing, China). A 2% agarose gel was used
to confirm the PCR product sizes. The three PCR amplifications for each sample were
combined and then purified using the AxyPrep DNA Gel Extraction Kit (Axygen Bio-
sciences, Union City, CA, USA). The purified amplifications were diluted and pooled to
give equal final concentrations for subsequent sequencing. Finally, 16S rRNA gene se-
quencing was performed on the Illumina MiSeq platform using paired-end 250 bp kits
at the Majorbio Bio-Pharm Technology Corporation in Shanghai, China. All sequencing
data have been deposited in the NCBI Sequence Read Archive under the project accession
number PRJNA681286.

The raw paired-end reads were screened using Trimmomatic v0.39 to remove short
sequences and noisy reads [24]. After trimming, the paired-end reads were merged us-
ing FLASH v1.2.11 [25]. Chimeric sequences were detected and removed from further
analysis using UCHIME v4.1 [26]. The remaining high-quality sequences were clustered
into operational taxonomic units (OTUs) with 97% similarity using UPARSE v7.0 [27].
Subsequently, a representative sequence was selected from each OTU. The taxonomic
assignments of the representative sequences were performed using the Ribosomal Database
Project (RDP) classifier v2.11 against the SILVA 16S rRNA gene database (Release 135,
http://www.arb-silva.de, accessed on 31 August 2020), with a threshold confidence level
of 70% [28,29].

After each sample was rarefied to the equivalent sequencing depth, alpha diversity
indices and Bray–Curtis distance matrices were calculated using Mothur v1.30.2 [30]. Non-
metric multidimensional scaling (NMDS) analysis and analysis of similarity (ANOSIM)
were performed based on the generated Bray–Curtis distance to evaluate the variation
in the microbial community structure among different sample groups [31]. Hierarchical
clustering of biofilms with different bacterial community compositions was performed
using unweighted pair groups and an arithmetic average (UPGMA) method to classify and
compare samples [32,33].

2.7. Statistical Analysis

Statistical tests were performed using R (version 3.6.3, https://www.r-project.org,
accessed on 15 October 2021). The Shapiro–Wilk test (shapiro.test) was used to test the
normality of datasets. According to the normality and variance of the dataset, Student’s
t-test or Wilcoxon rank-sum test was selected to compare any two normally distributed
datasets, while parametric one-way analysis of variance (ANOVA) or the non-parametric
Kruskal–Wallis test was performed to compare numbers of target microorganisms and
physiochemical parameters. Statistical significance was set at p < 0.05.

The Bayesian modeling method SourceTracker was applied to evaluate the extent of
bacterial contribution during the transition from upstream to downstream [34]. For the
analysis of the BAC tank, microbial communities in the influent and biofilm samples from
within the BAC tank were considered as source, while the corresponding BAC effluent
bacteria were defined as sink, in this study. SourceTracker analysis was conducted using
default settings with a rarefaction depth of 1000, burn-in 100, restart 10, alpha (0.001),
and beta (0.01), which have been demonstrated to provide high sensitivity, specificity,

http://www.arb-silva.de
https://www.r-project.org
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accuracy, and precision [35]. The mean contribution proportion and standard deviation
were calculated from ten independent runs for each source to prevent potential false
positive predictions [35,36].

3. Results
3.1. Bacterial Community Structures in Source Water and Drinking Water Treatment Plant

Bacterial community compositions in different source water sampling sites are shown
in Figure S2a. Proteobacteria (40.9%) was the most prominent phylum, followed by Acti-
nobacteria (32.8%), Bacteroidetes (10.0%), Cyanobacteria (7.0%), Acidobacteria (2.4%), and
Chloroflexi (1.1%) in all samples combined. These six phyla represented an average com-
bined relative abundance of 96.7 ± 0.5%, consistent with previous studies revealing that
these groups are widely distributed in freshwater habitats [37].

Figure S2b shows the average relative abundance of bacterial phyla through the drink-
ing water treatment processes. The most prevalent phyla were Proteobacteria (49.7%),
Actinobacteria (13.6%), Cyanobacteria (13.0%), Firmicute (8.8%), Bacteroides (6.9%), Aci-
dobacteria (1.4%), Planctomycetes (1.3%), and Patescibacteria (1.3%) (sum of relative abun-
dance of >1%). Proteobacteria and Actinobacteria were generally predominant in raw
water, while the relative abundance of Firmicute and Cyanobacteria increased in finished
water. The bacterial community composition of Multiflo sedimentation effluents was sim-
ilar to that of raw water. Compared to horizontal flow sedimentation effluents, Multiflo
sedimentation effluents contained a higher relative abundance of Actinobacteria (p < 0.05)
and a lower relative abundance of Proteobacteria (p < 0.05), indicating discrepancy in re-
moval efficiency of different bacterial phylum in the two sedimentation tanks. Other water
treatment processes, including filtration (TGV filter and V-filter), ozonation-BAC tank and
disinfection, also influenced the bacterial community. In addition, the dominant bacterial
phylum compositions in filtration effluents and finished water were similar, implying the
potential influence of filtration in shaping the finished water microbiome.

3.2. Changes in Bacterial Community Composition and Diversity after Extreme Weather Events

In the Yangtze River Delta area, rainfall, occasionally associated with a tropical depres-
sion or typhoon, mainly occurs in summer (between July and October). During our study
period, we analyzed the influence of a rainfall event and of super typhoon Lekima on the
composition of bacterial communities in source and treated water.

Notable changes in bacterial community structure at the phylum level were observed
in treated water samples after the tropical depression rainfall event (Figure 1a). An in-
creased proportion of Firmicutes (from 0.5% to 17.9%) and Planctomycetes (from 1.8% to
2.9%) was characteristic of water samples from the disinfection outflows after rainfall in
the present study. The Shannon diversity index based on OTUs in the raw water increased
from 4.28 to 4.75 after rainfall (Figure 1b). Similarity, an increased Shannon diversity index
(from 1.91 to 3.57) of finished water after rainfall was also observed.

Consecutive five-day sampling of source water (Yangtze River), raw water and finished
water (from the DWTP) before, during and after one, two and three days of the super
typhoon Lekima event was conducted to evaluate the typhoon’s effect. UPGMA-based
cluster analysis shows that source water and raw water samples were very similar, but all
finished water samples clustered separately from the other samples (Figure 2), revealing
the modification of bacterial composition caused by drinking water treatment processes.
Although there was no conspicuous shift in the percentage of Cyanobacteria in source
water and raw water samples, a considerable increase in Cyanobacteria occurred in finished
water samples after the typhoon event (p < 0.05), and its proportion gradually decreased as
time passed. By the third day after the typhoon event, the proportion of Cyanobacteria had
returned to a level similar to that before the typhoon.
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Figure 1. (a) Relative abundance of dominant taxa at the phylum level and (b) Shannon diversity
index based on class identity OTUs in water samples at each treatment step before and after the
rainfall event in summer.

Figure 2. Bray–Curtis similarity-based dendrogram showing bacterial community composition in
source water (SW), raw water (RW) and finished water (FW) during the five-day super typhoon
period. The sampling dates are indicated by colored lines (before, during and after one, two and three
days of the typhoon event). For each sample, community composition (phylum level) is indicated by
bar plots.

3.3. Variations in Total Bacteria and Pathogenic Microorganisms

The total concentrations of bacterial DNA, estimated by qPCR targeted at 16S rRNA genes,
are shown in Figure S3 for water samples from the two trains of the DWTP. The annual average
gene copies (excluding rainfall events) of 16S rRNA genes was 1.03 × 109 copies/L in raw
water, 2.89 × 107 copies/L in coagulation-sedimentation effluents, 3.86 × 107 copies/L in
Multiflo-sedimentation effluents, 4.48 × 104 copies/L in sand filtration effluents,
1.03 × 104 copies/L in TGV filtration effluents, 7.24 × 107 copies/L in O3-BAC tank efflu-
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ents and 8.94 × 103 copies/L in disinfection effluents. Here, gene copy numbers were
log-transformed (log(x + 1)) prior to calculating the removal efficacy of bacteria in drinking
water treatment trains. The number of total bacteria removed by coagulation-sedimentation
fluctuated from 1 to 4 log, with the annual average fluctuation being 2.10 log. In contrast,
the quantity of total bacteria removed by other treatment processes was relatively constant
over the whole period: 2.71 log of 16S rRNA genes was removed by sand filtration and,
although there was a large increase of 3.07 log after the O3-BAC treatment, this was fol-
lowed by an obvious decrease of 3.40 log in the disinfection tank. There was no significant
difference in the concentration of total bacteria between multiflo-sedimentation effluents
and horizontal flow sedimentation effluents, while the TGV filter was better at removing
total bacteria than the V-filter (p < 0.05). Overall, large quantities of total bacteria were
removed by conventional water treatment processes, especially at the sand filtration and
disinfection steps.

Although not all Legionella and Mycobacterium species are pathogenic, many have been
implicated in human and animal disease [38,39]. In this study, total Legionella spp. and
Mycobacterium spp. were determined: examples of both genera were found in all source
water samples taken from the Yangtze River area. The occurrence of particular bacterial
species was more variable; 81.3% of water samples contained L. pneumophila, but M. avium
was not detected except in the water samples collected during the typhoon period. As is
shown in Figure S4, rainfall significantly affected the number of Legionella spp. in the river
water samples from the intake (S1) and alternative intake (S2) (p < 0.05). The annual average
representation of Legionella spp., without considering the effect of the summer rainfall event,
was 6.0 × 105 and 5.5 × 105 copies/L in the S1 and S2 samples, respectively, but reached
1.4 × 106 and 3.0 × 106 copies/L after rainfall. Similarly, rainfall also significantly affected
the number of Mycobacterium spp. in source water sites (p < 0.05). The average level of
Mycobacterium spp. in the S1 and S2 samples increased from 7.8 × 105 and 8.5 × 105 to
2.7 × 106 and 4.2 × 106 copies/L after rainfall, respectively.

These target opportunistic pathogens were quantified in treated water samples at
each treatment step (Figure 3). Legionella spp. and Mycobacterium spp. were found in
all treated water samples, but by the end of the pipeline had decreased by 1–5 log. In
line with the change in concentration of total bacteria (Figure S3), levels of Legionella spp.
and Mycobacterium spp. showed a universal and sequential decrease at each treatment
step except O3-BAC treatment. Specifically, sedimentation can effectively eliminate both
Legionella spp. and Mycobacterium spp. (p < 0.05). V-filter continuously decreased their
number (p < 0.05). But the removal efficacy of Legionella in TGV filter was not obvious. In
addition, a significant rebound in Mycobacterium spp. and Legionella spp. was observed in
the O3-BAC effluent. Ultimately, most of them were effectively eliminated by disinfection.
M. avium and L. pneumophila were not detected in finished water. The chlorine dose used
by the water treatment plant we studied was 1.5–2.3 times the usual dose in summer
(including the rainfall and typhoon period) to ensure relatively stable quality of the finished
water, but mycobacteria gene markers were still found in treated water. Although not all
Mycobacterium species are pathogenic, their potential health risk to humans needs to be
paid attention to.

The numbers of Legionella spp. and Mycobacterium spp. increased significantly after
the summer rainfall in raw water and water samples from almost all water treatment
stages (p < 0.05), indicating that pathogen contamination may be associated with rainfall
events. Furthermore, elevated levels of total bacteria and potential opportunistic pathogens
in source water were observed during the typhoon period (Figure 4). For example, the
concentration of L. pneumophila in source water during the typhoon period was approx-
imately four times higher than before the typhoon event. One day after the typhoon
event, the levels of total bacteria, Mycobacterium spp., and Legionella spp. were 9.55 × 104,
7.08 × 102, and 5.62 × 103 copies/L in finished water, respectively. Notably, M. avium,
which did not appear in source water before the typhoon event, was observed in source
water during the typhoon period and in finished water on the first day after the typhoon
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left, indicating the effect of an extreme weather event on opportunistic pathogen levels.
On the third day, Mycobacterium spp. and L. pneumophila were not found in finished water,
and the levels of total bacteria and Legionella spp. decreased to 4.90 × 104 and 2.57 × 103

copies/L, respectively.

Figure 3. Target opportunistic pathogens, including (a) Mycobacterium spp. and (b) Legionella spp., in
water samples at different water treatment stages and at different sampling time points. RW, HorS,
MulS, VF, TGVF, BACF, and DisF were the abbreviations of raw water, horizontal flow sedimentation,
Multiflo sedimentation, V-type filtration, TGV filtration, O3-BAC filtration, and disinfection, respec-
tively. The different colors and shapes represent different seasons. The results of summer rainfall
sample were removed due to insufficient DNA volume which cannot be used to verify the primary
qPCR results.

Figure 4. (a) Total bacteria and opportunistic pathogens, including (b) Mycobacterium spp., (c) Le-
gionella spp., (d) Mycobacterium avium, and (e) Legionella pneumophila in source water (SW), raw water
(RW) and finished water (FW) during the five-day super typhoon period (before, during and after
one, two and three days of the typhoon event). The different colors and shapes represent different
sampling sites. After1 SW sample is missing due to miscommunication during sampling.
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3.4. Effect of O3-BAC Treatment on Effluent Bacterial Communities and Opportunistic Pathogens

To specifically investigate the effect of the BAC tank on the composition of microbial
communities, water samples from its influents and effluents, as well as biofilm samples
from the top (B1), middle (B2) and bottom (B3) of the tank, were collected over a three-
month period. As Figure 5a shows, while Bacteroidetes (28.5%), Actinobacteria (18.9%)
and Firmicutes (25.5%) were predominant in BAC influent samples, the relative abundance
of these three taxa in in effluents decreased by 20.4%, 8.21% and 25.4%, respectively; in
contrast, the representation of Proteobacteria and Patescibacteria increased by 45.9% and
12.8%, respectively. In addition, beta diversity was analyzed based on the Bray–Curtis
distance by non-metric multidimensional scaling (NMDS) (Figure 5b). There were no
significant differences among biofilm samples from the three locations in the BAC tank.
However, analysis of similarities (ANOSIM) confirmed that the bacterial communities
found in BAC influents differed from those in BAC effluents (R = 0.372, p = 0.001). When the
Bayesian-based SourceTracker method was used to calculate the extent of the contribution
of BAC influents and biofilm bacteria to effluent bacterial populations, the results confirmed
the effect of the BAC tank on the relative representation of the various bacterial groups
(Figure 5c). The SourceTracker proportions of all biofilm samples (B1, B2 and B3) ranged
from 32.57% to 78.9% during the three-month period, with an average of 51.63 ± 5.66%
(average ± standard deviation).

Figure 5. (a) Relative abundance of dominant taxa at the phylum level in BAC influents (BACin)
and effluents (BACef) and biofilm samples from the top (B1), middle (B2) and bottom (B3) of the
reactor. The data were visualized using the circlize package with R. The upper half circle represents
every sample composition at phylum level, and the lower half circle indicates the proportion of a
particular taxon in different samples. (b) Non-metric multidimensional scaling (NMDS) plot of BAC
influents, effluents and biofilm samples based on Bray–Curtis distance. Symbol color represents
different samples. (c) Results of SourceTracker analysis showing the contribution of BAC influents
and different depth of biofilm samples to BAC effluents.
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In addition, target opportunistic pathogens including Legionella spp., Mycobacterium
spp. and L. pneumophila were detected in biofilms in the BAC tank (Table S6). The gene
copies of Legionella spp. and Mycobacterium spp. rRNA genes in detected biofilm samples
were in the range of 2.07× 104 to 3.84× 106 copies/L, and 1.64× 103 to 3.48× 103 copies/L,
respectively. Occasionally, L. pneumophila was also detected in biofilm samples (detection
rate: 2/9). After a six-month operation period, both Legionella spp. and Mycobacterium
spp. were detected in all biofilm samples from different locations of the tank. As shown
in Figure 3, the annual concentration (excluding the rainfall event) of Mycobacterium spp.
in filtration effluents was in the range of 4.83 × 102 to 3.52 × 103 copies/L (detection rate:
5/14). After O3-BAC treatment, the concentration of Mycobacterium spp. increased by 1 or
2 log, which was in the range of 3.47 × 103 to 2.03 × 105 copies/L (detection rate: 7/7).

4. Discussion
4.1. Occurrence and Removal of Total Bacteria and Opportunistic Pathogens

Drinking water safety is of great importance in the Yangtze River Delta area, the fastest
developing region in China. During the one-year study period, bacterial communities and
levels of total bacteria and pathogenic microorganisms in river water and treated water at a
local DWTP were evaluated by 16S rRNA sequencing and qPCR techniques, respectively.

As emerging drinking water opportunistic pathogens, Legionella and mycobacteria
contribute significantly to the number of cases of infectious disease. During 2014–2016,
3.85% of patients with severe pneumonia of unknown cause were positive for waterborne
L. pneumophila in China [40,41]. The detection rates for Legionella spp. and Mycobacterium
spp. in our river samples were much higher than those in the literature, which might
increase the load on subsequent drinking water treatment units [42,43]. In an earlier study,
Tiwari et al. found Mycobacterium and Legionella reads in surface water using a high-
throughput sequencing method, indicating that the ecological conditions may be favorable
for some of the pathogenic species to survive [20]. Thus, a more targeted exploration of the
factors that influence the presence of these pathogens in environmental waters is needed.

These influencing factors mainly included meteorological conditions, hydrological
conditions, water quality, and historical microbial concentrations [44]. Our results showed
significant correlations between total bacteria, Mycobacterium spp., Legionella spp., L. pneu-
mophila and DOC (p < 0.01), respectively (Table S7). DOC is an important carbon source for
heterotrophic microorganisms. DOC has the capability to bind and transport contaminants.
Furthermore, DOC may interact with disinfectants and form disinfection by-products [45,46].
However, the removal efficiency of DOC in water treatment processes is relatively low
(Table S3). Considering the positive correlations between opportunistic pathogens and DOC,
both the concentration and composition of DOC and the occurrence of these bacteria in
drinking-water source and treated water need to be continuously considered.

We found that large numbers of total bacteria were removed by drinking water treat-
ment processes, especially at the sand filtration and disinfection steps (p < 0.05, Figure S3),
confirming the efficacy of multi-step water treatment processes. However, Legionella and
mycobacteria were not removed completely (Figure 3), indicating a potential risk. Other
potential opportunistic pathogens, including the genera Pseudomonas, Acinetobacter, Staphy-
lococcus, etc., have been detected in finished water samples from various drinking water
plants in previous studies [47,48]. Many such organisms could survive in a viable but
non-culturable (VBNC) state and then revive under favorable conditions in the long-term
drinking water distribution systems [49]. It has been documented that even the most suscep-
tible mycobacterial species, M. avium and M. gordonae, are 100 and 330 times more resistant
to chlorine than Escherichia coli [50]. Thus, it is important that an appropriate concentra-
tion of disinfectant residual should be applied and maintained to decrease opportunistic
pathogens and inhibit their regrowth in drinking water systems.

The process design of water treatment plants would also influence the removal of
opportunistic pathogens. Our results showed the removal efficacy of Legionella in TGV filter
was not obvious (Figure 3). Compared to V-filter, the advantages of TGV filter were higher
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formation efficacy of alumen ustum, faster removal rate of particulate matters and smaller
occupied area [51]. However, large particle size of filtering media and fast filtration rate of
TGV filter might have a disadvantage of not being able to intercept small-size bacteria.

4.2. Impact of Extreme Weather Events on Bacteria and Opportunistic Pathogens

Natural extreme weather events such as super typhoons, floods and hurricanes may
cause water quality deterioration and waterborne disease outbreaks [52]. Investigation of
the impact of extreme weather events on the quality of source and treated water is crucial
to the optimization and microbial safety of DWTPs during long-term operation. Over the
whole year covered by this study, two rainfall events were specifically taken into account: a
typical rainfall event associated with a tropical depression from the Pacific and an intense
rainfall event involving super typhoon Lekima. According to the National Climate Center
of China, Lekima caused 56 fatalities in mainland China and was responsible for the second
largest typhoon-related economic loss in China since 2000 (RMB 51.53 billion yuan) [53].

There was a clear increase in the percentage of Cyanobacteria in finished water samples
during the typhoon event (Figure 2). It has previously been reported that Cyanobacteria
can survive in drinking water treatment systems due to their filamentous morphology [54].
In addition, Cyanobacteria have been demonstrated to be prevalent in the reaches of the
Yangtze River [55]. During storms, transport of watershed nutrients and bacteria via
surface runoff and river discharge can lead to their rapid accumulation in water bodies [56].
Cyanobacteria are known to impact water quality through the release of cyanotoxins
and it has been proven that they might be present in treated drinking water supplies
when cyanobacterial blooms occur in source waters [57]. Furthermore, the formation of
toxic halogenated byproducts (DBPs) during chlorination in the presence of cyanobacteria
represents an increased health risk in drinking water [58]. However, the relative abundance
of Cyanobacteria in finished water samples did not increase after the first rainfall event
(Figure S2b). The differences between the first rainfall event and the typhoon event may
be attributed to different sampling time points and different precipitation intensity. More
rainfall events and larger sample sizes need to be studied.

The rainfall and typhoon events raised the concentrations of total bacteria and op-
portunistic pathogens in source water and in finished water (p < 0.05, Figure 3, Figure 4,
Figures S3 and S4), indicating an impact of extreme weather events on DWTP performance.
The source water in this study was located in the downstream area of Yangtze River. A
previous investigation showed that Legionella spp. were mainly detected in river mid-
stream and downstream regions in Taiwan, particularly after rainfall events [43], which
was in accordance with our result. Elevated levels of fecal indicator bacteria, Escherichia
coli and Enterococci, in rivers after hurricane events or typhoon events also have been
documented [59–61]. In this study, an obvious elevated turbidity was found in source water
during the typhoon event (Table S4), implying their contribution to elevated levels of total
bacteria and opportunistic pathogens.

The increase in these bacteria in river water after rainfall and typhoon events, particu-
larly in downstream regions, is possibly due to the input of soil and water contaminants,
sediment pathogens and polluted aerosols. Mycobacterium spp. and Legionella spp. are
natural inhabitants of soils, water bodies, and enter engineered water systems mainly
through surface water [62–64]. For example, van Heijnsbergen et al. reported that Legionella
bacteria were detected in 30% (6/20) of soils and 3.9% (3/77) of rainwater puddles by
amoebal coculture, and they concluded that soil and rainwater may be alternative sources
for Legionella [64]. With surface runoff, opportunistic pathogens in soil were flushed into the
river during the rainfall events, increasing the levels of bacteria in source water. Notably,
our results showed that M. avium and L. pneumophila were not detected in source water
until the typhoon event, indicating the exogenous contribution, such as contaminated soil.
Rainfall may also carry water contaminants like sewage and livestock wastewater into the
watershed and downstream regions [65]. Sediment could be disturbed by rainfall and serve
as a constant source of pathogens because of their greater persistence in sediment [42].
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Direct aerosolization also might occur after rainfall events owing to increased turbidity of
river water, coupled with an increased presence of pathogens in the environment during
warm, wet weather [66]. Although the increased levels of bacteria in river was observed,
both M. avium and L. pneumophila were not detected in the finished water after the typhoon
event, suggesting the effectiveness of chlorine residual to ensure relatively stable quality of
the finished water. However, high level of disinfectants could easily produce disinfection
byproducts. The source of pathogens and runoff nutrients in the raw water should be
found and controlled before any consideration of higher doses of chlorine disinfectant to
control the problem.

4.3. Contribution of BAC Tank to Downstream Bacteria and Pathogens

In the present study, our results showed a marked increase in the total number of
bacteria (Figure S3, p < 0.05), greater diversity of bacterial communities (Figure 1b) and
higher levels of Legionella spp. and Mycobacterium spp. (Figure 3, p < 0.05) in O3-BAC
effluents, as compared to earlier in the treatment train. In line with the results of our study,
an increase in cell counts and microbial diversity was observed after BAC filtration in an
American water treatment plant recently [14]. According to the SourceTracker proportion,
the BAC tank contributed over half of the downstream bacteria species (Figure 5a).

Given that Proteobacteria and Patescibacteria were the dominant taxonomic groups
in all biofilm samples, accounting for over 90% of bacteria (Figure 5a), it seems possible
that these communities had colonized the BAC tank and were being released into effluents,
causing pathogen contamination in the downstream pipeline. Proteobacteria was the
predominant taxon in treated water samples (Figure S2), and especially in BAC biofilm
samples (Figure 5a), suggesting the BAC filtration unit provides a niche habitat where this
group can flourish [67]. Patescibacteria is a newly defined superphylum and has been
found to be prevalent in nutrient-limited aquifer environments. Their adaptive features
including an ultra-small size, which increases surface area relative to cytoplasm volume,
together with their streamlined cell functions, might be responsible for their presence in
BAC biofilms [68]. In addition, opportunistic pathogens Legionella spp. and Mycobacterium
spp. were also found in high quantities in biofilm samples from different tank depths
over a three-month period (Table S6), indicating their colonization of and accumulation
in BAC biofilms as well, which resulted in their increased presence in BAC effluents.
Increased gene copies of opportunistic pathogens were also found in biofilms in previous
studies, suggested that bacterial growth within BAC media can contribute to the microbial
community in the filtrate [14,69].

5. Conclusions

We provide a comprehensive investigation of the change in levels of bacteria and
opportunistic pathogens in source water from the Yangtze River and in treated water from
a local DWTP under variable weather conditions. In this study, the results show that
extreme weather events (typhoon and rainfall) elevated the levels of bacteria, including
opportunistic pathogens (p < 0.05), and increased bacterial diversity (p < 0.05), in both
river water and water treatment plant effluents; in particular, the relative abundance of
Cyanobacteria increased in finished water during the typhoon event. However, the levels
of M. avium and L. pneumophila were not found in finished water after the typhoon event.
Overall, our results provide an insight into the challenges faced by maintaining finished
water quality under changing weather conditions.
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