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Photoinactivation of major bacterial
pathogens in aquaculture
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Abstract

Background: Significant increases in the bacterial resistance to various antibiotics have been found in fish farms.
Non-antibiotic therapies for infectious diseases in aquaculture are needed. In recent years, light-emitting diode
technology has been applied to the inactivation of pathogens, especially those affecting humans. The purpose of
this study was to assess the effect of blue light (wavelengths 405 and 465 nm) on seven major bacterial pathogens
that affect fish and shellfish important in aquaculture.

Results: We successfully demonstrate inactivation activity of a 405/465-nm LED on selected bacterial pathogens.
Although some bacteria were not fully inactivated by the 465-nm light, the 405-nm light had a bactericidal effect
against all seven pathogens, indicating that blue light can be effective without the addition of a photosensitizer.
Photobacterium damselae, Vibrio anguillarum, and Edwardsiella tarda were the most susceptible to the 405-nm
light (36.1, 41.2, and 68.4 J cm−2, respectively, produced one log reduction in the bacterial populations), whereas
Streptococcus parauberis was the least susceptible (153.8 J cm−2 per one log reduction). In general, optical density
(OD) values indicated that higher bacterial densities were associated with lower inactivating efficacy, with the
exception of P. damselae and Vibrio harveyi. In conclusion, growth of the bacterial fish and shellfish pathogens
evaluated in this study was inactivated by exposure to either the 405- or 465-nm light. In addition, inactivation
was dependent on exposure time.

Conclusions: This study presents that blue LED has potentially alternative therapy for treating fish and shellfish
bacterial pathogens. It has great advantages in aspect of eco-friendly treating methods differed from antimicrobial
methods.
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Abbreviations: BE, Bactericidal efficiency; BHIA, Brain and heart infusion agar; BHIB, Brain and heart infusion broth;
LED, Light-emitting diode; OD, Optical density; PBS, Phosphate buffered saline; PPFD, Photosynthesis photon flux
density; TSA, Tryptic soy agar
Background
Aquaculture has been the fastest-growing food-producing
sector since 1970, with an average growth rate of ~9 % per
year, compared with a 2.8 % growth rate of terrestrial
farmed meat production over the same period (Bostock
et al. 2010; Subasinghe et al. 2001). Worldwide, disease is
considered to be a significant constraint on aquaculture;
the economic losses caused by disease are estimated to be
several billion US dollars per year (Subasinghe et al. 2001).
Bacterial diseases are a major threat to aquaculture
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because bacteria can survive well and reach high densities
in an aquatic environment independent of their hosts,
which is generally not the case in terrestrial environments
(Defoirdt et al. 2011; Pridgeon and Klesius 2013). In
particular, the larval stages of several farmed aquatic
animals are highly susceptible to bacterial diseases
(Defoirdt et al. 2011). Major bacterial pathogens in-
clude Vibrio, Aeromonas, Edwardsiella, and Streptococ-
cus species, which affect fish such as salmon, carp, and
flat fish (Baeck et al. 2006; Han et al. 2006; Milton et al.
1996; Romalde 2002; Weinstein et al. 1997; Wiklund
and Dalsgaard 1998; Won and Park 2008). Inactivation
of microorganisms can be accomplished with light
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technologies, including ultraviolet C irradiation therapy,
photodynamic therapy (PDT), and blue light therapy
(Arrojado et al. 2011; Yin et al. 2013). Ultraviolet (UV) ir-
radiation has an adverse effect on fish; it causes intensive
skin lesions (Ghanizadeh and Khodabandeh 2010) and re-
duction of goblet cells in fish skin, resulting in less mucus
production and, consequently, downregulation of innate
immunity (Kaweewat and Hofer 1997). The use of blue
light (400–500 nm) as a mono-therapy is gaining increas-
ing attention because of its potential antimicrobial effect
and because it does not require an exogenous photosensi-
tizer (Yin et al. 2013). Blue light is much less harmful to
mammalian cells than UV irradiation (Kleinpenning et al.
2010). Light treatment has been applied in aquaculture for
many years. For example, European sea bass and sole
larvae showed the fastest development and the lowest
degree of deformity under blue light (half-peak bandwidth
= 435–500 nm) than under other wavelengths of light
(Villamizar et al. 2011). Also, another study found that ret-
ina from fish exposed to blue light revealed no signs of
damage as assessed by extensive histological examination
(Migaud et al. 2007). In spite of this potential, there is little
information on light therapy as it applies to bacterial path-
ogens that threaten aquaculture. The aim of this study
was to determine the extent of inactivation of bacterial
fish pathogens, in particular, seven species including both
Gram-negative and Gram-positive bacteria carried out
in in vitro experiment. The effects of light-emitting
diode (LED) on different bacterial densities and the ef-
fects of different light intensities were also evaluated.
Methods
Bacterial strains and identification
Seven bacterial species were evaluated in this study. The
bacterial strains were grown on tryptic soy agar (TSA) or
brain and heart infusion agar (BHIA), supplemented with
1 % NaCl. A strain of Vibrio anguillarum isolated from dis-
eased cod was purchased from the Korean collection for
type cultures (KCTC), and Edwardsiella tarda KE1 and
Aeromonas salmonicida RFAS1 originated from diseased
olive flounder and black rockfish were previously used
(Han et al. 2006, 2011). Vibrio harveyi Vh21FL, Photobac-
terium damselae Dae1-1L, Streptococcus iniae BS9, and
Streptococcus parauberis SpOF3K obtained from diseased
olive flounder were confirmed by polymerase chain reac-
tion that was previously described (Table 1) (Mata et al.
2004; Osorio et al. 2000; Pang et al. 2006).
LED source
The 405- and 465-nm LEDs, each composed of 120 indi-
vidual LEDs, were kindly provided by the LED-Marine
Convergence Technology R&D Center (Pukyong National
University). The spectra of the 405- and 465-nm LEDs as
measured by a temperature-controllable integrating sys-
tem (Withlight Co. Ltd., Korea) are shown in Fig. 1. The
maximum irradiation of the 405- and 465-nm LED array
were 250 and 516 μ mol m−2 s−1, respectively, as calcu-
lated using a laboratory radiometer (Biospherical Instru-
ments Inc., USA). Photosynthesis photon flux density
(PPFD; μ mol m−2 s−1) was converted to radiant flux den-
sity (mW cm−2) by using the following formula:

Radiant flux Wð Þ ¼ h� C �NA� PPDF μmolð Þ=λ� 10−3

h Plank0s constantð Þ ¼ 6:626� 10−34

C Light velocityð Þ ¼ 3� 108ms−1 λ ¼ Wavelength nmð Þ
NA Avogadro’s constantð Þ ¼ 6:02� 1023

Antibacterial activity of LEDs
Approximately 105 CFU ml−1 of each culture was sus-
pended in phosphate buffered saline (PBS; pH 7.2–7.4).
Each bacterial suspension (10 ml, with a depth of 5 mm)
was plated on a 30-mm petri dish on TSA (V. anguil-
larum,V. harveyi, P. damselae, E. tarda, and A. salmoni-
cida) or BHIA (S. iniae and S. parauberis) supplemented
with 1 % NaCl, exposed to 250 μ mol m−2 s−1 of the
405- or 516 μ mol m−2 s−1 of the 465-nm LED light, and
placed in a 25 °C incubator for 0, 1, 3, 6, 12, 24, or 48 h.
Each lamp was placed 3.5 cm above open plates contain-
ing the bacterial cultures and positioned perpendicularly.
Temperature was routinely monitored during irradiation.
The cultures were stirred with a sterile magnetic bar for a
few seconds just before being plated, and bacterial counts
were performed. A method slightly modified from a previ-
ous study (Maclean et al. 2009) was used to express the in-
activation data: log10 (N/N0) was plotted as a function of
exposure time, where N0 is the initial bacterial population
in CFU ml−1 prior to inactivation and N is 10 CFU ml−1.
Thus, the mean bactericidal efficiency (BE) was defined as
the log10 reduction in a bacterial population [log10(10/N0)]
by inactivation per unit dose in J cm−2. Exposure time was
deduced from the time at which bacterial populations
reached 10 CFU ml−1.
In order to determine the effects of initial bacterial

density on the antibacterial activity of LEDs, 200 μl of six
10-fold serial dilutions (103, 104, 105, 106, 107, and
108 CFU ml−1, in BHIB supplemented with 1 % NaCl)
were inoculated in a 96-well microplate. The plates were
exposed to a 405- or 465-nm LED at 25 °C. Optical dens-
ity (OD) was measured at 630 nm after 24 h irradiation
using a Sunrise™ spectrophotometer (TECAN Austria),
and data was analyzed using OD of 24 h exposure group/
OD of 24 h non-exposure group × 100 (%) formula.
The data points shown in Fig. 2 and in Table 3 are

expressed as mean values with standard deviations. Two-
tailed Student’s t tests and ANOVATukey’s test were used



Table 1 Bacterial strains and primers used in this study

Bacterial strains Isolation source Primers References

Gram-negative bacteria

Vibrio harveyi Vh21FL Diseased olive flounder Tox F: 5'-GAAGCAGCACTCACCGAT-3'
Tox R: 5'-GGTGAAGACTCATCAGCA-3'

Pang et al. (2006)

Vibrio anguillarum KCTC 2711a Diseased cod – –

Photobacterium damselae Dae1-1L Diseased olive flounder Car 1: 5'-GCTTGAAGAGATTCGAGT-3'
Car 2: 5'-CACCTCGCGGTCTTGCTG-3'
Ure -3': 5'-CTTGAATATCCATCTCATCTGC-3'
Ure -5': 5'-TCCGGAATAGGTAAAGCGGG-3'

Osorio et al. (2000)

Edwardsiella tarda KE1 Diseased olive flounder – Han et al. (2006)

Aeromonas salmonicida RFAS1 Disease black Rockfish – Han et al. (2011)

Gram-positive bacteria

Streptococcus iniae BS9 Diseased olive flounder Lox-1: 5'-AAGGGGAAATCGCAAGTGCC-3'
Lox-2: 5'-ATATCTGATTGGGCCGTCTAA-3'

Mata et al. (2004)

Streptococcus parauberis SpOF3K Diseased olive flounder Spa F: 5'-TTTCGTCTGAGGCAATGTTG-3'
Spa R: 5'-GCTTCATATATCGCTATACT-3'

aType strain

Roh et al. Fisheries and Aquatic Sciences  (2016) 19:28 Page 3 of 7
to determine statistically significant differences (P < 0.05
or P < 0.01) between groups exposed to blue light and
controls.

Results
This study successfully demonstrates the bactericidal ef-
fects of 405- and 465-nm LEDs on selected bacterial fish
and shellfish pathogens. As shown in Fig. 2, growth of the
pathogens evaluated was clearly inactivated by exposure to
either a 405- or 465-nm LED, although the degree of in-
activation varied depending on bacterial species and sam-
pling time point. The one exception was that a 465-nm
LED was unable to inactivate V. harveyi, but that strain
was inactivated by a 405-nm LED. Complete inactivation
of A. salmonicida and S. parauberis was seen 24 h after
irradiation with a 405-nm LED, whereas only 6 h were
required for complete inactivation of V. anguillarum and
P. damselae under the same conditions. Although S. iniae
was more rapidly inhibited by a 465-nm LED, overall, there
were no differences between 405 and 465 nm LEDs in the
inactivation rate of S. parauberis.
Fig. 1 Emission spectra of 405- (a) and 465-nm (b) LED arrays
BE was measured in this study using a method modi-
fied from one that was previously described (Maclean
et al. 2009). Details of the inactivation parameters for all
bacterial species are listed in decreasing order of BE in
Table 2. We calculated BE using exposure time, which
was deduced from the time at which bacterial popula-
tions reached 10 CFU ml−1. P. damselae,V. anguillarum,
and E. tarda were the most susceptible bacteria, while S.
parauberis was the least susceptible, to exposure to a
405-nm LED. Our results show that Gram-negative bac-
teria, such as P. damselae (36.1 J cm−2), V. anguillarum
(41.2 J cm−2), and E. tarda (68.4 J cm−2), seem to be
more sensitive to a 405-nm LED light than are Gram-
positive bacteria like S. parauberis (153.8 J cm−2) and S.
iniae (90.4 J cm−2) (Table 2). However, some Gram-
negative bacteria such as A. salmonicida (98.7 J cm−2)
and V. harveyi (126.4 J cm−2) have lower susceptibility
than S. iniae.
The degree of inactivation of bacterial suspensions

with varying initial population densities in BHIB + 1 %
NaCl following exposure to a 405- or 465-nm LED for



Fig. 2 Viable bacterial counts of V. anguillarum (a), V. harveyi (b), P. damselae (c), E. tarda (d), A. salmonicida (e), S. parauberis (f), and S. iniae (g) in
phosphate buffered saline at 25 °C and several sampling time points (1, 3, 6, 12, 24, and 48 h) after LED exposure in a 405- or 465-nm LED (respectively,
250 μ mol m−2 s−1 or 516 μ mol m−2 s−1) * significant difference, P<0.05; **significant difference, P<0.01
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24 h is displayed in Table 3. In general, the OD values
indicate that the higher starting bacterial densities were
associated with lower inactivating efficacies. However,
there were exceptions: unlike the other bacterial species,
P. damselae exposed to a 405- or 465-nm LED and V.
harveyi exposed to a 465-nm LED were not affected by
their initial concentrations. P. damselae was able to
survive a 405- or 465-nm light exposure in BHIB + 1 %
NaCl, but it was much more susceptible when sus-
pended in PBS.
Discussion
Antimicrobials are commonly used in aquaculture to
prevent and treat bacterial infections in fish. Significant
increases in the bacterial resistance to various antibi-
otics, such as oxytetracycline, quinolones, and amoxicil-
lin, have been repeatedly found in proximity to fish
farms (Defoirdt et al. 2011; Guardabassi et al. 2000;
Schmidt et al. 2000). Excessive use of antimicrobials may
significantly reduce their effectiveness and their useful-
ness in aquaculture. More importantly, studies have



Table 2 Energy levels and bactericidal efficiencies for the inactivation of bacterial species using 405- and 465-nm LEDs

Species Wavelength (nm) Dose (J cm−2) Log10 reduction
(±SD)

Dose/log10 reduction
(±SD)

BEa (±SD)

Photobacterium damselae 405 137 (±4) 3.8 36.1 (±1.0) 0.028 (±0.001)

465 1387 (±126) 3.7 374.7 (±34.1) 0.003 (±0)

Vibrio anguillarum 405 132 (±4) 3.2 41.2 (±1.3) 0.024 (±0.001)

465 1934 (±3) 4 483.6 (±0.7) 0.002 (±0)

Edwardsiella tarda 405 260 (±10) 3.8 68.4 (±2.7) 0.015 (±0.001)

465 2178 (±517) 4.0 544.4 (±129.2) 0.002 (±0)

Streptococcus iniae 405 262 (±5) 2.9 90.4 (±1.6) 0.011 (±0)

465 247 (±3) 3.5 70.5 (±1) 0.014 (±0)

Aeromonas salmonicida 405 345 (±131) 3.5 98.7 (±37) 0.011 (±0.001)

465 555 (±10) 3.3 168.1 (±40.6) 0.006 (±0)

Vibrio harveyi 405 543.7 (±4.4) 4.3 126.4 (±1.0) 0.008 (±0)

465 NA NA NA NA

Streptococcus parauberis 405 446 (±66) 2.9 153.8 (±22.8) 0.007 (±0.001)

465 743 (±153) 2.9 256.2 (±52.7) 0.004 (±0.001)
aBactericidal efficiency, calculated as log10 (10/N0) per radiant flux (J cm−2)
N0 initial bacterial population in CFU ml−1, NA not applicable, BE bactericidal efficiency
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demonstrated that resistance plasmid for some antibiotics
can be shared between bacterial fish pathogens, aquatic
bacteria, and human pathogens, and some of them appear
to have originated in the aquatic environment (Cabello
et al. 2013). Thus, non-antibiotic therapies for infectious
diseases are receiving considerable attention (Jori et al.
2006; Maisch 2009). It was previously demonstrated that
blue light has a broad-spectrum bactericidal effect on both
Table 3 Relative growth of pathogenic bacteria with different initial
arrays for 24 h

Bacteria Wavelength
(nm)

Relative growth (%)a (± s
Initial bacterial cell coun

3 4

Vibrio harveyi 405 0 (±0)b 2 (±1)b

465 70 (±61)b 68 (±2)b

Vibrio anguillarum 405 0 (±0)b 1 (±2)b

465 0 (±0)b 0 (±0)b

Edwardsiella tarda 405 0 (±1)b 0 (±0)b

465 1 (±1)b 0 (±0)b

Aeromonas salmonicida 405 0 (±0)b 0 (±0)b

465 0 (±0)b 0 (±0)b

Photobacterium damselae 405 77 (±3)b 105 (±2

465 103 (±1)b 108 (±1

Streptococcus iniae 405 0 (±0)b 0 (±0)b

465 1 (±1)b 0 (±0)b

Streptococcus parauberis 405 0 (±0)b 0 (±0)b

465 0 (±0)b 0 (±1)b

Different letters (b, c, and d) in the superscripts indicate significant differences (P<0
aRatio of optical density (OD) of control to OD of LED treatment group (treatment O
Gram-negative and Gram-positive bacteria (Dai et al.
2012; Maclean et al. 2009). In this study, growth of the
bacterial fish and shellfish pathogens evaluated was clearly
inactivated by exposure to either a 405- or 465-nm LED
light. Inactivation was dependent on light intensity and
exposure time. Overall, our results show that Gram-
negative bacteria, such as P damselae (36.1 J cm−2), V.
anguillarum (41.2 J cm−2), and E. tarda (68.4 J cm−2),
population densities when exposed to 405- and 465-nm LED

tandard deviation)
ts (log CFU ml−1)

5 6 7 8

74 (±4)c 77 (±3)c 86 (±12)c 83 (±2)c

72 (±2)b 69 (±3)b 78 (±18)b 76 (±2)b

0 (±0)b 0 (±0)b 0 (±0)b 31 (±10)c

0 (±0)b 107 (±40)c 107 (±30)c 105 (±25)c

0 (±0)b 0 (±0)b 1 (±1)b 71 (±10)c

76 (±18)c 121 (±24)d 86 (±6)c 83 (±2)c

0 (±0)b 0 (±0)b 0 (±0)b 0 (±0)b

0 (±0)b 0 (±0)b 0 (±0)b 44 (±4)c

)d 109 (±12)d 103 (±4)d 86 (±8)b, c 99 (±1)c, d

7)b 95 (±8)b 86 (±7)c 66 (±6)b, c 88 (±3)b, c

0 (±0)b 16 (±6)b 84 (±2)b 95 (±3)c

0 (±0)b 1 (±0)c 2 (±1)c 51 (±8)d

0 (±0)b 7 (±6)b, c 10 (±2)c 44 (±5)d

0 (±0)b 11 (±2)c 10 (±4)c 44 (±6)d

.05)
D630 nm/control OD630 nm)
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seem to be more sensitive to a 405-nm light than are
Gram-positive bacteria like S. parauberis (153.8 J cm−2) and
S. iniae (90.4 J cm−2). This result does not agree with a pre-
vious study which showed that Gram-positive bacteria such
as Staphylococcus, Clostridium, and Streptococcus species
were more susceptible to LED light than Gram-negative
bacteria. Exceptions have been reported; Enterococcus fae-
calis suspensions exposed to 10 mW cm−2 light for up to
120 min experienced negligible inactivation (Maclean et al.
2009). Another study also found that the Gram-positive
Listeria monocytogenes was more resistant to a 405-nm
light than was the Gram-negative Salmonella enterica on
acrylic and PVC surfaces (Murdoch et al. 2012). Taken to-
gether, it appears that Gram-positive bacteria are not always
more rapidly inactivated than Gram-negative bacteria. The
BE observed in this study are much lower than those seen
in a previous study. This is because it took bacterial counts
nine times over 200 min, which was much more frequent
than in our study, where sampling was done only seven
times over 48 h (Maclean et al. 2009). In addition, we used
250 μ mol m−2 s−1 (approximately 7.4 mW cm−2) and
516 μ mol m−2 s−1 (approximately 13.3 mW cm−2) inten-
sities of 405- and 465-nm light, respectively, which are
approximately 1.5–10 times lower than those used in previ-
ous studies (e.g., 19.5 mW cm−2 of 415 nm, 100 mW cm−2

of 415 or 455 nm, or 10 mW cm−2 of 405 nm) (Dai et al.
2013; Lipovsky et al. 2010; Maclean et al. 2009). This is one
likely explanation as to why inactivation of pathogens in
this study took longer than in previous studies. The precise
mode of action of the antimicrobial effect of blue light is
not yet fully understood. The commonly accepted hypoth-
esis is that blue light excites endogenous intracellular
porphyrins, which then behave as photosensitizers; photon
absorption leads to energy transfer and, ultimately, the
production of highly toxic reactive oxygen species (ROS)
(Ashkenazi et al. 2003; Hamblin et al. 2005; Maclean et al.
2008). The differences in inactivation kinetics found in this
study may be caused by organism-specific differences in
porphyrin levels or porphyrin types, as suggested pre-
viously. The peak absorption wavelengths of different
bacterial porphyrins may differ, and varying wavelengths
may be required for their maximum photostimulation
(Maclean et al. 2010). The degree of inactivation of bacterial
suspensions with different initial densities was determined
in order to assess LED activity on pathogens in the pres-
ence of nutrients mimicking a natural aquatic environment.
P. damselae was able to survive a 405- or 465-nm light
exposure when cultured on nutrient-enriched environment
but was much more susceptible when suspended in PBS, as
shown in Fig. 2. Several studies have reported that bacterial
pathogens, including Escherichia coli, A. salmonicida,
Streptococcus pneumoniae, and V. harveyi, produce differ-
ent superoxide dismutase (SOD) and catalase isozymes
inducible under certain growth conditions (Barnes et al.
1996; Flint et al. 1993; Vattanaviboon and Mongkolsuk
2001; Yesilkaya et al. 2000). However, P. damselae is not
able to produce different SOD or catalase isozymes when
exposed to oxidative stress induced by hydrogen peroxide,
or under iron-depleted conditions (Díaz-Rosales et al.
2006). Also, P. damselae, possessing a high-affinity iron up-
take system, grown under iron-limited conditions have a
reduced amount of capsular material covering the cells (Do
Vale et al. 2001; Naka et al. 2005). These indicate that P.
damselae grown under nutrient-enriched conditions would
be more resistant to oxidative stress (ROS) induced by LED
irradiation than when grown under iron-limiting conditions
(e.g., PBS). As it has been already demonstrated that blue
light has caused no or very little damage to teleost (Migaud
et al. 2007; Villamizar et al. 2011), it might be an alternative
method to treat and prevent bacterial diseases in fish farm.

Conclusions
To the best of our knowledge, this study is the first to dem-
onstrate that blue light is capable of inactivating major
aquatic pathogens without requiring any external photo-
sensitizer. As it is generally accepted that blue light is
much less harmful to animal cells than is UV irradiation,
and caused little damage to teleost that have already been
demonstrated in previous studies (Migaud et al. 2007;
Villamizar et al. 2011), application of blue light might be
alternative to the use of antibiotics in aquaculture and
would also have safety benefits. We hope our results will
inspire further experiments to explore practical applica-
tions of blue light to fish and shellfish.

Acknowledgements
This research was a part of the project titled “LED-Marine Technology
Convergence R&D Center” funded by the Ministry of Oceans and Fisheries, Korea.

Funding
This study was funded by the Ministry of Oceans and Fisheries, Korea.

Availability of data and materials
Considering this data will be used for enrolling patent, it will not be shared.

Authors’ contributions
HJ mainly conducted the acquisition, analysis, and interpretation of the data and
drafted and revised the manuscript. AR and GS participated in the design and
cooperation of this work including acquiring the bacterial density and OD data.
DH contributed to the conception and design of this work, the interpretation of
the data, and the drafting and revising of the manuscript. All authors approved
the final manuscript.

Competing interests
Authors HJ, AR, GS and DH are listed as inventors on a related patent
application to the Korean Intellectual Property Office entitled “Inactivation
methods aquatic bacterial pathogens using blue LED light” (Patent
application number: 10-2015-0087358). The datasets supporting the
conclusions of this article are available for non-commercial purpose upon
request to the authors.

Received: 25 February 2016 Accepted: 5 August 2016



Roh et al. Fisheries and Aquatic Sciences  (2016) 19:28 Page 7 of 7
References
Arrojado C, Pereira C, Tomé JPC, Faustino MAF, Neves MGPMS, Tomé AC,

Cavaleiro JAS, Cunha Â, Calado R, Gomes NCM, Almeida A. Applicability of
photodynamic antimicrobial chemotherapy as an alternative to inactivate
fish pathogenic bacteria in aquaculture systems. Photochem Photobiol Sci.
2011;10:1691–700.

Ashkenazi H, Malik Z, Harth Y, Nitzan Y. Eradication of Propionibacterium acnes by
its endogenic porphyrins after illumination with high intensity blue light.
FEMS Immunol Med Microbiol. 2003;35:17–24.

Baeck GW, Kim JH, Gomez DK, Park SC. Isolation and characterization of Streptococcus
sp. diseased flounder (Paralichthys olivaceus) in Jeju Island. J Vet Sci. 2006;7:53–8.

Barnes AC, Horne MT, Ellis AE. Effect of iron on expression of superoxide dismutase
by Aeromonas salmonicida and associated resistance to superoxide anion. FEMS
Microbiol Lett. 1996;142:19–26.

Bostock J, McAndrew B, Richards R, Jauncey K, Telfer T, Lorenzen K, Little D,
Ross L, Handisyde N, Gatward I, Corner R. Aquaculture: global status and
trends. Philos T Roy Soc B. 2010;365:2897–912.

Cabello FC, Godfrey HP, Tomova A, Ivanova L, Dölz H, Millanao A, Buschmann AH.
Antimicrobial use in aquaculture re-examined: its relevance to antimicrobial
resistance and to animal and human health. Envrion Microbiol. 2013;15:1917–42.

Dai T, Gupta A, Murray CK, Vrahas MS, Tegos GP, Hamblin MR. Blue light for
infectious disease : Propionibacterium acnes, Helicobacter pylori, and beyond?
Drug Resist Updat. 2012;15:223–36.

Dai T, Gupta A, Huang YY, Tin R, Murray CK, Vrahas MS, Sherwood ME, Tegos GT,
Hamblin MR. Blue light resques mice from potentially fatal Pseudomonas
aeruginosa burn infection: efficacy, safety, and mechanism of action.
Antimicrob Agents Chemother. 2013;57:1238–45.

Defoirdt T, Sorgeloos P, Bossier P. Alternatives to antibiotics for the control of
bacterial disease in aquaculture. Curr Opin Microbiol. 2011;14:251–8.

Díaz-Rosales P, Chabrillón M, Arijo S, Martinez-Manzanares E, Moriñigo MA,
Balebona MC. Superoxide dismutase and catalase activities in Photobacterium
damselae ssp. Piscicida. J Fish Dis. 2006;29:355–64.

Do Vale A, Ellis AE, Silva MT. Electron microscopic evidence that expression of capsular
polysaccarhide by Photobacterium damselae subsp. piscicida is dependent on iron
availability and growth phase. Dis Aquat Organ. 2001;44:237–40.

Flint DH, Tuminello JF, Emptage MH. The inactivation of Fe-S cluster containing
hydrolases by superoxide. J Biol Chem. 1993;268:22369–76.

Ghanizadeh KE, Khodabandeh S. Effects of ultraviolet radiation on skin structure
and ultrastructure in Caspian Sea salmon, Salmo trutta caspius, during alevin
stage. Toxicol Environ Chem. 2010;92:903–14.

Guardabassi L, Dalsgaard A, Raffatellu M, Olsen JE. Increase in the prevalence of
oxolinic acid resistant Acinetobacter spp. Observed in a stream receiving the
effluent from a freshwater trout farm following the treatment with oxolinic
acid-medicated feed. Aquaculture. 2000;188:205–18.

Hamblin MR, Viveiros J, Yang C, Ahmadi A, Ganz RA, Tolkoff MJ. Helicobacter
pylori accumulates photoactive porphyrins and is killed by visible light.
Antimicrob Agents Chemother. 2005;4:2822–7.

Han HJ, Kim DH, Lee DC, Kim SM, Park SI. Pathogenicity of Edwardsiella tarda to
olive flounder, Paralichthys olivaceus. J Fish Dis. 2006;29:601–9.

Han HJ, Kim DY, Kim WS, Kim CS, Jung SJ, Oh MJ, Kim DH. Atypical Aeromonas
salmonicida infection in the black rockfish, sebastes schlegeli Hilgendorf, in
Korea. J Fish Dis. 2011;34:47–55.

Jori G, Fabris C, Soncin M, Ferro S, Coppellotti O, Dei D, Fantetti L, Chiti G, Roncucci G.
Photodynamic therapy in the treatment of microbial infections: basic principles
and perspective applications. Laser Surg Med. 2006;38:468–81.

Kaweewat K, Hofer R. Effect of UV-B radiation on goblet cells in the skin of different
fish species. J Photochem Photobiol B. 1997;41:222–6.

Kleinpenning MM, Smits T, Frunt MHA, Van Erp PEJ, Van de Kerkhof PCM, Gerritsen RMJP.
Clinical and histological effects of blue light on normal skin. Photodermatol Photo.
2010;26:16–21.

Lipovsky A, Nitzan Y, Gedanken A, Lubart R. Visible light-induced killing of bacteria
as a function of wavelength: implication for wound healing. Laser Surg Med.
2010;42:467–72.

Maclean M, Macgregor SJ, Anderson JG, Woolsey G. The role of oxygen in the
visible-light inactivation of Staphylococcus aureus. J Photochem Photobiol B.
2008;92:180–4.

Maclean M, Macgregor SJ, Anderson JG, Woolsey G. Inactivation of bacterial
pathogens following exposure to light from a 405-nanometer light-emitting
diode array. Appl Environ Microbiol. 2009;75:1932–7.

Maclean M, MacGregor SJ, Anderson JG, Woolsey GA, Coia JE, Hamilton K, Taggart I,
Watson SB, Thakker B, Gettinby G. Environmental decontamination of a hospital
isolation room using high-intensity narrow-spectrum light. J Hosp Infect. 2010;76:
247–51.

Maisch T. A new strategy to destroy antibiotic resistant microorganisms: antimicrobial
photodynamic treatment. Mini-Rev Med Chem. 2009;9:974–83.

Mata AI, Gibello A, Casamayor A, Blanco MM, Domínguez L, Fernández-Garayzábal JF.
Multiplex PCR assay for detection of bacterial pathogens associated with warm-
water streptococcosis in fish. Appl Environ Microbiol. 2004;70:3183–7.

Migaud H, Cowan M, Taylor J, Ferguson HW. The effect of spectral composition
and light intensity on melatonin, stress and retinal damage in post-smolt
Atlantic salmon, Salmo salar. Aquaculture. 2007;270:390–404.

Milton DL, Toole RO’, Horstedt P, Wolf-Watz H. Flagellin A is essential for the
virulence of Vibrio anguillarium. J Bacteriol. 1996;178:1310–9.

Murdoch LE, Maclean M, Endarko E, MacGregor SJ, Anderson JG. Bactericidal
effects of 405 nm light exposure demonstrated by inactivation of Escherichia,
Salmonella, Shigella, Listeria, and Mycobacterium species in liquid suspensions
and on exposed surfaces. Sci World J. 2012;2012:1–8.

Naka H, Hirono I, Aoki T. Molecular cloning and functional analysis of Photobacterium
damselae subsp. piscicida heme receptor gene. J Fish Dis. 2005;28:81–8.

Osorio CR, Toranzo AE, Romalde JL, Barja JL. Multiplex PCR assay for ureC and
16S rRNA genes clearly discriminates between both subspecies of
Photobacterium damselae. Dis Aquat Organ. 2000;40:177–83.

Pang L, Zhang XH, Zhong Y, Chen J, Li Y, Austin B. Identification of Vibrio haveyi
using PCR amplification of the ToxR gene. Lett Appl Microbiol. 2006;43:249–55.

Pridgeon JW, Klesius PH. Major bacterial diseases in aquaculture and their vaccine
development. In: Hemming D, editor. Anim Sci Rev 2012. UK: CAB
International; 2013. p. 141–56.

Romalde JL. Photobacterium damselae subsp. Piscicida: an integrated view of a
bacterial fish pathogen. Int Microbiol. 2002;5:3–9.

Schmidt AS, Bruun MS, Dalsgaard I, Pedersen K, Larsen JL. Occurrence of
antimicrobial resistance in fish-pathogenic and environmental bacteria
associated with four Danish rainbow trout farms. Appl Environ Microbiol.
2000;66:4908–15.

Subasinghe RP, Bondad-Reantaso MG, McGladdery SE. Aquaculture development,
health and wealth. In: Subasinghe RP, Bueno P, Phillips MJ, Hough C,
McGladdery SE, Arthur JR, editors. In proceedings of the Conference on
Aquaculture in the Third Millennium: 20-25 February 2000. Bangkok: NACA
and FAO; 2001. p. 167–91.

Vattanaviboon P, Mongkolsuk S. Unusual adaptive, cross protection responses
and growth phase resistance against peroxide killing in a bacterial shrimp
pathogen. Vibrio harveyi. FEMS Microbiol Lett. 2001;200:111–6.

Villamizar N, Blanco-Vives N, Migaud H, Davie A, Carboni S, Sánchez-Vázquez FJ.
Effects of light during early larval development of some aquacultured
teleosts: a review. Aquaculture. 2011;315:86–94.

Weinstein MR, Litt M, Kertesz DA, Wyper P, Rose D, Coulter M, McGeer A, Facklam R,
Ostach C. Invasive infections due to a fish pathogen, Streptococcus iniae. New
Engl J Med. 1997;28:589–94.

Wiklund T, Dalsgaard I. Occurrence and significance of atypical Aeromonas salmonicida
in non-salmonid and salmoid fish species. Dis Aquat Organ. 1998;32:49–69.

Won KM, Park SI. Pathogenicity of Vibrio harveyi to culture marine fishes in Korea.
Aquaculture. 2008;285:8–13.

Yesilkaya H, Kadioglu A, Gingles N, Alexander JE, Mitchell TJ, Andrew PW. Role of
manganese-containing superoxide dismutase in oxidative stress and
virulence of Streptococcus pneumoniae. Infect Immun. 2000;68:2819–26.

Yin Y, Gupta A, Hamblin MR. Light based anti-infectives: ultraviolet C irradiation,
photodynamic therapy, blue light, and beyond. Curr Opin Pharmacol. 2013;
13:731–62.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial strains and identification
	LED source
	Antibacterial activity of LEDs

	Results
	Discussion
	Conclusions
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	References

