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Drinking water distribution systems are increasingly vulnerable to sewage intrusion due to aging water infra-
structure and intensifying water stress. While the health risks associated with sewage intrusion have been
extensively studied, little is known about the impacts of intruded bacteria and dissolved organic matter (DOM)
on microbiology in drinking water. In this dynamic study, we demonstrate that the intrusion of 1 % sewage into
tap water resulted in immediate contamination, including an 8-fold increase in biomass (TCC), a 48.9 % increase
in bacterial species (ASVs), a 12.5 % increase in organic carbon content (DOC), and a 13.5 % increase in unique
DOM molecular formulae. Over time, sewage intrusion altered tap water microbiology by accelerating bacterial
growth rates (5-fold faster), selectively promoting ASVs in community succession, and producing 998 more
unique DOM formulae. More significantly, statistical analysis revealed that the intrusion of 1 % sewage shifted
the driving force of bacterial and DOM composition covariance from a DOM-dependent process in tap water to a
bacterial-governed process post-intrusion. Our results clearly demonstrate the disruptive effects of sewage
intrusion into tap water, emphasizing the urgent need to consider the long-lasting impacts of sewage intrusion in
drinking water distribution systems, in addition to its immediate health risks.

1. Introduction

Intrusion in drinking water distribution systems (DWDSs) is defined
as a specialized back-flow of non-potable water into DWDSs
(LeChevallier et al., 2003), resulting from breaches in physical and hy-
draulic integrity (Besner et al., 2011; NRC, 2006). DWDSs face height-
ened vulnerability to intrusion due to frequent compromised physical
integrity (ASCE, 2022; Barton et al., 2019) (e.g., circumferential breaks,
longitudinal splits, joint failure, and holes), diminished hydraulic
integrity (Besner et al., 2010; Hunter et al., 2005; Nygard et al., 2007) (e.
g., breaks and maintenance work, intermittent water supply), and
transient negative pressure (Fontanazza et al., 2015; Karim et al., 2003)
(e.g., intermittent pump activation, opening/closing of hydrants, valve

slam/failures). In these scenarios, sewage emerges as the most prevalent
intrusion source, given the high volume of sewage discharging directly
into environment, and the close proximity of underground sewage and
drinking water pipelines (Haydar et al., 2009; Kauppinen et al., 2019; M.
Aenab and K. Singh, 2012). Sewage introduces contaminants, such as
pathogens and heavy metals, into DWDSs, which could rapidly reach
tens of thousands of consumers within hours to days, posing significant
threats to both public health and the environment. However, as water
infrastructures age (Agency, 2011; Barton et al., 2019) and water stress
intensifies (Semenza, 2020), the intrusion of sewage into drinking water
and the associated risks are expected to further deteriorate.

The cases of sewage intrusion into drinking water may not be
extensively documented individually due to the localized nature of such
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incidents and privacy considerations. Nevertheless, on a global scale,
there is substantial evidence indicating that sewage-contaminated
drinking water has led to outbreaks of waterborne diseases and raised
health concerns. To illustrate, in Seoul, Republic of Korea, from May to
June 2012, a waterborne outbreak of 124 cases of cryptosporidiosis
occurred in an older high-rise apartment complex’s plumbing system,
associated with sewage-contaminated drinking water (Cho et al., 2013).
In May 2015, Kasese District in Uganda witnessed a prolonged cholera
outbreak caused by sewage-contaminated drinking water. This outbreak
affected over 80 villages, resulting in 183 suspected cases and 2 fatalities
(Kwesiga et al., 2017). More recently, instances of sewage intrusion into
DWDSs in Finland led to outbreaks involving multiple waterborne
pathogenic microbes. In 2016 and 2018, these incidents impacted 790
and 4000 people, respectively (Kauppinen et al., 2019). These cases
underscore the importance of addressing sewage contamination in
drinking water systems to mitigate the risk of waterborne diseases and
safeguard public health.

Amid recurring health concerns, the intrusion of sewage in drinking
water systems has become a notable issue. Previous studies focused on
the timely detection of intrusion events (Heibati et al., 2017; Prest et al.,
2013; Sorensen et al., 2021; Vang et al., 2014) and the prediction of
infection risks (Odhiambo et al., 2023; Teunis et al., 2010; Vinas et al.,
2022). However, it has been neglected that microbes and dissolved
organic matter (DOM) introduced by sewage intrusion would not remain
stagnant or isolated from drinking water microbes and organics
post-intrusion. Instead, they undergo growth and transformation,
potentially giving rise to disruptive impacts on drinking water micro-
biology. For example, previous studies have discovered co-variations
between microbes and organic matter in aquatic environments such as
oceans, rivers, and lakes (Osterholz et al., 2016; Yang et al., 2020b; Zhou
et al., 2024). Additionally, studies have indicated that such chemical
and biological covariance can influence ecosystem functions (Logue
etal., 2016; Tanentzap et al., 2019), which is important for the biosafety
and biostability of drinking water. Therefore, it is essential to monitor
the synergistic changes in microbial succession and organic trans-
formation to better understand the disruptive effects following sewage
intrusion. However, crucial knowledge in this regard is lacking, leaving
a fundamental gap in our understanding of the aftermath of sewage
intrusion in drinking water. Particularly, we lack insights into the
disruptive effects induced by microbes and organics in sewage on the
growth dynamics and evolutionary mechanisms of drinking water
microbes.

For sewage intrusion events detection, both microbes and dissolved
organic matter (DOM) are sensitive indicators. It has been reported that
adenosine triphosphate (ATP) and flow cytometry total cell counts
(TCC) can detect the occurrence of contamination by detecting increases
in biomass (Prest et al., 2013; Vang et al., 2014), while fluorescence
spectroscopy can detect changes in the fluorescent components of DOM
in drinking water (Heibati et al., 2017; Sorensen et al., 2021). By
ATP/TCC and DOM based methods, as low as 0.01 % - 2 % intrusion is
detectable. However, these quantitative methods can only reveal
changes in concentrations of microbes and DOM but not their compo-
sitions. The development and application of high-throughput
sequencing and Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (FT-ICR MS) offered new possibilities to qualitatively
study the covariance of microbes and DOM at molecular level (Antony
et al., 2017; Zark and Dittmar, 2018).

The above-mentioned sewage intrusion studies were all conducted in
laboratory, because it is virtually impossible to catch field intrusion
events or simulate them in field environment due to their high
complexity and limited accessibility of drinking water distribution sys-
tems. In the field environment, the occurrence of sewage intrusion is
either delayed in detection or under spotlight only after associated in-
fections were reported publicly. Injecting sewage into field drinking
water pipes would be impossible and even illegal because of its associ-
ated public health threats. In this study, to address the critical question
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of the changes of microbial succession and DOM transformation induced
by sewage intrusion at molecular level, we designed a simulation
experiment with specific laboratory conditions. For simulating the worst
scenario and reveal the dynamic changes of microbes and DOM, sewage
intrusion was monitored for a period of seven days. The quantitative
changes of microbes and DOM are measured by TCC and dissolved
organic carbon (DOC), while the microbial community is assessed by
[llumina sequencing, and the DOM is characterized by FT-ICR MS. The
combination of these high-throughput and ultrahigh-resolution tech-
niques provided profound insights into the disruptive changes arising
from sewage intrusion, including microbial succession and organic
transformation, which is essential for ensuring biosafety and biostability
of drinking water post intrusion events.

2. Materials and methods
2.1. Location and sampling

Tap water was collected from the laboratory at the Research Center
for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing,
China. The water supplied to this laboratory undergoes a comprehensive
treatment process, including pre-ozonation, coagulation, sedimentation,
sand filtration, activated carbon filtration, and disinfection. To ensure
that fresh tap water was obtained from the network, the taps were
opened and allowed to run for 15 min prior to sampling, until a constant
temperature was reached. Sewage samples were collected from the
influent of a sewage treatment plant in Tongzhou District, Beijing,
China, which primarily treats domestic sewage from urban areas. During
transportation to the laboratory, samples were kept in the dark and on
ice. The water quality indices can be found in Table S1.

2.2. Experimental set-up

The experiment consisted of two groups, one group is drinking water
from the tap (referred as TW), the other group added 1 % volume of
sewage to simulate intrusion (S-TW). In the reports of sewage intrusion
incidents, there is no record of the volume/proportion of intrusion. The
difference caused by the volume or concentration of intrusion is also
worth investigating, but this is not the research content of this experi-
ment. We chose a volume of 1 % because of the following reasons: (1) it
is commonly used for water inoculum study (Logue et al., 2016); (2) to
achieve sufficient initial cell concentrations around 10* cells/mL (Sousi
et al., 2018); (3) it falls in the ranges that used by previous sewage
intrusion simulation studies (0.01 % - 2 %)(Heibati et al., 2017; Prest
etal., 2013; Vang et al., 2014). In areas with over 500,000 people, water
ages are usually 3-7 days, while in areas with fewer than 50,000 people,
water ages can be longer (Riley et al., 2011). A seven-day experiment
was therefore constructed to simulate the dynamics of drinking water. In
order to prevent contamination from dissolved organic matter leaching
from the polymer pipes, glass bottles were selected as the experimental
container. To simulate the worst scenario, experiment was started when
residual chlorine was below 0.02 mg/L (HACH DR300), representing
extreme conditions in chlorinated systems (e.g., China, U.S., Australia)
and general conditions in unchlorinated systems (e.g., the Netherlands).
The bottles were assembled and fixed on a shaker (80 r/min), kept in the
dark with a constant temperature of 25 °C. Sampling was conducted at
the same fixed time each day for chemical and microbiological analysis.
On the first day, samples were collected immediately after adding 1 %
sewage. In total, 42 samples were collected, which were taken from 2
groups, sampling on 7 days, each in triplicates (n = 2 x 7 x 3 = 42).
Analysis was performed on dissolved organic carbon (DOC), Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS),
total cell counts (TCC), adenosine triphosphate (ATP), 16S rRNA high
throughput sequencing. The DOC, TCC, ATP measurements, DNA
extraction for sequencing, and water sample solid phase extraction for
FT-ICR MS were performed within 12 h after sampling. Triplicate
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samples were composited for FT-ICR MS analysis (n = 14).
2.3. Experimental preparation

Tap water with and without sewage intrusion were prepared in 5-
liter glass bottles with a customized sealing constructed, as described
by Logue et al. (Logue et al., 2016). The bottles were pretreated to avoid
the introduction of dissolved organic matter (DOM) contamination
(Hammes and Egli, 2005). Briefly, the bottles were soaked in HCI (0.2 N)
overnight, then rinsed with ultrapure water, air-dried, and heated in a
muffle (450 °C) for 6 h.

The sewage as inoculum arriving at the laboratory is immediately
prefiltered (150 pm; nylon mesh filter) and then filtered through 10 pm
glass fiber filters (Whatman) to remove large particles and algae (Raza
et al., 2022). The inoculum and collected tap water were stored in the
dark at 4 °C together in properly cleaned glass bottles overnight. To
avoid contamination, the metal needles, customized caps, and all
glassware used in the experiments were all acid-washed overnight,
extensively rinsed with Milli-Q water, and heated-sterilized at 120 °C or
combusted at 450 °C for 6 h. In particular, all materials associated with
microbiological indicators are sterile.

2.4. Bacterial and dissolved organic matter quantification

2.4.1. Total cell count (TCC)

Samples stained for bacterial DNA were rapidly enumerated for the
total cells in the water using a flow cytometer as previously (Hammes
et al., 2008; Hammes and Egli, 2005; Nescerecka et al., 2016). In short,
samples (1 mL) were stained with 10 pL mL~! SYBR® Green I (1:100
dilution in DMSO; Molecular Probes) and incubated in the dark for 10
min at 35 °C before measurement. Flow cytometric measurements were
performed, using an Agilent NovoCyte 1040® (NovoCyte, USA).

2.4.2. Adenosine triphosphate (ATP)

Samples in 96-well plates were analyzed for ATP using GloMax®
Navigator Microplate Luminometer (Promega, USA) and Water-Glo™
Detection Reagent (Promega, USA) as described previously (Yao et al.,
2023). Briefly, 200 pl of the sample with 800 ul of Water-Glo™ Lysis
Reagent was added to a sterile Eppendorf tube and incubated for 2 h at
room temperature. Then 125 pl of each sample was taken in a 96-well
plate and three times were taken as measurement replicates. The stan-
dard curve was re-measured for daily measurements to ensure accuracy.
Finally, the ATP concentration of each sample was calculated from the
standard curve, and the R? of the standard curves were all greater than
0.99.

2.4.3. Dissolved organic carbon (DOC)

15 mL water samples for DOM analysis were filtered through a 0.22
pm Whatman GF/F glass fibre membrane that had been precombusted
(450 °C for 6 h). The concentration of DOM, as indicated by dissolved
organic carbon (DOC), was measured using a total organic carbon (TOC)
analyzer (TOC-L, Shimadzu, Japan). The detection limit and analytical
precision were 0.01 mg L™! and + 2 %, respectively.

2.5. DNA extraction and sequencing

A volume of 500 mL water was filtrated through 0.22 pm filter
(Whatman, UK) for DNA extraction and stored at —20 °C before
extraction. DNA was extracted using the FastDNA SPIN Kit for Soil (MP
Biomedicals, Santa Ana, California, USA) according to the manufac-
turer’s protocol. For sequencing, the V3-V4 regions of 16S rRNA genes
were amplified by the primers (341F: 5-CCTACGGGNGGCWGCAG-3'
and 805R: 5-GACTACHVGGGTATCTAATCC-3')(Yao et al., 2023). PCR
products were purified and prepared for sequencing on an Illumina Nova
6000 platform (Guangdong Magigene Biotechnology Co., Ltd) to obtain
2 x 250 bp paired end reads. The primers were removed from the
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generated raw sequences by employing cutadapt 3.1 (Martin, 2011). For
quality filtering, error rate learning, sample inference, redundancy
removal (of duplicate sequences), paired read merging, amplicon
sequence variant (ASV) table construction, and chimera removal, we
utilized DADA2 v1.21.0 (Callahan et al., 2016). Subsequently, we ob-
tained an amplicon sequence variant table. Taxonomic classification and
phylogenetic reconstruction were conducted through the utilization of
QIIME2 2020.11 (Bolyen et al., 2019). The sequencing data have been
deposited in the NCBI database, with reference code PRJINA1077455.

2.6. Extraction and FT-ICR MS analysis of DOM

The 500 mL water samples were filtered using 0.22 pm glass fiber
filter membrane and acidified with HCl to pH 2 for solid phase extraction
(Dittmar et al., 2008). Specifically, (1) the Agilent Bond Elut-PPL (500
mg per 6 mL) cartridges were pre-activated with 12 mL of methanol
followed by acidified ultrapure water (pH 2). (2) Samples were passed
through the PPL cartridges at a flow rate of 5 mL/min. (3) The cartridges
were rinsed with 12 mL of acidified ultrapure water (pH 2) to remove
salts and then dried with nitrogen gas. (4) The cartridges were eluted
with 12 mL of methanol. (5) The eluted samples were blow-dried with
nitrogen, redissolved in 1 mL of methanol, and stored in the dark at —20
°C. Highly accurate measurement of the molecular composition of DOM
in water samples using 15.0 Tesla Bruker Solarix FT-ICR MS system
(Bruker Daltonics, Billerica, MA) equipped with negative electrospray
ionization (ESI) ion source. Details on analytical conditions and mo-
lecular formula assignments are provided in the supplementary infor-
mation. The double bond equivalence minus oxygen (DBE-O), the
modified aromaticity index (Al0q) and the nominal oxidation state of
carbon (NOSC) of each compound were calculated as follows:

DBE—0=1+0.52C~H+N) -0 €3]
14+C-050-5-0.5(N+H)
Alnoa = C-050-S—N @
4C+H-3N-20-25
NOSC = 4 -2 ®3)

Cc

Where C, H, O, N, and S refer to the number of atoms per formula of
carbon, hydrogen, nitrogen, oxygen, and sulfur, respectively. The
elemental combinations were CHO, CHON, CHOS and CHONS. Mean-
while, five classes of compounds were identified based on the criteria of
Alnoq and H/C (Hou et al., 2022; Kellerman et al., 2014): polycyclic
aromatics (PA, Aloq > 0.66), polyphenols (Poly, 0.50 < Alpeq < 0.66),
highly unsaturated and phenolic compounds (HuPh, Al,,q < 0.50, H/C
< 1.5), aliphatic compounds (Ali, 1.5 < H/C < 2.0) and carbohydrate
compounds (Carbo, 2.0 < H/C).

2.7. Statistical analysis

2.7.1. Alpha and beta diversity

The alpha diversity of bacteria was calculated using ASV number,
Chaol, Shannon-Wiener (Shannon), and Gini-Simpson (Simpson)
indices. The relative peak intensities of molecules were calculated by
normalizing signal intensities of assigned peaks to the sum of all in-
tensities within each sample. The alpha diversity of DOM based on
relative peak intensities was calculated using molecule number,
Shannon-Wiener (Shannon) and Gini-Simpson (Simpson) indices. Non-
metric multidimensional scaling (NMDS) was performed based on the
Bray-Curtis dissimilarity metric of bacteria or DOM, and then the effect
of inoculation on bacterial or DOM composition of distance metrics was
statistically tested via ADONIS. These analyses of bacterial and chemical
diversity were conducted using vegan package (Dixon, 2003).

2.7.2. Cumulative biomass and DOM
Only a small proportion of DOM is available to bacteria (BAC) as an
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energy source for growth (Prest et al., 2016), so it is difficult to directly
observe changes in the daily relative intensities of all DOM molecules
(Figure S1). Given that the daily changes in abundance of microbially
affected DOM should be correlated with the biomass for that day, we
proposed the metric of cumulative biomass to identify the changes of
DOM molecules affected by microbes.

ADOMyqyy, = k x BACuy, 4)

n n
DOMgqy, = DOMuqy, — Y  ADOMuqy, = DOMugy, — »_ k X BACuay,

i=0 i=0

)

According to this concept, cumulative TCC and cumulative ATP were
calculated. From the linear regression of cumulative TCC and cumula-
tive ATP (Figure S2), it can be deduced that their Spearman correlations
with the DOM molecules are congruent. Therefore, cumulative TCC was
used as the outcome of the Spearman correlation with DOM molecular
relative peak intensities.

2.7.3. Bacterial ASVs vs. DOM molecules

To link the bacterial ASVs and DOM molecules, we followed the
procedure described by Osterholz et al. (Osterholz et al., 2016). Briefly,
the subsets of principal coordinates including at least 80 % of the total
variation of each data set were selected (DOM: PCoAl-3 of TW,
PCoA1-2 of S-TW; Bacteria: PCoA1-2 of TW or S-TW). Then, a sym-
metric canonical correlation analysis (CCorA) was performed to identify
the first canonical axis pair representing the highest correlational di-
mensions in bacterial and DOM space, to account for their bidirectional
interactions. The asymmetric redundancy analysis (RDA) was utilized to
establish the explanatory capacity of bacteria on DOM, and vice versa.
Furthermore, we calculated the Spearman rank correlations between the
relative peak intensities with the first canonical axis in DOM space.
Similarly, we calculated the Spearman rank correlations between rela-
tive abundance with the canonical axis in bacterial space. To investigate
the primary impacts of bacteria and DOM covariation, linear regression
analyses of the first canonical axis pair on bacterial and DOM richness
and evenness diversity (Shannon and Simpson) were performed in the
two groups.

(a) (b)
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2.7.4. Co-occurrence network

Co-occurrence network analyses were performed to investigate the
relationship between microbial ASVs and DOM molecules. The analyses
used the relative abundance of ASVs and the relative peak intensity of
molecules Spearman correlation results. Rare ASVs or molecules (rela-
tive abundance < 0.01 %) were excluded before correlation analysis. For
statistical significance, only microbial ASVs or DOM molecules present
in more than half of the samples were included in the Spearman corre-
lation analysis. To reduce statistical errors, all p-values were adjusted
using the Benjamini-Hochberg method (Benjamini and Hochberg,
1995). Bilateral networks were constructed using robust correlations (| p
| > 0.7 and P < 0.05). Network visualization and module partitioning
were performed using Gephi (https://gephi.org). Each network node
was assigned roles based on the computation of intra-module connec-
tivity (Zi) and inter-module connectivity (Pi) using the R package of
igraph. Nodes have been divided into four categories (Guimera and
Nunes Amaral, 2005): (1) peripheral nodes (Zi < 2.5, Pi <0.62), (2)
connectors (Zi < 2.5, Pi >0.62), (3) module hubs (Zi > 2.5, Pi <0.62),
and (4) network hubs (Zi > 2.5, Pi >0.62). All the statistical analyses
were performed in R (version 4.3.1, R Core Team, 2023).

3. Result
3.1. Bacterial growth and communities’ succession

Despite sewage intrusion accounting for only 1 %, it led to an im-
mediate 8-fold increase in total cell count (TCC) (Fig. 1a, 7.8 x 10* cells/
mL) compared to uncontaminated tap water. In the tap water, cell
concentration remained stable until an observed increase from Day-3 to
Day-6, with a growth rate of 1.9 x 10* cells/mLeday. In contrast, after
sewage intrusion, the bacterial growth rate surged to as high as 8.6 x
10* cells/mLeday, reaching its peak value of 3.4 x 10° cells/mL on Day-
3, then gradually decreasing and stabilizing at 2.3 x 10° cells/mL on
Day-5 and Day-6. The active biomass, measured by ATP, exhibited a
similar trend to TCC (Figure S3a).

For the bacterial community, the intrusion of 1 % sewage elevated
the number of observed Amplicon Sequence Variants (ASVs) by 459,
which increased from 939 in tap water to 1398 ASVs post-intrusion

(c)

| TCC(cells/mL) | 15001 ASV-Number BAC-Shannon ,~, Stress=0.072
- TW - ,’ ’v
3e+054+s__|_w | 4 ~ 1 ," 1 /"_»\
1] A, i T™W
2e+05 | 1000 g S e ’3: o
3 Z 0 /. ° . p
1e+05 | [ ; /I . ® N Y .”,' 2 ;
J 0 2 Y .
- TW - TW 140 ! . ®3
0e+00 | - S TW - S TW 8 4 N7 : 4
v v T T T T T T T A v v v 5
0 1 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6 -1 0 1 2 pps
Time(day) Time(day) NMDS1
(d) (e) ) 0.08 STW
DOC(mg/L) Molecule-Number 7511 DOM-Shannon S Stress=0.021 (da?
i 0.02{ // \ Ny 1
26 /\ 7.49) o I ‘e " °2
- . > N \ N @3
24 3500 2 000{®\ e ° V| es
7471 = b e e : ®s
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Fig. 1. Seven days’ dynamic of bacteria and dissolved organic matter. (a) changes of biomass quantified by total cell count (TCC); (b) alpha diversity of bacterial
community; (c) NMDS plots based on Bray-Curtis dissimilarity of bacterial community; (d) changes of dissolved organic carbon concentrations (DOC); (e) alpha
diversity of DOM; (f) NMDS plots based on Bray-Curtis dissimilarity of DOM. Lines with ribbons in subfigures (a, b, d) indicate means + standard deviation (SD) (n

=3).
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(Fig. 1b). On average, sewage intrusion introduced 876 ASVs. The
number of sewage intrusion introduced ASVs was higher than the ASV
number differences between TW and S-TW (876 vs. 459). This is because
a considerable amount of ASVs in TW were not detected after sewage
intrusion (Venn diagram, Figure S3d), which is likely due to their too
low abundance to be detected by sequencing after 8-fold increase in
biomass. In contrast to biomass development, the observed ASV
numbers in tap water, with or without sewage intrusion, both sharply
decreased in the first three days and remained stable afterward. The
sewage intrusion group consistently exhibited higher alpha diversity
than tap water (ASV number, Fig. 1b). Similar trends were observed for
other alpha diversity indexes, e.g., Chaol, Shannon and Simpson
(Figure S3). Combining the increase in biomass and the decrease in
observed ASV number, it is reasonable to hypothesize that certain spe-
cies became dominant during the growth. As revealed by the NMDS plot,
there were significant differences in the bacterial communities of tap
water with and without sewage intrusion (P < 0.001, ADONIS, Fig. 1c),
indicating that the intrusion of sewage might have changed the domi-
nant members in the bacterial community.

At the phylum level, the dominance of Proteobacteria (52 %) and
Actinobacteriota (20 %) in tap water was replaced by Campylobacter-
iota (50 %) and Bacteroidota (15 %) after the intrusion of 1 % sewage.
Over time, the relative abundances of Proteobacteria increased in both
cases, rising to 80 % at Day-1 and over 90 % after Day-2 in tap water,
while increasing from 10 % to 70 % at Day-1 and further to 90 % after
Day-3 in sewage-introduced tap water (Figure S4a). However, the re-
sults at the class level indicated that Alphaproteobacteria governed tap
water (64 %), whereas sewage-introduced samples were governed by
Gammaproteobacteria (84 %) on Day-6 (Figure S4b). At the genus level,
Porphyrobacter spp. and Nevskia spp. became dominant in tap water on
Day-4 and Day-5, corresponding to the growth curve of TCC shown in
Fig. 1a. In sewage-contaminated tap water, the dominance of Arcobacter
spp. and Pseudarcobacter spp. was replaced by Acinetobacteria spp. (69
%) from Day-1 onwards (Figure S4e). However, it is noteworthy that
sewage introduced 300 ASVs belonging to pathogenic genera
(Figure S5), such as Acinetobacter spp., Arcobacter spp., Aeromonas spp.,
Pseudomonas spp., and Legionella spp., confirming the potential micro-
bial risks. Moreover, the growth dynamic results showed that most of the
introduced ASVs (89 %) disappeared shortly after the intrusion. Some
ASVs (11 %), however, were able to survive and grow in the new
environment, posing higher and longer risks in drinking water systems.
Specifically, five ASVs in Pseudomonas spp. showed a significant increase
in relative abundance.

3.2. Concentration and composition of dissolved organic matter

Quantitatively, the intrusion of 1 % sewage resulted in a 12.5 %
increase in the concentration of dissolved organic carbon (DOC) from
2.4 mg/L to 2.7 mg/L (Fig. 1d). Over time, the DOC in tap water did not
decrease until Day-4 when cell numbers began to increase. In contrast,
after sewage intrusion, the trend shifted to a continuous decrease, even
when cell numbers started to decline after Day-4. Qualitatively, the
intrusion of 1 % sewage introduced 452 unique molecular formulae,
accounting for 13.5 % of the originally present formulae in tap water
(3336, Figure 1le; Venn diagram, Figure S3f). The newly introduced
DOM molecules were predominantly CHOS (63.7 %), followed by CHON
(22.1 %), CHO (10.8 %), and CHONS (3.3 %). These differences
contributed to significant variations in beta diversity but not Shannon
diversity between tap water with and without sewage intrusion
(Figure 1le; P < 0.001, ADONIS, Fig. 1f).

Interestingly, although DOC consistently decreased in both cases
(Fig. 1d), the number of molecular formulae for DOM changed with a
different trend, aligning well with the dynamics of Total Cell Count
(TCC). In brief, the number of detected molecular formulae remained
stable until Day-3 and started to increase until Day-6 in tap water, while
it increased immediately from Day-O to Day-3 and subsequently
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decreased until Day-6 in sewage-contaminated tap water. The well-
fitted trends between biomass and DOM diversity suggest possible cor-
relations between microbial activity and community with the concen-
tration and composition of DOM. However, bacterial metabolism did not
significantly contribute to the alpha diversity of DOM (variation within
the range of 0.1), possibly because bacterial growth only involved a
small portion of DOM molecules (15-25 % DOC).

3.3. DOM transformation mediated by bacterial metabolism

Focusing on the dynamics of the bacterial-related portion of DOM,
molecules that positively correlated (generated by bacteria) and nega-
tively correlated (consumed by bacteria) with cumulative biomass
throughout the study period were depicted in Van Krevelen (VK) plots
(Spearman’s correlation coefficient | p | > 0.6), as shown in Fig. 2.

The number of identified molecules associated with bacterial meta-
bolism sharply increased following sewage intrusion, rising from 750
molecules (323 positive, 427 negative) to 1798 molecules (1321 posi-
tive, 477 negative) (Fig. 2). Notably, there were 998 more molecules
generated (positively related) from bacterial metabolism after sewage
intrusion. In both cases, the generated molecules exhibited moderate H/
C and O/C ratios, concentrated in the middle of the VK plot (Fig. 2b).
The number of bacteria-consumed molecules (negatively related) were
similar. In tap water, bacteria consumed molecules with low H/C and
high O/C ratios, high H/C and low O/C ratios, and moderate H/C and O/
C ratios. After sewage intrusion, bacteria also consumed molecules with
either low H/C and high O/C or high H/C and low O/C ratios but left the
moderate H/C and O/C molecules unused. Moreover, there is little
overlap of molecules between tap water with and without sewage
intrusion, considering either bacteria-consumed (54 molecules, 6.4 %)
or generated molecules (141 molecules, 9.4 %) (Figure S6). These dif-
ferences in molecules may stem from different dominant bacteria
consuming and generating distinct molecules, or from the contribution
of newly introduced molecules and their transformation products. Spe-
cifically, 242 out of 452 sewage-introduced molecules were consumed
by bacteria, predominantly CHOS molecules with high H/C and low O/C
ratios (Figs. 2, 3a, Figure S7).

Furthermore, considering DBE-O, Alyq, and NOSC, the bacterial
generated molecules were generally lower than inherent molecules
consumed by bacteria in both cases, the differences of which were all
significant except for NOSC in tap water (Fig. 3a). The portion of
sewage-introduced molecules consumed by bacteria exhibited even
lower Al and NOSC than the bacteria-generated molecules.
Regarding elemental composition, the bacterial-consumed molecules
were predominantly CHO, whereas the bacterial-generated molecules
contained less CHO but more CHON than the bacterial-consumed ones
(Fig. 3b). In terms of compound composition, it is noteworthy that all
bacterial metabolism-related molecules were dominated by HuPh
(Fig. 3c). The bacterial-consumed compounds were more diverse than
the bacterial-generated ones in both cases. Specifically, Carbo and Poly
were converted into HuPh or Ali. Importantly, the sewage-introduced
DOM that was consumed by bacteria had a different compound
composition than inherent compounds, being dominated by Ali (53.3 %)
and HuPh (41.7 %).

3.4. Covariation of bacterial community and DOM composition

Statistical analysis between bacterial and DOM compositions was
conducted at six phylogenetic levels (Table 1, from phylum to ASV).
According to canonical correlation analysis (CCorA), a robust correla-
tion was observed between changes in the bacterial community and the
DOM molecular composition in tap water, both with and without
sewage intrusion. This correlation was most significant at the ASV and
genus levels, diminishing with lower phylogenetic levels and becoming
statistically insignificant at the phylum level. Consequently, the ASV
level was selected for further analysis of the relationships between
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bacterial community members and DOM molecules.

Furthermore, redundancy analysis (RDA) results indicated that the
explanatory power of DOM composition for variations in the bacterial
community was greater than that of the bacterial community for vari-
ations in DOM composition in tap water. Conversely, in tap water with
sewage intrusion, the bacterial community exhibited a greater potential
for explaining changes in DOM composition than the explanatory power
of DOM composition on the bacterial community. This suggests that the
intrusion of sewage altered the driving force in the covariance of bac-
terial community and DOM composition. As confirmed by regression
analyses of the covariance dimension, the dominance of DOM selective
effects on shaping the bacterial community in tap water shifted to the
governance of bacterial metabolism on the molecular composition of
DOM (Figure S9).

The DOM molecules and bacterial ASVs associated with the first
canonical axis were identified through Spearman correlation and are
presented in Fig. 4 (Spearman’s correlation coefficient | p | > 0.6).
Interestingly, the selected DOM molecules were nearly identical to those
shown in Fig. 2, chosen due to their strong correlations with cumulative
biomass. Specifically, the molecules identified by both approaches were
entirely the same for tap water, and for tap water with sewage intrusion,
>93 % overlapped. This provides direct evidence that, during its dis-
tribution, not only biomass but also the bacterial community plays a
crucial role in the transformation of DOM in drinking water. Concerning
the bacterial community, the majority of ASVs strongly correlated with
the first canonical axis belonging to Proteobacteria. At the class level,
the most positively correlated ASVs in tap water were predominantly
Alphaproteobacteria, while in tap water with sewage intrusion, they
were a combination of Alphaproteobacteria and Gammaproteobacteria
(Fig. 4b).

3.5. Interactions between bacterial ASVs and DOM molecules

Identified through co-occurrence network analysis, there were 117
ASVs and 108 molecules in tap water, which increased to 293 ASVs and
945 molecules after sewage intrusion (Fig. 5a). The intrusion of sewage
significantly amplified the complexity of co-occurrence networks,
expanding from 225 nodes and 310 edges in tap water to 1238 nodes and
9094 edges in tap water with sewage intrusion, both exhibiting a well-
defined modular structure (modularity > 0.4). Based on connectivity
within and among modules, 0 network hubs, 7 module hubs, 26 con-
nectors, and 192 peripherals were identified in the tap water network,
which increased to 6 network hubs, 50 module hubs, 179 connectors,
and 1003 peripherals in tap water with sewage intrusion (Fig. 5b).
Notably, module hubs were primarily DOM molecules (71 %) in tap
water, whereas after sewage intrusion, the major network and module
hubs shifted to bacterial ASVs (89 %) (Table S4). For the top 7 major
modules of each network (Fig. 5¢), Proteobacteria (54 %) accounted for
the largest proportion in tap water, with three modules exclusively
consisting of this phylum. However, the intrusion of sewage introduced
more diverse phyla, predominantly dominated by Proteobacteria (42 %)
and Bacteroidota (29 %). Regarding DOM, HuPh (93 %) accounted for
the largest proportion in the tap water network, with most modules (5/
7, modules 2-6) consisting exclusively of HuPh. Following sewage
intrusion, all seven modules displayed a more diverse and similar DOM
composition, dominated by highly HuPh (82 %) and Ali (16 %).

4. Discussion

Combining the advancements in analytical chemistry and molecular
biology, this study investigated the immediate contamination and long-
term disruptive effects of sewage intrusion into drinking water. Going
beyond prior research, this study sheds light on the intricate dynamics of
bacterial communities and DOM molecules following sewage intrusion.
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Table 1
The correlations between DOM and bacteria at different phylogenetic levels.
Phylum Class Order Family Genus ASV
(a) CCorA coefficients: the CanAxisl
™ 0.98 0.99¢ 0.98* 0.98*
S-TW 0.90 0.92** 0.93** 0.94**
(b) Redundancy coefficients: BAC on DOM / DOM on BAC
™ 0.31/0.94 0.27/0.68 0.29/0.84* 0.37%/0.79* 0.46°*/0.78**
S-TW 0.31/0.67* 0.74%*/0.66* 0.76***/0.68*** 0.80"*/0.68** 0.80*/0.69**

Provided are (a) the first canonical axis correlation coefficients resulting from CCorA and global significances (permutational probability), and (b) adjusted redundancy
coefficients and significance for DOM composition as explained by bacterial composition (and vice versa). DOM: dissolved organic matter; BAC: bacteria; significance:
P <0.05.
" P<0.01
" P < 0.001.

The finding of this work adds new dimension on understanding and
assessing the risks and impacts of sewage intrusion into drinking water
systems.

4.1. Immediate contamination following sewage intrusion

Considerable quantitative and qualitative contaminations regarding

bacteria and DOM were immediately detected after intrusion of 1 %
sewage. This contamination was observed as 8-fold increase in biomass
(TCC), 48.9 % increase in bacterial species (ASVs), 12.5 % increase in
organic carbon content (DOC), and 13.5 % increase in unique DOM
molecular formulae. These findings align with previous studies that have
detected sewage introduced microbial contamination either by ATP/
TCC based bacterial quantification (Vang et al., 2014) or
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fluorescence-based DOM characterization (Sorensen et al., 2021), which
could detect 10% - 10* times diluted sewage contamination. With the
primary focus of the potential health risks associated with human
pathogens, online monitoring methods and devices have been developed
and validated for the fast detection and early warning of possible sewage
intrusion into drinking water system (Favere et al., 2021; Sorensen et al.,
2018; Stedmon et al., 2011). Beyond previous reports, this study char-
acterized the changes in bacterial community and DOM composition
following sewage intrusion. It was found that the intrusion of 1 %
sewage introduced 876 bacterial ASVs and 452 DOM molecules into
drinking water. Among the introduced bacterial species, 300 ASVs
assigned to pathogen containing genera, confirming the widely reported
potential risk to consumers’ health (Craun et al., 2010; Ercumen et al.,
2014; Save-Soderbergh et al., 2017). Besides the immediate infection
risks, the introduced species that survived and multiplied (43/300 ASVs,
including 5 ASVs assigned to Pseudomonas spp.) in drinking water
environment may pose even higher risks to customers. Moreover, the
high number and concentration of introduced DOM molecules suggest
that in-situ fluorescence-based spectroscopy may be a rapid and resilient
approach for monitoring and detecting sewage contamination in
drinking water systems (Gunter et al., 2023).

4.2. Profound disruptive effects induced by sewage intrusion

The intruded bacterial ASVs and DOM molecules will stay in drinking
water system before they are flushed out at taps. Therefore, they may
have more long-lasting impacts on drinking water microbiology than
immediate contamination following intrusion. By this seven-days dy-
namic study, we have observed profound effects induced by sewage
intrusion regarding the growth dynamic, community succession, and
metabolic products. Specifically, sewage intrusion greatly elevated
bacterial growth (5 folds), selectively promoted dominant ASVs, and
sharply increased metabolite diversity (998 more unique molecules).
More profoundly, according to statistical analysis, the intrusion of 1 %
sewage shifted the driving force of bacterial ASV and DOM molecules
covariance from DOM dependent process in tap water to bacterial
governed process. In other words, the sewage intrusion played a key role
in developing new microbial ecology, which shifted bacterial commu-
nity and metabolism. This may be explained by the relationship between
bacterial community and DOM composition, such as specific carbon
compounds triggered growth of specific bacterial species, and in return,
metabolism of different bacterial species produced diverse metabolites
(Cottrell and Kirchman, 2000; Osterholz et al., 2016; Yang et al., 2020a).
The residential environment of oligotrophic drinking water with low
biomass, and the high quantity and diversity of bacterial ASVs and DOM
molecules in sewage may favor the success of invaders after sewage
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intrusion (De Roy et al., 2013; Kinnunen et al., 2016; van Elsas et al.,
2012; Vila et al., 2019). However, the experimental design of our study
does not allow us resolving molecular mechanism on the microbial
ecology development; rather, we provide new dimension of insights on
the covariance of bacterial community and DOM composition, espe-
cially the disruptive changes following sewage intrusion.

4.3. Implications and outlook

This study is among the first to uncover the dynamic changes
regarding bacterial community and DOM molecules in drinking water
after sewage intrusion. It is clear that sewage intrusion induced more
disruptive effects on microbial ecology rather than only on the widely
reported immediate health risk. This highlighted the importance of long-
term thinking in monitoring and managing risks following sewage
intrusion into drinking water. Efforts have been made to develop
methods and devices for the rapid detection of sewage intrusion and
other microbial contamination in drinking water distribution system,
which is undoubtably important, especially considering the potential
threats to human health (LeChevallier et al., 2003; Xu et al., 2019).
However, until now, there have been no guidelines on how to monitor
and manage the long-term risks following sewage intrusion. Based on
our results, it is highly recommended that environmental agencies and
water utilities pay attention to the post intrusion risks management,
even without immediate warning of outbreak potentials.

It should be mentioned that there are limitations in the current
simulation study and the observations in field drinking water distribu-
tion system subjected to sewage intrusion might be different, especially
considering the complexity of field distribution system with various
factors. For example, residual chlorine was not considered in the current

study for simulating worst scenario of chlorinated systems and general
situation of unchlorinated systems. However, most of the cases, residual
chlorine may present during the sewage intrusion, the presence of which
would place additional selection pressure on bacterial growth, com-
munity succession, and DOM transformation (Mitch et al., 2023; Wang
etal., 2014; Yang et al., 2008). Additionally, different concentrations of
residual chlorine may also selectively affect the communities that sur-
vive after intrusion (Luo et al., 2021). Regarding DOM, the presence of
residual chlorine may react with introduced DOM causing rapid decay of
chlorine while generating additional assimilable organic carbon (AOC)
causing growth of both indigenous and invasive microbes (Ramseier
et al., 2011). Moreover, the more CHON compounds generated by
bacterial metabolism after sewage intrusion may lead to formation of
more nitrogenous disinfection byproducts with higher toxicity (Mitch
et al., 2023). Besides chlorine, the complexity of field distribution net-
works is increased by the formation and accumulation of biofilms and
sediments over time (Liu et al., 2014), as well as the use of different pipe
materials. When intrusion occurs with the accompanied pipe breaks and
disturbances, the organics and microbes harbored by distribution pipes
may be destabilized and released into water, which will add up another
dimension of complexity. Further studies are recommended to address
these uncertainties about sewage intrusion into drinking water distri-
bution systems. More seriously, there might be higher risks if the
intruded (opportunistic) pathogens attached and multiplied in biofilm.
If so, contaminated biofilm and distribution system will keep releasing
pathogens into drinking water, because biofilm may protect invaders
from disinfectant and retained in distribution system much longer than
the dynamically flowing water (Liu et al., 2016). The cleaning of dis-
tribution network biofilms is not only difficult but also expensive.
Therefore, further research is recommended to explore the effects of
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sewage intrusion on drinking water biofilm.
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