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To  examine  the  effects  of gamma  radiation  on  marine  organisms,  we  irradiated  several  doses  of  gamma
ray to the  microzooplankton  Brachionus  koreanus,  and  measured  in vivo  and  in vitro  endpoints  including
the  survival  rate, lifespan,  fecundity,  population  growth,  gamma  ray-induced  oxidative  stress,  and  mod-
ulated  patterns  of enzyme  activities  and  gene  expressions  after  DNA  damage.  After  gamma  radiation,
no individuals  showed  any  mortality  within  96  h  even  at a high  intensity  (1200  Gy).  However,  a reduced
fecundity  (e.g. cumulated  number  of  offspring)  of  B.  koreanus  at over  150 Gy  was  observed  along  with  a
slight  decrease  in  lifespan.  At 150  Gy  and  200 Gy,  the  reduced  fecundity  of  the  rotifers  led  to a  significant
decrease  in  population  growth,  although  in  the  second  generation  the  population  growth  pattern  was
not affected  even  at 200  Gy when  compared  to the  control  group.  At  sub-lethal  doses,  reactive  oxygen
species  (ROS)  levels  dose-dependently  increased  with  GST  enzyme  activity.  In  addition,  up-regulations
of  the  antioxidant  and  chaperoning  genes  in  response  to  gamma  radiation  were  able  to  recover  cellular
otifer damages,  and  life  table  parameters  were  significantly  influenced,  particularly  with  regard  to  fecundity.
DNA  repair-associated  genes  showed  significantly  up-regulated  expression  patterns  in response  to  sub-
lethal doses  (150  and  200 Gy),  as shown  in  the  expression  of the  gamma-irradiated  B.  koreanus  p53  gene,
suggesting  that these  sublethal  doses  were not  significantly  fatal  to B.  koreanus  but  induced  DNA  damages
leading to a decrease  of  the population  size.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The ionizing radiation (IR), generated by the decaying processes
f radionuclides, induces adverse effects on organisms from the
NA to the individual level (e.g. DNA, chromosomal aberrations,
ell, protein, growth, reproduction, community, etc.) (Fischbein
t al., 1997; Kovalchuk et al., 1999; Zaka et al., 2004; Fuma et al.,
010; Kang et al., 2012; Rhee et al., 2012). Among the various
esidual effects on organisms, oxidative stress and single/double

trand breaks (SSBs, DSBs) of DNA are the most common and
evere symptoms observed in gamma  irradiated organisms (Rhee
t al., 2012; Won  and Lee, 2014). Gamma-induced reactive oxygen

∗ Corresponding author. Tel.: +82 31 290 7011.
E-mail address: jslee2@skku.edu (J.-S. Lee).

1 These authors contributed equally to this work.
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166-445X/© 2014 Elsevier B.V. All rights reserved.
species (ROS) cause severe damage to cellular macromolecules,
including DNA (Barzilai and Yamamoto, 2004). After the Chernobyl
nuclear power plant accident, IR effects were considered as a
matter of great concern. For example, a high frequency of germline
mutations was  observed in children (Dubrova et al., 1996). Fur-
thermore, the salvage workers from the Chernobyl nuclear power
plant accident suffered from amorphous sperm heads, affecting
their fertility (Fischbein et al., 1997), suggesting that IR induces
significant repercussions on the individual level.

The Fukushima nuclear power plant incident in 2011 also
brought to light the ecological and health risks associated with
nuclear accidents, as huge amounts of nuclides spilled directly into
the Pacific Ocean (Kameník et al., 2013; Kumamoto et al., 2013).

In fact, high activity concentrations of 134Cs in zooplankton were
observed in the northwest Pacific Ocean 10 months after the dam-
age to the Fukushima Dai-ichi nuclear power plant (Kitamura et al.,
2013). As these nuclides are released into the surrounding areas

dx.doi.org/10.1016/j.aquatox.2014.06.009
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ia sea currents, they emit radiation directly that accumulates in
arine organisms. Furthermore, this has worldwide consequences

n humans, as people can be exposed by consuming seafood (Fisher
t al., 2013). However, limited information concerning the reper-
ussions of IR in aquatic ecosystems was available, particularly
n terms of invertebrates, as many previous studies have focused
n diverse biota in the terrestrial environment and only some
n aquatic vertebrates (Mitani and Egami, 1982; Krivolutzkii and
okarzhevskii, 1992; Garnier-Laplace et al., 2011; Rhee et al., 2012).
n fish, IR has been shown to increase expressions of DNA repair
elated genes and induce DNA impairment at the molecular level
Rhee et al., 2012).

Of the marine invertebrates, micro-zooplankton plays a pivotal
ole in the marine food web and is suitable for ecophysiological
tudies. Among the micro-zooplankton, rotifers have been con-
idered a good model for studying life table parameters for a
ifespan or even several generations, as they have a short lifespan
∼24 h) (Bozovic and Enesco, 1986; Austad, 2009; Dahms et al.,
011). Also, the rotifer Brachionus koreanus has good characteris-
ics for ecotoxicological studies due to its: small size (≈150 �m),
mall genome size (≈120 Mb), and the ability to perform well at
aboratory conditions. Additionally, massive RNA-seq (mRNA no.
1,005; assembled mRNA length 87,724,829 bp; N50 3251 bp) and
enomic DNA (Scaffold no. 106,150; assembled scaffold length
19,594,691 bp; N50 1747 bp; average 1127 bp) databases are
vailable from the rotifer B. koreanus, allowing this species to
ct as a good non-model organism to uncover the modulatory
ffect of diverse defense genes (e.g. antioxidant, DNA repair,
olecular chaperoning) in response to IR exposure. Molecular

nformation on molecular defensomes (e.g. oxidative stress related
enes and others) and diverse DNA repair machineries such as
NA-PK, Ku70, Ku80, nucleotide excision repair (NER), homolo-
ous recombination (HR), mismatch repair (MMR), single-strand
NA binding protein (SSB) and others in several environmen-

al stress conditions (e.g. hydrogen peroxide, UV-B radiation, and
eavy metal exposure) are available in B. koreanus (Kim et al., 2011;

ung and Lee, 2012; Han et al., 2013), providing that the eluci-
ated mechanistic approach is possible in response to the gamma
adiation in the rotifer. However, most studies have focused on
he molecular mechanisms at the levels of transcriptomes and
nzyme activities, linking molecular events with ecological rele-
ance.

In this paper, we measured the survival rate, population growth,
nd reproduction rates as endpoints of B. koreanus life parameters
or different doses of gamma  radiation to fill out the knowledge
ap between in vivo and in vitro studies on the impairment of
eproduction and DNA damages in response to gamma  radia-
ion. We  also analyzed intracellular oxidative stress induced by IR,
long with modulations of gene expressions to provide a better
nderstanding of oxidative stress and DNA damage upon gamma
adiation.

. Materials and methods

.1. Culture of the rotifer B. koreanus

Individual B. koreanus samples were isolated and reared in arti-
cial seawater adjusted to 15 psu salinity and a temperature of
5 ◦C under a LD 12:12 h photoperiod. They were fed a diet of
he green algae Tetraselmis suecica.  The B. koreanus used in this
tudy reproduces only by parthenogenesis. Species identification

as confirmed through their morphological characteristics (Lee

t al., 2011), using the sequence analysis of the mitochondrial DNA
ytochrome oxidase I (CO1) as the barcoding gene (Hwang et al.,
013).
gy 155 (2014) 101–109

2.2. Gamma radiation and its effects on mortality, lifespan, and
fecundity

For gamma  irradiation, Gammacell® 1000 Elite (a radiation
intensity, 2 Gy/min; MDS  Inc., Ottawa, ON, Canada) was used at
25 ◦C. To examine the effects of gamma  radiation on mortality,
10 individuals were irradiated to 200, 400, 600, 800, 1000, and
1200 Gy, and an un-irradiated group was used as a control. Mor-
tality was  measured by counting the number of individuals who
survived 96 h after gamma  radiation. To measure the effect of
gamma  irradiation on life span and fecundity for the rotifer B. kore-
anus, we  exposed neonates to diverse ranges of gamma radiation
(0, 50, 100, 150, and 200 Gy). To obtain just-hatched individuals,
we isolated eggs from ovigerous females, as described in a previ-
ous study (Kim et al., 2011). Eight newborn neonates (age <2 h)
were collected and were exposed to each of the aforementioned
doses of gamma  radiation. The average lifespan and the number of
cumulated offspring were counted until their death.

2.3. Effects of gamma radiation on population growth retardation

To measure the growth retardation after gamma radiation, we
counted the number of rotifers over a 10 day period following their
exposure to gamma  radiation (0, 50, 100, 150, and 200 Gy). Further-
more, 10 neonates were isolated from 0 Gy- to 200 Gy-irradiated
groups and the population growth rate of the second generation
(w/o gamma  radiation) was measured under the same conditions.
During the experiment, we supplied algal diets of T. suecica (approx-
imately 5 × 104 cells/ml) every 24 h.

2.4. Measurement of reactive oxygen species (ROS) and
glutathione S-transferase activity

To analyze the gamma  radiation-induced oxidative stress levels,
B. koreanus was  exposed to various levels of gamma radiation (0, 50,
100, 150, and 200 Gy). Intracellular ROS were measured using the
dichlorofluorescin diacetate (DCFDA) fluorescence method (Kim
et al., 2011) at 1 hr after gamma  irradiation. Samples were briefly
homogenized with a Teflon pestle in a buffer containing 0.32 mM
sucrose, 20 mM HEPES, 1 mM MgCl2, and 0.4 mM PMSF (pH 7.4).
To remove the debris, the homogenized samples were centrifuged
in a 13,200 × g for 15 min  (4 ◦C). The supernatants reacted with
H2DCFDA and their wavelengths were measured at 485 nm for exci-
tation and 520 nm for emission (Thermo Scientific Co., Varioscan
Flash, Vantaa, Finland).

The activity of the GST (EC 2.5.1.18) was  measured using a GST
assay kit (Sigma–Aldrich Co., St. Louis, MO,  USA). The activities of
the GST were calculated according to the reduced absorbance with
1-chloro-2,4-dinitrobenzene (CDNB) using a spectrophotometer
(Ultrospec 2100 Pro, Amersham Bioscience, Cambridge, UK). The
total protein contents were determined in order to normalize the
ROS contents and GST activities, in a dye binding method using a
bovine serum albumin as its standard (Bradford, 1976).

2.5. Messenger RNA expressions of p53, DNA repair-related, and
antioxidant genes

To measure the expression patterns of target genes, we irradi-
ated sublethal doses (150 and 200 Gy) to B. koreanus and measured
the mRNA expression 0, 20, 40, 60, 180, and 360 min after gamma
radiation. The total RNAs were extracted from the irradiated-B.
koreanus with TRIZOL® reagent (Invitrogen, Paisley, Scotland, UK)

according to the manufacturer’s instructions. The quantity and
quality of the total RNA was checked at 230, 260, and 280 nm
using a spectrophotometer (Ultrospec 2100 Pro). To synthesize the
cDNA for real-time RT-PCR (real-time RT-PCR), 2 �g of the total
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Fig. 1. Damages of gamma irradiation on life table parameters: (A) lifespan (day)
and (B) the cumulative number of offspring from ovigerous females. Significant dif-
J. Han et al. / Aquatic To

NA and oligo(dT)20 primer were used for reverse transcription
SuperScriptTM III RT kit, Invitrogen, Carlsbad, CA, USA).

Real-time RT-PCR was conducted for the following condi-
ions: 95 ◦C/4 min; 35 cycles of 95 ◦C/30 s, 58 ◦C/30 s, 72 ◦C/30 s;
2 ◦C/10 min  using SYBR Green as a probe (Molecular Probe, Invi-
rogen). To confirm the amplification of specific products, melting
urve cycles were run for the following conditions: 95 ◦C/1 min,
5 ◦C/1 min, 80 cycles of 55 ◦C/10 s, with a 0.5 ◦C increase per cycle
sing real-time RT-PCR F or R primers (Suppl. Table 1). All of
he experiments were performed in triplicate. Fold change, which
e used to compare the relative gene expression to the controls,
as determined using the 2−��Ct method (Livak and Schmittgen,

001).

.6. Statistical analysis

All of the results were expressed as a mean value. The normal
istribution and homogeneity of variances of data were checked
sing Levene’s test. Data were analyzed using one-way ANOVA,
ollowed by Tukey’s honesty significant difference test and t-test
P < 0.05). All the statistical analyses were performed using SPSS®

ersion 21 software (SPSS Inc., Chicago, IL, USA)

. Results

.1. Mortality, life span, and cumulative offspring

The lethal dose, however, was not measured until 1200 Gy at
6 h after radiation (Suppl. Fig. 1). The lifespan of a gamma  irra-
iated rotifer was reduced when doses were increased; however,
tatistical significances were not observed between the different
roups (Fig. 1A). The offspring, however, was significantly reduced
o 20% and 6% in 150 and 200 Gy-irradiated groups compared to the
ontrol, respectively (Fig. 1B).

.2. Population growth retardation

Compared to the control group, 150 and 200 Gy-irradiated
otifers showed growth retardation during the lag phase (Fig. 2A,

 < 0.05). However, log–log plots from their exponential growth
hases show similar regression coefficients (regression coeffi-
ient = 5.5–6.2; Fig. 2B) between the differently irradiated groups.
nterestingly, the sigmoidal growth curve of 200 Gy-irradiated sec-
nd generations (w/o gamma  radiation) had the same trend as that
f the control (Fig. 2C).

.3. Production of ROS and the activity of GST

Oxidative stress status under gamma  radiation was measured in
. koreanus. After gamma radiation, all of the groups generated ROS
ignificantly (P < 0.05; Fig. 3A), showing the highest level at 150 Gy.
ntioxidant enzyme GST activity also significantly increased at 100
nd 150 Gy (Fig. 3B).

.4. Messenger RNA expressions of antioxidant related, heat
hock protein, and DNA repair related genes

Expression patterns of antioxidant, chaperoning, and DNA
epair related genes were elevated in response to gamma  radia-
ion (Fig. 4 and Suppl. Fig. 3). For the p53 gene, B. koreanus showed

 bell-shaped response over time depending on the irradiated
oses (Fig. 5). Also, the 200 Gy gamma-irradiated B. koreanus group

howed a more elevated expression than the 150 Gy-irradiated
roup, indicating that the 200 Gy-irradiated group was  more sig-
ificantly damaged than the 150 Gy-irradiated group. Eighteen
NA repair-related genes had modulated mRNA expressions upon
ferences were analyzed by ANOVA (Tukey’s post hoc test; P < 0.05) and expressed as
different letters.

gamma-irradiation, and the degree of the expression levels was
different according to the function of the DNA repair mechanisms
(Fig. 6 and Suppl. Fig. 4).

4. Discussion

Nuclear contamination is not limited to the local environment,
as shown in the case of the Fukushima nuclear power plant inci-
dent. However, the risks of radiation on aquatic vertebrates and
invertebrates, such as fish and microbial communities, have not
been adequately studied as yet (Fuma et al., 2010; Rhee et al., 2012).
The effects of radionuclides on marine zooplankton are emerging
concerns, as marine plankton plays a pivotal role in connecting
autotrophs and large heterotrophs in the marine food web  and the
global carbon and nutrient cycles (Keister and Bonnet, 2012). Zoo-
plankton plays an important role in concentrating and transporting
natural radionuclides in the Mediterranean Sea (Krishnaswami
et al., 1985). For example, in brine shrimp, the concentrations
of natural-occurring nuclides 210Po and 210Pb can increase by
5–12 times more than those in phytoplankton through food web
bioaccumulation (Stewart et al., 2005). Thus, studying gamma
radiation-induced effects and repair systems using zooplankton
that connects within food webs can improve our understandings of

the implications of IR in the marine environment. This type of study
can estimate how mechanistic findings in zooplankton with in vivo
endpoints can be linked to phenomena within whole ecosystems.
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Fig. 2. Effect of gamma  radiation on fecundity level: (A) the population growth rate upon gamma  irradiation (0, 50, 100, 150, and 200 Gy) for 10 days, (B) log–log plots from
the  exponential growth phase of each group, and (C) the population growth observed in second generations from control (0 Gy) and gamma irradiated individuals (200 Gy)
for  10 days. Error bars indicate mean ± SE.



J. Han et al. / Aquatic Toxicology 155 (2014) 101–109 105

Dose (Gy)

0 50 100 150 200

R
es

id
u

a
l 

G
S

T
 a

ct
iv

it
y
 (

%
)

0

30

60

90

120

150

a a

c
bc

ab

B)

Dose (Gy)

0 50 100 150 200

R
O

S
 (

%
 o

f 
co

n
tr

o
l)

0

50

100

150

200

250

a

c c

d

b

A)

Fig. 3. Effects of gamma  irradiation (0, 50, 100, 150, and 200 Gy) on the generation
o
S
h

g
i
n

0 20   40 60  180  360  

R
el

a
ti

v
e 
p5
3 

m
R

N
A

 e
x
p

re
ss

io
n

0

10

20

30

40

50
150 Gy

200 Gy

aa

bc

c
d

cd

c

e

b

de

a

ab

Exposure time (min)

Fig. 5. Effects of gamma irradiation (150 and 200 Gy) for time-courses (0, 20, 40,
60,  180, and 360 min) on p53 gene. Values are the means of three replicate samples

F

f  intracellular reactive oxygen species (ROS) and enzyme activity of glutathione
-transferase (GST). Significant differences were analyzed by ANOVA (Tukey’s post
oc test; P < 0.05) and expressed as different letters.
The monogonont rotifer B. koreanus shows great tolerance to
amma  radiation. In terms of the susceptibility of vertebrates and
nvertebrates to IR, larger herbivorous mammals are most vul-
erable to IR, followed by smaller mammals, insects, aquatic

ig. 4. Effects of gamma  irradiation (150 and 200 Gy) for time-courses (0, 20, 40, 60, 180, a
and  data are shown as mean ± SD. Different letters indicate significant differences
observed in each dose (Tukey’s post hoc test; P < 0.05).

invertebrates, and plants (Driver, 1994), suggesting that
invertebrates are more tolerant to gamma radiation than ver-
tebrates. In most mammals, less than 2 Gy of gamma radiation
induces acute toxicity (Myers, 1989). However, in microcosm
experiments microbial communities were not significantly
affected, even at 100 Gy (Fuma et al., 2010). The intertidal copepod
Tigriopus japonicus showed no mortality, even at 7 days with 400 Gy
of gamma  radiation (Han et al., 2014). It has been reported, actually,
that the haploid form, which lacks homologous recombination,
is more sensitive for use as a template for repairing IR-induced
double strand breaks (DSBs); on the other hand, diploid cells are
more resistant because recombinational repair can occur through-
out the cell cycle using homologous chromosomes (Westmoreland
et al., 2004). Thus, the susceptibility of organisms to IR exposure
is closely related to both control of the repair processes and the
regulation of the cell cycle kinetics (Cassidy et al., 2007). Rotifers
are multicellular and post-mitotic organisms which reproduce by

diploid parthenogenesis. In the case of the rotifer Brachionus,  they
are diploid and produce parthenogenetically diploid eggs during
mitotic events that are genetically identical to parental individuals.

nd 360 min) on (A) glutathione related enzyme (BK-GSTs and BK-GPx) and (B) Hsps.
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Fig. 6. Effects of gamma  irradiation (150 and 200 Gy) for time-c

herefore, rotifers have a high resistance to IR compared to orga-
isms using haploid germ cells for reproduction through active
NA repair systems using homologous chromosome templates. In
revious studies, the bdelloid rotifer Adineta vaga showed also great
olerance to IR with an unusually effective system of antioxidant
rotection (Krisko et al., 2012).

The life span, reproductive success, and population growth are
eliable indices to examine the implication of gamma radiation,
s these parameters are closely associated with the fluctuation of
opulation structures in ecosystem. Rotifer lifespans are slightly
educed in response to gamma  radiation although there was  a
endency toward decreased lifespan with high levels of irradi-
ted doses. However, this reduction was not statistically significant
Fig. 1A). In the worm Caenorhabditis elegans,  a reduced lifespan
as also observed in response to gamma  radiation above 100 krad

Johnson and Hartman, 1988), while an unirradiated radiation-
ensitive mutant group showed a lifespan similar to the wild-type.
n the rotifer Asplanchna brighwelli,  degenerative aging was  induced
y free radical reactions (Bozovic and Enesco, 1986). Thus, IR-

nduced oxidative stress can affect the lifespan of rotifers in
esponse to gamma radiation. In terms of fecundity, the number of
ffspring was significantly reduced in response to gamma  radiation
Fig. 1B). Fecundity patterns of rotifers were highly associated with
ifespan. For example, individuals with long lifespans showed a low
ecundity but the opposite was found for short lifespan rotifers in
heir age classes due to tradeoff mechanisms (Jennings and Lynch,
928; Snell and King, 1977). Thus, rates of reduced cumulative off-
pring, seen at levels exceeding 150 Gy, imply that gamma radiation
s detrimental to fecundity, as it causes them to allocate their energy
o the recovery of oxidative stress. Similarly, in mussels Mytilus gal-
oprovincialis and Perna canaliculus, environmental stress has been
inked to a reduced energy allocation toward reproduction, caus-
ng impaired growth (Petes et al., 2007). In addition, in vertebrates,
educed breeding has been caused by a reduction of the testis mass
nd sperm contents, and a depletion of spermatogonia in response

o gamma  radiation, as shown in the following fish species: plaice
leuronectes platessa, eelpout Zoarces viviparus, guppy Poecilia retic-
lata, and rainbow trout Onchorhynchus mykiss (Woodhead, 1977;
nowles, 1992, 1999; Greenwood and Knowles, 1995).
s (0, 20, 40, 60, 180, and 360 min) on DNA repair related genes.

Generally, the inhibition of population growth is one of the
potential indices for environmental conditions and the resulting
physiological status, reflecting relative abundances in ecosystems,
particularly in asexual reproductive organisms such as phytoplank-
ton and rotifers (Yoshinaga et al., 2001; Haney and Jackson, 1996;
Boëchat and Adrian, 2006). In the rotifer Brachionus plicatilis, birth
rate was the key density-dependent factor for regulating popu-
lation growth in laboratory rotifer populations (Yoshinaga et al.,
2001). An excess of 150 Gy in B. koreanus caused right-shifted sig-
moidal patterns of the population growth curve (Fig. 2A). Under lab
conditions, the Brachionus sp. population growth has four phases
(Yúfera and Navarro, 1995): lag, exponential, post-exponential
growth, and declining and/or stationary phase. After gamma  radia-
tion, a growth retardation in the lag phase was observed, reaching
a stationary phases after a two-day delay, suggesting that gamma
radiation leads to only temporary reproductive impairment in
B. koreanus. However, in all the groups, similar slopes of the
exponential phases were observed with statistical significance
(Fig. 2B). Furthermore, the same patterns of sigmoidal growth were
observed in the second generation between the control and the
200 Gy-irradiated group (both unirradiated groups at the second
generation) (Fig. 2C). Similarly, in rotifer B. plicatilis, a population
development delay of one or two days in the lag phase was observed
in groups with copper accumulated diets (Moreno-Garrido et al.,
1999). In the water flea Daphnia magna, a decrease of metabolic cost
for growth and reproduction was  also observed as controlling body
maintenance and increasing survival in response to alpha radia-
tion (Alonzo et al., 2006). This suggests, therefore, that the trade-off
mechanism resides between repair and reproduction under gamma
irradiation and that B. koreanus has the ability to recover gamma
radiation-induced damages on fecundity in two generations.

Gamma  radiation can generate ROS directly by interacting with
the water in the cells of organisms (Kang et al., 2012). Organisms
have evolved to control radicals using antioxidant defenses and
enzyme systems in response to IR-induced oxidative stress, lead-

ing to diminished ROS (Riley, 1994). In the intertidal copepod T.
japonicus, gamma  radiation induces ROS and leads to a recruit-
ing of DNA repair mechanisms for several antioxidant enzymes,
such as GST, glutathione reductase, and GPx, to diminish oxidative
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tress (Han et al., 2014). Likewise, B. koreanus has a fundamen-
al defense mechanism which counters gamma  radiation-induced
xidative stress (Fig. 3). Additionally, the upregulated expression
atterns of glutathione-related genes, such as GSTs (BK-GST-sigma,
K-GST-omega, and BK-GST-zeta) and BK-GPx,  were also observed

n response to gamma radiation (Fig. 4A, Suppl. Figs. 2 and 3(A)),
uggesting that glutathione-related antioxidant mechanisms are
ctively involved in recovering oxidative stress-induced damages
n gamma-irradiated B. koreanus. In the marine copepod Paracyclop-
na nana, gamma  radiation-induced ROS has been associated with
etarded growth rates, along with impaired fertility (Won  and Lee,
014). Additionally, the amount of ROS determines sperm quality
nd correlates to the amount of live and non-apoptotic status, as
ell as reproduction rates (Marques et al., 2014). Thus, ROS gener-

ted by other environmental stresses (e.g. UV-B, IR, temperature,
ollutants, etc.) is a triggering factor on life cycle stages, such as
atching, growth, and reproduction, in phytoplankton, zooplank-
on, and bivalves (Petes et al., 2007; Fuma et al., 2010; Kim et al.,
011; Han et al., 2014).

The relative mRNA expressions of Hsp genes were increased
n gamma irradiated B. koreanus (Fig. 4B, Suppl. Fig. 2 and
uppl. Fig. 3(B)). Hsps play a prominent role in protein homeo-
tasis by regulating the protein folding quality control (Nollen
nd Morimoto, 2002; Imai et al., 2003), and has also been con-
idered to be a stress-induced protein, preventing irreversible
ggregation with other proteins in the cells by translocating or
efolding stress-induced denatured protein (Nollen and Morimoto,
002). The primary cellular defense mechanisms of Hsp pro-
eins in response to proteome damage are the chaperoning of
he denatured proteins and degradation of the damaged proteins
Parsells and Lindquist, 1993; Nollen and Morimoto, 2002). The
eleased Hsp70 protein binds to aberrant polypeptides/proteins
o rescue them, through folding and unfolding with other pro-
eins, to protect the cell from the destructive effects of gamma
adiation in human lymphocytes (Parsells and Lindquist, 1993).
urthermore, the involvement of Hsp proteins in response to
R was reported in radiation-induced fibrosarcoma cells and
adiation-induced cell death (Park et al., 2000; Lee et al., 2001).
adiation-induced fibrosarcoma cells obtained the ability to adap-
ively respond to the conditions of inducible Hsp70-transfected
ells (Park et al., 2000), while Hsp70-silenced cells showed sig-
ificant increases of cell killing compared to the control (Du
t al., 2009). This implies that an increase in Hsp genes, includ-
ng Hsp30,  Hsp40,  Hsp70,  and Hsp90,  can be related to the recovery
f IR-induced oxidative stress, as seen in B. koreanus. However,
educed ROS levels and antioxidant enzymes including glutathione
elated genes and hsp observed at 200 Gy can be caused by
verstretched damages in response to IR and/or be caused by real-
ocation of the energy budget from antioxidant to the DNA repair
rst.

The p53 gene was significantly expressed in a time course
anner in response to gamma  radiation in B. koreanus (Fig. 5).

n p53-deficient mice, tumor latency was significantly decreased
Kemp et al., 1994), indicating that the p53 tumor suppressor gene is

 key player in examining DNA damage and protecting the genome
n view of cell cycle regulation and apoptosis (Backlund et al., 2001).
n the hermaphroditic fish K. marmoratus larvae, the p53 gene was
p-regulated with a sublethal dose of gamma  radiation, suggesting
hat IR can activate the DNA repair system through the involve-

ent of p53 (Rhee et al., 2013). Other key genes, such as DNA
epair-related genes (e.g. Ku70, Ku80, DNA-PK) and the PCNA gene,
ere significantly expressed by gamma  radiation, seen in their
ncreased susceptibility of cellular damage (Han et al., 2014). Thus,
n elevated expression of B. koreanus p53 is closely linked with cel-
ular defenses to IR as a marker for radiation-induced alterations in
amma  irradiated B. koreanus.
gy 155 (2014) 101–109 107

In vivo and in vitro parameters for gamma radiation damage
are closely associated with gamma ray-induced DNA damages. IR
generates DNA damages, such as single- and double-strand DNA
breaks, basic sites, and alterations of DNA bases (Ward and Kuo,
1976; Rhee et al., 2013). However, in diverse aquatic organisms,
repair mechanisms have been reported as recovering DNA dam-
ages in response to gamma  irradiation through the expression of
DNA repair-related genes by detecting genome impairment (Rhee
et al., 2013; Han et al., 2014). For example, after exposure to
X-ray and gamma  radiation, in fathead minnow Pimephales prome-
las,  DNA strand breaks disappeared through a linear rate of DNA
repair. In addition, the molecular mode of the action of defense
mechanisms in response to gamma  radiation was observed in the
mangrove killifish K. marmoratus and copepod T. japonicus (Rhee
et al., 2013; Han et al., 2014). In this study, the expression pat-
terns of 18 different DNA repair associated genes were examined
early in the event of DNA repair in a time-course manner in 150
and 200 Gy gamma-irradiated B. koreanus (Fig. 6 and Suppl. Fig. 4).
Non-homologous end joining (NHEJ) was considered to be the most
important repair mechanism for forming the heterotrimer of Ku70
and Ku80 with DNA-PK in response to DSBs (Rhee et al., 2012). In
general, Ku70/Ku80 heterodimers recruit DNA-PK to form the core
protein complex, thus promoting a synapsis of the broken DNA ends
in DSBs (Spagnolo et al., 2006). In B. koreanus, significant expres-
sion patterns of Ku70, Ku 80,  and DNA-PK were observed as being
key components of NHEJ according to time- and dose-dependent
manners (Fig. 6 and Suppl. Fig. 4(A)). HR, required for DSBs repair
systems following IR exposure, was also induced in response to
gamma  radiation (Groth et al., 2012). HR is predominantly induced
cell cycle-dependently in S and G2 phases, while NHEJ contributes
to the DSBs throughout the cell cycle (Hartlerode et al., 2011).
In B. koreanus, RAD (RAD51,  RAD51D, and RAD54)  genes were up-
regulated in gamma-irradiated B. koreanus up to 10 times more
than the control group (Fig. 6 and Suppl. Fig. 4(B)). RAD51 plays
a pivotal role in initiating HR pathways by assembling a single-
stranded DNA to form a helical nucleoprotein that promotes DNA
strand exchange (Mazin et al., 2003). Subsequently, RAD54 regu-
lates the stability of RAD51 and stimulates the exchange of DNA
strands between the homologous damaged and undamaged DNA
molecules (Mazin et al., 2003). In fact, in mammalian cells, the
overexpression of RAD51 proteins stimulates HR pathways and
increases resistance to IR (Vispé et al., 1998). In a homozygous
RAD54 mutant mouse (RAD54 −/−), the HR response was  signifi-
cantly reduced in response to IR (Essers et al., 1997). Taken together,
these major pathways (e.g. NHEJ and HR) either directly or indi-
rectly regulate the DSB’s repair mechanism in B. koreanus.

IR also induces single-strand DNA breaks (SSBs) at the base
and DNA backbone levels, which are using different repair mech-
anisms such as nucleotide excision repair (NER) and mismatch
repair (MMR). Of the SSB’s repair mechanisms, replication protein
A (RPA) is responsible for base excision repair. The RPA and Xero-
derma pigmentosum variant (XPV; e.g. XPA-RPA) protein complex
is involved in the initial detection of DNA damages on the SSBs in
mammalian DNA (Kobayashi et al., 1998), as for gamma  radiation-
induced phosphorylation of RPA in human cells (Liu and Weaver,
1993). Also, a germ line of XPC-knockout mice showed significantly
higher radiation-induced mutation rates than that in wild-type
mice (Miccoli et al., 2007). Thus, the elevated expression of B. kore-
anus XPV (XPA-G), as a marker encoding the recognition protein in
order to find a DNA adduct, showed that the NER mechanism is
likely to have been affected by sublethal doses of gamma radia-
tion in B. koreanus (Fig. 6 and Suppl. Fig. 4(C)). Also, MSH2, MSH6,

and MLH  proteins were required to repair mismatches during DNA
replication (Drotschmann et al., 2005). In this study, a mismatch
repair (MMR)  system as a post-replicative repair of mismatched
SSDs, was  up-regulated depending on the dose- and time course
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anner (Fig. 6 and Suppl. Fig. 4(D)). MSH6 is a significant factor
n MMR  pathways, as a key component of the MSH2/MSH6 com-
lex, and MSH6-deficient cells were hypersensitive to IR-induced
ell death and were associated with DSB repair by inducing Ku70
n human cell lines (Shahi et al., 2011). Moreover, Bk-RPA1, Bk-
PA2, and Bk-RPA3 genes were significantly induced, particularly

n 200 Gy, up to 60 times more than those in the control group
Fig. 6 and Suppl. Fig. 4(E)). RPA is involved in multiple stages of
NA MMR  pathways, and RPA plays a role, not only in recruit-

ng MMR  initiation factors to the excision initiation point, but in
rotecting template DNA from the attack of nucleases as essen-
ial components of the MMR  system (Guo et al., 2006). Thus, in B.
oreanus, NER, MMR,  and SSB-involved damage repairing systems
esponded effectively to exposure to gamma  radiation, initiating a
ecovery of the cellular damages.

In summary, B. koreanus recovers oxidative stress-induced
ellular and DNA damage caused by gamma  radiation through sub-
equent defense mechanisms, such as: antioxidants, chaperoning
rocesses, and DNA repair pathways. In this paper, we  suggest a
ausal correlation between in vivo parameters (e.g. survival rate,
ife span, fecundity, growth retardation) and several molecular
ndices (e.g. defense mechanism) in B. koreanus after gamma  radi-
tion exposure. This paper provides a better understanding of how
amma  radiation affects individuals and population structure levels
s well as molecular levels.
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