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Physiological Responses of Gray Mullet Mugil cephalus to Low-pH Water
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We examined changes in the physiological responses of gray mullet Mugil cephalus exposed to acidic seawater (pH
6.0, 6.5, 7.0) and normal seawater (pH 8.0, control) for 15 days. As pH decreased, survival rate and body weight also
decreased. Levels of aminotransferase, total protein and triglycerides also differed significantly with changes in pH,
presumably due to stress caused by exposure to acidic water. The level of osmotic pressure was significantly higher
in the pH 6.0 group than in other groups. Superoxide dismutase was significantly higher in the pH 6.5 and 7.0 groups
than in the pH 8.0 group, and glutathione level was lowest in the pH 6.0 group. We conclude that decreasing the pH
level of seawater induces a stress response in fish, damaging their ability to control their hematological and osmotic
pressure. Antioxidant enzymes are generally sensitive to osmotic stress; in this study, antioxidant activity signifi-
cantly changed with pH level. These results indicate that physiological stress induced by exposure to acidification
reduces survival rates and inhibits growth in M. cephalus.
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T 2B 20 gRlorA AA 2hgsto] thefgt ek

2 op7]5H7 Eck(Portner et al., 2004). FA|7HA] 3 A
317} Akl (Mustelus canis), $101(Oncorhynchus gorbuscha) 2
£ 7FA3L7|(Gasterosteus aculeatus) 2} 22 o1 Fo| A A4 A
sk, A217)s &4 2 A AEEA 759 Wk gt 9
WIS} 5 Tk ol e, BAEa0] 9 1A
o159 5F 9 AapE7150 AoHE Ao Jo ua

M OE

2 oX of

2| AE5A ] 4hg g W AAA Ao m Qe SR
O] ApgFFol F71 ol whet 7] Fofl WEE= CO,9 W&
A 27 F718ka ltk(Solomon et al., 2007). £3] 3495
o] dAnof ool W t7159 CO= Yo r S5k o &
A (carbonate) & SEHA Y (bicarbonate)S A A 51| & 1, 3l

oFe] 42:0] 51 (pH)2] 745 5510] 3% A4 3Hocean
acidification)E %2 $tth(Gattuso and Buddemeier, 2000).

AREA 0 2 AR s 35 psu)2] pHi= 7.8-8.29] W9
= s A=, pH7E 2L ofskz Wel7h= A 58] =
EATE, $HA AF sFglRo] CO,2 WEs S7H= 1%t 7%
o] Rigt= <lal sok2] pH7H A d 2kl of] whef sy e Al ol &
EAIE ob7e Aoz AR AL gtk (Knutzen, 1981). o] 8f
F A S A A 2 A=A SR AL Lo, 2000 Ty
ZRHEE s AME} sl el A= gkl gt A
7} §43] 78k 21 thH(Gattuso and Hansson, 2011).

ol AAlskaL e s AES pH7F v|n|shHA| Hatsto]

%31 Qlth(Portner et al., 2004; Dixson et al., 2015; Ou et al.,
2015; Lai etal., 2015). whe}A] 214291 3 %F A4 Sh= 3|24
H7e] 417He EE 2efe 4 Lo m R, Sk s o)
& el v A= FFE Tetsto], 2|52 o7 Malshs A
o] sk g ol wie] thAfsk= Aol viS- F T Ao g oA
tHArrigo, 2007). T3 s 43Sk} s A=l vAl= FeF
2 T E= AT 7] EsE e wet A gk 4= 9l
ool of ol whE BSt A A vl Fa.shrkal & 4= qlrk
(Portner, 1998). 4-0](Mugil cephalus)= alj5= 2 T4=o] A &
7 Aol 7He gt ol F OB A, AR R S vhofRh g |
Slof| thgt A-3-o] FHolt A o2 A qirh gt wol= A
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AAH R HasHe F02 87 Wsto] et AE A 52
2o A of 502 ke ik £ el sh4e] Ab

o

St ol o] Al el mAle FFS A 215t Y
FEZ420] Pt pH 8.1 710 2 A AT tf 27 (pH 8.0)3} A
zﬂ;L(pH6o 6.5, 7.0)01 4 Z}2} 15U7F 4012 ALSTH & Y=

£, A5 e AN Ul eRAkS] G 4 B4 HSHE ARSI T

R
A0 & Aoz

2 A A ARERE Aol A oAl A4Sl AR
TAREE o2 R FAE ol Fol & ShafolstolEet
vlo g ool AY 2 oF 2397 &= A] 717k 7H &
Ao ARgFRITH ARG 2E 0.5 m X 0.5 mx 0.5 m, 250 L
SFY] dAY F2E o8, AT A (pH
8.0)2 2O & 3}o] pH 6.0, 6.5 L 7.09] 27102 A5}
k. %@4711}%%55#5%#23 0C, J%350psuld

, 0 o 2 717
(DP-010H.L)E AR8-5of Ml le akqich 4=29] o}
= wghofutA oA A= Al»g—o} 3 AR 3 o] W3} vz
£ Slofl =] ABAYE ARESHA] ehorew A7 F3t &
4= 31A] et} E3 37| = 11L:13DE G-AI5k0] AEH A
£ F23p813inh

Aol AR 6H¢_°4 pH: 10 M HCIZ o] &5}0] 245}
ok Ag 2 AlE S g FA(1000H]) 14.83 £3.41 g9l %
o1& pH s=of w2} °¢ 6AI7J°11 AA A7) F 4714 2719
A0 R 747} o] 55t F, gt AT 251k 4 485t
H 278 AR8-2 157 A 819 00, ARS7|7H B9 Ho| =
S oAl gSkeh AN 717F 5<t pH 54 7|(HACH, HQ11d
pH meter)E A 3to] 3X|7F7HA © & pHE S5

k=)

HES Bt J MES

afj4=2] pH 77t Agolo AlF Bt A= 9 =
A7) Siste] A A AT B2 A A% 24 A5
ot =4 A 0.01%2] 2-phenoxyethanol 2 113 3t 2, A =}A]|
2(Sartorius BP3100S)2 AMg-5lo] 243ttt A2 1Y
2702 7t ARl Ak A7 Sl Bl Ao,
2 4kasiolet
SIOH A A A Ol AFEO} M

oo 2500 rpmoﬂ/ﬂ 10 mmEOP
Qyelstel 43S Belat 7 A wbez §A%ILC

24 A7) 50T MEStelch oS Asey
ZI(VET TEST 8008)& ©]-8-5}¢] aspartate aminotransferase

W dga - 91d -

(AST), alanine aminotransferase (ALT), total protein (TP), tri-
glyceride (TG), glucose (GLU) ¥ phosphorus (PHOS)E =
A5t 0], WOl v AHRSH 2.2 AFE Gl 247 (Vapor Pres-
sure Osmometer 5600)E- 0]-&-3}0] 248 A A5 T).

StANS} BIM EA

aakeh B4 BAol Aol By AgolmRE 18 13
310 superoxide dismutase (SOD), catalase (CAT) 2 glutathi-
one (GSH) &4 EAA| 22 AM-3131 Tt SOD activity & 54
& 7 24 0.1 g sigmaite)] kitol] Z3HE]| o] 9= buffer® o
sk 3ol 10,000 gol A 1087 A4 Lelsfe] Qe Ao

olgsto] AAte] o] ket Aasielch CAT 24 H4]
2 0.1 g9 7F 228 BioVisionA}2] kito]] g1 0] Q)&= assay
buffer 0.2 mLZ 33} 3+ F 10,000 gol| A 15827 A &2
sto] Qe AEoNS o] ool AlZAL] ol The A1E A
Al5FEE GSH 84 2412 Dojindool| Al Al 5= kitS o]-&
sto] 235kt 7F Ado]e] 7F 23] 0.1 g& 5% 5-sulfosali-
cylic acid (SSA) 0.5 mLE 7}sto] w43}t &, 8,000 ol Al

10327 L Eejste] 92 A5olE o850 11]7\/\},4 ]
of wef 22 AAIaRLY,

SAXZ

% AE o] BE A3k= SPSS version 21 (SPSS Inc., USA)&

&-8-51o] One-way ANOVA-test 2 57 £4-& A A5 c)

Eﬂollﬂ 249 89l = Duncan’s multiple test AFFEA]-S A1A]
ato] 4319l o, P<0.059 A f-2)4d Tetsholct.

b

a
[-IL g i

7}7] o2 %9 pH oA Fol& 15Y7E AR £ ofA|
B W =g Male selsgct AT 0 2, 1527ke] AL
2 AY F2 T 27 1A 14834341 g0 A= pH 6.0,
pH 6.5, pH 7.0 2 pH 8.09] 1= 57}01] oo} 14544422 g,
1452+4.10 g, 14.74+4.12 g ¥ 15.08 +3.99 go & el
CH(Table 1). Saunders et al. (1983)2] &1 Lof| A thA|%F o]
(Salmo solar) AFo] S & pHSHE o =&A 2 AL ARE 7
W BATA ASE B o glol, 3 Aol Hol
S B5HA o Aol o) AHg02 2 AR fo142)

Table 1. Effects of low pH on survival rate (%) and final weight (g)
in gray mullet Mugil cephalus

pH Survival (%) Start weight (g)  Final weight (g)
pH 6.0 48 14.83 £+ 3.41 14.54 +4.22
pH 6.5 64 14.83 + 3.41 1452 +4.10
pH 7.0 80 14.83 £+ 3.41 1474 £4.12
pH 8.0 100 14.83 + 3.41 15.08 + 3.99

The pH 8.0 group used control.
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Al 3k Zfol= Ut A] ko, pHs =7} Al shaka=5= 4|
ol A 7HA A B} aste Ae el 4= Ui o]
ok A¥k= pHO| AsH7t thAke] Bt = oI5k W oy
A 2mE FHsEel7] wfiZell pH7L Astd-5 Al5o A4
7F Uehs Aos 3 AEE B3 pHYF Astd=
ol = Ao] WAL QL 0K (Table 1), HH AHS E35lo] &
AsHa ol H717t o] Fo] A A fhob AEE} pHO| H3tol )
Sk A ol A= F7HA Q1 A7 2 Hojop & Ao
2 e ok 459 pH frae sfjofollA AAshs e
O AR A} & AbaeapE7] 50 #3815 of 7|8k A o2 o
A 9lth(Bonga, 1997). E35F pH2| 747} & 2 2] d(Sillago ja-
ponica), 2#(Pagrus major) 2] A-x] o] ¥ ofu] g} |- Hjr}-5-0f
(Dicentrarchus labrax)2] HAMS 550, ARG 7] & o] 2
NE 7ML= Aoz By vl ¢l ©H(Grettum and Sigholt,
1996; Kikkawa et al., 2003, 2004), o] 53 o} 2} L&A X5
Z7N(Pinctada fucata) ¥ =(Crassostrea virginica)s-2] = 5-of
= 448 9 AES ASE SEsH 202 Bad b g
(Calabrese and Davis, 1966; Kuwatani and Nishii, 1969). 7]
£ A+t Aol U & Aol AREE ol o HES
A3 G A] pHE] Aslo]| w2 AR ARe] &5} D AU ARt
Y At 24 59 Aol B S o= Qlste] of7| | Axtet
AL ok

o] 9] Fol2 Ao del o] BISkE woldt 4= ol adlew
Aelgy B7kol A=A AME-ETH(Chen et al., 2004). 71 5
aspartate amino transferase (AST)%} alanine amino transfer-
ase (ALT)= THA| £ &/ olu ol & hAlshe Bz A, 2 ¢
o4 ASTE 243 A3} pHO) 57} 4518425 1. 5247}
FOA o7 TATH= Ao & kel ¢l tk(Table 2, P<0.05). &
5] pH 6.0 A &-2] ASTH30.67 +8.76 U/L=Z LERLL LRk
A1 AbA sl pHOJl A AR5 pH 8.0 A& 9] 90.80+58.71
U/Lo|| sl fol2] o g whe Agks UEPHTh(P<0.05). ALT
O] ol = A9 Ax 7 A F-9 2l Afol= 1
EFLEA] 934 TH(Table 2, P>0.05). AHEA 0 =2 of 7 o] A 2]/ el
7FEA S 1 Aol7E dojubal o W O] AST-ALT 9
o] olE Ao Ao AR 1A ] HAE

UEbS wolls GFshs 847t fakls 08 HiE
Qlth(Molander et al., 1955). & ¢12] Ao A LERE AST
o] FATE fHe Rkl 1F 7] Aofjoll A vrebub= Al e)
29l wsteh= ok AR, pHO| A3t Q18 Al2kek 1t 7]
of 23} Alo]l LehLb A3 704 4] Lhekytek, McDon-
ald and Wood(1981)of] W=, FX|7 4-o|(Oncorhynchus
mykiss)2 W2 pHoll w2417 8% v Na'3} CFo] 5157}
#aks]o] of7bu]) Al%e] ATPase2Ho] %745t olof wek
Na'/H* exchange”} &443}%| 0] AF&Z(acidosis)S A7
Loz Busn gtk 2 Aol @5 Aelrt el
Ay 9
o]x3] B3 2 ¥o] SUTASG THsAo] Yong o
o oo iAEkA gl AE} kA 0 ool Aok &

o2 T, 7k 24 0] atolit A E2A A ELE ot
protein (TP) &4 A1}, ASTAZe} 7[R 2 pH7| A 5}8F
ol wpeh 2227} 75t AG-S Lk 9ITK Table 2, P<0.05).

= 7he] &4 9 A o] g Aol & QL
3l @ f TP7} fhadhs 43S Uefl= 4082 BilE o]
210](Doney et al., 2009), = AG-9] A} A= pHE] #3517t
2k 71 A St Al k] A F4=2] Aol S AR 24 o]
O & TP A7} HAFE 7hs/d o] s AR oA AXIT
Triglyceride (TG):= pH 6.0 A& ol A t2tof )3l 5214
o2 o 45 Yef o™, glucose 2 phosphoruss= Z}
AF T 7942l Apoli= UERA] ¢FSkth(Table 2, P>0.05).
TG 4=, A48, A4 7] 9 Ho| Fof 9J3) Hizlel= Ao
2 oA QltH(Lie et al., 1988). = A oA o] TG =4 ZAu}t
pH 6.0 A LolA] 14.20+10.89 mg/dLE UER} Th2 AlF)
ool sl W2 S UEb Sl o= W pHe| W3t
ogt AEH A A O R oA AW HUE AR 4
THTable 2, P<0.05). 74421 Q.2lo] oJa]] AEH AT} of7|
o= AU S FAIEH] el B2 olU A 7F 8= o
A, RS " Q o]Aro & AmsA ErkSchreck, 1982).
2 A4 pH A3t} Fofeof Qloja AEHA QQloR 2t
43t Ao g AtEL 23 cortisol S AEH A W &

Egag e

Table 2. Effects of low pH levels on the change of blood chemical content in gray mullet Mugil cephalus

Parameters pH 6.0 pH 6.5 pH7.0 pH 8.0
AST (U/L) 30.67+ 8.74° 40.20+14.60® 75.00£37.5320 90.80458.71°
ALT (U/L) 11.00+ 1.41 11.25+ 2.82 13.22+ 5.33 13.33+ 2.87
TP (g/dL) 1.20+ 0.40° 1.74% 0.67% 2.09+ 0.81° 1.93+ 0.86%
TG (mg/dL) 14.20+10.892 28.29+13.712° 32.13£13.34° 26.68+15.50%
GLU (mg/dL) 21.00+ 4.00 22.38+ 5.32 24.00+ 6.67 22.89+ 7.39
PHOS (mg/dL) 11.88+ 1.95 13.40+ 1.32 14.28+ 2.13 11.99+ 2.93

The pH 8.0 group used control. Data are expressed as mean+SD. Different letters indicate significant difference between the group (P<0.05).
AST, aspartate amino transferase; ALT, alanine amino transferase; TP, total protein; TG, triglyceride; GLU, glucose; PHOS, phosphorus.
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358.88+£0.89 mOsm/LZ LR th2 A of| 1]
RS gl luka o 2 satol el B 4t
280-330 mOsm/L2 223 8.2 LK(Kim et al., 2011), pH
0, pH 6.5, pH 7.0 & pH 8.0 A %}<o] A Z-2} 358.88+0.89
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ARl AR Aol A Al Hlold A SIE 4= 918l
th(Fig. 1, P<0.05). 2% 9{(Onchorhynchus kisutch)E afj5=of|
A AR T A9 A e olA ARt AFERE 7)ol A
=] of Ao} AFEo] 7t H=tl, o= pHe| 433}
7} of7tulof| A &f o] =52 Adfisto] o] 7] Ao A {9
F o] 23} EHo] Ugs] A AEA] El7| WE ez Al ofof w)
2t AL B FAIE fl8l ek AU RS A msHA| Fof 4
7 A D BEE AT 5 sk Ao ® g Al th(Young
et al., 1989). S} ArasHisar et al. (2004)°] 2J5FH, ¢ty o}
of oJsf 4=x9] pH7} A|3}6HH o], AHFY % 4-d7] +%
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(Hannedoeche et al., 1991). & dALo] A= W2 pH =2l pH
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Fig. 1. Changes in plasma osmolality of gray mullet Mugil cepha-
Ius maintained to different low pH. The pH 8.0 group used control.
Data are expressed as mean+SD. Different letters indicate signifi-

cant difference between the group (P<0.05).

3t "o 7|42 superoxide dismutase (SOD), catalase (CAT)
7o ghAks} i 9 glutathione (GSH)IH -2 3418} &
o] ZAgcH(Dalton et al., 1993). o]t 3HAkSF G 4=
79| F(species) H AHo| whet BA4o] Matsh= Ao ® o
7] 2tHAksnes and Njaa, 1981; Gabryelak et al., 1983). &
ol A= pH Aol o 2B A w5 Eksl7] 915t
o] SOD, CAT 2 GSHEZ 7}7F B4stlct. 71 A7}, pH S
Ao whE o] F 7hol|A2] SOD 42 ZF Ag+ E= pH
6.00]14 93.64 +3.97 U/mL, pH 6.5°]14 102.18 +0.89 U/mL,
pH 7.00]14 97.58 + 1.54 U/mL ¥ pH 8.09]|4] 91.40+4.20 U/
mL 2 UER} pH 6.5 9 pH 7.0 Ao 4] SOD &4Jo] &
A =& A5 Ve ITKFig. 2, P<0.05). 131k CAT
4] 0] 720l pH 6.004] 0.12 +0.04 mU/mL, pH 6.5] 4]
0.08+0.03 mU/mL, pH 7.0°4] 0.03+0.03 mU/mL ¥ pH
8.0914] 1.08+0.55 mU/mLE ZH2} e} QubA{o] aj2=o]
pHS! pH 8.0 A&l A| 13t Lh 2] A gl kol 4] 5= 2/d o]
w28] W2 21 E UER )Ith(Fig. 3, P<0.05). F4tet 4]
SOD<= Aol 4] A8 gt superoxide radical (O,)< H,0,2+0,
(20,#2H—H,0,+0,)= 2|2kA|7| 1L, o] 2|2 H 0,5 CAT
7} A Aol Falfgh 212491 0,94 H,0 (2H,0, — 2H,0+0,) &
ajsto] &g 4ka o] f-8/d-& A sijAlZIth(Forman and Fridov-
ich, 1973). o]t HAte} A4 e AEGAE 2 255
B Aado] 27 71 &, A&A o r Yopx = Alor B
1 E]o] %1 vl glck(Parihar et al., 1996, 1997). 7|& &1t o5}
H 3 AEYAE W2 | X|(Paralichthys olivaceus)o| 4 %
7] SOD B! CAT®| &/do] A S7FstAInt, o4 Wf A=]st
2 ol7|&ke] Aol = st A2t Absl AEF A
& 01FY A B vAYUSY AR Qe Ak A 24
o A=At} @3] oA|HE Aoz HilEal }lthWin-
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Superoxide dismutase activity (U/mL)
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Fig. 2. Changes in superoxide dismutase activity of gray mullet
Mugil cephalus maintained to different low pH. The pH 8.0 group
used control. Data are expressed as mean+SD. Different letters in-

dicate significant difference between the group (P<0.05).
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ston and Giulio, 1991; Zhang, 2004). £ ¢1+-2] A3} SOD+=
& pH 2 245104 =2 21 UER LU CAT= &
sle] W2 A S fAsF o, & A ntel fASHA 2
2] 2.9lo] oJ3] AEHAS -2 Spotted snakehead (Channa
punctata)®} S5-0](Carassius auratus)°| A= CAT 40|
A == Alo] e vl QIth(Zhang et al., 2004; Kaur et al.,
2005). CAT+= SOD9]| 280 4] SAdAEAQ] 0% Ho]-23}
HES 3] A4 H O, AASH: B4 8o Bl &
< pHSHY =5t A= AW o HYol & sert oA e s 5
7¥sto] AFE2E Y-S Aeid Al AW AE A AR
a9¢log 2gsho A H0,9] Thegh A4 0 & Ql5te] CAT
o] nzk dAto] fiE|o] = A9 o] Aufof Ao} o] 2 CAT

1.8

14 r

12

1.0 -

0.8

0.6

Catalase activity (mU/mL)

04

02+ a a

00 | .

pH 6.0 pH 6.5 pH 7.0 pH 8.0

Fig. 3. Changes in catalase activity of gray mullet Mugil cephalus
maintained to different low pH. The pH 8.0 group used control.
Data are expressed as mean+SD. Different letters indicate signifi-
cant difference between the group (P<0.05).
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Fig. 4. Changes in glutathione activity of gray mullet Mugil cepha-
Ius maintained to different low pH. The pH 8.0 group used control.
Data are expressed as mean+SD. Different letters indicate signifi-
cant difference between the group (P<0.05).

w8 ekl A0 2 e pHE| AsHs A
R 559] Ao TR GBS A0 el 90| (Bonga,
1997), ol2|et Abagubs2 o] Ajafi7} Hits} v aao] &
4 9 o] A H 02 Fhofat 75 Aol QLB ofof diat
271491 A7} olojAof 8 Ho e,

3, GSH:= pH 6.00]4 14.06+4.06 umol/L, pH 6.59]
] 30.94+5.13 umol/L, pH 7.0 4 50.14+4.36 ymol/L &
pH 8.00l|4] 50.73 +4.00 umol/LE LR} t 220 e pH
6.0 % pH 6.59] 4 f-2]4 o & W2 2] 5 Vb $lch(Fig. 4,
P<0.05). ¥ A A3t} v] 52317 F-5-01(Carassius auratus)7t
Skeh]Ql 2H wist a9lof o8| ~AE A5 W 4% GSH7}
TaEojAw, £ AEFAE BRS Spotted snakehead ol 4]
= GSHE| 49| 7t4a7} B ¥ vf Qlth(Zhang et al., 2004;
Kaur et al., 2005). o]2]st A¥}+= pHS] A5}7} A4S ~E
g& aglo g Argsto] ZgAtart 57kl whet GSH 3t
amBoR 1 Hhe] BAo| pH sl HoPIRE 4%
7F e He AR ddHnh e Aas AR AEY A
(osmotic stress)ol] F17F6HA| Hh-g-8h= 21 0.2 H 15|11 §) o
(Roche and Bogg, 1996), & $1--ol A &= pHO| A|5}7F AW 4
S 2] oS 1 FomA A A RO s}
of Ao a4 A O] HskE 293t 2l o 2 vlefE|of At

ool AE2 sl HH, 5017t pHO A3t ke
A5 A g del wstel AR 24 Aol S el
AEH A 280 F AL 3491 SOD, CAT 2! GSH &4 9|
FoFe nd Ao g wohen, oof wheh A o] A Al AE

|
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