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ABSTRACT

The Manila clam, Ruditapes philippinarum, has been considered as a sentinel species due to dominant distribution
along the coast of Korea and well developed regulatory system. In order to develop and understand immune
responses of the Manila clams, clams were exposed to 50 ug/L of cadmium chloride (Cd) for 8 days and monitored
the cellular immune parameters of the hemocytes including blast cell composition, DNA damage, necrosis,
apoptosis and hemocyte mortality using a flow cytometer. The results showed that all immune parameters
analyzed in the present study increased remarkably compared to the controls and the increases were statistically
significant. Apoptosis rate was higher than necrosis rate in the clams exposed to Cd suggesting that apoptosis
was preferably induced by the concentration of Cd used in the present study. Our study indicates that the
measurement of cellular immune responses of the Manila clam using flow cytometer will be a useful technique for
assessment of heavy metal contamination in marine environment.
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Immune Response to Cadmium in the Manila Clam

2AY h5E olew Al Aeke A8 chkt Wl
A =glov 2 £of ol EFAES] ZHF WY 7)5e
AT E ZA5= A EFF (cellular level) 2] AhHo] 3k
Z3dste] digk ukg-o] A 54 Wb folA Wil 5
E ¥y 9lt} (Marigomez et al., 2004). o]wjj=}|F2] o4
ol AlEA Y 71A AAE Agolw (Allam et al.,
2002), A|E APEx, 2AJr4 apoptosis H]& Y AT F
Z& (Auffret and Oubella, 1997) So] nvlo]em}lA = 7
Fo] o]&¥w it} (Lau and Wong, 2003; Giamberini
and Cajaraville, 2005). E3] HSAE FA7] (flow
cytometer)+= A3} FsiA] 7 AE2] Hefu} A E
54 24S Ao sy bekt A H3lE 4% 4 9
7] wzol] At oluishe] A2 W 7|HE SAsk= v
83t} (Goedken and Guise, 2004). Kang et al.
(2000) < -2uve} vzt do] FejA 543} 27]9] o
gt A5, FAET, 2En w3k AlEed ARAE
(fibrocyte) & F-F-=c}x ¥ 1 sl oH, Park et al. (2006)
& SAE BA71E olasto] wialet Aol Heleh 7158 A
akob] I3 712 249} o2 olgslel Azt w2t Bl
qge] AolE AL vl ok

e f-& A A7 AlE (the International Agency for
Research on Cancer) ¢ &4 group 1ol A= o] 7,
7h A AroA gk Fiske AR dEA e =4
E7o]t} (Waalkes, 2000; Waisberg et al., 2003). o] £%
$eupe ddake) #5 o e BEee ofFucks o5
= k= 7o Al B} uer R iEska 4 54
< &t} (Kim et al., 2003; Kim et al., 2007). s} =)
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(Brousseau et al., 1999; Gauthier-Clerc et al., 2006;
Ketata et al., 2007). £3] 7}=F2 €} o|vjslrc} nix|zt
ofuAke] AYzEhA xAo]| e )= transaminaseol Z
o BA upge AuE viE Y] B9 443 Fo
2 2315 v} glt} (Blasco and Puppo, 1999). wlebx 2
AT 7=d w50l wE wiAE] A2 Wyl Wis
FAE F471E o8-8t Aoz npxEe] A4 W
o7122 olsista o]5 Fste] 3 RYEE 7HoEA9
84S ddstaal Al
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1. 49 Ha
A 0183w A oAl Fgstglon], A
YA §71 20C, 28 ppte] FxAA 484 2t A2

th o]F AEE 2 /A AR Uy AHFE Jt=F 50 p
g/Li (cadmium chloride, Sigma) & sfol] =&47]11,
WA Aok Y272 it gl dol ZH7; 84 Fek Ab
F35it) o] 717t Fot A xeA JlEF 2F A, &
= F 14, 29, 44, 84A =& & 7 vl AsE A4
sto] R ZlS Fof|lztZoA 1 ml <l&d FA7|E o83
o ZZ3tn, FAE E47] (Flow cytometer, Guava
EasyCd)E o]&ste] A9t tz72 HGY Ao]& 24}
ek FAE EAS S APE e "AnAstelA Ak
4 7)el 298] HFE 2

AR 717 F3t Hole FuEAl sttt

2. blast cell J ¥

WA 97 23 nlRs AEERe A slelel 2
gzl 100 plo 100 xlo] 6% FAX=ZEd 4 plo
SYBR green II (Sigma, 1,000x)S Z7}3t & AF&of4 30
2F 1Al 149 HHZ AL FAE #47] (Guava
ExpressPlus) ¢] Guava ExpressPlus =2 13-g o]-8-3}o]
FSC-HLin/SSC-HLin dot plot AlollA] 5,000 7]2] AE &=
= (granulocyte) ¢} f-2]Al7 (hyalinocyte) ol &3}4]
= A% AEES blast cellz 7HEstn o]F A3

o},

3.DNAEAE

npxg FF Lol 200 115 500 119] Y7+ 70% ethanol
22 F 4T oA 1A]7F £ permeabilization]Z] 2.
413 (8,000 rpm, 5 min) 3}e] A5-HE A|A3kL PBS
2 230 ZA AAsRI 7)ol 200 p19] PBSet 54 %
<] cell cycle reagent (Guava Cell Cycle Reagent) & %
7¥et 30 #7F ukeAAl F RFAE $47] (Guava
EasyCD) ©] GuavaCellCycleBlue programs ©]-8-3}¢
DNA ¢4% 5 54319tk DNA £45 = FSC/PM2 dot
plot& #Asla o= ulgle g PM2/Count histogram2
°]-§-3t%f subGO-G1 F-23 11 o]9] F& AFgozH A
A B F subGO-Gle| &3 272 w2 Axtelgick

4. Apoptosis2} 3 A}
ulx)2t 12 apoptosis®} A} (necrosis) + Annexin

V-FITC Apoptosis Detection Kit I (BD Pharmingen)
2 o)gs}e] Asigich olF 5] WAL 100 1% A
daln FAFe A} A ¥ fAE B
GuavaCellCycleBlue programg o]&3flo] #4359t} o]
] 5,000 711&] A|£E FSC/SSCZ plotting 3}3. & A £1t
£ Al® (gating) 3}gom, o]5& t#4 GRN-HLog/Red-
HLog plot< AlA|3le] FITCS} Plol| 2% 4% Aefol] u}
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Fig. 1. Variation of DNA damage of R. philippinarum
exposed to Cd for 8 days. * indicates p<0.05

2} 785 93 (quadrate)E 2712 FT9] apoptosise}
el A Axsh vl Ak Fig. 1. =, 27k)
v 1= A2 A E (FITC negative, PI negative), 7] 3
AFAE (PI positive, FITC negative), %7| apoptosis
(FITC positive, PI negative), A2 A% (FITC positive,
PI positive) 5% 75 glom, W32 x| w=t 2
5 sk (A€ AR, #5 A (27] I, 5 sk (7]
apoptosis), +& A (A2 AB)Z FE3T)

5. M| EAG&
- AE-S Hégaret et al. (2003a)3} Hégaret et al.

(2003b)e} el wet FAIE 4715 ol83te] SAs
o oolE S8l WA d3=Zef 100 sk 200 ple]
anti-aggregant solution (AASH, Auffret and Oubella,
1995) & 42 ¥ 100 p19] o7} 34 (GF/C filter H7hE
2713 e} of7)e 4 ple] SYBR green (1,000x)9} &<
o] propidium iodide (PI, 1 mgmlE *7}gt %
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Fig. 2. Double staining of PI and annexin-V for
discrimination of apoptosis and necrosis of haemocytes
of R. philippinarum exposed to normal condition (A) and
Cd (B). Lower left, live cell; lower right, early apoptotic
cell; upper left, early necrotic cell; upper right, dead
cells caused by apoptosis and necrosis.

FSC-HLin/SSC-HLin dot plot< 243l 5,000 712 &
TAEE AEEgly, o524 GRN-HLog/SSC-HLin
dot plot& Aol AT o]e)e) EAL wiAlelgT). ¥
Y732 mpxeko 2 RED-HLog/Count histogram< =}
Aete] AT % Plol selsbl AaE Aeke Aste] 24
A7 F Ak ngs 47 e dede,

Table 1. Shell length, biomass and condition index of R. philippinarum exposed to Cd for 8 days

day O day 1 day 2 day 4 day 8
Exposure
Cd N Cd N Cd N Cd N Cd N
No. samples 7 7 7 7 7 7 7 7 7 7
Shegnl;r)lgth 36.14 35.58 37.33 35.40 37.67 37.72 36.95 37.65 36.16  37.78
Biomass (g) 1.798  1.889 1.844 1.880  1.981 2.063 1.792 2.032  1.448 1.899
CI 0.425 0.464 0.484 0.423 0.476 0.431 0.410 0.447 0.349 0.374

N: not exposed; Cl: condition index
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Fig. 3. Variation of the blast cell of R. philippinarum exposed
to Cd for 8 days. * indicates p < 0.05

6. A

FFEF wgol wiAle] mePe) wAE JFE ek
A dxre AT Wy zolE vl AR
Mann-Whitney #& o]-8-3l] 95% Al=)gFolA £A3}
%t
A},

2 =

1. %, %% 2 condition index (CI)

& el AME e g He A sh=gel
23 Adsl 36.16-37.67 mmgon, dxTe] AL
35.40-37.78 mmgich. BF &5 A7} 1.880-2.063
g9y, hETE 1.448-1.981 golvh. ¢ Cl: Ads}
0.3499 01, thxF= 0.3749]c} (Table 1). 7+ 4] sy
Ao} dxzTo] A, £5% % Cle 5414 Fo4e] 9l
o] Akt 2719 Al87} o] &5 et

2. 0| &3 A X

7teg xFo] 7l A AT} x| vEst AE
(blast cell) v]&2 ¢F 55% AEFoy 7lcf x5 19 7
o} e ATl 27150 A BT % o 8195 3
AL o] F ZHaste] Aj FEA7HA] T0%-85%F et
e} (Fig. 1). W che7-2] 45 A 717t £k oF 209 A
% blast cell ®]Eo] YA el (p < 0.05).

4. DNA &A%
Fl=F =& vix= gz DNA £A4EE fA
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Fig. 4. Variation of the live cells of R. philippinarum exposed
to Cd for 8 days. * indicates p < 0.05

o] #7} wmlElg o Ttegel x5% I B)Y] Af- =
3| S7¥de] BAEoEA AR £A47E ol &7 v
TAHZS] DNA £4% SA40] 7hsds gelsialtt (Fig. 3).
F}=F =% oA npxge] DNA &4 = siAnk} 10-23%
2H 2 dolrk AshAl ek vz d7-0] DNA &4e+
AAZE 2pol 7} Q& Bl Bl SAAL® oAl o
AR 7hEH 2 19AYE | DNA 4=+ dYxad
njaste] A yepston] ol gt Ak 3 v} <l 8
AA7EA] oloiflet. =2 194 7k=g =& viAIZe] 25 3
T DNA &4=s 25%7HA AAsstglon o)F AHaxe
Zrasto] i wpAjel ol of 17%A4=5ich Wbtz
£ Fd 21%°] DNA £4=71 32 194 #5591, o)F
tasto] 4 8UAE 5%l 23k 22y SAHCE
g Aol W wix|e} Felut BAE Gl

2
3
=

=
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oY or
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5. Apoptosis®} 3 A}

RAE AR A 22 197 F A 723 Ao)
7F folot 24 e 24} 8UA A TtEF w2 F w2
AE AZ vlgo] 70-80% &3 80-90%Z ¥l PlmFH
o} 25| dolalo] #el=gint (Fig. 4). 27] necrotic Al
2o & dx7o A5 24 7|17 F HE 3-6%2] &S
vehdlov sle g & vk A9 2FoA oF 3%A
& 2940l oF 9%7HA] 553Gl o] F Al & 6
Arfjolli= oF 4%E 71531500} (Fig. 5). ©] & A= =5
2907s} 648 FAA foldt Aolg: vk 27
apoptotic A2 =% oAl < 5% Hegov sl=F
=% 19A47E 10%% $7181aL &4 TEA7HA] vdd o]
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Fig. 5. Variation of the early necrotic cells of R.

philippinarum exposed to Cd for 8 days. * indicates p <
0.05
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Fig. 6. Variation of the early apoptotic cells of R.

philippinarum exposed to Cd for 8 days. * indicates p <
0.05
& SRS (Fig. 6). b dage ¥4 129800

oF 6% o) F Fhas }0‘1 4 T84 AT 2%5 AA
skl Apoptos1s2‘r Fapel] ofel] Akt AlEe] vlEE ThE
Foll =21 g7 A% 24 294 Huge 2o <of 13%
= ARkl o] F AR st 1%E Uehdglt (Fig.
7. dz2Tv £4 194 11%744 S71ski e o5 543
Faste] 24 F8 A oF 4% B3Rl
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Fig. 7. Variation of the dead cells of R. philippinarum caused
by necrosis and apoptosis when exposed to Cd for 8
days. * indicates p < 0.05
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Fig. 8. Variation of the dead cells of R. philippinarum
exposed to Cd for 8 days. * indicates p < 0.05

6. 27 A%E

7hEdel 2ER v d3e bzl vste] 27 4
FEo] WA3] SR Bas 2l 2 4 glgld (Fig. 8). 7}
=F xS 479 AFEE =8 1DAE 343
Ae}el of 10-12%% e =% 8ol asted
8% HT e Vehsick e daTe) A% A 7|
75t 5:8%°) AP ATEE oA Tleh wdol
ulA|g 7] AMES Z71x7)0] El F St} (p > 0.05).

JS; olX
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L
AT SR e AT TS AleR 24
L glow o A A, W, £ 5 AT TEE0l Al
Zo] Aol HAH= L Qe oA Fa5e] F4L vl
AR allfEel 5H0R Agste] 4% FeA A
Hehdie] F5A0 s Holbas Bato] ozl 93

o

wzlck wpebA i 2|9 ok IS AEs] BAE 5 9l
= IAEYEY 7R A —r‘j/]‘/}?/‘r?} 7o) Abgio] ik
st 317 W3} AlE A GefMs 2 FeAe] wi¢ Aok
npA g} o] g WY 7Rk BAgt sAb o] ulsf o]
o2 Az H Ao Hew Yy, 7 A2
g ek VY FE A TRA N50)d ol e
593t} (Fisher, 1988). A|2A4 MY 7158 SA3s17] 93t
oz 2T FAE £47] (flow cytometer) T L3
o] &5 glrk o] WL #olA ®l& o]&3te ANH AE
=7] (forward scatter) ¢} L% (side scatter)E Z#3to
Fa A2e] FejA AolE EEkL o] d S wet A
o AEE Adst & 5 gl o] WS o]&ste dAdE
(Crassostrea virginica)¥} 2z (C. gigas) 72 ejA
zpolol 2k H7- Alke] EAo] Fofl wpe} Adolghe] kgl
t} (Lambert et al., 2003; Hégaret et al., 2003b;
Goedken and Guise, 2004). Park et al. (2006) 2] &17-9]
A e v GRS A s b 2 )
& 2 b S o] i i e,
olo] FokUT Aest £57h W] TREA e 29
HT Aekel #1323t AlE (blast cell) & F2=3ich
SAZ BA)) & o 22 sl5e e e 3
44 Aokg olfsl AT 54 BAL Ao A 17
Sl ek Wge AL A4 SAE e Sl
(Davey and Kell, 1996). Park et al. (2006) 2 1}
gzl 43I 87 TAFL permeabilization A]7] &
Aefq] SYBR green A7ks}o] A2 s} So]a) k32
e s BT Sold BTATRE T
Non-permeabilization A7 &o= % 22kl PIS A
7pste] ApEE Al EeA Yehts AXE Sl AlZEUz A
=3} PIZ Aoz dZ ) ApA|Te] 28 Aeks}
Sic. 58] Aloke] 3% shgo] ke 75 (SYBR green I1¢]
2u: 510-530 nm, PI9] W& 34 550-590nm)
Aol dste] 25 A T 2] shake sk et
¢ 4 Qenz Al F oA B89 AlYE 54 ¢ 4
9it} (Hégaret et al., 2003b). E3F 2 ATo4 A&5l n}
9} 7ro] 77 W3 wAbo] = 7)ok Annexin V-FITC
¢} PIE 2% A3l apoptosis A|E9} A=A EE A}

o E:

do o p¥t LR OE

o
it

EE AEE o] o] g1

T} o] FAZ A= AEY 5

9lt} (Walsh et al., 1998). o]
24 gl g4 9

o rif

Wik Zojog weehs YFEAL ARAA AT T &
o)
A

[}

on, 53] vk AEE A& AT 5 e A
1 3ol AlzA Wdgs SAsked vl & 7))otk
2 A7E Fske] vehd wieh o] =gl =9 vHAl
2] vt ARt Soleknh 2y dAEA] vleEt
Ao T3 ol Age] A ek gle Atk
Pipe and Coles (1995) °f <3} &< F7k= Cd, Cu,
fluoranthene, phenol 5l 23 sjatdxls= 7o 54
o] Eusrky wusgleh o] 3w 1 pglel
=R 2 A $7 DE B Cheng
1988), 53] 0.3 pg/Le] 7h=gel =25 =2 (C. gigas)
1] 24k (subpopulation) Zx:fii ff—JJrBL?' (el
Ae ud AEE AR o F4e] RusEl ®p gl
(Auffret and Oubella, 1994). o] & oA7oj|A et 2
o} §A13}5 ol4pe] AnkE 2 ) 5]A1 0|3} (sublethal)
o] 7kEg FEolAE b ofulsl wEs} A2 o] St
s Jox wdEn. v A2 57t %Ji A7)
et At EAl dstont o A= s i = 5 gl
o] Bus glrk npx[ge] A5 e 7-}°§°1 SRR
M WS ST A ARt SAEE Ao e
) (Hégaret et al., 2007). B9 A% 7}=F7} 1)
w5 o) 979 47 37 sfglon A g ¥
++ Z715159 0} (Pipe and Coles, 1995).
#H]iﬂlc Pipe and Coles (1995) o w2d € T34 1

the 7= Bo] Eojdo g T 2o =712 guk sl Ao R
el webd E oA Jepd vlel Zo] sl=Fef o
gt 222 vix|Ee WA ukgo So] uhg-& fisle] e
S FA4l s Zlew ddn

7h=Ho] npAleke] genotoxicity it SRS =47 §)
3te] nlx|gt A2 DNA 455 S35tk DNA &

g0l WS DNAALEOA 47171 @stA] =m o]z gl
sto] AEY F 4719 oFo] FtashA] =t o] frAlE EA4
1% CIgsh Al o ApE MBS A
B AAA o 7 f2E 9718 A & 4+ 9} (Park et al.,

2006). st ojuljslj= #Alsl4 (Gielazyn et al., 2003),
tri-n-butyltin (TBT) (Micic et al., 2001), <3}
polyaromatic hydrocarbons (PAH) o] =%= o] DNA &
Aro] Z713o] kg 9lt} (Coughlan et al., 2002; Rank et
al., 2005). & AFolM= 7]E A Azl Fro] =4
2% AR de4 DNA &4%=7} Assisich v
2ol Af- 7h=gel Fo] v 7o DNAEA S 27
gols e s =851 E dFEN 2 "] Eal FHY
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o w2 @7e DNA 4ol wlali 7l=ge) ojge W
3] AT Aoy sk=go] $o]2 apoptosisE FA
A)719 (Risso-de Faverney et al., 2001), AAAE WA
A7]= Aoz RuEy glo] (Dailianis, 2009) ©|Z Qlgk

DNA &7fo] it 5= Aoz detzich

A| 27212} apoptosist M EATE F = F8 7%
2 Alge] WelA/ A whe-E Wske F8 nlE o)
Ha gtk & AelMe shEgel a1 TAECA Al
F3)Akel apoptosis7t 48] S3Eo] =G TkEgel
2J3t apoptosist= ZAJAkAe] Fbel| o3 dehs Zlew
dHA glon olygt Bk Tk Tt=w] TEe
A7} AL Row 4deA it} (Watanabe et al., 2003).
Apoptosis®] ¢l¥} 213t #Zo] ¥y 2]3}H apoptosis
% ¢l1#} (apoptosis inducing factor)7} v]|EZ = g]o}eof A
o7 Azl (translocation) 7] wjEel Ao FA=
9t (Kim and Soh, 2009). Tsangaris and
Tzortzatou-Stathopoulou (1998) i 2J3pH 7}=Fol &3t
apoptosis > AE Fiol we} thEE B spglow,
upebA] 7F=g =Fol o3 nhAlEk 7oA apoptosise] ™
o #AEE AE 1w A A7 Tt=wY] 9F
+ Wl AR AxE A AE7t ofgA A}
= apoptosis®] AR AIS=Ao digt A AL
THEE A 92 o]yt apoptosiset 7R R EAdAkAe]
I} (excessive production) ©] A|EIAL] F9 Hglo]
¥ 53] apoptosisA| it} #tE gt LT A EH oz EA)
& ol apoptosis 7|2 WElEoER ATZHA} AYE=
Aoz ®ByE7 9Jt} (Lee and Shacter, 1999; Galan et
al., 2001). ¥ 975 F3le] o]l apoptosise} AEZ|A}
&= vlas 2 A 717k 5 %7] apoptosis ¥]Eo] =4 #
ZE 3 glo} wAlg Fe] 7§ & Aol A AR Tt=ge]
+ A|E AR apoptosisE FEdhsd] o £744<l
ol Aoz weksn, & 7l=H2| F='H apoptosiso]
U ik i AEE AR 3R UER JHeE f4-
37 o] &8 F gl& Zo® s
717k &<t FtEFel 259 viAEe] dY Y (blast
cell, DNA £A4%, A X3 1}, apoptosis£) A 7to] A
+5 AAEE 2AE B on, a2t 23 frARRE S
yebiglet. o= npA|ge] Ay A3 7]3ke] gro} wix|2}
o] Meo] 7|Are® Wojz|7] o|Ae k=g kFo] °]F
7] W&l Aoz wksc) Park et al. (FAb e, W]
WEALR) o w2H wix|E AR dA S5 Al 1YY
9] 7|23k DNA &4=2] 7% 0.5% di¢], =71 734t
£ 0.12%, %7] ¥ apoptosis ¥]&2 0.03% A= O
& ATl A AlE o]Rt} oF 10w o] Ao FhE Eele
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W e Wb AT Saleld] 329 AgHA B A
=]

Aoz, & d7olA =gl a9 vpAE Hut
2] osle® blast cell, DNA £AM%, AZIAE,
apoptosis& I AE APFE To] Aesiglen, o) v
o] 7keg kE:ol AS3hr] g Hr)AE olsfisked 8
gt ARE Al sglek w3t o]d A2 Heuke A
E FA7IE o]dste] Aol Thsstglen, npAEe] Al2A
Anks-& o83 A RYE R 83 AHE 5 olE
o

2 o

v}x2t (Ruditapes philippinarum) 2 $-gvzg} =71
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