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Introduction: The Vibrio genus includes aquatic bacteria from freshwater,
estuarine, and marine environments, some of which pose significant risks to
public and environmental health, highlighting the need for effective disinfection
strategies. This study investigated the inactivation kinetics, reactivation potential,
and energy efficiency of UV-LEDs emitting at 265 nm and 275 nm for controlling
Vibrio alginolyticus and Vibrio parahaemolyticus, two emerging
marine pathogens.

Methods: Bacteria were exposed to UV irradiation under different post-
treatment conditions (0 d, 1 d-dark, 1 d-light), and both inactivation rate
constants (k, mJ-cm™) and electrical energy per n-log reduction (Eg, ) were
obtained and analyzed.

Results and discussion: Results showed that V. parahaemolyticus was more UV-
sensitive than V. alginolyticus, with inactivation rate constants of 1.22 and 1.60
cm?mJ™ at 265 and 275 nm, respectively, compared to 0.82 and 0.69 cm?mJ™
for V. alginolyticus. No significant differences were observed between the two
wavelengths (265 nm and 275 nm) in terms of inactivation rate constants. As a
result, achieving a 2-log reduction required lower fluences for V.
parahaemolyticus (3.68-2.89 mJ-cm™@) than for V. alginolyticus (5.53-6.85
mJ-cm™?). Post-treatment incubation caused a decline in k-values one day
after UV exposure, particularly under light conditions, with reductions of up to
59.9% at 275 nm and 48.8% at 265 nm. Although the decrease in k-values under
dark conditions was less pronounced (average 27.9%), it remains noteworthy
when compared with other fecal bacterial indicators. Electrical energy analyses
revealed lower Eg ; values at 275 nm, indicating greater energy efficiency, with
values ranging from 0.012 to 0.050 kWh-m™ for both Vibrio species. These
results support the need for wavelength-specific optimization to balance
disinfection efficacy and energy efficiency in marine water treatment and
seafood safety applications.
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1 Introduction

The Vibrio genus comprises diverse Gram-negative bacteria
that inhabit a broad range of aquatic environments, including
freshwater, estuarine, and marine ecosystems (Almagro-Moreno
et al,, 2023; Seymour and McLellan, 2025). While many Vibrio
species are harmless members of the natural microbiota, others pose
significant risks to public health, aquaculture, and marine
ecosystems. Notably, Vibrio cholerae is well known for its ability
to survive and proliferate in freshwater, unlike most other species in
the genus, which are primarily adapted to brackish or saline
conditions (Grimes, 2020; Brumfield et al., 2023).

Climate-driven warming and extreme weather, together with
anthropogenic alterations, such as urbanized coastlines and
chemically modified estuarine environments, are increasing the
vulnerability of coastal ecosystems, promoting the spread of
Vibrio spp. and other non-indigenous species with broad
environmental tolerance (Gonzalez-Ortegon and Moreno-Andres,
2021; Seymour and McLellan, 2025). These factors contribute to
higher bacterial densities in marine environments, increasing the
likelihood of human exposure through direct contact with
contaminated water or the consumption of contaminated seafood
(Baker-Austin et al., 2013, Baker-Austin et al., 2018; Trinanes and
Martinez-Urtaza, 2021). Additionally, aquaculture facilities located
in estuarine areas are particularly vulnerable to Vibrio-related
outbreaks, which can lead to significant economic losses (Sony
et al,, 2021; Yang et al., 2021; Lo et al,, 2023; Koutsoumanis et al.,
2024; Siboni et al., 2024). Furthermore, the global dispersal of
marine species through non-natural means, such as ballast water
discharge, may enhance the risk of Vibrio infections by introducing
new pathogenic strains into previously unaffected regions (Ng et al.,
2018; Georgiades et al., 2021; Lv et al., 2023). Given these threats,
effective mitigation strategies are urgently needed to control Vibrio
contamination in seafood and marine environments, as recently
emphasized by the European Food Safety Agency (EFSA)
(Koutsoumanis et al., 2024).

Among Vibrio species, Vibrio cholerae (non-O1l/non-0139),
Vibrio parahaemolyticus, Vibrio vulnificus, and Vibrio alginolyticus
are particularly significant due to their pathogenicity, ubiquity, and
sensitivity to warming marine conditions (Baker-Austin et al., 2017;
Gyraite et al,, 2024), However, V. parahaemolyticus and V.
alginolyticus stand out as emerging pathogens due to their
increasing incidence in human infections and seafood
contamination. Both species thrive in warm, brackish waters, with
their prevalence expected to increase due to climatic factors (de
Souza Valente and Wan, 2021; Brumfield et al., 2023; Baker-Austin
et al, 2024; Koutsoumanis et al., 2024). Additionally, they are
widely used as indicator bacteria for evaluating disinfection
methods in marine and seafood-processing environments (Wang
et al., 2021b; Kuroyanagi et al., 2022; Hamza and Zinjarde, 2023; Ma
et al., 2023; Moreno-Andres et al., 2023; Lim and Kang, 2024).

Control of these emerging pathogens requires effective
treatment strategies. While chemical treatments like ozonation or
chlorination can control biological quality (Moreno-Andreés et al.,
2020; Pumkaew et al., 2021; Cho et al., 2024), they raise concerns
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about toxic substance management, disinfection by-products, and
biofilm formation with bacterial adaptation (Mougin et al., 2023).
UV treatment has become a preferred method for disinfecting
intake water in aquaculture facilities and shellfish depuration
systems (Koutsoumanis et al., 2024). It is also the main option for
ballast water treatment systems (Hess-Erga et al., 2019), providing
effective pathogen inactivation.

The transition from traditional mercury-based UV lamps to
UV-LED technology is essential due to the environmental and
regulatory constraints imposed by the Minamata Convention,
which aims to phase out mercury-containing products (UNEP,
2019). UV-LEDs offer mercury-free operation, design flexibility,
and long lifespan, and though current efficiencies at lower
wavelengths are limited, improvements are expected in the
coming years (Martin-Somer et al., 2023). Additionally, UV-LEDs
allow for precise wavelength selection, which is crucial given that
different UV-C wavelengths may exhibit varying disinfection
mechanisms and efficiencies (Martin-Somer et al., 2023; Sun
et al,, 2023).

The effectiveness of UV-LEDs in microbial disinfection depends on
the spectral sensitivity of each target organism, emphasizing the need
for precise dose-response characterization (Sun et al., 2023). While
DNA exhibits peak UV absorption at approximately 260 nm,
variations in nucleic acid composition and cellular structure among
microorganisms can influence the optimal wavelength for inactivation
(Li et al., 2019; Martin-Somer et al., 2023; Sun et al., 2023). For instance,
265 nm UV induces more DNA damage than 285 nm, particularly in
Gram-negative bacteria, which are more susceptible due to their
thinner peptidoglycan layer (Sun et al., 2023).

On the other hand, a key challenge in UV disinfection is the
potential for microbial regrowth by organisms that were not
inactivated by the treatment, as well as organisms that recovered
their ability to reproduce due to photo-reactivation or dark repair
mechanisms, particularly when sublethal UV doses are applied.
This concern is particularly relevant for marine bacteria, which
remain in their natural environment post-disinfection, unlike fecal
bacteria that are typically introduced from external sources.
Research suggests that longer UV-C wavelengths, such as 280 nm,
while less germicidal than the 260-265 nm range, may be more
effective in suppressing photoreactivation and dark repair (Li et al.,
2017; Nyangaresi et al, 2018), highlighting the importance of
wavelength selection for sustained microbial inactivation. Due to
photo-reactivation and dark-repair mechanisms, post-treatment
conditions should be considered when evaluating treatment
efficacy, particularly in marine ecosystems where these processes
remain less studied.

This study aims to evaluate and define the dose-response curves
of two emerging marine pathogens, Vibrio alginolyticus and Vibrio
parahaemolyticus, under UV-LED exposure at 265 nm and 275 nm.
Additionally, it seeks to assess their potential for post-treatment
reactivation under light and dark conditions, providing insights into
the efficacy of UV-LED disinfection at tailored wavelengths. By
analyzing interspecies differences, this research contributes to the
optimization of UV-based disinfection strategies for improved
microbial control in marine environments.
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2 Material and methods
2.1 Organisms and microbial procedures

2.1.1 Bacterial strains and preparation of the
challenge water

The organisms used in this study were the bacteria Vibrio
alginolyticus (ATCC 17749/CECT 521T) and Vibrio
parahaemolyticus (ATCC 17802/CECT 511T). The bacteria
strains were acquired to the Spanish Type Culture Collection
(CECT, University of Valencia, Spain) in lyophilized format.
Lyophilized organisms were recovered in Marine Broth (2216
Difco' ™) at 30°C for 24 h and subsequently sub-cultured for
another 24 h. The resulting culture was aliquoted, mixed with a
50:50 glycerol-water solution, and stored in cryovials at -30°C for
long-term preservation.

To prepare the working strain, the contents of a cryovial were
resuspended in 50 mL of Marine Broth and incubated at 30°C for 24
h. The culture was then transferred into 50 mL of fresh Marine
Broth and incubated for an additional 24 h. These conditions were
selected based on the recommendations of the Spanish Type
Culture Collection (CECT) for V. alginolyticus and V.
parahaemolyticus. Similar incubation protocols have also been
used in previous disinfection studies involving marine bacteria,
including the specific strains employed in this work, i.e, ATCC
17749 and ATCC 17802 (Wu et al, 2011; Lomeli-Ortega and
Martinez-Diaz, 2014; Moreno-Andreés et al., 2018, 2020; Zhang
et al, 2023). After incubation, 45 mL of the sub-culture were
divided into sterile vials and centrifuged at 3000 rpm for 10 min.
The supernatant was discarded, and 5 mL of artificial seawater
(prepared with 35 g L' of Instant Ocean® sea salt in distilled water)
were added to each vial. The bacterial pellets were resuspended in
50 mL of artificial seawater in a sterile flask, yielding the final
bacterial inoculum.

The challenge water was prepared by adding 1 mL of the
bacterial inoculum into 1 L of artificial seawater. The bacteria
concentration in the challenge water ranged between 9.35-10° and
2.83.10 CFU mL™,

2.1.2 Determination of the bacterial
concentration

The UV treatment efficacy was determined by enumerating the
culturable bacteria concentration in the unirradiated controls and
the treated samples. Ten-fold dilutions were made from every
sample, and 1 mL of each dilution tier was filtered through
gridded membranes of 0.45 pum (Pall Corporation) according to
the membrane filtration method. The membranes with the retained
bacteria were plated in Petri dishes with Thiosulfate Citrate Bile
Salts Sucrose (TCBS Agar, Scharlau) and incubated at 30°C for 24 h.
Although the possibility of inducing viable but non-culturable
(VBNC) states during UV disinfection cannot be ruled out
(Wang et al,, 2021a), this limitation is softened by the use of
spiked ATCC strains under controlled laboratory conditions. In
fact, previous studies have shown that plate count methods can
reliably reflect bacterial survival in similar experimental setups
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(Wennberg et al., 2013). Nevertheless, in future applications
involving environmental isolates or complex microbial
communities, the use of complementary culture-independent
methods is recommended to account for sublethally injured or
VBNC populations.

After the incubation, the colonies were enumerated. For a
proper accuracy of the calculations, the plates with a CFU
number between 15 and 150 were considered as valid for
calculation; less than 15 CFU were considered as non-
representative and more than 150 CFU does not allow the
colonies to growth properly and hampers the correct
enumeration. The culturable bacteria concentration in the
samples was calculated as the quotient of the CFU and the
filtered volume multiplied by the corresponding dilution factor.

2.2 UV reactors and dose calculation

Two UV devices were used in the experiments (Photolab
LED265-0.1er/cb and Photolab LED275-0.1er/cb, APRIA Systems
S.L., Spain). Each reactor was equipped with a LED (100 mW),
emitting at A, = 265 nm or Ay, = 275 nm, allowing the
evaluation of microbial inactivation and reactivation at two
representative UV-C wavelengths, while ensuring consistency
with previous studies and current technological constraints.

The UV dose was determined as the product of the mean
intensity (I,) and the exposure time (f). The I, was calculated
according to the protocol by Bolton and Linden (2003) (Bolton and
Linden, 2003). The irradiance at the center of the sample surface
was determined by a radiometer (HD 2102.1, Delta OHM)
equipped with a UV-CB probe (Delta OHM LP471). The water
transmittance (T,,) at either 265 or 275 nm was measured right
before the UV irradiation, providing values between 70.3% and
75.0%, and used to calculate the I,;, value in each experiment. The
relatively low transmittance values can be attributed to the
formation of micro-precipitates after autoclaving and the high
bacterial density. Once determined the I,, (0.809-
0.843 mW-cm™), the exposure time required to apply UV doses
between 4 and 18 mJ.cm™> were calculated (Supplementary
Table SI). The range of UV doses was selected to determine the
inactivation kinetics according to preliminary studies.

2.3 Experimental approach

The challenge water containing either V. alginolyticus or V.
parahaemolyticus was irradiated with different UV doses emitting at
Amax = 265 nm or Ay, = 275 nm and subjected to different post-
treatment illumination regimes (Figure 1).

20 mL of the challenge water was placed into a glass Petri dish
with 49 mm of internal diameter. The sample volume was irradiated
for the time required to apply the target UV dose; then the sample
volume was transferred into a 50 mL sterile borosilicate Erlenmeyer
flask and subjected to the microbiological determination procedure
(section 2.1.2). The irradiation procedure was repeated, and the
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FIGURE 1

Experimental setup for assessing V. alginolyticus and V.
parahaemolyticus inactivation under two different UV-LED
wavelengths (Anax = 265 NM; Amax = 275 nm), as well as evaluating
photoreactivation and dark repair potential 24 hours post UV
exposure.

treated sample was transferred into another sterile Erlenmeyer and
placed into a climate room at 24°C and illumination at 37.3 pmol
photons m™ s™', with mixed cold white 6,500K and warm white
2,700K light. For dark repair assessment, the same UV dose was
applied for a third time, with the resulting sample transferred into
another Erlenmeyer flask, but covered with aluminum foil to
prevent bacteria exposure to the environmental light and placed
in the climate room. Flasks were covered but allowing the air
exchange and incubated in static condition. The same procedure
was repeated for the three remaining target UV doses and for non-
irradiated control. The incubated samples associated with photo-
reactivation and dark repair experimentation were subjected to the
bacterial determination procedure after 24 h of incubation (1d-light
or 1d-dark, respectively) as the repair processes have placed
between 1 and 12 h after the UV irradiation (Oguma et al., 2001;
Nebot et al.,, 2007; Quek and Hu, 2008). Two samples were collected
per UV dose, and the experiment was repeated twice for each
organism, thus obtaining four samples for every combination of
organism, UV dose, wavelength and post-treatment condition.

2.4 Data analysis and statistics

For each experimental series, the survival (S) of every sample
was calculated as the quotient between the concentration of
culturable bacteria in the treated sample (N) and their
corresponding non-irradiated and non-incubated control (Nj).
Therefore, S includes the effect by the UV irradiation as well as
the possible growth or mortality occurring throughout to the 24
h storage.

The values of Log (S) were represented against the
corresponding values of UV dose to obtain the inactivation
curves. The inactivation curves were modeled according to the
log-linear + tail inactivation model (Equation 1, in which S, is the
survival in absence of UV irradiation, S is the asymptotic value of
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survival at high UV doses, and k, cm? m]'l, is the inactivation
kinetic constant) (Geeraerd et al., 2005).

S= (SO - Sres) ' e_k - UV Dose + Sres (1)

Modeling was carried out using SigmaPlot 11.0, providing the
values for the three model parameters, their standard errors and p-
values, as well as the R? for the correlation between estimated and
experimental values (Supplementary Table S2). For a practical
evaluation of the treatment efficacy, the inactivation model
parameters were used to calculate the D,, understood as the UV
dose required to achieve “n” log-reductions of the culturable
bacteria concentration. D,, was calculated for every organism,
wavelength and post-treatment regime.

The inactivation curves data were also subjected to ANCOVA
using Log (S) as dependent variable, the UV dose as covariate, and
the bacterial species (V. alginolyticus or V. parahaemolyticus), the
wavelength (265 or 275 nm) and the post-treatment regime (0d, 1 d
- light, or 1 d - dark) as qualitative factors, to determine their
potential impact on the treatment efficacy. p-values were adjusted
according to the Bonferroni procedure. The interaction terms
(Organism x UV dose, Wavelength x UV dose, and Post-
treatment x UV dose) were not significant (p > 0.05) and thus
discarded from the analysis.

Energy efficiency assessments have been widely applied to evaluate
the performance of various UV disinfection systems, including those
utilizing UV-LEDs and low-pressure mercury lamps (Beck et al., 2017;
Martin-Somer et al., 2023; Sun et al., 2023). In this study, the Electrical
Energy per Log Reduction (Eg;,,,) was calculated (Equation 2), which
incorporates parameters from the experimental set-up and
inactivation results (Beck et al., 2017; Sun et al, 2023). The Eg;,
values were obtained using the following equation:

A-D,

EELy =
N"36.103.V.C-WF

2)

The parameters used in the EEL,, calculations include A, which
represents the irradiated surface area (cm?), and D,, the UV fluence
(mJ-cm™) required for achieving an n-log reduction. The sample
volume (V) is measured in mL, while C corresponds to the wall-
plug efficiency of the UV-LED, a value provided by the
manufacturer. Additionally, the water factor (WF) is considered,
following the methodology described by Bolton and Linden (2003).

3 Results and discussion
3.1 Dose-response profiles for inactivation

The inactivation curves exhibited similar patterns for both V.
alginolyticus and V. parahaemolyticus across UV exposures at 265
nm and 275 nm, as well as for measurements taken immediately
after UV irradiation (0 d) and those taken after 24 h of incubation
under dark (1 d - dark) or light (1 d - light) conditions. As shown in
Figure 2, the curves initially display a linear decrease in Log (S) with
increasing UV dose, followed by a stage where increasing the dose
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Inactivation curves obtained for both organisms treated at either 265 or 275 nm, under different post-treatment conditions: determined right after
the UV irradiation (0 d) or after 24 h under dark (1 d - dark) or light (1 d - light) incubation. Lines represent the log-linear + tail model fitted to the

experimental data. Data represent individual values obtained from analyses.

no longer enhances inactivation, a phenomenon known as tailing
(Cerf, 1977).

In all cases, inactivation was highest immediately after UV
irradiation, followed by 1d - dark samples, and lowest in 1d-light
samples. Thus, the data obtained reveal that the inactivation level is
reduced one day after the UV irradiation (Figure 2). Bacterial
regrowth can occur through reactivation from a viable but non-
culturable state, repair of photo-induced DNA damage, and
reproduction of bacteria surviving disinfection (Wang et al., 2021a).
The values of Log (S) in absence of UV irradiation (Log (S,)) are non
significant (Supplementary Table S2), indicating the absence of
reproduction of survivor bacteria, since the water matrix was
deprived of nutrients. For this reason, the greater concentration of
culturable bacteria one day after the UV irradiation can be attributed
to the UV-damage repairing processes (Sinha and Héder, 2002).

Similarly, tailing phenomena is observed in all cases (Figure 2).
The tailing effect in inactivation processes has been commonly
observed in bacteria (Rattanakul and Oguma, 2018; Maclsaac et al.,
2024), including Vibrio species (Hamamoto et al., 2010; Romero-
Martinez et al., 2022; Kyriazi et al., 2023). Traditionally, this behavior
has been linked to the presence of a treatment-resistant microbial
subpopulation (Nyangaresi et al., 2018), microbial aggregation
(Vitzilaiou et al.,, 2021), or the protective role of the surrounding
matrix, which can shield a fraction of the population from direct
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exposure (Azimi et al, 2017). Additionally, engineering and
hydrodynamic factors, such as intensity-exposure reciprocity and
reactor design, may influence tailing behavior (Oguma et al., 2013;
Guerra-Rodriguez et al., 2022; Romero-Martinez et al., 2022;
Blanchon et al, 2025). Recent research suggests an alternative
explanation, proposing that stochastic variations in gene expression
may contribute to the tailing effect (Oppezzo et al,, 2024).
Accordingly, the tailing phenomena is influenced by both biological
factors and operational conditions, making it unpredictable without
real-world testing in actual reactors and challenge water.

3.2 Inactivation kinetics

The inactivation curves observed (Figure 2) followed a log-linear +
tail kinetics model (Equation 1), with all kinetic parameters detailed in
Supplementary Table 2. The R? for the correlation between estimated
and experimental values was > 0.9 in all cases. The values of Log (S,)
were determined as non-significant (p > 0.05). This indicates that
bacterial concentration remained unchanged during light or dark
incubation compared to the levels measured immediately after UV
irradiation, indicating that differences in UV-treated samples are due
to dark repair and photo-reactivation. The values of Log (Ses) were
significant (p < 0.001) in all cases (Figure 3A; Supplementary Table
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incubation conditions. (A) Ses: asymptotic survival at high UV doses. (B) k: inactivation constant (cm?mJ™%). Numerical values, standard errors and p-
values of the kinetic parameters, and R? values can be found in the Supplementary Table S2 of the Supplementary Material. Error bars represent the

standard error of the model parameters.

S2). Log (Sres) values indicate that the maximum level of inactivation
was greater in samples analyzed right after the UV irradiation, whereas
the maximum level of inactivation reachable was reduced in the
samples incubated for one day. The k values were significant
(p < 0.001) in all cases (Figure 3B; Supplementary Table S2), with
the highest values observed immediately after UV irradiation, followed
by samples kept in the dark for one day, and the lowest k-values in
those incubated under light for one day. This confirms that
reactivation occurs in both Vibrio species and under both UV-
C wavelengths.

To determine the significance of the studied factors involved in
the UV inactivation (UV dose, target organism, treatment
wavelength, and reactivation processes) an ANCOVA was applied
to the inactivation curves data (Supplementary Table S3). The
ANCOVA indicated significant (p< 0.001) effect of the UV dose on
Log (S); significant (p< 0.001) differences between both species, with
greater effect on V. parahaemolyticus with respect to V. alginolyticus
(Figure 4A), non-significant (p = 0.521) differences between both
emission wavelengths (Figure 4B), and significant differences (p<
0.001) between the three post-treatment conditions (Figure 4C).

The results revealed differences in UV sensitivity between the
two Vibrio species. V. parahaemolyticus showed higher sensitivity,
with greater inactivation rate constants at both 265 nm and 275 nm,
compared to V. alginolyticus. Post-treatment incubation led to a
notable reduction in inactivation rate constants, particularly under
illuminated conditions. For V. parahaemolyticus, k-values
decreased by 36.3% (1d-dark) and 48.8% (1d-light) at 265 nm,
and by 38.8% and 59.9% at 275 nm, respectively. V. alginolyticus
showed a less pronounced reduction of k-values, with decreases of
up to 40.4% at 265 nm and 35.1% at 275 nm under light exposure.
These results confirm that incubation under light conditions
promotes a greater reduction in disinfection efficacy than
incubation in darkness, highlighting the importance of controlling
post-treatment exposure to light.
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The differential sensitivity of V. alginolyticus and V.
parahaemolyticus to UV-C radiation is likely influenced by
physiological and genetic factors, as both strains were subjected to
identical experimental conditions, meaning that observed
differences arise from intrinsic strain characteristics. As Gram-
negative bacteria, both species are expected to show moderate-to-
high sensitivity to UV-C; however, variations in UV resistance may
be attributed to the presence and expression of the RecA gene and
other genetic factors, including oxidative stress defense mechanisms
(Bauermeister et al., 2009; Pousty et al., 2021; Martin-Somer et al.,
2023). Another key factor influencing UV sensitivity is the role of
outer membrane proteins (OMPs), which serve as the first
structural barrier against UV-C radiation. Their composition and
modifications can significantly impact bacterial resistance and
adaptation to stress. Abdallah et al., 2012 suggest species-specific
responses to UV stress based on OMP analysis in V. alginolyticus
and V. parahaemolyticus, while Romero-Martinez et al., 2023 also
observed differences in UV resistance among various E. coli strains.
In fact, we observed intraspecific variability in the UV-sensitivity on
bacteria, which, in some cases exceeds the interspecific differences
(Romero-Martinez et al., 2023). Even more, the physiological status
of the target bacteria has also an influence on the UV treatment
outcome (Keller and Maxcy, 1984; Vitzilaiou et al., 2021). These
findings imply that each species could employs distinct response
mechanisms that contribute to their relative UV-C sensitivity.

While this study provides valuable insights into the behavior of
two representative Vibrio species, it is important to acknowledge
that only ATCC reference strains were used. Given the genetic
diversity and environmental adaptability of Vibrio spp., wild-type
isolates may exhibit different behavior (Quek and Hu, 2008; Jiitte
et al., 2023). Future studies should consider a broader panel of
environmental strains to capture this variability and strengthen the
applicability of UV-LED disinfection strategies under real-world
conditions. For these reasons, the variability on bacteria species,
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FIGURE 4

ANCOVA results obtained using Log (S) as dependent variable, UV dose as covariate, and (A) species, (B) emission wavelength and (C) post-treatment
conditions as qualitative factors. Error bars represent the 95% confidence interval. Lowercase letters indicate the homogenous groups reported in the analysis.

strains and physiological statuses should have into account for the
validation and application of the UV treatment on natural water.

On the other hand, reactivation became evident when
comparing non-incubated samples with those incubated for 24
hours (Figures 2, 3). In addition, significant differences were also
observed between 1d - dark and 1d - light samples (Figure 4). This
fact indicates that both dark-repair and photo-reactivation
mechanisms cause significant DNA-repairing effect, prevailing
photo-reactivation over dark repair processes.

Microorganisms recover from UV-induced DNA damage
through photoreactivation and dark repair (Sinha and Héder,
2002). Photoreactivation, driven by photolyase and UVA/visible
light, repairs cyclobutane pyrimidine dimers (CPDs) in DNA. Dark
repair, in contrast, replaces damaged nucleotides without light, using
nucleotide excision repair. However, dark repair is less efficient, as
light enhances the repair process (Li et al., 2017; Nyangaresi et al,
2018; Xiao et al., 2018; Martin-Somer et al., 2023; Zhang et al., 2023).
This is supported by our results, which show a significant difference
between samples incubated for 1 day in the dark compared to those
incubated under light (Figure 4). Specifically, the kinetic rate constant
was reduced by 15.5-19.5% at 265 nm and 30.8-34.7% at 275 nm
(depending on Vibrio species) when comparing 1d-dark samples to
1d-light samples (Figure 3). These trends in reactivation align with
findings from other studies specifically focused on Vibrio species.
Research on Vibrio cholerae has shown that photoreactivation is
significantly more efficient than dark repair (Das et al., 1981), while
Vibrio natriegens has been reported to possess both photo-
reactivation and dark-repair mechanisms (Hoft et al., 2020).

Finally, although dark repair in V. alginolyticus and V.
parahaemolyticus had a smaller impact than photo-repair, it still
showed a significant effect when compared to 0 d samples
(Figure 4). This is particularly relevant for marine bacteria, as
previous studies using fecal indicators reported non-significant
reductions in k-values after 1 day of dark incubation (Romero-
Martinez et al., 2023). In fact, repair percentages were also
calculated based on bacterial concentrations and UV dose,
following the approach by Lindenauer and Darby, 1994, yielding
values between 0.096-8.98% at 265 nm and 0.088-7.32% at 275 nm,
depending on the bacterial species and the UV dose applied
(Supplementary Figure S1). Similar trends have been reported in
disinfection studies, where marine bacteria like Aeromonas
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salmonicida show significantly higher dark repair percentages
than common fecal indicators such as E. coli (Zhang et al., 2023).
This highlights the greater resilience of marine bacteria, which can
subsequently result in regrowth episodes after UV treatment.

These results suggest that current UV disinfection standards
(based on non-native fecal bacteria) may not fully represent the
risks in marine environments. Although these indicators, such
Enterococcus faecalis, are more UV-resistant (Malayeri et al., 2016),
their limited survival in saline waters reduces their relevance in coastal
or aquaculture settings (Winfield and Groisman, 2003; Tiwari et al,,
2019). In contrast, marine pathogens such as V. alginolyticus and V.
parahaemolyticus can grow to high levels in seawater and recover after
treatment through photo-repair or dark repair mechanisms. This may
compromise the effectiveness of disinfection. Therefore, it is
recommended that marine-relevant bacteria be included in
performance validations of UV systems, especially for applications
like aquaculture or ballast water management. Incorporating native
marine indicators could lead to more accurate risk assessments and
more robust regulatory frameworks.

3.3 Operational and practical
considerations: UV-doses and energy
efficiency

The values of D, provide an approach of the inactivation efficacy
that is more direct and intuitive in comparison with the inactivation
kinetics parameters (Hijnen et al.,, 2006; Malayeri et al., 2016). In all
cases, 1-log (90%) and 2-log (99%) reductions were achieved,
allowing consistent calculation of Dy and D, values (Table 1). At 0
d, D, ranged from 1.40 to 3.24 mJ-cm, and D, from 2.89 to 6.85
mJ-.cm . These values are consistent with those reported for other
Vibrio species, such as V. cholerae and V. anguillarum (Hijnen et al,
2006; Malayeri et al,, 2016), and support the classification of Vibrio
spp. as UV-sensitive organisms due to the relatively low doses
required for effective inactivation. Although the inactivation efficacy
of V. alginolyticus at 275 nm was slightly lower than that reported by
Romero-Martinez et al., 2022 or Moreno-Andreés et al., 2023, this may
be explained by the higher irradiance used in the present study. These
differences suggest that intensity-time reciprocity and wavelength
dependence can influence disinfection outcomes, highlighting the
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TABLE 1 Values of D; and D, (UV dose required to achieve 1 or 2 log-reductions, mJ-cm?) and electrical energy per 1 or 2-log reduction (Eg 1; Eg 2;
kWh-m) for the different target organisms, emission wavelengths and post-treatment regimes. It is also specified the increasing percentage of the UV

dose requirement due to the incubation under dark or light conditions.

D; + 95% Cl (mJ cm™)

D + 95% Cl (mJ cm™)

Organism Wavelength
od 1d - dark 1d - light od 1d - dark 1d - light
441 £ 081 13 £ 0. 91 £ 1. 11.24 + 3.64
265 nm 2,68 +0.33 08 213 % 0.99 5.53 + 0.38 89 37 36
(+64.3%) (+91.3%) (+61.3%) (+103.4%)
Esia N 0.027 0.045 0.052 0.056 0.091 0.114
(kWh-m)
V. alginolyticus
391 + 0.66 5.69 + 0.52 8.15 +1.22 12.11 + 1.09
275 nm 324+ 025 6.85 + 0.30
(+20.5%) (+75.6%) (+19.0%) (+76.7%)
Erin 5 0.029 0.034 0.050 0.060 0.072 0.107
(kWh-m™)
265 o 178 + 044 3.13 + 047 429 +0.54 3684 0.62 6.33 +0.72 835 + 0.83
R (+76.2%) (+141.1%) R (+71.8%) (+126.6%)
Ezin 0.018 0.032 0.044 0.037 0.064 0.085
(kWh-m™)
V. parahaemolyticus
2.40 + 0.42 3.99 +0.22 4.87 +0.65 7.71 + 0.50
275 nm 1.40 + 0.44 2.89 + 0.61
(+71.5%) (+185.2%) (+68.2%) (+166.6%)
Exin 0.012 0.021 0.035 0.025 0.043 0.068
(KWh-m™)

need for further research on these interactions across different
microbial targets.

As highlighted in previous sections, reactivation processes can
substantially increase the UV dose required to achieve effective
disinfection. In the case of V. alginolyticus, reactivation may lead to
an increase in UV dose of up to 91.3% for D, and 103.4% for D,,
while for V. parahaemolyticus, the required increase can reach
185.2% for D; and 166.6% for D,. These results emphasize the
critical impact of post-treatment conditions on disinfection efficacy.
Therefore, final use conditions (whether the treated water is to be
stored, discharged, or reused) should be carefully considered,
particularly in terms of exposure to light or darkness.

At this point, it is important to note that the UV-LED disinfection
performance evaluated in this study was based on controlled laboratory
assays using synthetic saline water. In natural marine environments,
variable concentrations of dissolved organic matter (DOM), suspended
solids, inorganic ions, and native microorganisms can significantly
influence disinfection outcomes (Gandhi and Prakash, 2023). These
constituents may attenuate UV radiation by absorption and scattering,
reducing the effective fluence and increasing the dose required for
equivalent inactivation. DOM, in particular, can act both as a UV
absorber and as a photosensitizer depending on its composition and
the wavelength used. While the photosensitization effect of DOM can
promote bacterial inactivation via singlet oxygen or triplet state
reactions leading to membrane and DNA damage, it may also shield
bacteria from direct UV exposure (Serna-Galvis et al,, 2018; Gandhi
and Prakash, 2023). Moreover, UV disinfection may alter microbial
community composition in treated marine waters (e.g., ballast water,
aquaculture effluents) by promoting selective survival or recolonization
(Hess-Erga et al,, 2019). In this study, water transmittance was
incorporated into UV-Dose calculations according to standard
protocols (Bolton and Linden, 2003); however, future work should
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include matrix-specific assessments to enhance the applicability of
these findings under real-world marine conditions.

The electrical energy consumption per 1 or 2 log reduction (Egy,;
Egy,) was compared for V. alginolyticus and V. parahaemolyticus at
265 nm and 275 nm, considering different post-irradiation conditions:
0d, 1 d-dark, and 1 d-light (Table 1). Among the tested conditions, 275
nm generally required lower energy consumption for inactivation
compared to 265 nm, particularly for V. parahaemolyticus. For
instance, for Dy, V. parahaemolyticus exhibited the lowest Eg; at
275 nm with 0.012 kWh-m~, whereas V. alginolyticus required 0.029
kWh-m™ under the same conditions, with similar trend observed for
D,. Egp, values increased under post-irradiation conditions,
particularly after 1d-light incubation. For 99% inactivation, Eg; ,
increases ranged from 37.9-41.8% (265 nm) and 15.9-40.6% (275
nm) under 1d-dark, and 50.8-55.9% (265 nm) and 43.4-62.5% (275
nm) under 1d-light, depending on the bacterial species.

Compared to previous studies, our results show similar Egy
trends for UV-LEDs at 260-280 nm. Beck et al., 2017 reported that
280 nm LEDs required less Eg; , than 260 nm LEDs for E. coli
inactivation (a typical fecal indicator, Gram-negative bacteria, as
Vibrio), a pattern also observed by Rattanakul and Oguma, 2018, or
Sun et al.,, 2023 across multiple bacterial species. In our study, 275
nm was more energy-efficient than 265 nm, despite requiring
slightly higher UV doses, emphasizing that wavelength selection
should consider both inactivation efficiency and electrical energy
consumption to optimize UV-LED disinfection systems.

4 Conclusions

This study evaluated the effectiveness of UV-LEDs emitting at
265 nm and 275 nm for the inactivation of two emerging Vibrio
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pathogens, Vibrio alginolyticus and Vibrio parahaemolyticus. The
inactivation kinetics, reactivation potential (photo repair and dark
repair), and electrical energy consumption were analyzed to
determine the most efficient disinfection conditions.

Both species were efficiently inactivated at relatively low UV
doses, with inactivation rate constants (k) ranging from 0.69 to 1.60
cm*m]J™" depending on the species and wavelength used. No
significant differences were observed in inactivation rate constants
between 265 nm and 275 nm. This confirms the feasibility of UV-
LEDs for Vibrio disinfection in marine environments. The
inactivation constant of V. alginolyticus was 32.8% lower than
that of V. parahaemolyticus at 265 nm, and 56.9% lower at 275
nm, indicating greater UV-resistance for V. alginolyticus.

Reactivation was observed, with post-treatment exposure to
light having a greater impact than incubation in darkness.
Compared to 0 d (immediate post-UV inactivation), the k-values
decreased by up to 38.8% at 275 nm under dark conditions, while
photoreactivation led to reductions of up to 59.9%. Interestingly,
the dark repair percentages observed for V. alginolyticus and V.
parahaemolyticus were considerably higher than those typically
reported for fecal bacteria.

Electrical energy consumption per log reduction (Egp;) was
lower at 275 nm, with values of 0.012-0.035 kWh/m® for V.
parahaemolyticus and 0.029-0.050 kWh-m™ for V. alginolyticus,
compared to higher Eg; ; values at 265 nm. This suggests that 275
nm LEDs are a more energy-efficient choice.

These results demonstrate that UV-LEDs are effective for Vibrio
inactivation, but wavelength selection should balance germicidal
performance, energy consumption, and post-treatment bacterial
recovery to optimize disinfection strategies. The findings also have
relevant implications for scaling up UV-LED systems. Although no
significant differences in inactivation were found between 265 nm and
275 nm, the higher energy efficiency of 275 nm supports its selection
for practical applications. Importantly, the observed dark repair and
photo-reactivation in V. alginolyticus and V. parahaemolyticus must
be considered in system design to ensure microbiological safety.
Transitioning from batch to flow-through reactors (necessary for
full-scale implementation) may alter inactivation kinetics due to
changes in UV intensity and exposure time; thus, time-dose
reciprocity should be further investigated. Additionally, real water
matrix effects (e.g, DOM) and strain-specific UV resistance must be
addressed to ensure consistent performance in seawater treatment.
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