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Abstract

The radiation induced bystander effect describes the response of non-irradiated 
cells to transmissible signals emitted from irradiated cells. This has been shown in vivo in 
more than one species of irradiated fish swimming with non-irradiated bystander fish. 
Irradiation of adult fish results in a short-term bystander effect which then attenuates. 
However early life stage irradiation results in long term bystander effect induction, by 
the adults grown from irradiated eggs and larvae. This extends to a transgenerational 
effect, with the F1 and F2 generations of the irradiated fish being able to induce a 
bystander effect. Bystander effect induction also occurs between different fish species 
and between trophic levels. Proteomic analysis has revealed that direct irradiation 
results in proteomic changes that are indicative of tumorigenesis, whereas bystander 
effect proteomic changes suggest a protective or restorative response. The proteomic 
changes caused by the bystander effect also suggest that reactive oxygen species may 
be a component of the bystander signal. However experiments using a solid partition, 
between the irradiated and bystander fish, have demonstrated a physical component 
as well. The bystander effect is modulated by serotonin which suggests social rank may 
determine bystander effect induction. Overall the findings summarised in this review 
suggest that there may be relevance for the bystander effect in aquaculture which we 
propose now requires experimental attention.

INTRODUCTION; radiation in aquaculture

Possibly the most widespread source of radiation in 
aquaculture is dissolved radon. Radon is an inert gas resulting 
from the radioactive decay of radium. Three isotopes exist 
(219Rn, 220Rn and 222Rn) all of which are naturally present in 
ground waters; e.g. [1,2]. Although streams and rivers typically 
contain low levels of radon, many aquaculture operations draw 
water from aquifers where levels can be considerably higher. 
The release of this radon, resulting from the necessary aeration 
of aquifer water, is not just a cause of concern for the working 
environment. Approximately 50% of the radon can remain the 
water used to hold the fish [3,4]. Therefore it is quite possible for 
cultured fish to be exposed to low-level waterborne radioactivity, 
particularly in hatcheries which use aquifer derived water.

The radiation-induced bystander effect

The bystander effect describes the response by completely 
non-irradiated cells to signals which are emitted from irradiated 
cells; e.g. reviewed by [5,6]. The majority of investigations have 
been made in vitro, using media transfer from irradiated to non-
irradiated cell cultures [7]. However the bystander effect has 
been observed in vivo, in animals as diverse as invertebrates [8], 
amphibians [9] and mammals [10,11], as well as fish (reviewed 

here). Most significantly the bystander effect is seen in the 
environmentally relevant radiation range (<10 mGy), with a 
threshold of induction at about 2 – 3 mGy [12].

In an aquaculture environment, the relatively high stocking 
densities could promote bystander effect induction. However, to 
date, there has been little effort to understand the implications 
of the radiation-induced bystander effect on farmed fish. 
Therefore the aim of this review is to summarise some of the 
existing experimental work, with a view to identifying where the 
bystander effect could be induced, the possible implications for 
aquaculture and where additional research could be of value.

Induction, duration and attenuation of the radiation-
induced bystander effect in fish 

The bystander effect in fish has been characterised in a 
number of studies using a single 0.5 GyX-ray dose. Irradiated and 
non-irradiated bystander fish were swum together for 2h and 
tissue samples were collected. Media, from the resulting primary 
cell cultures, was then used to treat the HPV-G clonogenic reporter 
cell line [13]. These cells have reduced p53 gene expression and, 
as such, respond to anti-apoptotic or toxic signals [14].

Media from the gill, fin, spleen and kidney of irradiated 
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and bystander rainbow trout (Oncorhynchus mykiss) induced 
a toxic response in the HPV-G cells [15]. There was a similar 
toxic response from the spleen of the irradiated fish but not the 
bystander fish [15], which could suggest there is some tissue 
specificity to the bystander effect. However the gills and skin of 
irradiated and bystander zebrafish (Danio rerio) [16] and the fin 
of irradiated and bystander medaka (Oryziaslatipes) [17,18] gave 
identical responses. Thus the radiation-induced bystander effect 
has been demonstrated inwidely differing fish species.

The bystander effect is not confined to adult fish. Irradiated 
and bystander rainbow trout eggs, yolk sac larvae and first 
feeders also initiated atoxic effect in the reporter cell line [19]. 
Furthermore two year old adults, grown from these irradiated 
eggs, yolk sac larvae and first feeders, and the two year old 
bystander trout, which swam with these fish, induced both toxic 
and anti-apoptotic responses, depending on which early life stage 
had been irradiated [19]. F1 and F2 generation fish, bred from 
these early life stage irradiated trout, also caused toxic or anti-
apoptotic responses in bystander fish, depending on the tissue 
and the parental cross [20]. Irradiation at the embryonic or 
immediately post-embryonic stages can therefore have long term 
consequences. Thus, even if an aquaculture facility uses radiation 
free surface water, the radiological effect on any fish reared from 
eggs obtained from hatcheries supplied with radon contaminated 
ground water may extend throughout and beyond the lifetime of 
these irradiated fish.

The next relevant question, after bystander effect induction, 
is bystander signal and bystander effect attenuation. Experiments 
on adult zebrafish have shown that 12h after irradiation the 
irradiated fish did not induce a bystander effect, suggesting the 
signal was no longer emitted and, in bystander fish, within 6h 
of being induced the bystander effect itself was lost [16]. This 
would suggest that radiation exposure and bystander effect 
induction in adult fish may have less long term significance than 
at the embryonic and juvenile life stages (although more species 
do need to be evaluated). Similarly water flow or the ratio of 
irradiated fish biomass to water volume would presumably dilute 
or eliminate the bystander signal. Although no studies have been 
carried out in vivo the bystander effect can be eliminated in vitro 
by the dilution of cell culture media [21]. The water dynamics of 
an aquaculture facility are therefore highly likely to determine 
the extent of bystander effect induction.

The majority of aquaculture operations involve a single 
species. However farmed fish are cultured with other species; e.g. 
the use of wrasse to control sea lice in Atlantic salmon (Salmo 
salar) [22-24] and the integrated multi-trophic aquaculture of 
black rockfish (Sebastes schlegeli), sea cucumber (Apostichopus 
japonicas) and oyster (Crassostrea gigas) for the potential 
nutritional exploitation of caged fish waste [25]. X-ray exposure, 
combined with the use of the HPV-G reporter cell line, has 
shown that an interspecies (zebrafish and medaka) and inter-
phyla / trophic level (rainbow trout and California blackworm, 
Lumbriculus variegatus) bystander effect can be induced [26]. 
Based on these findings bystander effect induction in mixed 
species aquaculture has to be considered a possibility.

Another consideration is a more complex radiation exposure 
scenario; e.g. multiple doses or the influence of an additional 

stressor. Chronic exposure (0.03 – 5.88 Gy over a 264 day 
period), prior to a 0.5Gy acute X-ray dose, changes the toxic 
response of HPV-G reporter cells, from both the irradiated and 
the bystander fish, to an anti-apoptotic response [18]. Water 
quality is obviously of paramount concern for aquaculture and 
the bystander effect in trout can be rendered more toxic by 
acute exposure to waterborne aluminium prior to irradiation 
[27]. Similarly the bystander induced by 2 year old adult trout, 
which had irradiated as eggs, larvae or first feeders, can also be 
modified by acute exposure to waterborne aluminium [28].

Although the studies summarised above employed X-rays, 
radium (the source of radon) is the more likely means of radiation 
exposure in aquaculture. A single radium dose, up to 2.1 mBq (i.e. 
environmentally relevant [29], can induce a bystander effect in 
fathead minnows up to 6 months after irradiation [30]. Other 
possible means of irradiation cannot be ignored. For example; 
the use of effluent cooling water from nuclear power plants, has 
been considered as a viable warm water option [31] and, given 
that ultra-violet (UV)-B radiation, from high altitude aquaculture, 
does compromise antibody production in tilapia (Oreochromis 
mossambicus) [32], the possibility of a UV-induced bystander 
effects also exists.

It must be conceded that not all radiation induces a bystander 
effect. Neutron (86.8 +/- 4.3 mGy, plus 13.9 +/- 0.7mGy of 
associated gamma radiation) exposure of zebrafish resulted in a 
HPV-G cell toxic response but there was no bystander effect in 
fish which swam with the irradiated fish [33].

Proteomic responses to radiation and the radiation 
induced bystander effect in fish

A recent review [34] has illustrated the potential value of 
proteomic analysis as a means of fully understanding the bystander 
effect. In rainbow trout gills a single 0.5 Gy X-ray dose increased 
cancer associated annexin II (e.g. reviewed by [35], while the 
bystander, induced by these irradiated fish, effect resulted in the 
up regulation of haemopexin-like protein, rho GDP dissociation 
inhibitor and pyruvate dehydrogenase; i.e. proteins which could 
protect the gill against reactive oxygen species, maintain epithelial 
polarity and prevent lactate acidosis, respectively [36]. A similar 
study on irradiated medaka gills revealed the up regulation of 
annexin max 3 (a similar cancer associated protein to annexin II), 
but also the downregulation of annexin A4, and the upregulation 
of creatine kinase and lactate dehydrogenase in irradiated fish 
[37]. These are indicators of an apoptotic response to radiation 
induced tumourigenesis [37]. In contrast the bystander effect 
resulted in the upregulation of warm-temperature acclimation 
related 65-kDa protein [37], a protein which is has equivalent 
protective properties to haemopexin [38]. Thus, although there 
have been very few studies on the bystander effect proteomics 
in fish, the evidence collected so far suggests that the bystander 
effect could be possibly beneficial.

The bystander effect signalling mechanism

As stated above proteomic analysis has suggested that 
reactive oxygen species are a likely component of the bystander 
signal. However experiments using irradiated and bystander 
zebrafish separated by a solid barrier has also indicated a physical 
component to the bystander signal, possibly weakly acoustic or 
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electromagnetic in nature [39]. The relevance of this finding to 
aquaculture is that induction of the bystander effect may still 
occur even where partitioning of the rearing vessels physically 
separates the irradiated fish from the non-irradiated fish.

Salmonids form social hierarchies and there is a wealth of 
evidence regarding social rank, aggression, food consumption 
and growth; e.g. [40-42]. The position of any individual in the 
social structure is based on brain serotonin (e.g. [43,44]); lower 
serotonin levels equate to dominant fish and higher serotonin 
levels equate to submissive fish. Experiments in vitro have 
established a threshold level of serotonin, below which there is 
no bystander effect induction [45] and have shown that serotonin 
inhibitors modulate [46] or block [47] the bystander effect. This 
has been confirmed in vivo, in zebrafish, where the injection of 
the serotonin inhibitor reserpine prevented the toxic response 
on HPV-G reporter cells [48]. A radiation induced bystander 
effect may therefore have a particular relevance to salmonid 
culture by being more prevalent in subordinate fish.

CONCLUSION
The existence of a radiation induced bystander effect has 

been convincingly demonstrated in fish. Based on the findings 
reviewed here, we propose the question of the bystander effect in 
aquaculture should now be investigated. The radiological history 
of the fish stock determines whether there is the potential for the 
bystander effect to be induced and the design and operation of 
the facility, in particular water quality and flow / turnover rate 
most likely determines whether or not induction actually occurs 
and whether this a is short or long term effect. If induction does 
occur, in the case of salmonid species, the implications of social 
hierarchy need to be specifically addressed. The fact that there is a 
direct relationship between bystander effect induction and social 
rank / serotonin levels gives cause for concern that an identifiable 
proportion of a cultured salmonid stock may be particularly 
susceptible to the bystander effect. At present it is not known if 
this means overall production is compromised; i.e. has economic 
implications. Of equal importance, from the economic standpoint, 
is whether public opinion is unfavourably altered by the idea that 
farmed fish may show responses to waterborne radiation which 
are not fully understood and are not covered by current radio-
protective legislation. Finally the question exists as to whether 
the bystander effect results in a beneficial or protective response 
at the molecular level and thus improves the overall fitness 
of cultured fish. This is clearly a controversial concept, which 
could also affect public perception of aquaculture and which also 
applies to mixed species aquaculture, since signalling between 
species in natural ecosystems is considered beneficial [49].

REFERENCES
1.	 McCoy CA, Corbett DR, Cable JE, Spruill RK. Hydrological 

characterization of southeast coastal plain aquifers and groundwater 
discharge to Onlsow bay, North Carolina (USA). J Hydrol. 2007; 339: 
159-171.

2.	 Mullinger NJ, Binley AM, Pates JM, Crook NP. Radon in chalk stream: 
spatial and temporal variation of ground water sources in the Pang 
and Lambourn catchments, UK. J Hydrol. 2007; 339: 172-182.

3.	 Johnson JR, Morley D, Phillips B, Copes R. Radon in British Columbia 
work places. WorkSafeBC. 2009.

4.	 Kitto M, Kunz C, McNulty C, Kuhland M, Covert S. Radon mitigation 
of groundwater at a commercial hatchery. International Radon 
Symposium. Nashville, USA. AARST publications. 1995; 27-30.

5.	 Mothersill C, Seymour CB. Radiation-induced bystander effects--
implications for cancer. Nat Rev Cancer. 2004; 4: 158-164.

6.	 Lorimore SA, Wright EG. Radiation-induced genomic instability and 
bystander effects: related inflammatory-type responses to radiation-
induced stress and injury? A review. Int J Radiat Biol. 2003; 79: 15-25.

7.	 Morgan WF. Non-targeted and delayed effects of exposure to ionizing 
radiation: I. Radiation-induced genomic instability and bystander 
effects in vitro. Rad Res. 2003; 159: 567-580.

8.	 Sarpultseva EI, Bychkovskaya IB. Peculiar low-radiation effects as a 
risk factor: assessment of organism viability in model experiments 
with Daphnia magna. Int J Low Dose Rad. 2010; 7: 1-9.

9.	 Audette-Stewart M, Yankovich T, Mulpuru S. Adaptive response in 
frogs chronologically exposed to low doses of ionizing radiation in 
the environment. Proceedings of the Canadian Nuclear Society. 2005; 
1-12.

10.	Mothersill C, Fernandez-Palomo C, Fazzari J, Smith R, Schültke E, 
Bräuer-Krisch E, et al. Transmission of signals from rats receiving 
high doses of microbeam radiation to cage mates: an inter-mammal 
bystander effect. Dose Response. 2013; 12: 72-92.

11.	Surinov BP, Isaeva VG, Dukhova NN. Postirradiation volatile secretions 
of mice: syngeneic and allogeneic immune and behavioral effects. Bull 
Exp Biol Med. 2004; 138: 384-386.

12.	Liu Z, Mothersill CE, McNeill FE, Lyng FM, Byun SH, Seymour CB, et al. 
A dose threshold for a medium transfer bystander effect for a human 
skin cell line. Radiat Res. 2006; 166: 19-23.

13.	Pirisi L, Creek KE, Doninger J, DiPaolo JA. Continuous cell lines 
with altered growth and differentiation properties originate after 
transfection of human keratinocytes with human papillomavirus type 
16. Carcinogenesis. 1998; 9: 1573-1579.

14.	O’Reilly S, Mothersill C, Seymour CB. Postirradiation expression of 
lethal mutations in an immortalized human keratinocyte cell line. Int J 
Radiat Biol. 1994; 66: 77-83.

15.	Mothersill C, Bucking C, Smith RW, Agnihotri N, Oneill A, Kilemade M, 
et al. Communication of radiation-induced stress or bystander signals 
between fish in vivo. Environ Sci Technol. 2006; 40: 6859-6864.

16.	Mothersill C, Smith RW, Agnihotri N, Seymour CB. Characterization of 
a radiation-induced stress response communicated in vivo between 
zebrafish. Environ Sci Technol. 2007; 41: 3382-3387.

17.	Mothersill C, Smith RW, Hinton TG, Aizawa K, Seymour CB. 
Communication of radiation-induced signals in vivo between DNA 
repair deficient and proficient medaka (Oryzias latipes). Environ Sci 
Technol. 2009; 43: 3335-3342.

18.	Smith RW, Mothersill C, Hinton T, Seymour CB. Exposure to low level 
chronic radiation leads to adaptation to a subsequent acute X-ray dose 
and communication of modified acute X-ray induced byst... Int J Radiat 
Biol. 2011; 87: 1011-1022.

19.	Mothersill C, Smith RW, Saroya R, Denbeigh J, Rowe B, Banevicius L, 
et al. Irradiation of rainbow trout at early life stages results in legacy 
effects in adults. Int J Radiat Biol. 2010; 86: 817-828.

20.	Smith RW, Seymour CB, Moccia RD, Mothersill CE. Irradiation of 
rainbow trout at early life stages results in trans-generational effects 
including the induction of a bystander effect in non-irradi... Environ 
Res. 2016; 145: 26-38.

21.	Ryan LA, Smith RW, Seymour CB, Mothersill CE. Dilution of irradiated 

https://uncch.pure.elsevier.com/en/publications/hydrogeological-characterization-of-southeast-coastal-plain-aquif
https://uncch.pure.elsevier.com/en/publications/hydrogeological-characterization-of-southeast-coastal-plain-aquif
https://uncch.pure.elsevier.com/en/publications/hydrogeological-characterization-of-southeast-coastal-plain-aquif
https://uncch.pure.elsevier.com/en/publications/hydrogeological-characterization-of-southeast-coastal-plain-aquif
http://www.sciencedirect.com/science/article/pii/S0022169407001898
http://www.sciencedirect.com/science/article/pii/S0022169407001898
http://www.sciencedirect.com/science/article/pii/S0022169407001898
http://www.wpb-radon.com/Radon_research_papers/1995 Nashville, TN/1995_30_Radon Mitigation of Groundwater at a Commercial Fish Hatchery.pdf
http://www.wpb-radon.com/Radon_research_papers/1995 Nashville, TN/1995_30_Radon Mitigation of Groundwater at a Commercial Fish Hatchery.pdf
http://www.wpb-radon.com/Radon_research_papers/1995 Nashville, TN/1995_30_Radon Mitigation of Groundwater at a Commercial Fish Hatchery.pdf
http://www.ncbi.nlm.nih.gov/pubmed/14964312
http://www.ncbi.nlm.nih.gov/pubmed/14964312
http://www.ncbi.nlm.nih.gov/pubmed/12556327
http://www.ncbi.nlm.nih.gov/pubmed/12556327
http://www.ncbi.nlm.nih.gov/pubmed/12556327
https://www.ncbi.nlm.nih.gov/pubmed/12710868
https://www.ncbi.nlm.nih.gov/pubmed/12710868
https://www.ncbi.nlm.nih.gov/pubmed/12710868
http://www.inderscienceonline.com/doi/abs/10.1504/IJLR.2010.032766
http://www.inderscienceonline.com/doi/abs/10.1504/IJLR.2010.032766
http://www.inderscienceonline.com/doi/abs/10.1504/IJLR.2010.032766
http://www.ncbi.nlm.nih.gov/pubmed/24659934
http://www.ncbi.nlm.nih.gov/pubmed/24659934
http://www.ncbi.nlm.nih.gov/pubmed/24659934
http://www.ncbi.nlm.nih.gov/pubmed/24659934
http://www.ncbi.nlm.nih.gov/pubmed/15665951
http://www.ncbi.nlm.nih.gov/pubmed/15665951
http://www.ncbi.nlm.nih.gov/pubmed/15665951
http://www.ncbi.nlm.nih.gov/pubmed/16808607
http://www.ncbi.nlm.nih.gov/pubmed/16808607
http://www.ncbi.nlm.nih.gov/pubmed/16808607
https://www.ncbi.nlm.nih.gov/pubmed/2457456
https://www.ncbi.nlm.nih.gov/pubmed/2457456
https://www.ncbi.nlm.nih.gov/pubmed/2457456
https://www.ncbi.nlm.nih.gov/pubmed/2457456
http://www.ncbi.nlm.nih.gov/pubmed/8027614
http://www.ncbi.nlm.nih.gov/pubmed/8027614
http://www.ncbi.nlm.nih.gov/pubmed/8027614
http://www.ncbi.nlm.nih.gov/pubmed/17144322
http://www.ncbi.nlm.nih.gov/pubmed/17144322
http://www.ncbi.nlm.nih.gov/pubmed/17144322
http://www.ncbi.nlm.nih.gov/pubmed/17539553
http://www.ncbi.nlm.nih.gov/pubmed/17539553
http://www.ncbi.nlm.nih.gov/pubmed/17539553
http://www.ncbi.nlm.nih.gov/pubmed/19534155
http://www.ncbi.nlm.nih.gov/pubmed/19534155
http://www.ncbi.nlm.nih.gov/pubmed/19534155
http://www.ncbi.nlm.nih.gov/pubmed/19534155
http://www.ncbi.nlm.nih.gov/pubmed/21939425
http://www.ncbi.nlm.nih.gov/pubmed/21939425
http://www.ncbi.nlm.nih.gov/pubmed/21939425
http://www.ncbi.nlm.nih.gov/pubmed/21939425
http://www.ncbi.nlm.nih.gov/pubmed/20807175
http://www.ncbi.nlm.nih.gov/pubmed/20807175
http://www.ncbi.nlm.nih.gov/pubmed/20807175
http://www.ncbi.nlm.nih.gov/pubmed/26618503
http://www.ncbi.nlm.nih.gov/pubmed/26618503
http://www.ncbi.nlm.nih.gov/pubmed/26618503
http://www.ncbi.nlm.nih.gov/pubmed/26618503
http://www.ncbi.nlm.nih.gov/pubmed/18220470


Central

Smith et al. (2016)
Email: 

Ann Aquac Res 3(3): 1026 (2016) 4/4

Smith RW, Moccia RD (2016) The Radiation Induced Bystander Effect: Is there Relevance for Aquaculture?  Ann Aquac Res 3(3): 1026.

Cite this article

cell conditioned medium and the bystander effect. Radiat Res. 2008; 
169: 188-196.

22.	Deady S, Varian SJA, Fives JM. The use of cleaner-fish to control sea 
lice on two Irish salmon (Salmo salar) farms with particular reference 
to wrasse behaviour in salmon cages. Aquaculture. 1995; 131: 73-90.

23.	Skiftesvik AB, Bjelland RM, Durif CMF, Johansen IS, Browman HI. 
Delousing of Atlantic salmon (Salmo salar) by cultured vs. wild ballan 
wrasse (Labrusbergylta). Aquaculture. 2013; 402-403: 113-118.

24.	Tully O, Daly P, Lysaght S, Deady S, Varian SJA. Use of cleaner wrasse 
(Centrolabrusexoletus (L.) and Ctenolabrusrupestris (L.)) to control 
infestation of Caligus elongates Nordmann on farmed Atlantic salmon. 
Aquaculture. 1996; 142: 11-24.

25.	Park HJ, Han E, Lee WC, Kwak JH, Kim HC, Park MS, et al. Trophic 
structure in a pilot system for the integrated multi-trophic aquaculture 
off the east coast of Korean peninsula as determined by stable iso... 
Mar Pollut Bull. 2015; 95: 207-214.

26.	Smith RW, Seymour CB, Moccia RD, Hinton TG, Mothersill CE. The 
induction of a radiation-induced bystander effect in fish transcends 
taxonomic group and trophic level. Int J Radiat Biol. 2013; 89: 225-
233.

27.	Smith RW, Seymour CB, Moccia RD, Mothersill CE. Tissue-specific 
effects of acute aluminium exposure on the radiation-induced 
bystander effect in rainbow trout (Oncorhynchus mykiss, Walbaum). 
Int J Rad Biol. 2015; 91: 715-723.

28.	Smith RW, Saroya R, Seymour CB, Moccia RD, Mothersill CE. Exposure 
to acute levels of waterborne aluminium modifies the legacy of early 
life stage irradiation, including the communication of radiation-
induced bystander signals, in adult rainbow trout. Int J Rad Biol. 2015; 
91: 878-890.

29.	Clulow FV, Davé NK, Lim TP, Avadhanula R. Radium-226 in water, 
sediments and fish from lakes near the city of Elliot Lake, Ontario, 
Canada. Environ Pollut. 1998; 99: 13-28.

30.	Smith RW, Seymour CB, Mothersill CE. Short and long term bystander 
effect induction by fathead minnows (Pimephales promelas, 
Rafinesque, 1820) injected with environmentally relevant wh... J 
Environ Radioact. 2013; 126: 133-136.

31.	Sylvester JR. Biological consideration on the use of thermal effluents 
for finfish aquaculture. Aquaculture 1975; 6: 1-10.

32.	Subramani PA, Hameed B, Michael RD. Effect of UV-B radiation on the 
antibody response of fish - implication on high altitude fish culture. J 
Photochem Photobiol B. 2015; 143: 1-4.

33.	Wang C, Smith RW, Duhig J, Prestwich WV, Byun SH, McNeill FE, et al. 
Neutrons do not produce a bystander effect in zebrafish irradiated in 
vivo. Int J Radiat Biol. 2011; 87: 964-973.

34.	Chevalier F, Hamdi DH, Saintigny Y, Lefaix J-L. Proteomic overview 
and perspectives of the radiation-induced bystander effects. Mut Res. 
2015; 763: 280-293.

35.	Singh P. Role of annexin II in GI cancers: interaction with gastrins/ 
progastrins. Cancer Lett. 2007; 252: 19-35.

36.	Smith RW, Wang J, Bucking CP, Mothersill CE, Seymour CB. Evidence 
for a protective response by the gill proteome of rainbow trout 
exposed to X-ray induced bystander signals. Proteomics. 2007; 7: 
4171-4180.

37.	Smith RW, Wang J, Mothersill CE, Hinton TG, Aizawa K, Seymour 
CB. Proteomic changes in the gills of wild-type and transgenic 
radiosensitive medaka following exposure to direct irradiation and to 
X-ray induced bystander signals. BiochimicaetBiophysicaActa. 2011; 
1814: 290-298.

38.	Hirayama M, Kobiyama A, Kinoshita S, Watabe S. The occurrence of 
two types of hemopexin-like protein in medaka and differences in 
their affinity to heme. J Exp Biol. 2004; 207: 1387-1398.

39.	Mothersill C, Smith RW, Fazzari J, McNeill F, Prestwich W, Seymour 
CB. Evidence for a physical componenet to the radiation-induced 
bystander effect. Int J Rad Biol. 2012; 88: 583-591.

40.	Abbott JC, Dill LM. The relative growth of dominant and subordinate 
juvenile steelhead trout (Salmo gairdneri) fed equal rations. 
Behaviour. 1989; 108: 104-113.

41.	Symonds PEK. Increase in aggression and in strength of the social 
hierarchy among juvenile Atlantic salmon deprived food. J Fish Res 
Board Can. 1968; 25: 2387-2401.

42.	McCarthy ID, Carter CG, Houlihan DF. The effect of feeding hierarchy on 
individual variability in daily feeding of rainbow trout, Oncorhynchus 
mykiss (Walbaum). J Fish Biol. 1992; 41: 257-263.

43.	Cubitt KF, Winberg S, Huntingford FA, Kadri S, Crampton VO, Øverli Ø. 
Social hierarchies, growth and brain serotonin metabolism in Atlantic 
salmon (Salmo salar) kept under commercial rearing conditions. Phys 
Behaviour. 2008; 94: 529-535.

44.	Lepage O, Larson ET, Mayer I, Winberg S. Serotonin, but not melatonin, 
plays a role in shaping dominant-subordinate relationships and 
aggression in rainbow trout. Hormones and Behaviour. 2005; 48: 
233-242.

45.	Mothersill C, Saroya R, Smith RW, Singh H, Seymour CB. Serum 
serotonin levels determine the magnitude and type of bystander 
effects in medium transfer experiments. Rad Res. 2010; 174: 119-123.

46.	Fazzari J, Mersov A, Smith R, Seymour C, Mothersill C. Effect of 
5-hydroxytryptamine (serotonin) receptor inhibitors on the radiation-
induced bystander effect. Int J Rad Biol. 2012; 88: 786-790.

47.	Poon RC, Agnihotri N, Seymour C, Mothersill C. Bystander effects of 
ionizing radiation can be modulated by signalling amines. Env Res. 
2007; 105: 200-211.

48.	Saroya R, Smith R, Seymour C, Mothersill C. Injection of reserpine into 
zebrafish prevents fish to fish communication of radiation-induced 
bystander signals: confirmation in vivo of a role for serotonin in the 
mechanism. Dose Response. 2010; 8: 317-330.

49.	Goodale E, Beauchamp G, Magrath RD, Nieh JC, Ruxton GD. Interspecies 
information transfer influences animal community structure. Trends 
in Ecology and Evolution. 2010; 25: 354-361.

http://www.ncbi.nlm.nih.gov/pubmed/18220470
http://www.ncbi.nlm.nih.gov/pubmed/18220470
http://www.sciencedirect.com/science/article/pii/004484869400331H
http://www.sciencedirect.com/science/article/pii/004484869400331H
http://www.sciencedirect.com/science/article/pii/004484869400331H
http://www.sciencedirect.com/science/article/pii/S0044848613001634
http://www.sciencedirect.com/science/article/pii/S0044848613001634
http://www.sciencedirect.com/science/article/pii/S0044848613001634
http://www.ncbi.nlm.nih.gov/pubmed/25916198
http://www.ncbi.nlm.nih.gov/pubmed/25916198
http://www.ncbi.nlm.nih.gov/pubmed/25916198
http://www.ncbi.nlm.nih.gov/pubmed/25916198
http://www.ncbi.nlm.nih.gov/pubmed/23206292
http://www.ncbi.nlm.nih.gov/pubmed/23206292
http://www.ncbi.nlm.nih.gov/pubmed/23206292
http://www.ncbi.nlm.nih.gov/pubmed/23206292
https://www.ncbi.nlm.nih.gov/pubmed/26073529
https://www.ncbi.nlm.nih.gov/pubmed/26073529
https://www.ncbi.nlm.nih.gov/pubmed/26073529
https://www.ncbi.nlm.nih.gov/pubmed/26073529
https://www.ncbi.nlm.nih.gov/pubmed/26466554
https://www.ncbi.nlm.nih.gov/pubmed/26466554
https://www.ncbi.nlm.nih.gov/pubmed/26466554
https://www.ncbi.nlm.nih.gov/pubmed/26466554
https://www.ncbi.nlm.nih.gov/pubmed/26466554
https://www.ncbi.nlm.nih.gov/pubmed/15093325
https://www.ncbi.nlm.nih.gov/pubmed/15093325
https://www.ncbi.nlm.nih.gov/pubmed/15093325
http://www.ncbi.nlm.nih.gov/pubmed/23981564
http://www.ncbi.nlm.nih.gov/pubmed/23981564
http://www.ncbi.nlm.nih.gov/pubmed/23981564
http://www.ncbi.nlm.nih.gov/pubmed/23981564
http://www.sciencedirect.com/science/article/pii/004484867590085X
http://www.sciencedirect.com/science/article/pii/004484867590085X
http://www.ncbi.nlm.nih.gov/pubmed/25579806
http://www.ncbi.nlm.nih.gov/pubmed/25579806
http://www.ncbi.nlm.nih.gov/pubmed/25579806
http://www.ncbi.nlm.nih.gov/pubmed/21756060
http://www.ncbi.nlm.nih.gov/pubmed/21756060
http://www.ncbi.nlm.nih.gov/pubmed/21756060
https://www.ncbi.nlm.nih.gov/pubmed/25795126
https://www.ncbi.nlm.nih.gov/pubmed/25795126
https://www.ncbi.nlm.nih.gov/pubmed/25795126
https://www.ncbi.nlm.nih.gov/pubmed/17188424
https://www.ncbi.nlm.nih.gov/pubmed/17188424
https://www.ncbi.nlm.nih.gov/pubmed/17994622
https://www.ncbi.nlm.nih.gov/pubmed/17994622
https://www.ncbi.nlm.nih.gov/pubmed/17994622
https://www.ncbi.nlm.nih.gov/pubmed/17994622
https://www.ncbi.nlm.nih.gov/pubmed/21081182
https://www.ncbi.nlm.nih.gov/pubmed/21081182
https://www.ncbi.nlm.nih.gov/pubmed/21081182
https://www.ncbi.nlm.nih.gov/pubmed/21081182
https://www.ncbi.nlm.nih.gov/pubmed/21081182
https://www.ncbi.nlm.nih.gov/pubmed/15010490
https://www.ncbi.nlm.nih.gov/pubmed/15010490
https://www.ncbi.nlm.nih.gov/pubmed/15010490
https://www.ncbi.nlm.nih.gov/pubmed/22642510
https://www.ncbi.nlm.nih.gov/pubmed/22642510
https://www.ncbi.nlm.nih.gov/pubmed/22642510
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.379.7384&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.379.7384&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.379.7384&rep=rep1&type=pdf
http://www.nrcresearchpress.com/doi/abs/10.1139/f68-207?journalCode=jfrbc#.WCrf4dV97IU
http://www.nrcresearchpress.com/doi/abs/10.1139/f68-207?journalCode=jfrbc#.WCrf4dV97IU
http://www.nrcresearchpress.com/doi/abs/10.1139/f68-207?journalCode=jfrbc#.WCrf4dV97IU
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.1992.tb02655.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.1992.tb02655.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1095-8649.1992.tb02655.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/18474383
https://www.ncbi.nlm.nih.gov/pubmed/18474383
https://www.ncbi.nlm.nih.gov/pubmed/18474383
https://www.ncbi.nlm.nih.gov/pubmed/18474383
http://www.sciencedirect.com/science/article/pii/S0018506X05000802
http://www.sciencedirect.com/science/article/pii/S0018506X05000802
http://www.sciencedirect.com/science/article/pii/S0018506X05000802
http://www.sciencedirect.com/science/article/pii/S0018506X05000802
https://www.ncbi.nlm.nih.gov/pubmed/20681806
https://www.ncbi.nlm.nih.gov/pubmed/20681806
https://www.ncbi.nlm.nih.gov/pubmed/20681806
https://www.ncbi.nlm.nih.gov/pubmed/22823540
https://www.ncbi.nlm.nih.gov/pubmed/22823540
https://www.ncbi.nlm.nih.gov/pubmed/22823540
https://www.ncbi.nlm.nih.gov/pubmed/17291485
https://www.ncbi.nlm.nih.gov/pubmed/17291485
https://www.ncbi.nlm.nih.gov/pubmed/17291485
http://www.sciencedirect.com/science/article/pii/S0169534710000182
http://www.sciencedirect.com/science/article/pii/S0169534710000182
http://www.sciencedirect.com/science/article/pii/S0169534710000182

	The Radiation Induced Bystander Effect: Is there Relevance for Aquaculture?
	Abstract
	Introduction; Radiation in aquaculture
	The radiation-induced bystander effect 
	Induction, duration and attenuation of the radiation-induced bystander effect in fish  
	Proteomic responses to radiation and the radiation induced bystander effect in fish
	The bystander effect signalling mechanism

	Conclusion
	References

