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ARTICLE INFO ABSTRACT

The occurrence of viable but non-culturable (VBNC) bacteria will result in significant underestimation of viable
bacterial counts in drinking water. Whereas, much is unknown in characterizing their viability. In this study, two
environmental isolates (Aeromonas sp. and Pseudomonas sp.) and two model strains (E. coli and S. aureus) were
induced into VBNC state by UV irradiation. Then, their metabolic activity was determined by 5-cyano-2,3-ditolyl
tetrazolium chloride combination flow cytometry (CTC-FCM) and D,O-labeled Raman spectroscopy, respec-
tively, at both population and single cell levels. The results showed that almost all strains could enter VBNC state
irradiated by = 5mJ/cm? UV. When determined by CTC-FCM, the population metabolic activity for each strain
did not vary significantly (p > 0.05) unless the UV dose reached 200 mJ/cm?. Their single cell activity spectrum
narrowed slightly, as indicated by changes in the standard deviation of the logarithmic normal distribution (o) of
0.015-0.033. This minute difference suggested the CTC-FCM method was suitable for assessing the essential
viability of VBNC bacteria. With respect to Raman method, an obvious dose-response effect was recorded. With
the UV dosages increased from 10 to 200 mJ/cm?, the CD/(CD + CH) for the four strains were reduced to
between 95.7% and 47.9% of unirradiated controls, depending on strain and UV dose. Meanwhile, the single
cellular Raman spectrum showed much more heterogeneously metabolic activity distribution, with some cells
even entering metabolic “silence”. Considering the ubiquitous participation of water in biochemical processes,
the Raman method was more appropriate in assessing the overall metabolic activity. The above findings can not
only be a reference for VBNC mechanism studies, but also have the potential in optimizing disinfection and other
bacterial removal processes.
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may induce the VBNC state and that bacteria could resuscitate under
favorable growth conditions (Ben Said et al., 2010; Zhang et al., 2015).

1. Introduction

Viable but nonculturable (VBNC) bacteria in the environment have
received widespread attention (Oliver, 2005; Oliver, 2010;
Ramamurthy et al., 2014) ever since Xu et al. first identified the VBNC
state in Escherichia coli and Vibrio cholera (Huai-Shu et al., 1982). Be-
cause VBNC bacteria have lost culturability (i.e. the ability to form
colonies on general culture media), they are difficult to detect and their
presence in drinking water is therefore often significantly under-
estimated (Oliver, 2000). The presence of VBNC bacteria in drinking
water can threaten water quality and public health (Bedard et al., 2014;
Dietersdorfer et al., 2018; Whitesides and Oliver, 1997). Many disin-
fectants used to prevent the spread of pathogenic microorganisms can
induce a VBNC state, including ozone (Orta de Velasquez et al., 2017) ,
chlorine, and chloramine (Chen et al., 2018; Liu et al., 2010). In-
creasing research on ultraviolet (UV) disinfection has revealed that it

* Corresponding authors.
E-mail addresses: shzhang@iue.ac.cn (S. Zhang), xyu@iue.ac.cn (X. Yu).

https://doi.org/10.1016/j.envint.2019.05.077

Some advantages of UV disinfection include cost-effectiveness, an ab-
sence of treatment by-products, and high sterilization efficiency against
Cryptosporidium parvum oocysts and Giardia lamblia cysts (Belosevic
et al., 2001). Therefore, as an emerging technology, UV disinfection has
been widely applied in small drinking water treatment plants (DWTPs),
as well as reclaimed and wastewater treatment plants. Although UV
disinfection has many advantages, its effectiveness as a method for
permanently inactivating bacteria remains controversial (Guo and
Kong, 2019; Guo et al., 2012; Zhang et al., 2015). And little is known
about the physiological characteristics of VBNC bacteria induced by UV
irradiation.

Unfortunately, most studies on VBNC bacteria have focused on
model or indicator strains rather than on environmental bacteria.
Experimental data on model strains cannot be directly applied to
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environmental strains, even when the classification, growth conditions,
nutrition characteristics, and genetic information of the strains are
clearly known. On the one hand, it is still unclear whether model strains
can stably exist in the environment. And on the other hand, model
strains inadequately represent the complex assemblage of strains found
in environmental communities (Santos et al., 2013). Thus, it is neces-
sary to carry out studies on bacteria isolated from the environment. The
information gained from studying environmental isolates may provide
clues to understanding the effects of environmental stress on inducing
bacteria into a VBNC state, as well as the means by which natural mi-
croorganisms survive and resist harsh environments.

One of the most critical issues in studying VBNC bacteria is de-
termining residual viability. VBNC bacterial frequently display high
ATP production (Lindback et al., 2010), continuous gene expression
(Trevors, 2011), respiration activity (Chen et al., 2018; Lin et al., 2017),
and metabolic activity (Rahman et al., 1994; Tholozan et al., 1999), all
of which are associated with normal metabolism, pathogenic main-
tenance, and resuscitation. Some studies have used the PMA-qPCR
method to detect the viability of bacteria based on membrane integrity
(Ge et al., 2019; Lee and Bae, 2018; Mangiaterra et al., 2018). And
other studies have used 5-cyano-2, 3-ditolyl tetrazolium chloride and
flow cytometry (CTC-FCM) to detect bacterial respiration (Chen et al.,
2018; Lin et al., 2017) because the technique is fast and easy to ma-
nipulate (Wilkinson, 2018). CTC is a soluble tetrazolium salt that can
penetrate into cell membranes where it is reduced to insoluble, in-
tracellular formazan crystals which can then be detected using flow
cytometry (Wilkinson, 2018). However, previous studies have not
evaluated the degree to which CTC-FCM can characterize actual bac-
teria activity. A detailed and in-depth analysis of CTC-FCM may enable
a clearer understanding of the activity characteristics of bacterial po-
pulations as well as the range of applications of this method.

Another approach for determining the metabolic activity of VBNC
bacteria involves measuring the uptake of substrates, such as glucose,
(NH4)2SO4 (Zeng et al., 2013), and methionine (Rahman et al., 1994).
However, the substrate uptake method is time consuming (Rahman
et al., 1994) and can only detect the average activity of bacteria at the
population level. It is well known that the activity of individual cells
differs even within the same system (Smith and Giorgio, 2003).
Therefore, here we try to use a rapid and nondestructive method, D,O-
labeled Raman spectroscopy, to detect the metabolic activity of VBNC
bacteria at the single-cell level. H,O is heavily involved in cellular
metabolic activities, including the synthesis of fatty acids, proteins, and
nucleic acids (Justice et al., 2014; Valentine et al., 2004; Ye et al.,
2017a; Zhang et al., 2009). The deuterium isotope of hydrogen can
substitute hydrogen in water (D,0) and form C-D bonds during fatty
acid and protein synthesis. Raman spectroscopy can provide a com-
prehensive intracellular molecular spectrum based on the vibration
frequencies of characteristic chemical bonds (Berry et al., 2015; Song
et al., 2017; Zhang et al., 2018). For example, Chen et al. used this
method to identify cells with metabolic activity after treatment with
4 mg/L chlorine (Chen et al., 2018). In this study, D,O-labeled Raman
method was used to quantify the metabolic activity of VBNC bacteria on
a single cell level after UV disinfection.

At present, most studies on VBNC bacteria are focused on induction
conditions, detection methods, resuscitation environment
(Ramamurthy et al., 2014), and infectivity (Dietersdorfer et al., 2018;
Pianetti et al., 2012). However, an in-depth analysis of the activity
characteristics of bacteria in that state is still lacking. In this study, two
common opportunistic pathogens isolated from an aquatic environ-
ment, Aeromonas sp. and Pseudomonas sp., and two model strains Gram-
negative E. coli CMCC 44103 and Gram-positive S. aureus ATCC 6538
were induced into VBNC state by UV irradiation. Two methods, i.e.
CTC-FCM and D,O-labeled Raman Spectroscopy, were used to assess
the viability/activity of the VBNC bacteria. It was expected that both
population and single cell level metabolic activity could be elucidated
from different angles. We believe this work provides support for the
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development of effective strategies for mitigating potential risks from
VBNC strains in drinking water.

2. Materials and methods
2.1. Environmental and model strains

Environmental strains were isolated from the secondary effluent of a
wastewater treatment plant in Xiamen, China. The water samples were
collected in March, April, and May 2017. The samples were im-
mediately transported to the lab and stored at 4 °C. The heterotrophic
plate count (HPC) method was used to acquire bacteria colonies cul-
turable in water. Colonies recovered from the plates were selected for
further isolation and purification. DNA was extracted by adding single
colonies to 50 pL lysis buffer (TaKaRa, Cat. #: 9164, Japan) and then
following the manufacturer's protocol: incubation at 85 °C for 15 min,
light centrifugation, and then PCR amplification of 2 pL supernatant.
The genus level of the isolated bacteria was identified by PCR ampli-
fication of the 16S ribosomal RNA gene. The primers used in the study
were: 27F, 5-AGAGTTTGATCMTGGCTCAG-3’ and 1492R, 5-TACGGT
TACCTTGTTACGACTT-3’ (Suzuki and Giovannoni, 1996). The PCR
products were sent to Majorbio (Location, China) for purifying and
sequencing. The sequences obtained were submitted to NCBI for
alignment with the GenBank database (http://www.ncbi.nlm.nih.gov/
blast). Based on the results, opportunistic pathogens that appeared at
all three sampling times, i.e. Aeromonas sp. and Pseudomonas sp., were
selected. Strains were frozen in 25% glycerin at —80 °C until use.

Two model strains, E. coli CMCC 44103 and S. aureus ATCC 6538,
were bought from Guangdong Microbial Culture Collection Center
(GDMCGC, China) and Marine Culture Collection of China, respectively.

2.2. Strain growth conditions and UV disinfection

All of the four above strains were incubated in Luria-Bertani (LB)
broth (Hopebio, China) at 37°C on a 150-rpm shaking incubator
overnight to ensure that the bacteria concentration reached 10° CFU/
mlL, as confirmed by a standard plate count on nutritional agar (NA)
(Hopebio, China) incubated at 37 °C for 24 h. Cultures were harvested
by centrifugation at 9000g for 10 min and washed twice with 0.9%
sodium chloride solution. Samples were resuspended and then diluted
to approximately 10° CFU'mL ™! in 0.9% sodium chloride solution in
preparation for UV irradiation.

The irradiation experiment was performed using a collimated beam
apparatus that contained a low-pressure (15 W) mercury UV-C lamp
(254 nm, Philips, USA) (Zhang et al., 2015). The UV lamp was housed
above a collimating tube (46 cm) which aids in focusing the UV beam.
The UV intensity (0.12 mW/cm?) was measured by a radiometer
(TRINR TN-2254, Taiwan) and corrected according to the method by
Bolton and Linden (Bolton and Linden, 2003). The UV dose (mJ/cm?)
was calculated by multiplying UV intensity (mW/cm?) by sample ex-
posure time (seconds). A petri dish containing 20 mL bacterial sus-
pension was placed horizontally below the collimating tube and a
magnetic stirring bar was used to homogenize the suspension during
irradiation. The UV doses applied in this work were 0, 3, 5, 10, 15, 25,
50, 100, 200, or 800 mJ/cm>.

2.3. Culturable, viable, and total bacteria counts and detection of CTC-FCM
activity (respiration intensity)

The HPC method was used to detect the number of culturable
bacteria before and after UV irradiation. Aliquots of the bacteria sus-
pension were plated onto NA with ten-fold dilution and cultured at
37 °C in the dark for 24 h. Viable and total bacteria were detected by
CTC staining (Thermo Fisher, USA) and enumerated by flow cytometry
(Millipore Guava EasyCyte, USA). Eight microliters of CTC stock solu-
tion were added to 192 uL bacteria suspension for a final concentration
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Fig. 1. Ultraviolet fluence-response curves for isolated and model strains. Each circle represents the average of three parallel. And three replicates have been done.
Regression analysis and 95% confidence interval (CI) were carried out on the data used to fit the linear sections.

of 2 mmol/L. Samples were incubated at 37 °C for 4h in the dark and
then measured on a FCM (Gernsheim, Germany) or a FlowSight® ima-
ging flow cytometer (Amnis®, part of EMD Millipore, Germany). Cell-
free and killed controls were run to check for abiotic reduction to for-
mazan. CTC fluorescence intensity was acquired during flow cytometry
(Lin et al., 2017) and the average respiration intensity of the cells was
characterized using the average fluorescence intensity. In order to in-
vestigate the distribution of respiration intensity of the bacterial strains,
we drew a logarithmic normal distribution map N (y, 0°) based on
fluorescence intensity.

2.4. Detection of VBNC metabolic activity using D,O labeled Raman
spectroscopy

We first tested the sensitivities of the isolated and model strains to
D,O solution. Five microliters of stationary phase cultures were in-
oculated into 5mL LB broth containing 0, 5, 10, 20, 30, 40, or 60%
heavy water (D50, 99.9% atom% D, Macklin, China). Next, 200 uL
aliquots were transferred into a 96-well plate. Bacterial growth was
monitored every 20 min using a microplate reader (SpectraMax 190,
USA) at 600 nm (OD600).

After UV irradiation, the treated bacterial solutions were transferred
into LB broth to reach a final D,O concentration of 25% or 30%. The
D,0O-containing tubes were incubated at 37 °C on a 150 rpm shaking
incubator and sampled at 0, 10, 20, 30, 40, and 60 min for Raman
spectroscopy. The harvested cells were washed twice by centrifugation
at 5000 rpm for 3 min using sterile water to eliminate the impact of the
culture medium. Aliquots of 2L of the prepared bacteria were dis-
persed on aluminum-coated substrates and air-dried before Raman
analysis (Cui et al., 2018). Single microbial cell Raman spectra ranging
from 500 to 3300cm™! were obtained using a LabRAM ARAMIS

(Horiba, Japan) confocal micro-Raman system equipped with a 532 nm
Nd: YAG excitation laser and a 300 grooves/mm grating (Cui et al.,
2018). A 100 x magnifying dry objective (NA = 0.90, Olympus) was
used to observe and collect the Raman signal. All cells were detected
randomly. The integrated spectral intensities of the C-D band
(2040-2300 cm ™) and the C—H band (2800-3100 cm ™ ') were used to
quantify the degree of D substitution in C—H bonds (C-D ratio), i.e.
bacterial metabolic activity was expressed as C-D/(C-D + C-H) (Tao
et al., 2017).

2.5. Analytical methods

The UV sensitivity of bacteria is described by the parameters of their
inactivated kinetics. The first-order disinfection model of Chick and
Watson (Eq. (1)), which related to chemical disinfection, can also be
applied to UV disinfection (Hijnen et al., 2006; Mamane-Gravetz and
Linden, 2005).

N = Ny-e™& (€))
The linear curves are described by the following formula:

LoglO% =k-H
N, (2)
where Ny is the initial bacteria concentration (CFU/mL) before ex-
posure to UV irradiation; N, is the bacteria concentration after contact
time t. The Log;o transformation for No/N, and UV fluence (H) de-
termined the inactivation rate constant k (cm?/mJ) from the linear
section. A high k value signifies that bacteria are more sensitive to UV
irradiation.
Results in this work are represented as means *+ standard deviation
(SD). Significant differences between viable bacteria were tested using a
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one-way analysis of variance (ANOVA). p < 0.05 was considered sig-
nificant. Statistical analyses were performed using SPSS 16.0 (IBM,
USA).

3. Results

3.1. Impacts of UV treatment on the culturability of environmental and
model strains

Fig. 1 shows the linear fit of the four bacterial strains as a function
of UV fluence. A high coefficient was observed between low UV ex-
posure and the log inactivation of bacteria. A tailing zone appeared
after the first order reaction zone as UV dose increased, demonstrating
that culturable bacteria persist even at a UV fluence of 100 mJ/cm?. For
the two environmental isolates, the k values were 0.960 cm?/mJ and
0.884 cm?/mJ, which were higher than E. coli (k = 0.386 cm?/mJ) and
S. aureus (0.437 cm?/mJ) (Fig. 1a and b), illustrating that the en-
vironmental strains were more sensitive to UV irradiation than the
model strains. There was 3-4-log inactivation at the 3 mJ/cm? UV dose,
as shown in Fig. 1a and b.

For E. coli, a “shoulder” was observed at UV doses ranging from 0 to
3mJ/cm? (Fig. 1c). But there were still 5-log removals under normal
drinking water disinfection doses (20-40 mJ/cm?). S. aureus, as a Gram-
positive bacterium, did not exhibit a higher resistance to UV irradiation
than E. coli (Fig. 1d). Its log inactivation curves were similar to the log
survival curves reported by Chang et al. in which 4-log inactivation was
also observed at a 10 mJ/cm? UV dose (Chang et al., 1985).

3.2. Occurrence of VBNC bacterial cells after UV irradiation

After UV irradiation, the number of VBNC bacterial cells for all four
strains was calculated as the difference between the number of viable
and culturable cells. Fig. 2 shows the number of total, viable, and
culturable cells after UV treatment using the CTC-FCM and HPC
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methods. No significant differences (p > 0.05) were observed in the
viable cell number when the UV dose was below 200 mJ/cm?. Even
when the UV fluence was increased to 800 mJ/cm?, there was only an
approximately one-log unit drop in the number of viable cells for the
four bacterial strains. The ratio of culturable to viable cells showed a
substantial decrease with increasing UV dose (Fig. 2e), indicating that
most of the culturable bacteria were converted to VBNC bacteria as UV
dose increased. With the increase in UV dose from 50 to 800 mJ/cm?,
almost all viable bacterial cells entered a VBNC state (Fig. 2a-d).

3.3. Respiration intensity of VBNC bacteria under different UV doses

Fig. 3A shows the average respiration intensity of the four VBNC
bacterial strains under various UV fluences. No significant differences
(p > 0.05) were detected between the control group and the treatment
groups when the UV dose was below 50 mJ/cm? The respiration in-
tensity of all strains except for S. aureus decreased at UV doses under
200 mJ/cm?. Overall, the respiratory intensities of the four strains re-
mained high under UV doses applicable in DWTPs compared with the
unirradiated group (Fig. 3A). The respiratory activities determined by
the CTC-FCM method displayed a dose-independent effect under low
UV fluence.

Fig. 3B presents the distribution of respiration intensity of the
bacterial strains based on single cells grouping. The results illustrate
that respiratory intensity conformed to the logarithmic normal dis-
tribution even with high UV dose irradiation. With increasing UV flu-
ence, the distribution range, expressed in terms of standard deviation (o
value: Aeromonas sp., 0.320 to 0.287; Pseudomonas sp., 0.300 to 0.285;
E. coli, 0.360 to 0.337; S. aureus, 0.438 to 0.414), narrowed slightly. A
smaller o value indicated that the distribution was more centered
around the average value and that the heterogeneity of respiration in-
tensity in the population was low.
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Fig. 2. Total, viable, and culturable cell counts of isolated and model strains after treatment by various UV fluences. The purple line represents the number of VBNC
bacteria, determined as the difference between the number of viable and culturable cells. (e) The ratio of culturable to viable bacterial cells with increasing UV dose.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. A. Average respiration intensity of individual cells under various UV doses for the four tested bacterial strains. “NE” represents the negative control (cell-free)
and “Dead” represents a control containing bacteria killed by boiling in water for 30 min; B. Respiratory intensity distribution of the four bacterial strains under
different UV fluences. The red line represents the logarithmic normal distribution curve for each population. o represents the standard deviation of logarithmic
normal distribution. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Metabolic activity in VBNC bacteria determined by single-cell D,0-
labeled Raman spectroscopy

3.4.1. Tracking heavy water incorporation in active environmental and
model strains via Raman microspectroscopy

The effect of different heavy water concentrations on bacterial
growth is shown in Fig. S1. Compared with the D,O-free control for
each strain, Aeromonas sp. was sensitive to D,0, exhibiting a slight
inhibition in growth with 30% (v/v) heavy water (Fig. Sla).
Meanwhile, 40% (v/v) heavy water had no significant effects on the
growth of Pseudomonas sp. or S. aureus (Fig. S1b and S1d). E. coli tol-
erated the highest levels of D;O (up to 60%) (Fig. Slc).

A broad C-D Raman band in the 2040 to 2300 cm ™' region ap-
peared in single-cell Raman spectra (SCRS) for the tested bacterial
strains due to a Raman shift of the original C—H peak (2800 to
3100 cm ™ 1) (Fig. 4). The C-D peak appeared rapidly and could be de-
tected within 20 min after the start of incubation, which allowed timely
monitoring of metabolic activity in single cells. At D;O concentrations
below 30% (v/v) (25% (v/v) for Aeromonas sp.), bacterial growth was
unaffected (almost equivalent to the blank control) and a dynamic C-D
band was produced which increased significantly with increasing cul-
ture time, allowing intensity changes in the C-D band at different cul-
ture times to be quantified. Therefore, 30% (v/v) heavy water (25% (v/
v) for Aeromonas sp.) was selected to detect changes in bacterial
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Fig. 5. Temporal dynamics of C-D ratios of the four bacterial strains with increasing UV dose. Each point represents the C-D ratio for 20 cells with three replicates.
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metabolic activity after irradiation by different UV fluences.

3.4.2. Quantitative characterization of VBNC metabolic activity

The four strains tested in this work were able to actively take up
heavy water and the emergence of C-D bands was significant.
Therefore, CD/(CD + CH) was used to model the metabolic activity of
VBNC bacteria. After 10 mJ/cm? UV irradiation, the number of cul-
turable bacterial cells was less than one ten-thousandth of the number
of viable bacteria (Fig. 2), indicating that the probability that culturable
bacteria were detected during Raman detection was extremely small.
Therefore, we concluded that the detected bacteria were nearly all
VBNC bacteria. The duration of metabolic activity detection was limited
to 1h of incubation to reduce the possibility of bacterial regrowth
caused by the “tailing” phenomenon of UV disinfection.

The absorption of heavy water by bacteria goes through a loga-
rithmic phase and then plateaus with a saturated C-D ratio. However,
when bacterial metabolic activity is inhibited, the absorption of heavy
water lags (Tao et al., 2017). The temporal dynamics of C-D ratios
under various UV fluences are shown in Fig. 5. At 0 mJ/cm? UV irra-
diation, the C-D ratios of the four bacterial strains initially increased
rapidly and then continued to rise at a much slower rate. When the UV
dose ranged from 10 to 200 mJ/cm?, the metabolic activity of VBNC
Aeromonas sp. was reduced to 92.1-65.2% of the activity of the uni-
rradiated control. Similarly, the activities were 59.1-47.9% for Pseu-
domonas sp., 79.2-59.5% for E. coli, and 95.7-74.5% for S. aureus
(Fig. 5a, b, ¢, d).

Moreover, the C-D ratios of the four strains showed large difference.
For Aeromonas sp. and S. aureus treated with 10 mJ/cm? UV (Fig. 5a
and d), the C-D ratios reached nearly the same levels as those of the
unirradiated controls after 1 h of incubation. In contrast, Pseudomonas
sp. and E. coli experienced significant reductions (Fig. 5b and c). The C-
D ratio of Pseudomonas sp. reached saturation after 30 min of incuba-
tion at all levels of UV irradiation (Fig. 5b), indicating that its ab-
sorption and metabolism of water had reached equilibrium. At the
highest UV dose (200 mJ /cm?), the C-D ratios of the four strains were at
a comparably low level after they reached saturation within 1 h.

Single cell activities were also measured using D,O-labeled Raman.
The difference between the C-D ratio of single cells at a specific time
point and the average C-D ratio at 0 min incubation was defined as the
AC-D ratio. A AC-D ratio below zero was considered to represent a
metabolic state of “silence” (Tao et al., 2017). The metabolic activities
of each single cell and the distribution of the whole population are
shown in Fig. 6. The results revealed that a higher UV dose generally
resulted in a lower metabolic heterogeneity. For example, the AC-D
ratio for Aeromonas sp. was much higher at 10 mJ/cm? UV irradiation
(0.0105 + 0.0071) than at 50 mJ/cm? (0.0060 + 0.0061) and like-
wise for E. coli (0.0109 = 0.0076 and 0.0079 = 0.0056, respectively).
At a high UV dose of 200mJ/cm? most bacterial cells maintained
metabolic activity and only a small portion entered metabolic “silence”.

4. Discussion

4.1. The effect of UV disinfection on inducing a VBNC state in
environmental and model strains

UV disinfection has been increasingly applied in water treatment
processes because it produces few toxic byproducts and can effectively
inactive a wide variety of pathogens (Belosevic et al., 2001; Lee et al.,
2015). However, doubts remain about the fate of UV irradiated bacteria
due to photoreactivation (Guo et al., 2012) and the occurrence of VBNC
bacteria (Zhang et al., 2015). In the current study, we demonstrate that
both environmental and model strains can be induced into a VBNC
state. At UV doses between 5 and 200 mJ/cm?, the majority of cells lost
culturability but remained viable (Fig. 2). This demonstrates that en-
vironmental bacteria induced into the VBNC state may maintain partial
biological activity even after UV disinfection in full-scale drinking
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water treatment processes. In addition, environmental and model
strains showed different responses to UV irradiation in terms of cul-
turability and metabolic activity. For example, even though Aeromonas
sp. was more sensitive than E. coli to UV irradiation as detected by the
HPC method (Fig. 1), this environmental strain maintained higher
metabolic activity (Fig. 5). Further study on isolated strains may enable
a more complete understanding of UV resistance in environmental
bacteria. VBNC bacteria decrease the reliability of UV irradiation-based
bacterial disinfection processes, which may pose a health risk when
these bacteria reach the point of use. Therefore, in order to accurately
assess health risks from drinking water after disinfection, especially
from pathogens that maintain virulence in the VBNC state or can re-
suscitate in a host, detection methods must combine current cultivation
methods with improved methods for detecting microbial metabolic
activity (Albrecht et al., 2007).

4.2. CTC-FCM effectively characterized the essential viability of VBNC
bacteria

CTC-FCM has been used to detect the respiratory activity of bacteria
at different pressures (Chen et al., 2018; Zhang et al., 2018) and in
different environmental systems (Servais et al., 2001). Even though
CTC-FCM is a rapid and convenient method for determining the activity
of cells, the question remains how well it reflects the actual activity of
bacteria. The CTC-FCM results in the current study suggest that UV
exposure had little effect on bacterial respiration (Fig. 3A) and the
distribution of respiration intensity in a population (Fig. 3B). Electron
transfer is an essential physiological process in viable cells and depends
on the availability of an energy source or retained enzyme activity (Kell
et al., 1998). CTC is reduced prior to ubiquinone in the respiratory
chain by primary aerobic [succinate and NAD(P)H] dehydrogenases
(Smith and McFeters, 1997), which indicates that CTC is only involved
in portion of the respiratory activity and therefore fluorescence in-
tensity perhaps more precisely reflects only the redox ability of the
electron transport chain. Specific oxygen uptake rate (SOUR) is another
method for measuring the respiration activity of bacteria and is based
on oxygen consumption. Lin et al. reported a lower respiration rate of
VBNC bacteria using the SOUR method compared with the CTC-FCM
method (Lin et al., 2017). Based on these, we conclude that the CTC-
FCM method does not well-reflect the overall activity of bacteria. Ra-
ther, CTC-FCM detects only the essential viability of bacteria necessary
to keep cells alive after UV disinfection.

In this study, we did not observe a significant decrease in bacterial
respiration activity with increasing UV dose (Fig. 3A). In contrast, a
significantly lower bacterial respiration intensity has been observed
with increasing doses of other disinfectants such as chlorine (Chen
et al., 2018). These differences may be due to the different mechanisms
these disinfectants use to inactivate/kill the bacteria. UV-C light targets
nucleic acids (Nocker et al., 2007) but not the cell membrane where the
respiratory electron transport chain is located, whereas chlorine disin-
fection damages cell membrane integrity (Chen et al., 2018). An intact
cell membrane ensures the integrity of the electron transport chain and
the normal delivery of electrons under low UV fluence. Zhang et al.
reported that bacterial cellular structure remained intact at a 300 mJ/
cm? UV dose using the PMA-qPCR method (Zhang et al., 2015). In the
current study when the UV exposure time was increased to 28 min
(200 mJ/cm?), bacterial respiratory activity was inhibited to some ex-
tent, except in S. aureus (Fig. 3A). According to principles of UV ster-
ilization, an increase in UV irradiation time leads to the formation of
more pyrimidine dimers on bacterial genomic DNA (Oguma et al.,
2001), which may inhibit the transcription and translation of enzymes
involved in respiration. For S. aureus, the Gram-positive bacterium
contains thick peptidoglycan cell walls that provide increased rigidity
to resist UV disinfection (Bouhdid et al., 2009).
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Fig. 6. The AC-D ratio of the four strains incubated for 1 h in D,O-containing medium after treatment with different UV doses. Each dot represents a single cell. The
area below the dashed red line shows cells in a state of metabolic “silence.” The gray line connecting boxes connects the average AC-D ratio in each population under
different UV doses. SD represents the standard deviation (SD) in AC-D ratios of individual cells in a given population. SD is another potential parameter for
quantitatively evaluating and tracking the heterogeneity of bacterial metabolic activity under different UV doses. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

4.3. D;0O-labeled Raman method revealed the overall activity of VBNC
bacteria

Compared with traditional methods, the rapid and nondestructive
D,O-labeling method tested in the current study enables reliable
quantification of the metabolic activity of VBNC bacteria. The activities
of all four bacterial strains remained at different levels after treatment
with different UV fluences showing dose-dependent trends (Fig. 5). The
mechanism of UV sterilization involves the formation of cis-syn cyclo-
butane pyrimidine dimers on bacterial genomic DNA, which block DNA
replication and RNA transcription (Oguma et al., 2001; Santos et al.,
2013; Zhang et al., 2015). At a low UV dose (10 mJ/cm?), the in-
creasing C-D ratios detected by Raman spectroscopy demonstrated that
VBNC bacteria were still undergoing macromolecular synthesis, and
that assimilation was greater than dissimilation. It can be further con-
cluded that the amount of pyrimidine dimer formed at this UV fluence
did not inhibit VBNC bacterial material and energy storage capacity. At
a high UV dose (200 mJ/cm?), the C-D ratio reached saturation and
plateaued at a low level, indicating that the metabolic activity of bac-
teria was inhibited by UV irradiation. The D,0O-labeled Raman method
may identify the effects of UV irradiation on the ability of bacteria to
absorb water and synthesize organic matter. Metabolic activity based
on substrate uptake involves complex active pathways, including
transcription, translation, energy dependence, and enzyme activity
(Kell et al., 1998; Ye et al., 2019; Ye et al., 2017b). Therefore, D,O-
labeled Raman could be a good method to detect the overall physio-
logical activity of bacteria.

As the UV dose increased, the metabolic activity of VBNC cells de-
creased (Fig. 5). However, it is worth noting that even at extremely high
UV doses, the bacteria still maintained some metabolic activity. This
maintenance of metabolic activity has practical significance in terms of
environmental processes (nutrient cycling reactions) and human health
(infectivity, pathogenicity) (Kell et al., 1998). For example, non-
culturable cells of pathogens may be capable of expressing virulence
factors, such as toxins and invasions, in response to exogenous stimuli
(Rahman et al., 1996). Moreover, physiological activity is a prerequisite
for VBNC bacterial resuscitation.

4.4. Heterogeneous distribution of metabolic activity provides an
optimization strategy for the disinfection process

D,0O-labeled Raman method can characterize the metabolic activity
of single cells (cytological assay), while most other methods can only
characterize the average metabolic activity of cell populations (bulk
assay). In this work, metabolic heterogeneity (Fig. 6) indicated that
different VBNC cells induced by the same UV dose in a given population
may exhibit different residual metabolic activity, which demonstrated
the variable resistance of bacterial cells to UV irradiation.

Fig. S2 shows a schematic diagram of two populations (A & B) with
different activity distributions. Populations A and B have the same
average metabolic activity, but for population A, the metabolic activ-
ities of most bacteria are close to the average value and show a nar-
rower distribution range than population B. Certain individual cells in
population B have higher activity and may exhibit greater resistance to
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harsh environments than those in population A, posing a greater risk to
human health. For disinfection, dosing near the average activity value
(green line) may achieve high sterilization efficiency (99%) for popu-
lation A. However, this disinfection dose would not kill the bacteria
with high activity in population B. The yellow line was determined
based on the activity distribution of population B and is more likely to
achieve a high disinfection efficiency in that population. For popula-
tions with broad activity ranges, like population B, the required disin-
fection dose is higher than the calculated dose based on average ac-
tivity. Therefore, the distribution of metabolic activity in a population
can help inform better estimates of effective disinfection dose. Using
D,0-labed Raman to detect the activity distribution of a population can
help optimize the appropriate disinfection dose for a safer and more
efficient water disinfection process.

5. Conclusions

This study verifies that UV disinfection can induce model strains
and environmental opportunistic pathogens into a VBNC state. And
even at high UV doses, the respiration activity of VBNC bacteria re-
mained high and the activity of populations conformed to the loga-
rithmic normal distribution. We conclude that CTC-FCM method is
suitable for detecting the essential viability of bacteria. The D,O-la-
beled Raman method was found to quantify the metabolic activity of
VBNC bacteria on a single cell level rapidly and reliably. And significant
heterogenic distribution of bacterial activity was also detected. The
results indicate that the D,O-labeled Raman method is suitable for
characterizing the overall metabolic activity.
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