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ABSTRACT

To evaluate the applicability of cellular energy allocation (CEA) in the bivalves as a biomarker for the assessment
of environmental contamination, the energy contents and energy consumption in several tissues of the Manila
clam, Ruditapes philippinarum were analyzed. The contents of lipid, glucose, protein and electron transport system
(ETS) activity in the foot, siphons, gills, and body of R. philippinarum exposed to crude oil-spiked sediments were
measured at 1, 2, 4, 7, 10 days after exposure. The reserved energy (energy available, EA) in the lipid, glucose
and protein decreased as contamination level and exposure time increased. In contrast, the ETS activity (energy
consumed, EC) showed the reverse tendency. The order of available energy contents were foot > siphons > gill >
body. Significant differences in both EA and EC were found only at the highest contamination level (58.3 mg
TPAHs/kg DW). EA decreased significantly in the foot and gill at 1 day, in the body at 2 and 7 days after exposure.
EC increased significantly in the body at 4 days after exposure. CEA showed higher sensitivity to the
contamination than EA or EC. Especially, CEA in the foot and body decreased significantly at lower ranges of
contamination level (as low as 6.5 mg TPAHs/kg DW) during 1 to 7 days after exposure. The CEA is more useful
than EA or EC alone for the assessment of sediment contamination at lower level that acute toxicity could not be
detected. CEA analyses in the body of R. philippinarum after 4 days’ exposure to contaminated sediments seem to
be the most sensitive and reliable.
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Cellular energy allocation in Ruditapes philippinarum

9 (cellular energy allocation, CEA) = SFG2] Al3}sh
ek 2 AAERth CEAE &S] AlE $EoA dofu=
o] 7k 4 F F79 oldA|el anlR ollyA] Ale]e] o
| g0l o= AxIAE Hrlshks Wolth. CEAE AIX
Well EAsk= A4, FF2902, whilzle] vt Az u A
A Z A (electron transport system, ETS) A4S =43}
o] oYz A& A4k} (Fanslow et al., 2001; De Coen
and Janssen, 2003). A&, FFI A, whilzle AMEAE
T8k H®A] AdEAelH, ETS 242 vEZ=eo}
o At 2R EF AX dAlellA Anjshs o] ks et
e Aol

CEA: SFGel u]3)] Adaoz &2 7|7+ o mizls}s|
nkSels EAE Zhu glo], SFGE diilsle] @79 AEF)
27 Qg A wh-& veidie 53 A3 E 5 gk
Smolders et al. (2004) = FLg A=S o|43}e CEAS}
SFGE 37 5743le] o] F x| 37ke] vlg AAg v} §lot
2589 Fufel] st ks A X7t CEAS] 75 A4, =
FRoX, vl e v wlbslA ks v, SFG2
7% 75 (clearance rate) TFo] o] Fuflof| whe-S &
olx, YwA A& (ZFE, vINtE A, AFHEFTH) £
- Sodol FEig s YehA] edsket webA, CEAE
SFGE 573ke Zxct @ AL x33} A7ke = Hr} ¢
s A A s b 4 Qe Zlew W

AEo] 2EHYAE HhA] o2 oA Q] AdeelA S
0|2 AsksE A% AR oxle] ke Heph Gk v
W geln, s 222t 9 A% $EE wolS 44
S RS A5 oA A FRE AEAAE B
A7 A 2lEA (xenobiotics) ol A&s}7] $ske] Alg
7 e A oux| e ke e ¥ ol AREHE
oqvx]e] k= Z7}slA] ¥} (Kooijman and Bedaux,
1996; Calow, 1998; De Coen et al., 2001). L4utAo 7 2
o gz A 2ol ke A o 249 AT
R e T LCE EESPECEEPE T £
3 Yehdt} (Giesy and Grainey, 1989; Munkittrick and
McCarty, 1995). A Fol|lx AEH A7} EAS A<
4% 9 §A0) Ao o e oA} SesA B
A7 Aol W 3go] AFH 2 olFolAA Eap
t} (Adams and Breck, 1990; Munkittrick and
McCarthy, 1995; Kooijman and Bedeaux, 1996; Adams
and Greeley, 2000). ¢]&|3t WA UZ 22 9l3] CEAE 2~E
gl2e] Arrt $74EE Aadke 54 2 oldh CEA
o 84 AZ4EF (De Coen and Janssen, 1997;
Muyssen et al., 2001; De Coen and Janssen, 2003), ©]
5 (Nguyen, 1997), ZAo]5 (Verslycke et al., 2003) 5=

!
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oje} 7+ ofe] 7}A] CEAS] AAelx &8l falshdt
o] Azl vx= FFold, A Alre FA H7t Sl
BHAew B85l Al WA At el sHEHEA disiA
=, Hg, lindane, Cd, Cr, TBT, LAS, Na-PCP, 2,4-D (De
Coen and Janssen, 1997; 2003), TBT, chlorpyrifos
(Verslycke et al., 2003; 2004a) 52} Zo] LI 3329
e AlFHez  AFvh o]FelRI, Adsle H7}
(Smolders et al., 2003), S n]o] w= CEA #H3}
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(Verslycke et al., 2004b), +5-43 3= 5o @5 &
A 77} A7 (Olsen et al, 2007) So] 252 AFAE<] ¢
3 F=lolfltt. ERTHEEE 4 F (De Coen and
Janssen, 1997; Verslycke et al., 2004a; 2004b; Erk et
al., 2008; Olsen et al., 2008), °]5 (Smolders et al.,
2003), 35 (Smolders et al, 2004; Erk et al., 2011;
Maranho et al., 2015), 9125 (Novais and Amorim,
2013; Novais et al., 2013), 3|4+ (Kithnhold et al.,
2016) 55 oz Fasielzck b olslsRal vhAlet
(Ruditapes philippinarum) <= 2. sl % EAE2] whA
7}, npo]le ®UE|® (Morales-Caselles et al., 2008;
Moschino et al., 2011), o}x]A} 3 17 (Martin-Diaz et
al., 2005; 2007; 2008; Coughlan et al., 2009; Buratti et
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galbana, Chaetoceros gracilis, Skeletonema costatum) =
e vjEE Egste] vl Fol Fglch F 1 3] wickE
Fetga 1 K T 2] F AFel ARgskich
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2. 94 HHE &

Aol AR F AR S dAA Soks A el
AF sk AF HHEL 300 pm EFEAE 5 AA F2
wz} A4 WAAEE Arlstgeh e H1%e) ol

¥+ (Iranian Heavy Crude Oil) & 5 ©4|¢] 522 F
%h FARAEE el mAZ TR A5 S
£ 0.39, 0.78, 1.56, 3.13, 6.25 glkg °|" LH5 F8HA
de HA%S davr 20 955 7Y 94 N2
6 719 1 L W7ol 77t viro] B3 oihele: (30 psu) &
A9 S A F A4S S B

Aol A4 BB direw 47e R $457
2 Id¥A 9= g3 g3l 4R (polyceyclic aromatic
hydrocarbons PAHs) ¢ sx5 #4815tk Ad £5 F

= HA% &3 35 cm 7HA Fste] wAlg) sl wAls)
fd AR oF 3 g = FAAA "ot AFF 540l o]&-sisich
T3 oF 20 g ABE Foto] wAbAbel] o} 450°C oA 4
A7 EF 247 NasS0, 50 g 3 37 E3ete] 8= Al
7] & H 200 mL 9] CH.ClyZ 16 A7+ 59t Soxhlet %3}
St} #5 A PAHs Y %FE74 (surrogate standards:
naphthalene-ds, acenaphthene-dio, phenanthrene-dis,
chrysene-dyo, perylene-dip) & 7713} 34&& T35t
FEALE IALMEF7R 5581 n-CeHuE S0 2|23t
Adeh. FEA U 7] S A CuF o83t A7kl
silica column chromatograph® ©|-43}] AA|3}dct. AA
] ABE 155 ALIFA (99.999%) E o] 4de] FEA)7]
% GC internal standard (terphenyl-diy) & %7}3l] GC
vial® H7 717184 sl PAHs®| A% A=
GC/MSD (Hewlett-Packard 5890 gas chromatograph /
Hewlett-Packard 5972 mass selective detector) & A&
3hlth. HAEel42] PAHs 5=+ 16 PAHs¢ alkylated
PAHsE F33le] EA8lg 1 o]59 £ 32 TPAHs (total
PAHs) & AAbsigioh

3.x3249

Z+ 2w o1 749 35 L 22 Fu|8tgn 51 Yol 6 7
A HAE Y A}t BF RS AFE A F 5
x vit}t 3] 2gAE A4tk w27 B wA= (2
2292+ 2.0 mm) 7+ v)7vie} 6 A F8te] 10 &
ZF 2 E2AZh 2 F 717 B9 5520 + 2T, FE2 30 +
3 psu % vﬂﬂﬁt} wj< s wied 100% Fp3lsich
% 1,2 4,7 10 Lol 7 xolA v]# 1 AH FA3514
7t 2% 59 3 WAE AR CEAE #4318tk

e

4. CEA &4
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FAR A, dEFE, o, 5] 4 FSE T
sto] 3 AL R 54 I7ste] CEA 4 A7H4] - 80T
FAX YEel Easigick i, €8T, o E AEd
F A2 FuE ALR ywA] FiE FeoE 3t
it} CEA #42 EA (energy available) £ EC (energy
consumed) & o] ¢3St EAE AA, FFIA,
whlzle] Al 7R FEE FAsGen, ECE  electron
transport system (ETS) A4S ZA3l9c) 2 B4 o
Azl S5 1 mL & #7lste] 443 ste] EAS] Al 714
FEo| FA e ARg-3felt

A" £42 Bligh and Dyer (1959) <] W< wisi).
435 A& 0.5 mL © CHCL¢t CH;0HZ 27 0.5 mL

= A5 2 0.1 mL ° HS04 0.5 mL & 7,;7}6}01
200C% 7pdste] A Zich 24" Al 0.2 mL &
96-well plateo] ¥ ¥325AE A}&3ke] 370 nm 2] v}
oA T3PS A5t A AAE 95t TF:AeF
(tripalmitin, Sigma) = 500, 250, 125, 62.5, 31.3, 15.6,
0 mg/LL & F=7 A5 =5 SAsY (Fig. 1a).

FF3929 F4L Roe and Dailey (1966) & i<
upgieh, #4385 A& 0.2 mL o 15% C;HCL,0; £ 0.4
mL & A7} F QAAL B £ - 200N WA
o whgo] $hEE F QA¥elsel A5 0.1 mL o 5%
C¢H;0H 0.1 mL ¢} HoSO4 0.5 mL & #7}3}e] vk
o}, @AE A5 0.2 mL £ 96-well platedl] Y1 #3354
5 AFastol 482 nm o] TFReIN FHEE A AT
A ZAAE S8k 23419 (glucose, Sigma) = 500, 250,
125, 62.5, 31.3, 15.6, 0 mg/LL &] 552 A3} EF=E
=43t} (Fig. 1b).

chil Al e BCA kit (Sigma) £ o]&3le] £A4slgic}. oA
b AE 02 mL & AAEs] AEAL Afe 32
ol g AAEe 5% NaCi:Hps804 0.5 mL & 3715}
60CoA &3zt 8§ 0.06 mL ] BCA working
solution 1 mL & #7138} 20T oA A Z T}, A A
£ 0.2 mL £ 96-well plateol] Y3 435S Al&3}
562 nm ] pFelA FHES SASH. AR AAS 9
3le] EFA]9F (bovine serum albumin, Sigma) = 1000,
500, 250, 125, 62.5, 31.25, 15.6, 0 mg/L &] FE2 %43}
o FE=E SAI (Fig. 1o).

ETS &4¢] 42 De Coen and Janssen (1997) & H}

HE wgit) $A1E 80-120 mg © 1 mL ¢ buffer 1 1 M
Tris-HCl + 500 ¢ M MgSO, + polyvinyl pyrrolidone +
Triton X-100) < #7}et & gAssisic). #4315 A5E
4CelA 5000 rpm % 20 ¥+ DAEE SIS} 9AEE
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Fig. 1. Standard curves for the spectrophotometric
determinations of lipid (A), glucose (B), and protein (C)
in the tissues of Ruditapes philippinarum

H A& 0.05 mL £ 96-well plate®] 91 0.15 mL <
buffer 2 (1 M Tris-HCl + Triton X-100) £} 0.05 mL <]

buffer 3 (30 mM NADPH + 100 mM NADH) < 7}s}
itl. oJ7]el| p-iodonitrotetrazolium 0.1 mL & *7}8kw
20CoA 1 ¥ 7422 10 ¥ St F44=A5 2831
490 nm & FAA TFEE =As)g)

4% A4, 253~ thilAd dF ETS &4 47
39,500 md/mg, 17,500 md/mg, 24,000 md/mg, 484
kJ/mol O, (Gnaiger, 1983) & #-&3}o] o|ux] &9z 3hAk
aick EAv A4, 5302, thild ouz] o] F3e

2 AxkslE, CEAE EA / ECE AXFslgdt) (Verslycke et
al., 2003).

5794 AF
X% =9 EA EC, CEA 7] oS A3 43t
o] EAHLA (one-way ANOVA) & AA8Ig 1, jxT-9} A
AT 7k foAS AZ3t7] 8k Dunnett’s t-testS A
Alatick AR FolAdE Bl $18ke] SPSS 54 =&
22 (SPSS 12.0, SPSS Inc., USA) < ©|83}917, »E 7
AA fo4F o= 0.05% ARG

2 =

1. A8 51’—13 Ul PAHs 3%

npA gt w2 A HS 95l Elﬁ%oﬂ Folah o] ool wE
HAE | tj3herEelsl e as (PAHs) 9 $52 Table 1
o el dixz72 AHd EAE04 16 PAHs 4
alkylated PAHs®] 5%+ 27 0.01, 0.03 mg/kg DW=,
ol frirell gt 24 1 S 7HE A=Y A s E a5
I ARl f50] Fiwke] SUkskHAl HAEW PAHs
9] Frx Sk Ade dehdgleh Aded A= HAE
o)A £4= total PAHs®] 3} (58.3 mg/kg DW) = A
Zil ‘!Qr‘rET FrEAbL A sl ol 274 B A Eol A

TEo] FUgt Boke v gholginh wetbA, £ Al

3
°ﬂ/‘131 EF 22 AA FRAbaLe) d@RelM s el

2. 9] =] §F (energy available, EA)
w29 v 7 Rede 249 oA gee welA
4,800-12,200 md/mg, YEFFN4 4,100-13,200 md/mg,
ol7tmlell A 3,400-7,400 md/mg, =E°lA 2,600-9,300
md/mg °] S Hehgleh A A e B2
-’Fl > op7bu] > F50 £o7 oA o] =9tk Y
& 204 =T 7)) whE ke Wshs dAT A
JehA e WEHST (Fig 2. 12 Aol Aol
A, =% $E7h 2748wt A AU sl Fege)

tﬂ—> 01

i
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Table 1. Concentration of 16- and alkylated polycyclic aromatic hydrocarbons (PAHs) in the experimental sediments
spiked with crude oil for cellular energy allocation analyses in the Ruditapes philippinarum

Crude oil loading

Sediment concentration (mg/kg DW)

(g/kg WW) 16 PAHs Alkylated PAHs Total PAHs

0 0.01 0.03 0.04

0.39 0.10 3.69 3.79

0.89 0.14 6.34 6.48

1.56 0.30 19.07 19.37

3.13 0.45 30.03 30.48

6.25 0.85 57.45 58.30

14000 - A EA (Foot) 14000 - B EA (Siphons)
12000 - 12000 -
+ 10000 + 10000 -
g e
£ E 6000 -
5 5 4000
2000 -
0 -
control 3.80 6.50 19.40 30.50 58.30 control 3.80 6.50 19.40 30.50 58.30
Sediment TPAHs concentration (mg/kg DW) Sediment TPAHs concentration (mg/kg DW)
| Bpayl BEDay2 ODay4 BEDay7 IDay10| | Epayl EDay2 ODay4 EDay7 lDay10|
8000 - C EA (Gill) 8000 - D EA (Body)
7000 -+
— _. 6000 -
E E 4000 -
b b |
2000 -
1000 A
0 -
control 3.80 6.50 19.40 30.50 58.30 control 3.80 6.50 19.40 30.50 58.30

Sediment TPAHs concentration (mg/kg DW)

| Epayl EDay2 ODay4 EDay7 IDay10|

Sediment TPAHs concentration (mg/kg DW)
| Epayl EDay2 ODay4 EDay7 @Dayl0 |

Fig. 2. The energy available (EA) values in the foot (A), siphons (B), gills (C), and body (D) of Ruditapes philippinarum for each
concentration of total polycyclic aromatic hydrocarbons (TPAHSs) in the crude oil-spiked sediments at 1, 2, 4, 7, and 10 days

after exposure. Bar indicates the standard deviation (n = 3). Values with asterisk are statistically different from control.

Thi a3k AL Bl ¥4I/ gAN 1 AR vlop
Stetos, A Aol sEzksl Aolust o A el
o, el @ £ APl Glrkn HUE S glolch B
) xd AR FEol whE Fake] Wk xd AY) =
9] 58.3 meglkg DWoIAEr clas) 55 z}om A=
ok xE 1 A ot oblelelAe] gt v 2 st T
DA 5 9ol hatol BAAE FI AolE

X249} (Dunnett's t-test, p < 0.05).

ot 2o, A oA 2 §L A A ] A

s} 23, eqle) ARt ob AT Aol 2
N e R M PN
o 29% Askn 1 e AFH oz FAshe A
& A2z AT

3. o] x] &H] & (energy consumed, EC)
23 vlx|g 72+ Bo e Z2AF oyA] Au]&S
220-820 md/mg/hr,

flo rlo o2

> o
-~

3

2
&

l:ll—oﬂ /\i
a1&5Z o4 280-1,800 md/mg/hr, ©}

7hajo| 4 170-530 md/mg/hr, EElA4 140-680 md/mg/hr
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D EC (Body)

control 3.80 6.50 19.40 30.50 58.30
Sediment TPAHs concentration (mg/kg DW)

| Bpayl BDay2 ODay4 EDay7 lDay10|

Fig. 3. The energy consumed (EC) values in the foot (A), siphons (B), gills (C), and body (D) of Ruditapes philippinarum for each
concentration of total polycyclic aromatic hydrocarbons (TPAHSs) in the crude oil-spiked sediments at 1, 2, 4, 7, and 10 days
after exposure. Bar indicates the standard deviation (n = 3). Values with asterisk are statistically different from control.

o W9IE veldsieh A A AL o)
BE > opjule] g0 oAl anlgo] w9} T %
2004 xF 71700l whe oA anlge] Hshe Feuw
Wsisie Age] thed dehieh (g, 9). BelAE w3 7]
| 271l oA 2l go] ANE) SR ATE B
AT 2 1] S 293
w23 Al oA 2ugo] HaTct Yolalt 7

o] vehgte). 38, oprfulsl BEONE wF 4 owwx]%
of7) 2wl go] Z7ekehr} 4 oL o] BB ThA] 7Hashe
W3 PE molFgict Telw, oleldk A st w3 7
AT A AA AR oI S8 o,
vg} FEolA F: Fhel A Anlgo] ohA] wolal=
o7 & o, upx|go] frel o3 Fo] ASEHA Fi %‘r
73l A-g-3ted A ’\H] HRS H3PARE 7o) s
= AR FY =F ATlA sRF Skl W}E} v
A anlEE ks Aol BE FelelA yehgon, o
EZE AR 2po]7} A A FETE oAldA] AnlEe] Aol &
ARz FofstA] gkt Fxol W o] AnlE Wit
7V 2 vehd el EEoldlen, xE 4 AA Ad 5
%9l 58.3 mg/kg DW ellAut tlz-2f 23t 2fo]7} k75
9t} (Dunnett's t-test, p < 0.05).

o
(o3

ér&

O

RS RS
57 glollA] 54 A7 2
o 1 o] WSl w9

o
298 A

704 ¢] A7) W} 23,
°§-4 z—]cj]. o]._f_ /J71—§sl- 7§_<,>_

oA nlgube 2 ke Sz

St ek A EEF olHE JoE oA

4. A E W o]z &F (cellular energy allocation, CEA)
] gkt o] anlEe vlEsl A2 ovx] g5
(CEA) & eld 10-33, 1552004 521, ophvlolq
9-30, F5ellA 7-289 HSE Hehlsich AA A H
- > o] > F5 > YlE5TY 2% CEAYL w3t
T4 vx 2N =F 7|7t wE CEAS] WHste 2% &
b ke £ 2 dab) FI A, U B
oA A= EAT AYS S 5 gt} (Fig. 4). E3) uk
ophu], 5ol & 5% 0.04-3.8 mg/kg DW H‘Hoﬂﬁ
AZbe] Aol wet CEAZL §45p dashe 2e 9%
S 9iek B9 xF AT BE Rl FEst 57
Goll mie} CEAV} ke A0l dehic, o, olejg 2%
& %2 Aze] AAWA tha Sl 1 FRE A

—1—‘

3= e e T 58 E, xE 1 AN H T UA
M & %% 6.5-58.3 mglkg DW H$]e)4 CEA7} d=
T EAH o7 F93 2o]E B¢t} (Dunnett's t-test, p
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35 - A CEA (Foot) 20 - B CEA (Siphons)

control 3.80 6.50 19.40 30.50 58.30 control 3.80 6.50 19.40 30.50 58.30
Sediment TPAHs concentration (mg/kg DW) Sediment TPAHs concentration (mg/kg DW)
| Hpayl BDay2 ODay4 BEDay7 IDaleI I BEpayl BDay2 ODay4 EDay7 IDay10|
E i EA (B
35 - C CEA (Gill) 30 - D CEA (Body)

control 3.80 6.50 19.40 30.50 58.30 control 3.80 6.50 19.40 30.50 58.30
Sediment TPAHs concentration (mg/kg DW) Sediment TPAHs concentration (mg/kg DW)
| Hpayl EDay2 ODay4 BEDay7 lDay10| | Epayl HDay2 ODay4 BEDay7 IDay10|

Fig. 4. The cellular energy allocation (CEA) values in the foot (A), siphons (B), gills (C), and body (D) of Ruditapes philippinarum
for each concentration of total polycyclic aromatic hydrocarbons (TPAHS) in the crude oil-spiked sediments at 1, 2, 4, 7, and
10 days after exposure. Bar indicates the standard deviation (n = 3). Values with asterisk are statistically different from
control.
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o] it} (Lee et al., 2013). ¥ A4 v}x]|Ete] CEA v

FAF5EE 6.5 mglkg DW 2 o]+ wzlie] FASA Zx
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