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A B S T R A C T   

Chlorine disinfection for the treatment of drinking water can cause injury to the membrane and DNA of bacterial 
cells and may induce the surviving injured bacteria into a viable but non-culturable (VBNC) state. It is difficult to 
monitor viable injured bacteria by heterotrophic plate counting (HPC), and their presence is also easily mis
calculated in flow cytometry intact cell counting (FCM-ICC). Viable injured bacteria have a potential risk of 
resuscitation in drinking water distribution systems (DWDSs) and pose a threat to public health when drinking 
from faucets. In this study, bacteria with injured membranes were isolated from chlorinated drinking water by 
FCM cell sorting. The culture rate of injured bacteria varied from 0.08% to 2.6% on agar plates and 0.39% to 
6.5% in 96-well plates. As the dominant genus among the five identified genera, as well as an opportunistic 
pathogen with multiple antibiotic resistance, Achromobacter was selected and further studied. After treatment 
with chlorine at a concentration of 1.2 mg/L, Achromobacter entered into the intermediate injured state on the 
FCM plot, and the injury on the bacterial surface was observed by electron microscopy. However, the CTC 
respiratory activity assay showed that 75.0% of the bacteria were still physiologically active, and they entered 
into a VBNC state. The injured VBNC Achromobacter in sterile drinking water were resuscitated after approxi
mately 25 h. The cellular repair behavior of injured bacteria was studied by Fourier transform infrared atten
uated total reflectance (FTIR-ATR) and comet assays. It was found that DNA injury rather than membrane injury 
was repaired first. The expression of Ku and ligD increased significantly during the DNA repair period, indicating 
that non-homologous end-joining (NHEJ) played an important role in repairing DNA double-strand breaks. This 
study deepened the understanding of the effect of chlorine disinfection on bacterial viability in drinking water 
and will provide support for the improvement of the chlorine disinfection process for the treatment of drinking 
water.   

1. Introduction 

Access to clean and safe drinking water is important for health and 
prosperous communities. Monitoring microbial contamination is a 
necessary measure to safeguard drinking water quality and an essential 
task for water utilities (Favere et al., 2021). Heterotrophic plate 
counting (HPC) is one of the most common microbial monitoring 
methods used by water utilities (Sartory, 2004; Chowdhury, 2012), and 
its basic principle is that the number of viable bacteria in the drinking 
water is reflected by the culturable bacterial counts on the plate (Chen 
et al., 2018). However, chlorine, as a widely used disinfectant for the 
treatment of drinking water (Deborde and von Gunten, 2008; Ma and 
Bibby, 2017), can cause cellular injury to bacteria and easily induce 

them into a viable but nonculturable (VBNC) state given that chlorine is 
a strong oxidative stressor (Turetgen, 2008; Chen et al., 2018; Qi et al., 
2022; Zhu et al., 2022). Notably, most bacteria in the environment are 
naturally in the VBNC state and have never been cultured on the me
dium (Achtman and Wagner, 2008). The presence of 
disinfectant-induced injured VBNC bacteria and natural VBNC bacteria 
led to a significant underestimation of viable bacterial counts in the 
drinking water when HPC was applied for quantification. 

To more accurately assess the drinking water disinfection efficiency 
and the microbiological quality, another bacterial quantification 
method, flow cytometry (FCM), has been used as an alternative to HPC 
by water utilities and researchers in the last two decades (Hoefel et al., 
2003; Prest et al., 2014; Van Nevel et al., 2017). FCM intact cell counting 
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(ICC) discriminates between live and dead bacteria based on the integ
rity of the cell membrane, rather than the culturability, providing a fast, 
accurate, and reproducible technique for microbial monitoring (Ken
nedy et al., 2011; Van Nevel et al., 2017). However, the potential 
viability of bacteria with injured membranes in chlorinated drinking 
water has not yet been fully understood in FCM-ICC. As a strong 
oxidizing agent, chlorine acts on the cell wall and membrane, attacking 
the double bonds of the lipid bilayer and the amino acids of the mem
brane proteins, leading to the loss of membrane integrity and the 
leakage of inner cell components (Arnhold et al., 2001; Cho et al., 2010). 
Moreover, due to its small molecular size and lack of electrical charge, 
hypochlorous acid (HClO) easily diffuses into cells and rapidly reacts 
with the nucleophilic structure of proteins and DNA, resulting in mis
folding of proteins and breakage of DNA chains (Hawkins and Davies, 
2002; Winter et al., 2008; da Cruz Nizer et al., 2020). Injured but viable 
bacteria are generally not included in FCM-ICC because injury, espe
cially cell membrane injury, is considered by most researchers as a 
reliable indicator of bacterial viability loss (Vives-Rego et al., 2000; 
Ramseier et al., 2011; Kirschner, 2016; Brown et al., 2019). 

However, it may be unreasonable to dismiss all injured bacteria as 
dead. Whether bacteria are completely inactivated should depend on the 
degree of injury. Water utilities have to limit the chlorine dosage due to 
the formation of chlorinated disinfection byproducts (Kali et al., 2021), 
and some injured bacteria may survive a nonlethal disinfectant dose in 
an intermediate state. This intermediate state between the “live” and 
“dead” populations can be observed on the FCM plot when bacterial cells 
are stained with SYBR Green I and propidium iodide. The occurrence of 
intermediate states corresponds to a specific degree of membrane injury, 
which is higher than that of the “live” population but lower than that of 
the “dead” population. However, the above hypothesis must be based on 
the fact that these injured bacteria in the intermediate state are actually 
viable. In our study, intermediate-state bacteria were considered 
potentially viable injured bacteria in chlorinated drinking water and 
should be further studied. 

The study of viable injured bacteria can facilitate a better evaluation 
of the chlorine disinfection efficiency of drinking water and provide 
support for its improvement. Moreover, viable injured bacteria in the 
water distribution system are closely related to the phenomenon of 
microbial regrowth and its control. In drinking water distribution sys
tems (DWDSs), viable injured bacteria may attach to the pipe wall as 
biofilms (van der Kooij et al., 2003) and thus have a sufficient amount of 
time for the repair of injured cellular structures, such as the cell mem
brane and DNA (Cox, 1999; Cooper and McNeil, 2015; Dupuy et al., 
2019; Endutkin and Zharkov, 2021), and then regain the multiplication 
ability. Similarly, secondary water supply facilities also provide long 
retention times for the resuscitation of injured bacteria (Zhao et al., 
2020), which finally results in excessive microbial detection in the users’ 
tap water. However, little attention has been given to the presence of 
surviving injured bacteria after chlorine disinfection in the microbial 
quality evaluation of drinking water, and their potential contribution to 
microbial regrowth in DWDSs has been greatly overlooked. It is essential 
to answer the following questions: (1) Are the intermediate state bac
teria actually viable injured bacteria in chlorinated drinking water? (2) 
Can injured bacteria complete cellular repair and then be resuscitated in 
DWDSs? (3) What are the core biological mechanisms involved in the 
repair and resuscitation of injured bacteria? 

To answer the above questions, FCM cell sorting was used to isolate 
the injured bacteria from chlorinated drinking water samples. FCM cell 
integrity analysis, transmission electron microscopy (TEM), scanning 
electron microscopy (SEM) and CTC respiratory activity assays were 
used to study the characteristics of chlorine-treated Achromobacter, a 
representative species of culturable injured bacteria sorted from drink
ing water. Sterile drinking water was used as the resuscitation condition 
for injured Achromobacter to simulate the environment in DWDSs. 
Fourier transform infrared attenuated total reflectance (FTIR-ATR), 
comet assay and RT‒qPCR were used to study the cellular repair 

behavior in injured Achromobacter and the expression of related genes. 
Our study demonstrated the viability of injured bacteria in chlorinated 
drinking water, in which their presence results in an overestimation of 
disinfection efficiency and microbiological quality by HPC or FCM-ICC. 
Viable injured bacteria have a potential risk of resuscitation in DWDSs 
after completing DNA repair, and opportunistic pathogens may pose 
health risks. 

2. Materials and methods 

2.1. Water samples 

Water sampling was conducted in a drinking water treatment plant 
(DWTP) and its drinking water distribution systems (DWDSs) in 
Shanghai, China (Fig. 1). A detailed description of the water quality is 
displayed in Table S1. The drinking water treatment process includes 
sedimentation, sand filtration, ozone oxidation, biological activated 
carbon filtration, and chlorine disinfection. Samples were collected in 
October 2022 and May 2023, kept on ice until transport to the labora
tory and processed within 6 h. 

2.2. Flow cytometry (FCM) cell integrity analysis and injured bacteria 
sorting 

Moreover, 7-Aminoactinomycin D (7-AAD), an ideal substitute for 
propidium iodide (PI), was used to stain bacteria in the drinking water 
for cellular integrity analysis due to the smaller emission spectra overlap 
between 7-AAD and SYBR Green I (SGI) (Schmid et al., 1992). SGI 
working solution was made by diluting SGI (Solabio, China) 100-fold 
with dimethyl sulfoxide (Hammes et al., 2008). For each water sam
ple, 1 mL was added to 10 μL SGI working solution (Lee et al., 2016) and 
1 μL 7-AAD (Sangon Biotech, China). The samples were incubated in the 
dark for 15 min before analysis (Lee et al., 2016). FCM analysis of 
injured bacteria and cell sorting were performed on CytoFLEX (Beckman 
Coulter, USA) and BD FACSAria II (BD Biosciences, USA), respectively, 
with 488 nm excitation from a blue solid-state laser. Red fluorescence 
was measured at 690 nm (PC5.5-A channel), and green fluorescence was 
measured at 525 nm (FITC-A channel). Data were acquired and analyzed 
using CytExpert Software and BD FACSDiva Software. Manual gating of 
cell populations was performed according to the previously described 
strategy (Berney et al., 2007), and cells in the region of the “interme
diate state” (Fig. S1 and Fig. S2) were conceived as potentially viable 
injured bacteria. A single injured bacteria was loaded into each well of 
the 96-well plate containing R2A broth, and a total of 10,000 injured 
bacteria were loaded into 1 mL sterile PBS solution to be spread on R2A 
agar plates. 

2.3. Cultivation and identification of injured bacteria (genus level) 

The 96-well plates were incubated at 28 ℃ for 10 days with shaking 
at 120 r/min. Agar plates were incubated at 28 ℃ for 10 days. The 
culture rate of injured bacteria was calculated based on the turbidity of 
the liquid medium in the 96-well plate and colony formation on the agar 
plate (Fig. S3). The cultured strains were purified three times for DNA 
extraction. Universal primers 27F and 1492R were used to amplify the 
16S rRNA gene (Johnson et al., 2019), and the amplified sequences were 
used for NCBI BLAST (http://blast.ncbi. nlm.nih.gov/Blast.cgi) (Miao 
et al., 2022). 

2.4. Species identification of Achromobacter and culture conditions 

According to the previously described method (Spilker et al., 2013), 
Achromobacter isolates were analyzed by the nrdA gene sequence cluster 
to differentiate species. A pure culture of Achromobacter was incubated 
in LB broth at 37 ℃ for 12 h with shaking at 180 r/min to obtain cells in 
the early stationary phase. The bacterial culture was centrifuged at 
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5000 × g for 5 min, and the supernatant was discarded and washed 
twice with sterile PBS solution. 

2.5. Chlorine disinfection 

The cells described above were resuspended and diluted in sterile 
PBS solution to approximately 105 CFU/mL. Sodium hypochlorite 
(NaClO) aqueous solution was made by diluting a NaClO commercial 
solution 100 times, and the residual chlorine was measured by a Pocket 
Colorimeter II (HACH, USA). A certain amount of NaClO aqueous so
lution was added to the bacterial suspension to achieve the target initial 
disinfectant concentrations (0.4, 0.8, 1.2, 1.6, 2.0, 3.0, 4.0 and 5.0 mg/ 
L). Samples were taken at 1 h for analysis of bacterial characteristics (e. 
g., membrane integrity, morphology, respiratory activity), and excess 
sodium thiosulfate solution (1.5%, 1:1000) was added to quench the 
chlorine in the sample. 

2.6. Culturable cell counting 

A 200 μL appropriately diluted bacterial suspension was plated on an 
LB agar plate and incubated at 37 ℃ for 48 h to obtain the quantity of 
culturable cells. 

2.7. Resuscitation assay 

An Achromobacter suspension of approximately 105 CFU/mL was 
treated with chlorine at a dose of 2 mg/L for 1 h to ensure that all 
bacteria entered into the intermediate state, indicating membrane 
injury, and culturable cell counts were 0 CFU/mL. The 200 μL sample 
described above was added to 20 mL sterile drinking water (filtered 
through a 0.22 μm polyethersulfone membrane and sterilized under UV 
light) in a 50 mL centrifuge tube and incubated at 28 ℃ for 32 h. One 
hundred microliter samples were taken each hour and plated on LB agar 
plates to determine the time required for the appearance of colonies. 
Three independent experiments were performed, and colony counts 
were performed in triplicate. Resuscitation of Achromobacter in the 
VBNC state was considered to have occurred if the generation time of 
cells was far longer than that of control Achromobacter (Chen et al., 
2018). 

2.8. Characteristics of injured bacteria 

2.8.1. Morphological observations 
TEM observation: Control Achromobacter and injured Achromobacter 

were fixed with 2.5% glutaraldehyde for 6 h at 4 ℃. Cells were washed 
four times with PB solution and then stained with osmic acid for 1.5 h. 
After gradually dehydrating using ethanol and acetone, cells were 
infiltrated and embedded with resin. The prepared samples were cut 
using an EM UC7 Ultra-Microtome (Leica, Germany), and the sliced 
samples were stained with uranyl acetate and lead citrate. Finally, the 
prepared grids were observed using a HT7800 (HITACHI, Japan). 

SEM observation: The samples were fixed with 2.5% glutaraldehyde 
for 6 h at 4 ℃. Cells were washed with PBS and then sequentially 
dehydrated for 10 min in ethanol (50%, 70%, 90%, and 100%). The cells 
then underwent vacuum freeze drying and were coated with gold. 
Morphological observations were performed using an S3400II (HITA
CHI, Japan). 

2.8.2. Respiratory activity 
5-cyano-2,3-dimethylphenyl tetrazolium chloride (CTC) can be 

reduced to red fluorescent CTC formazan by the electron transport 
system of cells, which is a direct indicator of oxidative metabolism and 
viability (Creach et al., 2003). A 20 μL CTC solution (Dojindo, Japan) 
was added to 1 mL of bacterial suspension to a final concentration of 1 
mM. The samples were incubated at 37 ℃ for 30 min, and the fluores
cence intensity at 585 nm (Sieracki et al., 1999) was measured by 
CytoFLEX (Beckman Coulter, USA). The gating strategy for CTC-stained 
viable cells is shown in Fig. S4. 

2.8.3. Determination of the peroxidation degree of membrane lipids 
To investigate the cell membrane repair behavior of chlorine-injured 

Achromobacter, Fourier transform infrared attenuated total reflectance 
(FTIR-ATR) spectroscopy was used to assess the peroxidation extent of 
bacterial membrane lipids. According to the method described previ
ously (Minnikin et al., 1984), membrane lipids of untreated Achromo
bacter, injured Achromobacter immediately after chlorine disinfection, 
and injured Achromobacter incubated in sterile drinking water for 10 h 
and 20 h were extracted. The extracted lipid solution was placed on a 
crystal of the ATR sampling accessory and allowed to form a film. 

A Nicolet 6700 FTIR spectrophotometer (Thermo Fisher Scientific, 
USA) was used to record spectra in the 4000–400 cm− 1 range with a 
4 cm− 1 resolution. The extent of lipid peroxidation was characterized by 
the following metrics: the ratio of the intensity of bands ν(C = O) and 

Fig. 1. Geographic locations of the sampling sites. (Two treated water samples were collected from the DWTP, and five tap water samples were collected from 
its DWDSs). 
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ν(C = C), the ratio of the intensity of bands νas(CH3) and νas(CH2), and 
the ratio of the intensity of bands νs(PO- 2) and ν(R-O-P-O-R’). 

2.8.4. Detection of DNA damage 
A Bacterial Comet Assay Kit (GENMED, USA) was used to detect DNA 

strand breaks and lesions of the injured Achromobacter. In the comet 
assay, the damaged denatured DNA migrates out of the cell by electro
phoresis, forming the “tail” of the “comet”, while the intact superhelical 
DNA remains in the nucleus (Dunkenberger et al., 2022). The images of 
100 random comets from each sample were captured on an Eclipse 50i 
fluorescence microscope (Nikon, Japan), and the percentage of tail DNA 
(relative fluorescence intensity of the tail) was calculated using ImageJ 
Software. 

2.8.5. Gene expression levels analyzed by RT‒qPCR 
Total RNA was extracted using RNAisoPlus (TaKaRa, Japan) and 

transcribed to cDNA with Hifair III 1st Strand cDNA Synthesis SuperMix 
for qPCR (Yeasen, China) according to the manufacturer’s instructions. 
Specific primers were designed by Primer-BLAST (http://www.ncbi. 
nlm.nih.gov/tools/primer-blast) according to the corresponding se
quences in the reference genome of Achromobacter pulmonis and then 
evaluated by Oligo 7 Software. The qPCRs were performed in triplicate 
with Universal Blue qPCR SYBR Green Master Mix (Yeasen, China) using 
a CFX96 Connect Real-Time PCR Detection System (Bio-Rad, USA). The 
normalized fold changes in target gene expression levels were calculated 
by the 2− ΔΔCT method (Ginzinger, 2002). 

2.9. Statistical analysis 

Intact, viable cell counts and colony-forming units were log10 

transformed. Percentage, mean, and standard deviation (SD) were 
calculated in Microsoft Excel. Analysis of variances (ANOVA) was per
formed using RStudio (Version 4.2.2), and all data analyzed in this study 
were considered statistically significant at p < 0.05. 

3. Results and discussion 

3.1. FCM sorting and cultivation of intermediate injured bacteria 

The unique pattern of intermediate state bacteria was observed by 
FCM analysis of a tap water sample with a residual chlorine concen
tration of 0.58 mg/L (Fig. 2a), as well as other chlorinated drinking 
water samples (Fig. S1). They were suspected to contain viable injured 
bacteria. Intermediate injured bacteria from seven water samples were 
sorted by FCM (Fig. 2b) and then cultured in 96-well plates containing 
R2A broth and on R2A agar plates. The culture rate of injured bacteria 
varied from 0.39% to 6.5% in 96-well plates and 0.08% to 2.6% on agar 
plates (Fig. 2c). A strong negative correlation (R2 > 0.8) was found 
between the culture rate and the total chlorine concentration in the 
drinking water, and the culture rate of injured bacteria in tap water was 
much higher than that in treated water. This may be because the orig
inally unculturable injured bacteria recovered their culturability with 
the decrease in chlorine concentration during the drinking water dis
tribution process. The sorting and culture mode of single cells provided a 
better niche for injured bacteria and thus achieved a higher culture rate 
than that on plates, which implied an underestimation of the number of 
viable injured bacteria in drinking water when using heterotrophic plate 
counting (HPC). 

A total of five genera were observed in the culture results: Achro
mobacter, Stenotrophomonas, Pannonibacter, Pseudomonas and 

Fig. 2. FCM cell sorting and cultivation of injured bacteria. (a) The gating strategy for intermediate-state bacteria in FCM analysis. (b) The target area in FCM cell 
sorting. (c) Correlation between the culture rate of injured bacteria and total chlorine in the water samples. 
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Microbacterium (Table 1). Among these culturable injured bacteria, 
Achromobacter was the most abundant genus, an emerging opportunistic 
pathogen of environmental origin that is generally recovered from 
persons with cystic fibrosis (CF) (Isler et al., 2020). Moreover, Achro
mobacter can cause difficulties in clinical treatment due to its resistance 
to multiple antibiotics, e.g., aminoglycosides, tetracyclines and β-lac
tams. Therefore, Achromobacter was selected as the representative spe
cies of culturable injured bacteria in the drinking water and was further 
studied. 

Culturability is sufficient unnecessary proof of bacterial viability. To 
obtain bacterial strains for the subsequent study, we used a culture- 
based strategy to demonstrate the viability of intermediate injured 
bacteria sorted by FCM. This is a high-speed and high-throughput 
method for the identification and acquisition of viable injured bacteria 
and is applicable to different types of water samples. However, it should 
be noted that oxidative stress can easily induce bacteria into a viable but 
nonculturable (VBNC) state, which means that the number of culturable 
injured bacteria in chlorinated drinking water is far lower than that of 
actually viable injured bacteria. A more appropriate research strategy 
should be developed for their quantification. 

In addition, the membrane injury caused by chlorine disinfection 
may not be the only reason why the intermediate state bacteria on FCM 
dot plots were stained with 7-AAD. Some bacterial cells that are actively 
dividing may also be incorrectly stained due to altered permeability (Shi 
et al., 2007). To exclude this possibility, we further investigated the 
occurrence of injury and the survival ability of Achromobacter with 
chlorine treatment. 

3.2. Cell membrane injury of Achromobacter with chlorine treatment 

Chlorine-treated Achromobacter were stained with SGI and 7-AAD to 
provide information on cell membrane injury. The bacterial population 
showed a clear and distinctive staining pattern on the flow dot plots 
(Fig. 3): intact cell population (green gate area), damaged cell popula
tion (red gate area) and intermediate state cell population between them 
(black gate area). Before chlorine treatment, the vast majority of Ach
romobacter cells appeared in the intact and damaged cell populations 
(Fig. 3a), the so-called “live” and “dead” populations. As the chlorine 
doses increased, the fluorescence intensity of 7-AAD increased, while the 
fluorescence intensity of SYBR Green I diminished, resulting in a shift in 
the cell population from the intact cell area toward the intermediate 
state area. When the chlorine doses reached 1.2 mg/L (Fig. 3d), over 
99% of the Achromobacter entered into the intermediate state area, 
marking the loss of cell membrane integrity and altered permeability. 
Such a disinfectant dose was close to that used in actual situations, 
indicating that the reason why Achromobacter were in the intermediate 
state cell population in FCM sorting might indeed be the injury by 
chlorine disinfection. With a further increase in chlorine doses to 1.6 
mg/L (Fig. 3e), the concentration of bacterial cells in the intermediate 
state decreased, which can be attributed to the aggravation of mem
brane damage. 

To provide direct morphological evidence for the occurrence of cell 
membrane injury, SEM and TEM were used to observe the injured 
Achromobacter in the intermediate state (Fig. 4). Before chlorine treat
ment, the boundary of the cell membrane appeared clear and smooth in 

SEM observations; however, the treated cells exhibited a crumpled 
appearance, and the surfaces were no longer smooth. TEM images also 
found that chlorine disinfection blurred the cell boundary and made it 
look rough, indicating injury to the cell membrane and cell wall. The 
cytoplasmic material condensed in some regions, but no leakage of the 
cytoplasm was observed, which remained a separate entity from the 
environment. In addition, the chlorine-treated bacteria maintained the 
basic morphology of a cell, suggesting the potential viability of injured 
Achromobacter. 

In previous studies, it was generally acknowledged that the occur
rence of cell membrane injury implies the loss of bacterial viability. 
Injured cells cannot maintain any electrochemical gradient (Vives-Rego 
et al., 2000). Their cellular structures are exposed to the environment 
and will eventually degrade. However, such a view does not take into 
account the extent of membrane injury and the time node at which the 
bacteria are eventually inactivated. Although unbalanced trans
membrane transport is toxic to the bacterial cell (Espiritu, 2021), this 
may not mean that the injured bacteria will die immediately. Moreover, 
as long as the enzymes indispensable for bacterial life are still active and 
the DNA template remains intact, the cell is likely to have metabolic 
capacity and proliferation potential (Burby and Simmons, 2020). The 
intermediate-state bacteria on FCM dot plots may suffer nonlethal 
membrane injury, and further studies are needed to investigate their 
actual viability. 

3.3. Respiratory activity of injured Achromobacter 

Chlorine disinfection can cause injury to the cell membrane of Ach
romobacter and effectively decrease the FCM intact cell counts, as shown 
in Fig. 3. However, the decrease in physiologically viable cell counts was 
not noticeable in comparison. As shown in Fig. 5a, after 1 h of exposure 
to 1.2 mg/L free chlorine, the intact cell counts of Achromobacter 
decreased from 105 cells/mL to 103 cells/mL, indicating that the disin
fectant caused membrane injury of 99% of the bacteria. However, the 
viable cell counts were still close to 105 cells/mL at this time, and 75% of 
the Achromobacter maintained a certain level of respiratory activity. The 
significant difference between the intact cell counts and viable cell 
counts strongly suggested the existence of viable injured Achromobacter 
in the intermediate state (Fig. 3d). To truly inactivate Achromobacter, the 
concentration of chlorine disinfectant was increased to 5 mg/L, and a 
97.7% decrease in viable cell counts was observed. Fig. 5b shows the 
respiratory activity levels of the injured viable Achromobacter treated 
with various doses of chlorine. Bacterial respiratory activity signifi
cantly decreased (P < 0.05) after chlorine treatment and plateaued at a 
low level (approximately 49.2% of the control) after 3 mg/L. Lower 
respiratory activity means less energy and substance metabolism in the 
injured cells, and therefore fewer substrates are taken up from the 
environment, as well as chlorine (Chen et al., 2018). Notably, low 
metabolic activity has been found in many studies to be closely related 
to the transition of bacteria to a viable but nonculturable (VBNC) state 
(Lin et al., 2017). 

As a cultivation-independent method, FCM is currently widely used 
to monitor microbiological drinking water quality and evaluate disin
fection efficiency. However, our results suggested that for some bacteria, 
cell membrane injury may not be a conservative indicator of cell death. 
It is well known that the envelope of gram-negative bacteria is composed 
of both an inner and an outer membrane. The outer membrane provides 
the bacterial cell with a remarkable permeability barrier, and the inner 
membrane is where life-sustaining activities such as electron transport 
and ATP synthesis occur (Doerrler, 2006). The presence of the inter
mediate state bacteria on the flow dot plot corresponds to the first step of 
membrane injury, the outer membrane injury (Berney et al., 2007), 
while the inner membrane of the bacteria may still be fully functional. 
This may explain why the injured Achromobacter in the intermediate 
state maintained their respiratory activity. When treated with 5 mg/L 
chlorine disinfectant, more injured Achromobacter further shifted from 

Table 1 
Composition of culturable injured bacteria isolated from the drinking water 
samples.  

Order Family Genus Proportion 

Burkholderiales Alcaligenaceae Achromobacter 45.1% 
Xanthomonadales Xanthomonadaceae Stenotrophomonas 26.4% 
Hyphomicrobiales Stappiaceae Pannonibacter 16.2% 
Pseudomonadales Pseudomonadaceae Pseudomonas 7.8% 
Micrococcales Microbacteriaceae Microbacterium 4.5%  
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the intermediate state area to the damaged cell area on the flow dot plot 
(Fig. S5), indicating the occurrence of inner membrane injury and true 
bacterial inactivation. 

Viable injured bacteria in chlorinated drinking water have long been 

neglected in FCM intact cell counting because they are in the interme
diate state. To obtain a more realistic assessment of the chlorine disin
fection efficiency of drinking water by using FCM, as well as the true 
inactivation of certain opportunistic pathogens, it is necessary to include 

Fig. 3. FCM cell integrity analysis of Achromobacter treated with various doses of chlorine. (a) 0 mg/L. (b) 0.4 mg/L. (c) 0.8 mg/L. (d) 1.2 mg/L. (e) 1.6 mg/L. (f) 2.0 
mg/L. 

Fig. 4. Morphological characteristics of chlorine-injured Achromobacter under SEM (scanning electron microscopy) and TEM (transmission electron microscopy).  

Z. Hu and X. Bai                                                                                                                                                                                                                                



Water Research 245 (2023) 120585

7

the intermediate injured bacteria in the investigation and injure them 
further. The different microbial counting methods described in this 
study should also facilitate a more accurate characterization of the ef
ficiency of other oxidative disinfection processes (e.g., ozone), as well as 
the improvement of drinking water disinfection techniques. 

3.4. Resuscitation of injured VBNC Achromobacter 

The injured Achromobacter with 2 mg/L of chlorine treatment were 
immediately spread on LB agar plates, but no colony-forming unit was 
observed, indicating that the injured bacteria had entered into a viable 
but nonculturable (VBNC) state. To simulate the real living conditions of 
bacteria in DWDSs, sterile drinking water was used as the resuscitation 
environment for injured VBNC Achromobacter (Fig. 6). After the addition 
of injured VBNC Achromobacter into sterile drinking water, the cultur
able cell counts were 0 CFU/mL for up to 24 h and then rapidly reached 
approximately 103 CFU/mL at 25 h, 28 h, and 29 h in three different 
batches. However, the control Achromobacter only took approximately 9 
h to enter into the exponential growth phase. The different generation 
times of the control Achromobacter and that of the injured Achromobacter 
suggested that VBNC cells were successfully resuscitated. In our study, 
the appearance of culturable cells was the result of resuscitation of 
injured bacteria rather than a small amount of intact bacteria in the 
sample, since the intact cell concentration was diluted to less than 1 cell/ 
mL. 

In previous studies, favorable resuscitation conditions such as LB 
broth (Zhang et al., 2015) were controlled for VBNC bacteria, but 
drinking water is in fact an oligotrophic environment. Resuscitation of 
VBNC bacteria in the medium does not mean that the same result will 
occur in DWDSs. In this study, the nutritional conditions of bacteria in 
DWDSs were well simulated, and resuscitation was also observed. 
However, there may still be some limitations in our study because the 
shear forces of water flow in pipelines were not taken into account, 
which may be detrimental to the survival of fragile injured cells. How
ever, this is the first report that chlorine-induced VBNC bacteria can be 
resuscitated in drinking water and that they are membrane injured and 
not detected when using HPC or FCM-ICC. This study on Achromobacter 
provides valuable insight into the resuscitation behavior of other injured 
VBNC pathogens in drinking water. In the future, more studies are 
needed to focus on the actual viability of chlorine-injured bacteria in 
treated drinking water and their fate in the water distribution system. 

3.5. Cellular repair behavior of injured VBNC Achromobacter before 
resuscitation 

To some extent, the resuscitation of VBNC bacteria is a reshaping 
process involving cellular repair. The cell membrane and DNA are the 
permeability barrier and genetic material of the cell. We investigated the 
repair behavior of injured VBNC Achromobacter on these two important 
cellular structures. 

3.5.1. Repair behavior of injured VBNC Achromobacter on the cell 
membrane 

FCM analysis was used to track the changes in cell membrane 
integrity of injured Achromobacter after chlorine disinfection (Fig. 7a). 
No significant decrease was observed in the number of intermediate 
injured bacteria up to 25 h after disinfection (Fig. 7b), which may imply 
that the new daughter cells were generated by the division of bacterial 
cells with injured membranes, and membrane repair was not a necessary 
preparation for resuscitation. In addition, the daughter cells will inherit 
a part of the injured membrane from the mother cells and synthesize 
new membranes at the equatorial plane at the same time. Therefore, the 
new cell population that occurred at 30 h after disinfection retained a 
certain membrane permeability, and their clustering on the FCM dot plot 
was similar to that in Fig. 3b. 

Fourier transform infrared attenuated total reflectance (FTIR-ATR) 
spectroscopy was used to provide information on the peroxidation of the 
phospholipid bilayer structure (Fig. 7c), which is directly related to the 
alteration of membrane permeability in chlorine-treated bacteria. A new 
strong band and a new weak band occurred at 3674 cm− 1 and 3380 
cm− 1 in the FTIR-ATR spectra of all three chlorine-treated samples, 

Fig. 5. CTC respiratory activity assay of Achromobacter. (a) Intact and viable Achromobacter cell counts after treatment with various doses of chlorine. (b) Levels of 
respiratory activity (calculated by the average florescence intensity per cell). 

Fig. 6. Resuscitation of injured VBNC Achromobacter in sterile drinking water.  
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which are attributed to the stretching vibration of hydroxyl radicals 
(•OH) and associative hydroxyl groups (-OH), respectively. •OH is a 
main reactive oxygen species formed by chlorine in the cell, which ini
tiates the chain reaction of radical peroxidation of fatty acids in phos
pholipids, and lipid hydroxide (LOH) is one of the products of the 
termination stage. These two newly appearing bands strongly indicated 
the oxidative state of membrane lipids of injured Achromobacter. 
Moreover, in unsaturated fatty acyl chains, the hydrogen atoms on 
methylene groups adjacent to double bonds are more easily abstracted 
by reactive radicals, forming lipid oxides (L = O). The ratio of the 
absorbance of the ν(C = O) band at 1738 cm− 1 to the absorbance of the 
ν(C = C) band at 1650 cm− 1 in the chlorine-treated samples (3.2-, 2.7- 
and 3.0-fold) increased compared with that in the untreated sample 
(2.3-fold). Cleavage of fatty acyl chains caused by rearrangement of 
alkoxyl radicals is another result of peroxidation of phospholipids. The 
ratio of the asymmetric stretching vibration intensity of the methyl 
group (νas(CH3)) at 2959 cm− 1 to that of the methylene group (νas(CH2)) 
at 2920 cm− 1 increased in the chlorine-treated samples (from 0.43-fold 
to 0.60-, 0.58- and 0.57-fold). Alkanes, alkenes, hydroxides and alde
hydes of different carbon chain lengths are released in the oxidation 
process of phospholipids (Reis and Spickett, 2012). The phosphate group 
of phospholipids is responsible for three main vibration bands at 1227, 
1078 and 1027 cm− 1, corresponding to an R-O-P-O-R’ vibration and to 
the symmetric and asymmetric PO- 2 stretching vibrations, respectively. 
The decrease in the intensity ratio of the ν(R-O-P-O-R’) band to the 
νs(PO- 2) band (from 0.87-fold to 0.68, 0.65 and 0.70-fold) in 
chlorine-treated samples also indicated the cleavage of fatty acyl chains. 

The FTIR-ATR spectra showed that the cell membrane lipids of the 
injured Achromobacter incubated in sterile drinking water for 10 h and 
20 h still had typical oxidative structures, and the extent of lipid per
oxidation was similar to that of the samples immediately treated with 
chlorine. Chlorine-injured Achromobacter may not undergo cell mem
brane repair or synthesize new cell membranes before resuscitation, 
which was consistent with the results of FCM. In fact, prokaryotes are 

rarely reported to possess the ability to repair cell membrane injury, and 
they are naturally protected by a hardened and impermeable cell wall. 
However, eukaryotic cells have always faced potentially lethal plasma 
membrane injury, and they have evolved powerful repair mechanisms 
such as vesicle fusion and contractile rings (Cooper and McNeil, 2015). 

3.5.2. DNA repair behavior of injured VBNC Achromobacter 
Genome stability is critical for the survival of cells and their division. 

The comet assay is a microelectrophoretic technique that can be used to 
visualize DNA damage in individual bacterial cells (Fig. 8a). Severe DNA 
damage was observed in Achromobacter immediately after 1 h of expo
sure to 2 mg/L free chlorine. The breakage of the DNA strand resulted in 
the formation of tailing in the electric field in the presence of the dye. 
However, comet images of the treated Achromobacter incubated in 
sterile drinking water showed that the tail became shorter at 10 h after 
disinfection and almost disappeared at 20 h after disinfection. This 
indicated that DNA damage was gradually repaired during this period, 
and the bacterial genome was restored to its original integrity. 
Furthermore, we quantified the DNA damage degree of the bacterial 
populations by calculating the percentage of tail DNA (Fig. 8b) and 
similarly determined DNA repair behavior. 

Oxidative DNA injury may cause cell mutations or death and impede 
the progression of DNA replication along chromosomes unless repaired. 
The DNA repair of injured Achromobacter can be completed at 20 h after 
disinfection, which may be essential for subsequent resuscitation 
(Fig. 6). The first goal of cell division is to pass the intact and unchanged 
genetic material to the next generation (Verni, 2022), and cells must 
detect and repair DNA damage before replicating. Many studies have 
reported that the rejoining of DNA strand breaks in most cells is a rapid 
process with a half-time of only a few minutes (Frankenberg-Schwager, 
1989). However, in our study, DNA repair of injured Achromobacter 
appeared to be very slow. This may be because they sustained oxidative 
damage from residual chlorine in drinking water during their repair 
incubation. 

Fig. 7. Exploring the cell membrane repair behavior of injured Achromobacter. (a) FCM cell integrity analysis of Achromobacter at different times after chlorine 
disinfection. (b) Bar graph showing bacterial number in FCM analysis. (c) FTIR-ATR spectra of the membrane lipids extracted from Achromobacter at different times 
after chlorine disinfection. 
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3.5.3. The pathway of DNA damage repair in chlorine-injured 
Achromobacter 

Modified bases and DNA double-strand breaks (DSBs) are common 
forms of oxidative DNA damage (Dizdaroglu, 2005). The expression 
levels of related genes were measured to explore the molecular mech
anism of DNA damage repair in chlorine-treated Achromobacter (Fig. 9). 
MutM and nth are DNA glycosylases that recognize and release the 
modified base, generating an apurinic/apyrimidinic (AP) site; Xth is an 
AP endonuclease that generates a 5′-deoxyribosephosphate (5′-dRP) 
group and a nicked strand; PolA and ligA are a DNA polymerase and 
ligase, respectively, incorporating a new nucleotide and resealing the 
DNA backbone. These five genes described above constitute the 
base-excision repair (BER) pathway in bacteria. However, their 
expression levels either did not change significantly (P > 0.05) or 

decrease significantly (P < 0.05) after chlorine treatment (0 h, 10 h and 
20 h), indicating that BER is not the critical repair mechanism involving 
the DNA damage repair of Achromobacter. Similarly, no significant 
upregulation was measured in recA, a key recombinase gene in the ho
mologous recombination (HR) pathway of DSB repair. However, Ku, 
which encodes the recruiting protein, and ligD, which encodes the 
multifunctional enzyme carrying out nuclease, polymerase and ligase 
activities in the non-homologous end-joining (NHEJ) pathway of DSB 
repair, were both significantly upregulated (P < 0.05) after chlorine 
treatment (10 h and 20 h). In particular, the fold change of ligD 
expression was up to 7.63-fold at 20 h after chlorine treatment, implying 
that DNA damage was being effectively repaired at this time, which was 
consistent with the results in Fig. 8. 

In contrast to previous research strategies (Bodet et al., 2012; Tong 

Fig. 8. Comet assay of Achromobacter at different times after chlorine disinfection. (a) Representative comet images of untreated cells and injured cells at 0 h, 10 h 
and 20 h after treatment. (b) Quantitative evaluation of DNA damage degree (Level zero: tail DNA% < 5, Level one: 5 ≤ tail DNA% < 20, Level two: 20 ≤ tail DNA% 
< 40, Level three: 40 ≤ tail DNA% < 95, Level five: tail DNA% ≥ 95). 

Fig. 9. Gene expression of Achromobacter after chlorine disinfection.  
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et al., 2021), we focused not only on the immediate stress response of 
bacteria against chlorine but also on the dynamic changes in gene 
transcript levels throughout the bacterial repair process. Based on the 
results of RT‒qPCR, it was speculated that the main form of DNA 
damage in chlorine-disinfected Achromobacter might be the breakage of 
DNA double-strands, rather than the base pairs being affected, which is 
consistent with Chen’s findings (Chen et al., 2018). Moreover, the 
injured Achromobacter used the low-fidelity NHEJ pathway independent 
of DNA templates to repair DSBs, rather than the traditional HR 
pathway. This phenomenon can be explained by the VBNC state of 
injured bacteria, in which DNA is not replicating and cannot be used as a 
template for HR repair. Notably, the NHEJ pathway is not ubiquitous in 
bacteria; it is found in approximately 20–25% of the kingdom (Bowater 
and Doherty, 2006; Amare et al., 2021). Some bacterial species pos
sessing this repair apparatus, such as Bacillus subtilis, Mycobacterium 
tuberculosis and Pseudomonas aeruginosa, are opportunistic pathogens, 
and their presence is frequently reported in DWDSs (Luo et al., 2021). 
This is an alarming phenomenon; injured pathogenic bacteria with the 
NHEJ pathway may be endowed with stronger DNA repair capacity and 
thus have resuscitation potential in DWDSs after the completion of DNA 
damage repair. 

4. Conclusions 

Chlorine disinfection for the treatment of drinking water can cause 
bacteria to lose cell integrity and enter an intermediate injured but 
viable state. Their low culture rate and injured cell membrane made it 
easy for them to escape the monitoring of HPC and FCM-ICC. 

Achromobacter was one of the main viable injured bacteria identified 
and acquired by FCM cell sorting and cultivation. Most of the injured 
Achromobacter still had a certain level of respiratory activity and were 
not truly inactivated after different doses of chlorine disinfection. 

Injured Achromobacter can enter a VBNC state and be resuscitated in 
drinking water. This report provided evidence for the resuscitation of 
injured VBNC bacteria in a real drinking water environment. 

Completion of DNA damage repair was essential for the resuscitation 
of injured Achromobacter in drinking water. Time regulation and main
taining a certain level of residual chlorine concentration in the water 
distribution system can be helpful in avoiding the completion of bac
terial DNA repair and thus controlling microbial regrowth in DWDSs. 
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