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Abstract
The prevalence and interactions with biofilm and disinfectant of opportunistic pathogens in drinking water supply systems
(DWSSs) have been extensively interpreted. In contrast, the large geographical distribution and in situ removal of opportunistic
pathogens are overlooked aspects. Here, paired source and tap water samples of 36 parallel DWSSs across China were collected,
with five common waterborne pathogens characterized by qPCR. From source to tap, the removal of bacterial biomass (16S
rRNA gene copy number) was 1.10 log, and gene marker removal of five opportunistic pathogens ranged from 0.66 log to 2.27
log, with the order of Escherichia coli > Mycobacterium spp. > Clostridium perfringens > Bacillus cereus > Aeromonas
hydrophila. Different with bacterial community, geographical location and source water types (river or reservoir) were not
key contributor to variation of opportunistic pathogens. Gene marker removal efficacies of E. coli, Mycobacterium spp., and
C. perfringens from source to tap were restricted to removal efficacy of overall bacterial biomass, while abundance ofB. cereus in
tap water linked to the input of B. cereus from source water. Although culture-dependent approach is important for pathogen
enumeration in drinking water, qPCR-based molecular survey shows advantages of quantifiable high-throughput and easy
operation, providing abundant and timely information on pathogen occurrence in water. This study provides the in situ,
molecular-level evidence toward differential propagation features of multiple opportunistic pathogens in DWSSs and suggests
the source protection and early warning of treatment-resistant pathogens.
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Introduction

The spread of bacterial opportunistic pathogens via drinking
water supply systems (DWSSs) has attracted much attention
globally because of the healthy risk and economic burden of

water-borne diseases (Moreira and Bondelind 2016; Schwake
et al. 2016). Behaviors of opportunistic pathogens among water
source (Lesnik et al. 2016), treatment (Hull et al. 2017), distri-
bution (Liu et al. 2020a), and storage (Li et al. 2018b) have
been deciphered to optimize drinking water safety strategies.

Removal, regrowth, and retention of microorganisms are the
key topics with regard to DWSSs. Conventional (sedimenta-
tion, filtration, disinfection, etc.) and advanced (ozonation, ac-
tivated carbon, etc.) treatment technics were designed to re-
move microorganisms together with chemicals and particles
(Rosarioortiz et al. 2016) . From source to tap, the overall bac-
terial biomass could be sufficiently removed through water
treatment, but the situations on specific pathogens were com-
plex, and biological instability occurred during distribution
(Nescerecka et al. 2018). Notably, filter might seed the treated
water with leaky colonizers (Pinto et al. 2012), pathogenetic
species showed differential resistance to disinfection (Chiao
et al. 2014), andMycobacterium spp. and Legionella spp. were
widely reported to associate with amoeba hosts within biofilm
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(Delafont et al. 2014;Wang et al. 2012). To assess the full-scale
dynamic of opportunistic pathogens, Wang et al. quantified the
removal efficacy of opportunistic pathogens in all steps of
drinking water treatment plant (Wang et al. 2019). And it was
demonstrated that sand filtration and ozonation decreased,
while active carbon filtration increased the total bacterial
DNA, abundance of Mycobacterium spp. and Legionella spp.
However, above-mentioned studies mainly focus on specific
procedure in DWSSs or microcosmic mechanism of biotic-
abiotic interactions, leaving the relationship between removal
of bacterial biomass and removal of opportunistic pathogens
poorly understood, which hampers the prediction on patho-
gens’ fate and potential risk in DWSSs. Concretely, two ques-
tions need to be answered: (1) whether higher bacterial biomass
removal efficacy means higher opportunistic pathogen removal
efficacy in DWSSs; (2) whether opportunistic pathogen abun-
dance in source water affects its retention in tap water.

To fill this gap, commonly used sampling strategy focusing
on a single water treatment plant or a single pipeline was not
appropriate (Hull et al. 2017; Hull et al. 2019; Liu et al. 2018;
Potgieter et al. 2018;Wang et al. 2019). Only large-scale, in situ,
paired samples of source water and tap water from a great num-
ber of parallel DWSSs could provide awide variety of biological
patterns, to support the possibility of linking bacterial biomass
removal and opportunistic pathogens removal. Compared to the
sampling in lab-scale systems or a single DWSS, the sampling
strategy in the present study could prevent the impact of accident
to a certain degree, to obtain representative and universal pattern
of pathogenetic bacteria in drinking water. In addition, the uni-
versal removal ratio and biogeographical feature of opportunistic
pathogens in DWSSs could also be verified.

Here, based on paired source and tap water samples in 36
individual DWSSs with traditional treatment processes across
China, a molecular survey of opportunistic pathogens was per-
formed. We reported for the first time that both bacterial bio-
mass removal and initial abundance (i.e., abundance of oppor-
tunistic pathogen gene marker in source water) were responsi-
ble for the dissemination of opportunistic pathogens in DWSSs.
Our previous study has called attention to the indelible contri-
bution of source water to tap water microbiome (Han et al.
2020a) and revealed the co-occurrence between opportunistic
pathogens and antibiotic resistance genes in drinking water
sources (Han et al. 2020b), and this study further demonstrates
that some opportunistic pathogens in source water could also
seed in tap water in spite of water treatment operations.

Materials and methods

Sample collection

A total of 36 independent drinking water supply systems
(DWSSs) from 24 cities spanning over 2500 km across central

and eastern China were selected as sampling points. Thirty-six
source water samples (including 16 river and 20 reservoir
samples) were collected at the inlet of water treatment plants,
and corresponding 36 tap water samples were collected before
premise plumbing systems (i.e., the end of municipal distribu-
tion system) (Table S1). All selected DWSSs adopted similar
traditional treatment processes including flocculation by co-
agulation, sedimentation, filtration, and disinfection by chlo-
rine. Water samples of approximately 5 L were stored in car
refrigerator at 4 °C within 48 h until filtration at nearest labs,
and residual chlorine concentration of tap water was measured
according to the standard method (Association 2005). Since
the sample sites spanned over 2500 km across central and
eastern China, the temperatures of these sites were greatly
different at a certain season. Here, we chose to collect samples
at different seasons, but at around 10 to 20°C of air tempera-
ture, to minimize the effect of local temperature (Table S1).

DNA extraction and 16S rRNA gene sequencing

For each sample, 500 mL water was filtered via 0.22 μm
mixed cellulose ester membrane filters (Millipore,
Australia). DNA extraction was performed using FastDNA
SPIN Kit (MP Biomedicals, CA, catalog number:
116560200) according to manufacturer protocol. The V4 re-
gion of 16S rRNA gene was amplified, and Purified
amplicons were paired-end sequenced (2 × 300) on an
Illumina MiSeq platform (Illumina, San Diego, USA). The
sequences were clustered into operational taxonomic units
(OTUs) at 97% similarity cut-off using UPARSE (http://
drive5.com/uparse/) (Edgar 2013), and taxonomic assignment
was carried out with the Ribosomal Database Project (RDP)
classifier (Wang et al. 2007). Bray-Curtis distance matrices
and Shannon index were then obtained by R software 3.4.3.
The sequencing data have been deposited with links to
BioProject accession number PRJNA551910 for tap water
and PRJNA563354 for source water in the NCBI BioProject
database. More details on sequence processing could be found
elsewhere (Han et al. 2020a). Different with our previous pub-
lication focusing on the impact of source water on tap water
bacterial community (Han et al. 2020a), this study used the
16S rRNA gene sequencing data mainly to obtain the occur-
rence of bacterial taxa containing opportunistic pathogens,
which was the confirmation and supplement of qPCR results
of opportunistic pathogens.

Quantitative polymerase chain reaction (qPCR) of 16S
rRNA gene and gene markers of five opportunistic
pathogens

Considering the low detection limit, high specificity, and high
throughput of qPCR approach (Wang et al. 2012), it was pri-
marily used in this study. The universal bacterial gene, 16S
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rRNA gene, and gene markers of five opportunistic pathogens
(i.e., Escherichia coli, Mycobacterium spp., Clostridium
perfringens, Bacillus cereus, and Aeromonas hydrophila)
were enumerated using SYBR-Green real-time qPCR based
on previously published primers (Table S2). The specific
gene sequences of five opportunistic pathogens that insert
the plasmids and qPCR reaction profile could be found in
Supplementary Information. These five opportunistic
pathogens are important and representative in drinking
water and come from fecal, clinical contamination, and
natural source (Hull et al. 2017; Wang et al. 2017). In
addition, this study mainly focused on the different re-
moval efficacies of different opportunistic pathogens,
and the selection of target pathogens of this study also
followed this aim. Removal efficacy of Bacillus cereus
et al. might be low because of the presence of spores,
while the removal efficacy of E. coli, Mycobacterium
spp., and Clostridium perfringens et al. might be high
because they are sensitive to disinfection. Copy numbers
of 16S rRNA gene were extensively used as an indicator
of the magnitude of total bacterial biomass in water,
though biases might exist due to distinct gene copy num-
bers between species (Li et al. 2018a). The limit of quan-
tification (LOQ) for all genes was around 10 gene copies
per μL DNA (Donohue et al. 2019; Garner et al. 2019),
and the data were adopted only when the results from
three technical replicates were all positive (Table S3).
The Cq values were transformed into target gene numbers
with mean value of three replicates using a standard curve
based on a known number of standard plasmids, and the
abundance of 16S rRNA gene and opportunistic patho-
gens was finally expressed as copies/mL water.

Statistical analysis

Non-parametric compare mean methods, Wilcoxon signed
ranks test for paired samples and Mann-Whitney U test for
independent samples, and non-parametric correlation method,
Spearman correlation, were used to obtain robust statistical
results. The log10-transformation was conducted for target
gene copy number obtained by qPCR, and log (X+1) transfor-
mation was applied to data when X = 0 (no detection or under
LOQ) (Zhang et al. 2020). The log reduction of target genes
from source water to tap water was viewed as removal effica-
cy (Wang et al. 2019). Spatial factors were generated using
principal coordinates of neighbor matrices (PCNM) based on
the geodetic coordinates from latitude and longitude with the
vegan and SoDA packages (Vincenty 1975), and distance-
decay relationships between geographical distances and
Bray-Curtis similarities of the bacterial community or oppor-
tunistic pathogens were calculated based on linear regression
using vegan and SoDA packages in R software 3.4.3.

Results and discussion

Widespread prevalence of opportunistic pathogens in
source water and tap water

Gene markers of Escherichia coli, Mycobacterium spp.,
Clostridium perfringens, Bacillus cereus, and Aeromonas
hydrophilawere detected by qPCR (Table S2) in 36 tap water
samples and corresponding 36 source surface water samples
(Fig. 1 A and B, Table S4); their frequencies of detection were
over 90% except for A. hydrophila in tap water (22.2%)
(Table S4). This was in line with the previous investigations
that these five opportunistic pathogens were widespread in
drinking water sources (Hull et al. 2017; Wang et al. 2017).

In source water, Mycobacterium spp. (4.81×103

copies/mL) showed higher average abundance, followed by
C. perfringens (2.12×103 copies/mL), E. coli (1.60×103

copies/mL), B. cereus (1.75×102 copies/mL), and
A. hydrophila (2.20×101 copies/mL). In tap water,
Mycobacterium spp. (1.15×102 copies/mL) also showed
higher average abundance, followed by C. perfringens
(1.01×102 copies/mL), B. cereus (3.35×101 copies/mL),
E. coli (1.03×101 copies/mL), and A. hydrophila (1.44
copies/mL) (Table S4). It was interesting that the difference
between mean and median abundances of the tap water is
much larger than that of the source water, and the possible
reason was that multiple influencing factors (e.g., source wa-
ter, treatment process, and self-characteristics of pathogens)
increased the variations of opportunistic pathogens’ abun-
dance among samples in tap water.

In source water, E. coli abundance was higher than B. cereus
abundance (P<0.05,Wilcoxon signed ranks test) (Fig. 1A), but they
were not significant different in tapwater (P>0.05,Wilcoxon signed
ranks test) (Fig. 1B). This hinted that the removal efficacies of differ-
ent taxa were distinct. To quantify the removal efficacy from source
to tap, the decimal reduction of 16S rRNA gene and opportunistic
pathogen gene markers were calculated and then presented as the
average log reduction and standard deviation (Fig. 1 C andD). From
source to tap, the removal efficacy of bacterial biomass was 1.10 log
±0.79 log; the removal efficacies ofE. coli,Mycobacterium spp., and
C. perfringens were higher than bacterial biomass (2.27 log ± 0.97
log, 1.98 log ± 0.98 log, and 1.43 log ± 0.76 log, respectively), while
the removal efficacies ofB. cereus andA.hydrophilawere lower than
bacterial biomass (0.93 log ± 0.69 log and 0.66 log ± 0.72 log,
respectively). Removal efficacies of genemarkers in current research
(0.66–2.27 log) were close to other investigation in drinking water
treatment plant using conventional technics (coagulation and sedi-
mentation, sand filtration, chloramine disinfection) (Lu et al. 2018).
In contrast, more advanced treatment technologies (e.g., ozonation)
could further increase the final removal of microbes to over 4 logs
(Ding et al. 2019; Wang et al. 2019).

It should be noted that molecular method based on primer
design and qPCR targets a specific bacterial group, but
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pathogenicity and species/subspecies identification need fur-
ther culture- or metagenome-based methods (King et al. 2016;
Wang et al. 2017). In addition, higher detection rate or enu-
meration in drinking water samples were often obtained by
qPCR compared to culture-based approaches, which is likely
connected with the higher sensitivity and lower detection limit
of qPCR (Wang et al. 2017). Recently, extracellular free DNA
have attracted much attention (Sivalingam et al. 2020; Slipko
et al. 2019), and its possible impact on the results of qPCR
should be paid attention (Sakcham et al. 2019).

Except for the targeted five opportunistic pathogens in the
present study, more opportunistic pathogens were also com-
mon. Thus, as a complementary method, we also adopted the
16S rRNA gene amplicon sequencing to detect the bacterial

taxa containing the targeted and other opportunistic pathogens
at family or genus level. Pseudomonas, Acinetobacter, and
Legionella at genus level were also detected (Table S5).
However, 16S rRNA gene sequencing data only provided
the relative abundance (i.e., percentage) of bacterial taxa; the
absolute content and the removal efficacy from source water
to tap water could not be obtained. In addition, the 16S rRNA
gene sequencing could not provide adequate discrimination
for the bacterial identification to species level. Thus, only
the relative abundance of family or genus containing oppor-
tunistic pathogens was listed (Table S5). In future, considering
the significant harmfulness of Pseudomonas aeruginosa and
Legionella spp., the removal efficacies of Pseudomonas

Fig. 1 Comparison of five opportunistic pathogens in source water and
tap water. (A-B) Enumeration of Escherichia coli, Mycobacterium spp.,
Clostridium perfringens, Bacillus cereus and Aeromonas hydrophila in
source water (A) and tap water (B). Samples labeled with the same letter
are not significantly different at 0.05 level byWilcoxon signed ranks test.
(C-D) Removal (log10-transformation) of bacterial biomass (16S rRNA

gene copies) (C), and Escherichia coli,Mycobacterium spp., Clostridium
perfringens, Bacillus cereus, Aeromonas hydrophila (D) from source
water (SW) to tap water (TW). Negative values near the arrow meant
the decrement of mean value from SW to TW. *** indicated P-value <
0.001 by Wilcoxon signed ranks test
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aeruginosa and Legionella spp. in DWSSs are worth
exploring.

Distribution of opportunistic pathogens at a large
geographical scale

Pathogenetic bacterial population is just a portion of overall
bacterial community, and the ecological characteristics of bac-
terial community may not be consistent with pathogens. The
importance of source water type (i.e., river and reservoir) and
geographical location on opportunistic pathogen could be ex-
plored based on large-scale sampling. In source water, overall
bacterial biomass, richness (OTU number), and diversity
(Shannon index) in river were higher than reservoir samples
(P < 0.05, Mann-Whitney U test), but the abundance of oppor-
tunistic pathogens was not influenced by source water types
(Table S6). In contrast, in tap water, bacterial biomass, richness,
diversity, and pathogen abundance were not different in sam-
ples fed with river and reservoir (P > 0.05, Mann-Whitney U
test). Distance-decay relationship is widely used to depict the
biogeography pattern of microbial community (Martiny et al.
2006). Here, for bacterial community, distance-decay relation-
ship was significant in source water (r = −0.280,P < 0.001), but
not significant in tap water (r = −0.067, P = 0.094); for oppor-
tunistic pathogens, distance-decay relationship was weak but
significant in source water (r = −0.105, P = 0.008) while not
significant in tap water (r = −0.040, P = 0.320) (Fig. S1). Thus,
opportunistic pathogens showed weaker geographical distribu-
tion pattern than bacterial community, and DWSSs decreased
the impact of geographical location. Taken together, the distri-
bution of opportunistic pathogens was not mainly shaped by
natural factors (e.g., source water type, seasonality, and geo-
graphical location), indicating the anthropogenic factors (e.g.,
point source pollution and land use pattern) and treatment op-
erations made sense.

In addition, it is accepted that drinking water microbiome
changed greatly before and after disinfection (Chiao et al.
2014; Hull et al. 2017). However, within all tap water sam-
ples, the correlations between opportunistic pathogen abun-
dance and residual chlorine concentration were not significant
(Table S7). This is in line with previous publications (Han
et al. 2020a; Perrin et al. 2018), and the possible reason was
that all tap water have finished a similar disinfection step, and
the residual chlorine was controlled to reach a stable level.
Thus, the investigation before and after disinfection will be
studied to further understand the role of disinfection.

Links between removal efficacy of opportunistic
pathogens and removal efficacy of bacterial biomass

Removal efficacies of E. coli, Mycobacterium spp., and
C. perfringens from source to tap were significantly correlated
with the removal efficacy of overall bacterial biomass (P <

0.05, Fig. 2A–C), and the removal rates (1.43–2.27 log) of
above three pathogens were higher than the removal rate of
16S rRNA gene (1.10 log) (Fig. 1C). The simultaneous re-
moval of overall bacteria and specific bacterial pathogenwas a
reasonable phenomenon, because coagulation, sedimentation,
filtration, and chlorination were all used to decrease chemical
and biological matters. The effective control on dissemination
of E. coli, Mycobacterium spp., and C. perfringens are vital
for public health, because they contains some pathogenetic
species with low infectious dose, for instance, E. coli
O157:H7, who can cause bloody diarrhea and stay viable
but nonculturable state after boiling (Liu et al. 2020b). Thus,
greater biomass removal is useful to decrease the risk from
above-mentioned three opportunistic pathogens.

However, it is interesting to find that the removal of
B. cereus was distinctive in DWSSs. The correlation between
B. cereus removal rate and biomass removal rate was not
significant (Fig. 2D). Its average removal rate (0.93 log) was
lower than bacterial biomass (1.10 log) (Fig. 1C), indicating
higher overall bacterial removal did not lead to higher
B. cereus removal. B. cereus is a pathogen of human gastro-
intestinal disorders, causing emesis or diarrhea (Stelder et al.
2018). B. cereus showed tolerance to common disinfectants
because of the presence of spores, which could reactivate in
distribution pipelines. The hydrophobicity of B. cereus spore
was greater than their cells (Elhariry 2011), and thus, only
more targeted approach (e.g., ozone) could effectively inacti-
vate their spore (Ding et al. 2019). In the current study, the
source water was treated without any advanced approaches in
all systems, and thus, the removal of B. cereus was not ideal.
Further, it is supposed that higher abundance of B. cereus in
source water might lead to higher retention of it in tap water.
Such hypothesis could be support here via the significant pos-
itive correlation between B. cereus abundance in source water
and its abundance in tap water (P < 0.05, Fig. 3D), which was
different with other four test pathogens (Fig. 3A–C and E).
Thus, removal efficacy of opportunistic pathogens was not
invariably restricted to removal efficacy of bacterial biomass.

In addition, abundance of A. hydrophila in source water
was only 22.0 copies/mL on average, and it could not be
detected above detection limit in approximately 80% tap water
samples (Table S3). Thus, it was reasonable that the removal
efficacy of A. hydrophila was lower than others and was not
linked to biomass removal efficacy (Fig. 2).

Based on large-scale, in situ, paired samples collected from
36 individual DWSSs, this study revealed that source water
types and geographical location were not the major determi-
nant of opportunistic pathogen gene markers in DWSSs and
demonstrated that tap water abundance of some treatment-
resistant pathogens, such as B. cereus, was associated with
its abundance in source water. Ideal control strategy of differ-
ent opportunistic pathogensmight be different because of their
distinct response to drinking water treatment and distribution
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Fig. 2 Correlation between the removal rate (log10-transformation) of
bacterial biomass (16S rRNA gene copies) and the removal rate of five
opportunistic pathogens. The line through the graph indicates the linear

correlation model (only significant results were shown), and the shaded
area represents its 95% confidence limits. * and ** indicated P-value <
0.05 and 0.01, respectively

Fig. 3 Correlation between the abundance (copies/mL, log10-
transformation) of five opportunistic pathogens in source water (SW)
and tap water (TW). The line through the graph indicates the linear

correlation model (only significant result was shown), and the shaded
area represents its 95% confidence limits. ** indicated P-value < 0.01.
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processes. We urge to carefully monitor treatment-resistant
opportunistic pathogens in finished water and protect drinking
water sources from biological contaminant.

Conclusions

Based on large-scale, in situ, paired samples of source water
and tap water from a great number of parallel DWSSs, this
study linked the bacterial biomass removal and opportunistic
pathogens removal during the drinking water treatment and
distribution process. Simultaneous removal of overall bacteri-
al biomass (i.e., 16S rRNA gene copy number) and the gene
markers of E. coli, Mycobacterium spp., and C. perfringens
was obtained, but B. cereuswas not compliant with this trend.
Higher abundance of B. cereus in source water led to higher
abundance of it in tap water according to the large-scale in-
vestigation. Therefore, different opportunistic pathogens
showed different response to drinking water treatment and
distribution processes, and more attention to those treatment-
resistant pathogens was recommended.
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