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Ultraviolet disinfection is an important method for controlling the large-scale
outbreaks of diseases in aquaculture. As a novel and promising light source,
ultraviolet light-emitting diode (UV-LED) has the advantages of safety, high
efficiency and no environmental pollution risks. However, it remains unclear
whether UV-LEDs can replace traditional UV light sources for aquaculture water
treatment processes. Present study aimed to investigate the efficacy of UVC-
LEDs (265 nm) on pathogenic bacteria, specifically Aeromonas salmonicida and
Escherichia coli. The effects of UVC-LED dose, light conditions, and temperature
on bacterial reactivation were also investigated. The results showed that
exposure to UVC-LED effectively inactivated both types of bacteria. To achieve
4.5-log inactivation of A. salmonicida and E. coli, 24 mJ/cm? and 28 mJ/cm?
UVC-LED irradiation were required, and the inactivation rate increased with
increasing UVC-LED fluence. Both A. salmonicida and E. coli were revived after
UVC-LED disinfection, and photoreactivation was significantly higher than dark
reactivation. Bacterial reactivation rate due to high-dose UVC-LED treatment
was significantly lower than that of low-dose. After 72 h of reactivation,
photoreactivation and dark reactivation rates were 1 + 0.4% and 2.2 + 0.2%for
A. salmonicida, and 0.02% and 0% for E. coli, respectively. Besides, the
photoreactivation rates for the two bacteria exhibited different correlations
with temperature. The highest photoreactivation rate for A. salmonicida was
68.7 + 4% at 20°C, while the highest photoreactivation rate for E. coli was 53.98 +
2.9% at 15°C for 48 h. This study reveals the rapid and efficient inactivation of
bacteria by UVC-LED, and elucidates the mechanism and influencing factors for
inactivation and reactivation by UVC-LED. The study also highlights that
adequate UVC-LED irradiation and avoidance of visible light after UVC-LED
disinfection can effectively inhibit bacterial reactivation. Our findings form a
reference for the design and operation of UV disinfection in aquaculture.
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1 Introduction

Due to the rapid development of aquaculture industries, the
pressure on the treatment of aquaculture wastewater discharge has
been increased. The direct discharge of aquaculture wastewater
water containing a large amount of residual bait feces and bacterial
viruses will lead to water environmental pollution, which enhances
the necessity and urgency of aquaculture wastewater treatment.
(Wang et al., 2022). Without effective treatment, excrements from
culture organisms as well as residues of chemicals and feeds in
aquaculture wastewater leads to increases in nitrogen, phosphorus,
and other nutrients, bacterial proliferation, as well as disease
outbreaks, which severely affects aquaculture development (Hu
et al, 2019; Shu et al, 2022). In 2021, the pollution area of
aquaculture reached 58.98 km? in China, which caused the death
of aquaculture animals (1.01x107 kg), economic losses of more than
20 million dollars and the proliferation of bacteria and viruses
(China Fisher Statistical Yearbook, 2022). Therefore, there is a need
to develop an effective and safe disinfection technology for removal
of pathogenic microorganisms and pollutants in aquaculture.

In traditional wastewater treatment, chlorine, ozone and UV
disinfection are the most commonly used methods for disinfection.
Mechanistically, chlorine and ozone produce strong oxidizing
substances to destroy cell membranes, remove pathogenic bacteria
and decompose organic matter from wastewater (Deborde and Von
Gunten, 2008; Lee and Von Gunten, 2016; Li et al.,2017b). As chemical
disinfectants, addition of chlorine and ozone to water produces by-
products and residues that threaten the safety of aquatic animals.
Ultraviolet (UV) disinfection is associated with the absence of harmful
by-products, high sterilization efficiencies, simplified operation and
convenient management among others (Zheng et al., 2011). Reducing
the use of chemical inputs in the breeding process meets the
requirements for green aquaculture in China. Instead of chemical
addition, UV sterilization is becoming common in water treatment
and aquaculture (Guo et al., 2009b). The UVC wavelengths between
240-280 nm have the best disinfectant effects on bacteria, especially at
253.7 nm, since the maximum absorbance of DNA and protein for
most microorganisms is around 260 nm and below 280 nm,
respectively (Beck et al., 2017). The low-pressure (LP: 254 nm) and
medium-pressure (MP: 240-580 nm) mercury lamps have been widely
used in drinking water and sewage treatment plants (Oguma et al.,
2004). UVC directly affects DNA by disrupting its transcription and
replication processes, causing damage to the double-stranded DNA
structure and forming cyclobutane pyrimidine dimers. Since they are
mercury-free, have flexible wavelengths, compactness and low energy
consumption, ultraviolet light-emitting diodes (UV-LED) are novel
and reliable UV light sources to replace the traditional mercury lamps
(Shenetal,, 2020). Ithas been reported that UVC-LED has a great effect
in the disinfection process of recirculation aquaculture systems
(Moreno-Andres et al., 2020). In the study of Nyhan et al, the
inactivation efficiency of traditional light source and UVC-LED on
Escherichia coli, Bacillus subtilis, Salmonella Typhimurium and Listeria
monocytogenes were compared. It was found that the disinfection
effectiveness of UVC-LED on bacteria is either equal to or superior to
that of low pressure mercury lamps (Nyhan et al., 2021). At 275 nm,
UVC-LED has a better inactivation efficiency on E. coli, than 253.7 nm
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LP-UV, indicating that UVC-LED has better disinfection effects
(Green et al., 2018). Nevertheless, there is no fundamental
distinction between traditional mercury lamps and UVC-LEDs, as
traditional mercury lamps also emit the UV wavelength which is
absorbed by DNA. It has also been reported that UVC-LEDs at 265 nm
have higher antibacterial efficacies than LP-UV, but are limited by the
higher costs of disinfection temporarily. (Chatterley and Linden,
2010). The majority of UVC disinfection devices are designed as
pipeline systems, which allows optical path of UVC can be
controlled and ensure the efficiency of disinfection. Moreover,
physical filtration often set prior to UVC treatment to remove
suspended solids and particulate matter in the process of wastewater
disinfection, which helps to enhance the effectiveness of subsequent
UVC treatment.

After UV irradiation, some bacteria can repair their damaged DNA
via photoreactivation and dark repair. It is necessary to focus on the
variations of reactivation and influencing factors of bacteria after UV
irradiation. Dark repair is a multistep process, where damaged or
abnormal DNA bases are removed by base excision repair (BER) and
nucleotide excision repair (NER) subpathways (Nyangaresi et al.,, 2018).
Photoreactivation is a highly specific process for damaged DNA repair.
Photolyase absorbs energy from visible light and participates in bacterial
reactivation (Ramirez et al., 2021). Besides, photoreactivation is affected
by repair time and UV radiation dose among others. It was found that the
amount of E. coli increased as the reactivation duration extended, and the
photoreactivation was positively correlated with the duration of
recovery, since light provides energy for photolytic enzymes involved
in repairing DNA damage (Locas et al., 2008). Since photoreactivation is
a photochemical reaction, its rate is greatly affected by temperature.
Photoreactivation rate has been shown to increase with increasing
temperature (Kelner, 1949). However, in another study, after UV
irradiation, the photoreactivation rate of E. coli rapidly decreased with
increasing temperature and the highest photoreactivation rate appeared
at 10°C. Current studies on temperature are focused on E. coli, with
studies on aquatic pathogens being few. Therefore, there is a need to
elucidate on bacterial reactivation in aquaculture wastewater after
ultraviolet disinfection.

We investigated the feasibility of UVC-LED as novel light
sources for bacterial disinfection in aquaculture, and focused on
the reactivated effects and influencing factors of bacterial after UV
irradiation. Two common gram-negative bacteria (E. coli and A.
salmonicida) in aquaculture were inactivated by UVC-LED at an
emission wavelength of 265 nm. The effects of UVC-LED dose, light
conditions and temperature on bacterial reactivation were further
investigated, the mechanisms and influencing factors of inactivation
and reactivation supported the application of UVC-LED and
operation of UV disinfection processes in aquaculture.

2 Materials and methods
2.1 Microbial cultivation
To clarify the potential application of UVC-LED disinfection in

aquaculture, Aeromonas salmonicida (A. salmonicida) and
Escherichia coli ATCC 8099 (E. coli) were selected as the
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representatives of common pathogens in aquaculture. A. salmonicida
is a prevalent pathogenic bacterium that can cause significant
economic losses in fish diseases (Coscelli et al., 2015), whereas
Escherichia coli is often utilized as a model bacterium for the safety
evaluation (Okeke et al., 2011). The strain A. salmonicida was granted
by Professor Feng (Institute of Microbiology, Chinese Academy of
Sciences) which was inoculated in Luria-Bertani (LB) medium and
incubated in the shaker incubator at 28°C, 120 r/min for 48 h. E. coli
was purchased from Guangdong Huankai Microbial Technology
Company, the strain was inoculated in Luria-Bertani (LB) medium
and incubated in a shaker incubator at 37°C for 24 h. The cells were
collected by centrifugation (6000 rpm, 5 min and 4°C) and suspended
in sterile phosphate buffered saline (PBS, 0.1 M) to yield a
concentration of approximately 10’-10° CFU/mL. Enumeration was
performed by the spread plate method, 50 UL serially diluted samples
were spread on agar plates in triplicate and incubated at the
corresponding culture temperature. The colonies on the plates
between10-300 were counted and calculated as CFU/mL.

2.2 UVC-LEDs and experimental setup

UVC-LED devices (peak wavelength at 265 nm, Shenzhen Fluence
Technology PLC) were applied as the light source in present study.
Twenty-five UVC-LED lamps were connected and fixed on a circular
board (40 mm diameter, 12.6 cm?® area). A metal radiating fin was
installed above the circular board to protect the UVC-LED from
overheating and magnetic stirrer was used to mix the solution
during the experiment. The average UVC-LED irradiance was 0.20
mW/cm? during all experiments. Light intensity was adjusted by
changing the current of the DC power supply and measured by
digital handheld optical power and energy meter console (PM100D,
THORLABS) with a probe (S120VC). The irradiation device (a) and
the UVC-LED spectrogram (b) were illustrated in Figure 1

2.3 Irradiation experiment

Taken 20 mL of the above diluted bacterial solution was placed in the
petri dish (60 mm diameter, 15 mm height) and irradiated at 20 mm
from UVC-LED. Before irradiation, the UVC-LED modules were
preheated and reached the stable emission stage. A cylindrical device
was used to cover the outside of the ultraviolet device to ensure that the
UV beam remains parallel. During the whole experimental process, the
shading curtain was used to avoid the interference of other surrounding
light. The disinfection effects on A. salmonicida and E. coli under the
treatment of different UVC-LED dosages were compared by changing
the exposure duration. The UVC-LED treatment duration were set as 0,
20, 40, 60, 80, 100, 120, 140, 160 and 180 s. The UVC-LED treatment
dosages were set as 0, 4, 8, 12, 16, 20, 24, 28, 32 and 36 mJ/cm?,
respectively. After UVC-LED treatment, 1 mL sample was taken
immediately and diluted to a series of gradients for the enumeration.
Agar plating method is a commonly used technique for bacterial
counting, and it is also widely employed in the evaluation of
disinfection efficacy. The inactivation efficiency of bacteria was
analyzed by calculating log inactivation using Eq. (1) (Lu et al,, 2021).

Log inactivation = Log(N,/N) =k x D (1)
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FIGURE 1
(A) The UVC-LED inactivation system and (B) emission spectra.

in which, Ny and N were the colony counts (CFU/mL) before
and immediately after disinfection, k was the UV inactivation rate
constant (cm?*/mJ), and D was the dosage of UV treatment received
by the bacteria (mJ/cm?).

2.4 Photoreactivation and dark reactivation

According to the above experiment results, the inactivation of
3-log and 5-log of A. salmonicida and E. coli were selected for
photoreactivation and dark repair experiments. Thus, UVC-LED
irradiation at 12 mJ/cm?, 24 m]/cm2 for A. salmonicida, and 20
mJ/cm?, 36 m]/cm2 for E. coli were used. As described above, 30
mL of microbial suspension was prepared before UVC-LED
irradiation, half of the microbial suspension was taken as the
control group and the rest was placed in a petri dish for UVC-LED
irradiation. Take 5 mL irradiated samples into sterile centrifuge
tubes and transferred them to a light incubator (Temperature: 25
+ 0.5°C; Light intensity: 93.8 pmol/m?/s) for photoreactivation
and dark reactivation. Dark reactivation samples were taken into
tubes covered with aluminum foil to avoid light exposure. Samples
were taken at 0, 12, 24, 48 and 72 h for enumeration, respectively.
Agar plating methods were used to enumerate these
microorganisms in suspension. The rate of photoreactivation
and dark repair was quantified using Eq. (2) (Lindenauer and
Darby, 1994).

Rate of reactivation (%) = (N, = N)/(N, = N) x 100 % 2)
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in which, N; is the concentration of microorganisms after
photoreactivation/dark repair for a period of time, t (h) (CFU/
mL). Ny and N were the colony counts (CFU/mL) before and
immediately after disinfection.

To indicate the regrowth potential of bacteria after irradiation
and reactivation, the growth ratio was expressed as Eq. (3)
(Kashimada et al., 1996).

Growth rate (%) = N /Ny x 100 % (3)

in which, Ny is the colony count (CFU/mL) before UVC-LED
irradiation, Nt is the concentration of microorganisms after
photoreactivation/dark repair for 72 h.

2.5 Impact of temperature on
bacterial photoreactivation

To investigate the effects of different temperatures on the
photoreactivation of the irradiated bacteria, 15°C, 20°C, 25°C were
set up to simulate actual culture temperature in aquaculture (Wan
et al,, 2022). Using water bath devices to control the stability of
temperature and monitor temperature variations in real-time. The
temperature control devices were preheated at least 20 min before the
experiment to remain the water temperature stable. A. salmonicida and
E. coli were irradiated by UVC-LED at 12 mJ/cm? and 20 m]J/cm?,
respectively. Then the irradiated samples were immediately floated in
water bath devices and made sure the bacterial suspension was in the
centrifuge tube below the water surface. Sampling and counting are the
same as described above. The rate of photoreactivation at different
temperatures was quantified using Eq. (2).

2.6 Statistical analysis

All experiments were conducted in triplicates, and the results were
expressed as mean * standard deviation. One-way ANOVA was
performed with SPSS 21.0 software, and the results were considered
statistically significant when p< 0.05. Pearson correlation analysis was
performed to display the correlations between UV fluence, repair
mode, repair time, temperature and reactivation rate. Significant
correlations were considered when p< 0.05, and highly significant
correlations were considered when p< 0.01.

3 Results

3.1 UVC-LED inactivation of A. salmonicida
and E. coli

Inactivation of A. salmonicida and E. coli at different UVC-LED
irradiation fluences are shown in Figure 2. At 12 mJ/cm?, UVC-LED
irradiation yielded a 2.83-log inactivation of A. salmonicida, while
completely inactivation (4-log reduction) was achieved at 24 mJ/cm’
with the bacteria entering the non-culturable state. Inactivation of A.
salmonicida stopped increasing as the UVC-LED irradiation fluence
increased. For E. coli, 20 m]/ cm? was able to yield a 3-log inactivation,
while 28 mJ/cm®> UVC-LED was required to obtain a 4.4-log
inactivation. A 36 mJ/cm” treatment was able to yield about 5-log
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FIGURE 2
Inactivation of A. salmonicida and E. coli by UVC-LED at different
fluences.

inactivation of E. coli, but they were still culturable. Even though the
inactivation curves of the two bacteria were comparable, the
inactivation rates slowed down when UVC-LED irradiation
exceeded a certain fluence. The inactivation rate constant for A.
salmonicida increased (kq=0.24) when the UVC-LED irradiation
fluence was less than 16 mJ/cm?, and the inactivation rate (k4=0.04)
decreased significantly when the fluence of UVC-LED treatment was
higher than 16 m]J/ cm”. When UVC-LED fluence exceeded 24 mJ/cm?,
A. salmonicida was no longer culturable (k4= 0). In contrast, a shoulder
effect was observed in E. coli inactivation when UVC-LED irradiation
was less than 8 mJ/cm? (k4=0.05). The inactivation rate for E. coli
(kq=0.23) improved with increasing UVC-LED irradiation fluence at
the range of 8-24 mJ/cm?, while it decreased (k4=0.08) when UVC-
LED irradiation was above 24 mJ/cm?. These results indicate that a
tailing stage might exist in bacterial inactivation when UVC-LED
treatment exceeds a certain fluence, which may be attributed to self-
aggregation caused by UV irradiation, leading to changes in bacterial
surface properties (Kollu and Ormeci, 2015). Similar phenomena were
also found in inactivation of isolated Bacillus subtilis spores by a low-
pressure mercury lamp (253.7 nm) (Mamane-Gravetz and
Linden, 2005).

3.2 Impact of UVC-LED fluences
on photoreactivation

After UVC-LED inactivation, microorganisms can be repaired
via different reactivation mechanisms, and the photoreactivation
was significantly correlated with UVC-LED fluences. To assess the
differences between sublethal and complete inactivation of bacteria,
the inactivation of 3-log and 5-log of A. salmonicida and E. coli were
selected for photoreactivation and dark repair. Based on this, UVC-
LED at 12 mJ/cm® and 24 mJ/cm?® or 20 mJ/cm? and 36 mJ/cm?
were used for A. salmonicida and E. coli inactivation. Both
irradiated A. salmonicida and irradiated E. coli exhibited obvious
photoreactivations. The reactivation rate was positive correlated
with reactivation duration and significantly negative correlated with
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UVC-LED irradiation fluence (p< 0.05) both for A. salmonicida and E.
coli. The higher the applied fluence of UVC-LED, the less the
photoreactivation rate (Figure 3). Generally, after 12 mJ/cm? or 20
mJ/cm® UVC-LED irradiation, photoreactivation rates for both A.
salmonicida and E. coli increased first, and then decreased with
increasing reactivation time, but they were difficult to be revived
after high fluence UVC-LED irradiation (24 mJ/cm? or 36 mJ/cm?).
After 12 mJ/cm? and 24 mJ/cm? UVC-LED irradiation, the A.
salmonicida concentrations were 3x10* CFU/mL and 4.83x10°
CFU/mL, respectively. The reactivation rates and bacterial
concentrations were maximum after 48 h of reactivation
(Figure 3A). Therefore, UVC-LED irradiation reduced the
culturability of A. salmonicida. Compared to A. salmonicida, the
photoreactivation rate for irradiated E. coli was relatively low, and
after UVC-LED irradiations of 20 mJ/cm?® and 36 mJ/cm?, the
concentrations of E. coli were 1.29x10° CFU/mL and 1.06x10” CFU/
mL, respectively. After photoreactivation for 72 h in 36 mJ/cm” UVC-
LED irradiation group, the highest photoreactivation rate and bacterial
concentration for E. coli were 0.02% and 1.44x10° CFU/mL,
respectively (Figure 3B).

3.3 Impact of UVC-LED fluences
on dark repair

Apart from photoreactivation, microorganisms can also be
repaired in dark conditions. In Figure 4, dark reactivations of A.
salmonicida and E. coli differed from photoreactivation. The dark
reactivation rate of A. salmonicida was extremely low, and the
bacterial concentration continued to decrease at the early stage of
dark reactivation. Only 0.8 + 0.63% and 2.2 + 0.24% of A.
salmonicida had reactivated after revival for 72 h in 12 mJ/cm?
and 24 mJ/cm® UVC-LED irradiated group, respectively. Therefore,
higher fluences of UVC-LED irradiation and longer reactivation
times improved the dark repair capacity of A. salmonicida. The dark
reactivation rate at 72 h was higher than that at 48 h, and extended
dark might contribute to A. salmonicida reactivation (Figure 4A).
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Compared to A. salmonicida, E. coli exhibited a different
consistency with regards to dark repair and photoactivation of E.
coli. The dark reactivation rate of E. coli increased with increasing
reactivation time, and was delayed with a high dose of UVC-LED
irradiation. After 20 mJ/cm? UVC-LED irradiation, there were
1.99x10° CFU/mL of E. coli in dark reactivation for 48 h and the
dark repair rate reached a maximum of 0.13 + 0.01%. There was no
dark reactivation of E. coli after 36 mJ/cm> UVC-LED irradiation
(Figure 4B). The dark reactivation rate of bacterial reactivation in
the water sample reduced with increasing UVC-LED fluence,
consistent with findings from other studies (Nebot Sanz et al,
2007). Thus, a higher fluence of UVC-LED irradiation might cause
serious bacterial damage, leading to a loss of reactivation capacity.

Both strains showed better growth rates in light and dark
conditions without UVC-LED irradiation. The growth rate of
unirradiated E. coli under light conditions was 154.55 + 6.94% while
that of A. salmonicida under dark conditions was 2318.8 + 227.8%,
respectively (Figure 5). We postulated that reactivated light might
inhibit bacterial growth when the cellular structure of A. salmonicida
had not been destroyed by UV irradiation. The fluence of UVC-LED
irradiation significantly affected A. salmonicida growth, which was
enhanced by 12 mJ/cm® UVC-LED irradiation (achieved a growth rate
of 192.8 + 35.9%) while it was inhibited after 24 mJ/cm?® UVC-LED
irradiation (a growth rate of only 1 + 0.4%). However, under both
conditions of photoreactivation and dark reactivation, the growth rates
of E. coli after UVC-LED irradiation were very low. Differences in
outcomes between the two strains indicate differences in reactivation
mechanisms of E. coli and A. salmonicida.

3.4 Effects of temperature
on photoreactivation

From the above findings, photoreactivation was the main
pathway for reactivation for A. salmonicida and E. coli after
UVC-LED irradiation. Photoreactivation is a photochemical

25

He

2.0F

FIuence(mchmz)
20
= 36

1.5F

0.5F

0.03T

0.02
b

0.00 L L |! 1

12 24 48 72
Photoreactivation time(h)

0.01

Percentage of E. coli photoreactivation(%)

Photoreactivation with different UVC fluence (A) A salmonicida; (B) E coli). Note: Different lowercase letters in the figure indicate that bacterial

reactivation is significantly different under different conditions. (p< 0.05).

Frontiers in Marine Science

05

frontiersin.org


https://doi.org/10.3389/fmars.2023.1139713
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

A
: 7 a
% ot 7 a W Fluence(mJ/cm?)
9 9 7
N
47 0
19 9 7
iad 2 Y
g-s 12 2 28 72
Dark repair time(h)

FIGURE 4

10.3389/fmars.2023.1139713

B

0.20
S
k-1
.§~ 0.15
E : Fluence(mJ/icm?)
-§ 20
ES 36
3 0.10fF
S
S
=]
@
g
% 0.05f
2]
3
A

0.00 12 24 72

Dark repair time(h)

Dark repair with different UVC fluence (A) A salmonicida; (B) E coli). Different lowercase letters in the figure indicate that bacterial reactivation is

significantly different under different conditions. (p< 0.05).

reaction that maybe be affected by reactivation temperatures.
Temperature gradients were established considering the water
temperature variations in different seasons during mariculture, as
well as the temperature tolerance of the cultured organisms, to
clarify whether different culture temperatures will have an impact
on bacterial inactivation. The common aquaculture temperatures
(15°C, 20°C, 25°C) were selected to investigate the effects of
temperature on bacterial photoreactivation.

Photoreactivation of A. salmonicida exhibited the same trend
under different reactivation durations and temperatures
(Figure 6A). The photoreactivation rate of A. salmonicida
increased with increasing temperature and prolongation of
resurrection duration. The highest photoreactivation rates of 9.7
+2.5%, 68.7 + 4% and 67.1 + 10% at 15°C, 20°C, 25°C were achieved
when UVC-LED irradiated A. salmonicida had been cultured for 72
h. The photoreactivation capacity of A. salmonicida at 15°C was
significantly lower than those at 20°C and 25°C (p< 0.05), and after
72 h of photoreactivation, the bacterial concentrations were
2.02x10” CFU/mL, 1.42x10° CFU/mL and 1.39x10° CFU/mL,
respectively. Therefore, higher temperatures were better for A.
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FIGURE 5

salmonicida photoreactivation, and the photoreactivation rate
increased with time. On the contrary, the photoreactivation rate
for E. coli decreased with increasing temperature, and the order of
temperature effects on E. coli photoreactivation was 15°C >20°C
>25°C. Under the three temperature conditions, E. coli reactivation
reached the maximum value after culture for 48 h, which were
9.13x10” CFU/mL, 6.60x10” CFU/mL and 7.73x10° CFU/mL,
respectively (Figure 6B). Therefore, the variation in temperature
and repair rate between the two bacteria highlights the importance
of considering the impact of temperature during UVC-
LED disinfection

3.5 Correlations

To reveal the critical factors affecting bacterial inactivation and
reactivation, correlation analyses of UVC-LED fluence, repair
mode, repair time, temperature and reactivation rate were
performed. Reactivation rates of the two bacteria were negatively
correlated with UVC-LED fluence, and positively correlated with
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repair time (Figure 7). Inactivations of A. salmonicida and E. coli
gradually increased with increasing UVC-LED fluence, and both
photoreactivation as well as dark repair rates significantly increased
with increasing repair time. Temperature was negatively correlated
with repair methods, therefore, more attention should be paid to
temperature and light after UVC-LED treatment in aquaculture.
The repair rate of A. salmonicida was significantly correlated with
repair methods and temperature (Figure 7A). The
photoreactivation rate of A. salmonicida increased with increasing
temperature, and the reactivation rate at 25°C was significantly
higher than that at 15°C. The repair rate of E. coli showed opposite
correlations with repair methods and temperature. Under dark
repair, E. coli was easier to repair, compared with A. salmonicida
(Figure 7B). Therefore, reactivation varied with bacterial species
and various reactivated conditions.
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FIGURE 7

4 Discussion

4.1 Factors affecting bacterial inactivation

Ultraviolet, which can directly act on DNA, has significant
inactivation effects on bacteria. In this study, similar disinfection
trends for the two bacteria were observed after UVC-LED
irradiation, and the inactivation rate increased with increasing UVC-
LED fluence. Compared with A. salmonicida, the inactivation curve of
E. coli had a shoulder effect and a tailing stage. Deficient E. coli
inactivation was achieved at low UVC irradiations, consistent with a
previous study (Hijnen et al., 2006). Bowker et al. also found that when
the fluence of 255 nm UVC-LED less than 6.3 mJ/cm?, the inactivation
of E.coli was less than 1 log (Bowker et al., 2011; Masjoudi et al., 2021).
The shoulder effects that occurred in light-induced inactivation can be

Fluence
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Repair time

Temperature

Repair rate

Correlations between UV fluence, repair method, repair time, temperature and repair rate (A) A salmonicida; (B) E coli).
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explained by biological processes rather than photochemical reactions
in cells that are attributed to photoreactivation and dark reactivation
(Serna-Galvis et al,, 2019; Song et al,, 2019). The tailing stage refers to
self-aggregation of bacteria when UVC irradiation reachs a certain dose
(Kollu and Ormeci, 2015). The UVC-LED wavelength also played a
vital role in sterilization (Jeong and Ha, 2019). UVC-LED at 254 nm
resulted in 5-log inactivation of E. coli at about 27 mJ/cm* (Zhou et al,,
2017), and inactivation of E. coli reached 6-log at 0.7 mJ/cm* by 266
nm UVC-LED (Kim et al.,, 2016), inactivation of E. coli reached 5-log at
about 18 mJ/cm? by 280 nm UVC-LED (Li et al,, 2017a). Therefore,
265 nm UV wavelength has the strongest sterilization efficiency. Even
under the same wavelength of UV radiation, there were significant
differences in inactivation efficiencies. In the study by Song et al. (2019),
5-log inactivation of E. coli required 7 mJ/cm” irradiation by 265 nm
UVC-LED, while 36 m]J/cm? was required to achieve the same effect in
this study, which may be associated with initial bacterial concentration.
In this study, the initial concentration of E. coli was 1.69x10® CFU/mL,
while the initial concentration in the study by Song et al. was 10° CFU/
mL (2019). These results imply that the number of bacteria directly
affects the irradiation of UVC absorbed by bacteria, which leads to
different sterilization effects. At 265 nm, UVC-LED exerted excellent
inactivation effects on the two bacteria. Due to the lack of a thick
peptidoglycan layer, the gram-negative bacteria (A. salmonicida and E.
coli) were highly sensitive to UV. The gram-negative bacteria has been
shown to be more sensitive to UVC irradiation than gram-positive
bacteria, which has a thicker peptidoglycan layer (Rohde, 2019). In the
study, 4.6 mJ/cm® was required for E. faecalis to reach 5-log
inactivation under irradiation of 222 nm KrCl excimer lamp while
only 2.4 mJ/cm® was required for E. coli (Tsenter et al., 2022).
Therefore, there are wide variations in UVC resistance of different
bacteria (Huang et al., 2016). Under the same UVC-LED irradiation
conditions, the inactivation rate of A. salmonicida was higher than that
of E. coli. A. salmonicida showed a high sensitivity and poor tolerance
to UVC-LED. In standard protocols, only 2.7 mJ/cm® was required for
A. salmonicida to reach 2-log inactivation under irradiation of 254 nm
LP lamp while 6.4 mJ/cm® and 5.6 mJ/cm* was required for E. coli by
275 nm and 265 nm UV-LED (Masjoudi et al,, 2021). Differences in
UVC sterilization effects were associated with UVC wavelength,
microorganisms, initial bacterial concentration and other conditions.
UVC radiation directly damaged to bacterial DNA. However, the
commonly used evaluation method, gel electrophoresis, which can
only detect the extent of double-strand breaks in bacterial DNA, and it
cannot be well detected other types of DNA damage such as single-
strand break. UVC irradiation is usually used in the disinfection
process of source water, wastewater or recirculating water in
aquaculture systems, while reactive oxygen species residues may be
present in the water and could potentially cause oxidative damage to
aquatic animals (Lushchak, 2011). Especially, if UVC irradiation is used
for breeding disinfection, it is necessary to evaluate its safety.

4.2 Comparisons of photoreactivation
and dark repair

When bacteria are not completely inactivated by UVC
irradiation, some of them remain in a sublethal state of “viable-but-
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nonculturable”, which may be restored to the culturable state under
certain conditions (Arvaniti et al.,, 2021). Although the inactivation
rate of low-dose UVC treatment on bacteria reached 99% and their
growth activities were significantly inhibited, they were still in a
culturable state. Therefore, in this study, photoreactivation rates of A.
salmonicida and E. coli at low-dose UVC-LED treatment were
significantly higher than those at high-dose UVC treatments. In a
previous study, the photoreactivation rates of E. coli were 28.73%
after 5 mJ/cm?® UVC irradiation and 0.042% after 20 mJ/cm® UVC
irradiation using 254 nm low-pressure mercury lamp (Guo et al,
2009a). Besides, high doses of UVC irradiation may aggravate the
DNA damage of bacteria and require a longer time to repair, thereby
reducing the bacterial photoreactivation rate (Guo et al,, 2011; Shafaei
et al,, 2017). Photoreactivation delay was observed in the high-dose
UVC-LED treated group, the highest photoreactivation rate of A.
salmonicida appeared at 48 h after 12 mJ/cm® UVC-LED irradiation,
and appeared at 72 h after 24 mJ/cm®* UVC-LED irradiation.
Similarly, the highest photoreactivation rates of E. coli treated with
20 mJ/cm?® and 36 mJ/cm?® UVC-LED irradiation were established at
48 h and 72 h, respectively. The photoreactivation rate was also
associated with light intensity. Increasing the reactivation intensity
improved the photoreactivation rate of E. coli to a certain extent. The
recovered E. coli concentration under light intensity of 2920 lux was
higher than that of 296 lux (Lamont et al., 2004).

Compared with photoreactivation, the efficiency of dark
reactivation of both bacteria was significantly lower, suggesting that
light can provide energy for A. salmonicida and E. coli reactivations.
Photolyase can convert this energy into chemical energy and generate
free radicals to act on cyclobutane pyrimidine dimers (CPDs),
promoting bacterial reactivation (Cadet and Davies, 2017).
Moreover, photoreactivation, which is light-dependent, requires less
energy and is more efficient. Photoreactivation of E. coli was
significantly higher than that of dark repair, and increased with
prolongation of time (Chen et al., 1994). After UVC exposure of 5
m]/cmz, photoreactivation rate of E. coli reached 10.5%, while the
dark repair rate was only 1.98% after reactivation for 24 h (Xu et al.,
2015). Liet al. (Li et al., 2017a) also confirmed the lower reactivation
rate of E. coli under dark conditions. Therefore, a sufficient high dose
of UVC irradiation should be used to inhibit bacterial reactivation
during aquaculture wastewater treatment. Moreover, bacterial
reactivation can be inhibited to a certain extent by reducing the
time and intensity of visible light exposure after sterilization.

4.3 Effects of temperature
on photoreactivation

The activity of bacteria may be inhibited by various factors,
including temperature, which may directly affect the rate of the
intracellular enzymatic reaction or affects the mobility of the cell
membrane (Wan et al, 2022). Considering the practical
applications of UVC inactivation in aquaculture, it is important
to investigate bacterial photoreactivations at different temperatures.
In this study, the two gram-negative bacteria exhibited different
reactivation effects under the same temperature and reactivation
durations. The optimal culture temperatures for A. salmonicida and
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E. coli were 28°C and 37°C, respectively. The photoreactivation
rates for bacteria were not consistent with optimal culture
temperatures, indicating that bacterial photoactivation did not
depend on their optimal culture temperatures. In a previous
study, differences in photoreactivation kinetics of E. coli cultured
at 15-30°C were insignificant while photoreactivation efficiencies of
bacteria significantly decreased when the temperature exceeded 37°
C (Xu et al., 2015). Besides the significant reduction in
photoactivation efficiencies of E. coli, the intracellular photolysis
protein levels also decreased when E. coli was cultured in this
temperature range. Photolyase of E. coli may be a cryogenic enzyme
that exerts better photoreactivation abilities at lower temperatures.
Differences in structure, metabolism, and photolyase numbers
result in differences in bacterial photoreactivation responses
(Quek and Hu, 2008; Cadet and Davies, 2017). Temperature
directly affects the rate of the intracellular enzymatic reaction,
which leads to differences in the growth and metabolic behavior
of bacteria under different temperature conditions. It influences the
contents of unsaturated fatty acids in microbial cells, thus affecting
the mobility of the cell membrane, the absorption of nutrients and
the secretion of metabolites (Wan et al., 2022). Maximum
photoreactivations of A. salmonicida and E. coli appeared at 72 h
and 48 h, which might be associated with bacterial reproduction
rates. A. salmonicida grows slowly and should be cultured at 28°C
for 48 h, while E. coli is cultured at 37°C for 24 h. Studies on
reactivation of A. salmonicida are very few and photoactivation as
well as its influencing factors should be investigated further. In
summary, elucidation of inactivation and reactivation of A.
salmonicida by UVC-LED will inform on application potential of
UVC-LED in aquaculture.

5 Conclusions

UVC-LED effectively disinfects the common pathogenic
bacteria (A. salmonicida and E. coli) in aquaculture. However,
there were variations in bacterial resistance to UVC-LED, and A.
salmonicida being more sensitive to UVC-LED than E. coli.
Compared to dark repair, photoreactivation was the best
reactivation mechanism for irradiated bacteria, as light provides
energy to promote the reactivation of bacteria. With the increase of
UVC-LED irradiation dose, it may increase the damage degree of
bacteria and reduce the regeneration potential, leading to delayed
reactivation. The intensity of reactivation light also affected
bacterial reactivation. In addition, temperature affected the
bacterial photoreactivation rate. Photoreactivation rates of A.
salmonicida and E. coli exhibited different variation trends with
temperature elevations, and their optimal reactivation temperatures
were 25°C and 15°C, respectively. Therefore, photoreactivation
mechanisms of the two bacteria differed. In present study, we did
not focus on the sterilization in the breeding process. When UVC
irradiation applied during breeding, more attention needs to be
given to the potential harm on the cultured organisms. This study
shows the feasibility of UVC-LED to effectively inactivate bacteria
in aquaculture wastewater and elucidates on the reactivation
mechanisms of A. salmonicida and E. coli after inactivation by
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UVC-LED. Our findings provide a reference point for optimal
design and operations of ultraviolet sterilization devices in
aquaculture. The results of present study are important reference
for large-scale aquaculture wastewater treatment and provide
insights into the treatment of aquaculture source water.
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