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Introduction 

It Is well known LhuL Lhe extractive components of fi~h and 

shellfish consist of many kinds of chemical compound. Some of 

those arc Important as nutrients and/or flavor components (Konosu 

and Yamaguchi, 1982) in seafoods. From a physiological point of 

view, some arc Important for osmotic regulation (Sakaguchi and 

Murata, 1988). anaerobic tolerance (Sato, 1988), and energy 

metabolism (Yamanaka, 1988) in fish and shellfish. ATP, one of 

nucleotide, is essential for organisms. Supplying the cnNgy, ATP 

Is dcgracll'cl upon the action of organism and is maintainrd at a 

certain level when the re-synthesis occurs ln the organism 

(Atkinson, 1968). 

There is usually a time lag before the meaLs arc consumed afLer 

catching; therefore it Is very important to perform scirntific 

researches on the postmortem changes of fish and shellfi sh. Th<'rc 

have been many studies on the postmortem changes of ATP in fish, 

and the postmortrm pathway of ATP degradation has been provrd to 

proceed as follows: ATP- ADP- M1P- IMP -llxR- IIX (Saito, 1961; 

Uchiyama and Ehira, 1970). llxR and/or llx, which accumulate soon 

after death, arc shown to provide a useful index of storage time 

and eating qualIty for many fish species (reviewed by Burt c.Lal .. 

19G9; lliltz et. al., 19G9). Additiona1ly, I~1P, a metabolic 

intermrdiale of ATP degradation, has been revealed to have a 

essentlal role of "umami" taste of fish muscle (Murata and 

Sakaguch I , 1989) . 

ln fish, stress . such as starvation and fatigue, before dC'ath 

is known to alter pre- rigor and/or rigor- mortis periods and to 
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cause postmortem b lochemical changes for many fish spec les (Amano 

et al .. 1953; Tomlinson .c..t.___al., 1961; Jones et al., 1965; Nakayama 

et al., 1992). Ancsthetics arc often used for handling fish In the 

field and laboratory and for the transportation of live fish as 

well (Sekizawa, 1982), since they prevent fish from straggling. 

The hi gh-cnrrgy phosphates, PCr and/or ATP, are gcnrrally kept at 

higher levels In the anesthetized fish than those in the straggled 

fish. llowrver, Van den Thillart et al. (1989) rrported the 

decrease of pill and PCr as well as the accumulation of PJ Ln the 

muscle of anesthet!zed carp compared with those ln the unstressed 

carp in the in vlvo 31P-NMR spectra . Their results Indicate that 

the anesthetic Jtself acts as one of stressor on fi sh. In the 

muscle of chicken , Khan (1974) reported that the treatment with 

anes theti cs altered the postmortem biochemical c hanges. In fish 

muscle, there ls litt1e information available about the e ffect s of 

anesthetlcs on the postmortem biochemical changes especially of 

ATP and other high-energy phosphate compounds. 

One of the most important qualities of raw fi s h is freshness. 

The degree of freshness i s expressed in terms of the K value whlc h 

is obtained from concentrations of ATP and its related compounds 

(Saito et al . , 1959). Although the K value Js an effective 

Indicator for the fre s l1ness of fish during storage, troublesome 

procedures Including homogenization of the tissue , extraction and 

chromatograph le measurement of the levels of compounds arc 

required for measuring the K value. It seems to be an inaccurate 

indicator for fish kept wHhin shorter periods, since the rates of 

changes in the K values were low (Jones et al., 1964; UchJyama and 

Eh i r a, 1970) . 
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31 P NMR is known as a non-invasive and convenient method f or 

rapid determination of high energy phosphate compounds in living 

body (Gadlan, 1982) and in various organs (Cohen, 1987). The NMR 

also facilitates the examination of functions in isolated organs. 

Probably, this method enables to evaluate fish meat quality, such 

as freshness, because of its non-invasive, convenien t, and rapid 

determination of high energy phosphate compounds in t he tissue of 

fish. 

In the muscle of mollusk, the pathway of ATP degradation was 

reported to proceed as follows: ATP -ADP -AMP - AdR - llxR -fix 

(Saito, 1961; Aral, 196la and b) , while the details on postmortem 

changes of ATP and its r elated compounds, such as the differences 

of pathways and degradation patterns among species and tissues and 

the effects of storage temperature on the postmortem changes of 

those compounds, have not been clear. Furthermore, the chemical 

assessment of freshness during postmortem storage has not been 

established for mollusk, although a large amount of mollusk are 

consumed as fresh materials fo r a variety of dishes, including 

s uch popular dishes as sashimi and sushi in Japan. 

In the present studies , the author examined the effects of 

anesthct le stress on the postmortem changes of high -energy 

phosphates and ATP-rclated compounds in fish mu scle, and the 

possibilities of non-invasive assessment of fish meat quality 

using 31 P NMR . The author also investigated the postmortem c hanges 

of high-energy phosphates and ATP-related compounds and discussed 

potential freshness index of mollusk, L.e.., pelecypod , gastropod, 

and cepha 1 opod. 
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Chapter I. Pos tmortcm c hanges of h f gh-encrgy phospha tc 

compounds j n carp muscle 

Ancsthctlcs arc often used for handling fish in the field and 

laboratory and also used for the transportation of live fish 

(Sckiznwa, 1982). llowrvrr, most ancsthctics arc cxpensivr and arc 

not always safe for human and fish. High concentration of co2 ls 

known to have an ancsthctic effect on many animals including fish 

(Mayer .c..Llll .. 19Gl; Klemm, 19G4; Klcmm, 1968: Mit suda .c..Lal., 

1982: Itazawa and Takeda, 1982). C02 seems to be a useful 

anesthctic for such a purpose as live fish transportation because 

of its safety for human consumption, effectiveness, and low cost, 

while the anrsthctlc level of C02 is well-known to reduce the 

oxygen affinity and oxygen capacity of the blood, and also 

decrease the blood of fish (Itazawa and Takeda, 1982; Mitsuda .cJ.. 

al., 1982) and tlssuc pll of mammals (Meyer .c.Lal., 1961; Klcmm, 

1964: Klcmm, 1968; Schlndler and Betz , 1976). The lowering of the 

tissue pll i s anticipated to reduce and/or disturb the tissue 

actjvity. Tn fact, the reduction of brain activity owing to a 

lowering of the brain pll has been reported in mammals by several 

workers (Mcyer et al., 1961: Klcmm , 1964: Kl crnm, J9G8: Schlncll cr 

and Betz. 1976). The reduction of metabolism by the decrease Jn 

intraccllulnr pll has also been reported in mammals (Mallan, 1988: 

Geiser, 1988), lungfish (Dclaney et al., 1977), land snail 

( Barnhart, 1986), sca-urch in eggs (Winklcr , 1982), and br 1 ne 

sh rimp embryos (Busa et. al .. 1982: Busa and Crowc , 1983). 

Moreover, Tappon (1971) observed that the muscle Per levels were 
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virtually unaffected under the condition of 15% C02 exposure 

(Tappon, 1971). Jackey and Shafer also reported that the 

hypercapnia (15% C02, 21%02 , balance N2) was characterized by the 

conservatJ on of high-energy phosphates (Jackey and Shafer, 1971). 

On the othrr hand, Itazawa and Takeda reported the increase of 

oxygen debt in the carp anesthetized with mixed bubbling of C02 and 

02 gas ( T ta1.awa and Takeda. 1982). 

The author previously demonstrated the efficacy of cold-C02 

anesthesla Ln long-term anesthesla of adult carp suppos ing the 

transportation of live fish (Yokoyama et al., 1989). The carp 

anesthetlzed with cold-C02 was kept in a favorable anesthetlc 

state safely for 10 h. However, the metabolic state of the 

anesthetized carp is unclear. It is interesting to determine 

whether the anesthesia changes, reduces, and/or disturbs the 

energy state in the carp or not. 

Stress including starvation and fatigue before death is known 

to change pre-rlgor and/or rigor-mortis periods, and to cause 

postmortem biochemical changes for many fish species (Amano .e.t. 

aL... 1953; Tomllnson e.Lal.. 1961 ; Jones et al . 1965; Nakayama .c..t.. 

aL... 1992). Similar findings have also been reported in the muscle 

of chicken treated with anesthetics (Khan, 1974). llowever , there 

ls 1 ittle Information about the effects of anesthetlcs on the 

postmortem biochemical changes such as levels of high-energy 

phosphate compounds or ATP and its related compounds in fish 

muscles. After the live fish is killed, there is usually a time lag 

before the fish meat is consumed. Thus, it is important to 

determine the postmortem changes of the meat quality of the carp 

anesthetized. 
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One of the most important quality of fish ls freshness. Degree 

of freshness Is expressed 1 n terms of the K value wh i eh is ob tal ned 

from concentrations of ATP and its related compounds (Saito at 

aL.. 1959). The K value is calculated from the percentage of llxR 

Plus llx to breakdown products from ATP to Hx. Jones cl al .. ( t9G4) 

improved the index of fish freshness by measuring fix 

concentrations from the fish body. Although estimation of the 

degree of freshness by llx concentration is an effective indicator 

for fish during storage , it is troublesomely necessary for the 

measurement to homogenize the tissue, extract and measure the 

levels of compounds by chromatography. And llx level Is not an 

accurate indicator for fish kept within short periods (Jones at 

al._, 1964; Uchiyama and Ehira, 1970). 

Phosphorus-31 nuclear magnetic resonance (31 p NMR) is a non­

invasive method for rapid determination of energy levels in living 

body (Gadlan, 1982). This technique ls convenient f or examining 

the metabolism of high energy phosphate compounds and has been 

used for that purpose in various organs (Cohen , 1987). It is also 

facilitate to examine the functions of isolated organs. 

In this chapter, first the author states the postmortem changes 

Jn the contents of ATP and its related compounds examined In the 

muscle of carp of five treatment groups, cold-C02, 14°C-02, 23°C-

02, C02- recovery, and control groups , using IIPLC. The dl fferences 

in physiological state between anesthetlzed and unanesthetlzed 

carp were discussed. The postmortem changes in freshness of carp 

muscle were also discussed in relation to meat quality by means of 

IIPLC. Using 31 P N~1R, the author states secondly the evaluation of 

anesthctic effects on carp muscle and of degree of fish freshness 
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J n relation to high- energy phos phates. The postmortem pll and 

glycogen levels were also measured in the muscle of cold-COz and 

control groups. The author also evaluates the meat quality by 31 P 

N~lR. 
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1.1 Post• orte• changes of ATP and its related co• pounds • ensured 

by II PI.C 

Anesthetlcs are often used for handling fish in the field and 

laboratory nnd for the transportation of l lve fish as well 

(Sekizawa, 1982). It has been reported that the treatment with 

ancsthrtics produces the mode of postmortem biochemical cl1anges 

In the muscle of chicken (Khan, 1974). In fish, stress, such as 

starvation and fatigue, before death Js known to alter pre- rlgor 

and/or rigor -mortis periods , and to cnuse postmortem biochemical 

changes for many fish species (Amano et al . , 1953; Tomlinson cl 

al., 1961; Joncs et al., 1965; Nakayama et al , 1992). There Is 

little information, however, about the effects of ancsthetlcs on 

the postmortem biochemical changes especially of ATP and other 

high - energy phosphate compounds in fish muscles. 

In this section, the author first describes the pathway of ATP 

breakdown in the carp muse 1 c, ATP - ADP - M1P - HlP - llxR - llx , as 

rrviewed by Saito (1961) and Uchiyama and Ehira (1970) in several 

kinds of fish. Secondly, the author investigated the postmortem 

cl1angcs in the contents of ATP and its related compounds In the 

musclr of cnrp of five treatment groups, cold-C02, l4°C-02, 23°C-

02. C02-recovery, and control groups, by means of IIPI.C. The 

differences in physiological state between anesthetized and 

unanes thet i zed carp were discussed. The postmortem changes of ATP 

and Jts related compounds and in freshness of carp muscle were 

also discussed in relation to meat quality by means of IIPLC. 
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Materials and Methods 

The experiments were carried out on 50 carp Cyprious carpio, 

weighing about 500g (487±39g, mean±S.D.) each. Each group of 10 

carp was reared in a 1000 l tank placed indoors, and accllmated to 

23±1°C under a 14 h- llght and 10 h-dark cycle for at least two 

months. They were dally fed a commercial diet. but were fasted one 

clay prior to the experiment. In the case of cold-C02 treatment, ten 

carp were anesthetized at 4°C for 30min and then placed in an 

experimental container (25 x 50 x 50 cm, 60 l ) maintained in 

advance at 14°C and Pco2=80mmllg by bubbling 11% C02 and 89% 02 gas 

at 2.0 1/mln for the following 9.5 h Yokoyama et al. , 1989a and 

1989b). Immediately after the total of 10- h of the cold - C02 

anesthesla, they were decapitated (cold-COz group). In the case of 

23°C- 02 treatment, ten carp were anesthetized at 4°C for 30mln, and 

then placed in the container at 23°C for the following 9.5 h, 

bubbling pure 02 gas (2.0 1/min). Immediately after the treatment, 

they were decapitated (23°C-02 group). In the case of l4°C- 02 

treatment, ten carp were anesthetlzed at 4°C for 30rnin and then 

placed tn the container at l4°C for the following 9.5 h, bubbling 

pure 02 gas (2.0 1/min). Immediately after the treatment , they were 

decapitated (14°C-02 group). In the case of co2-recovery treatment, 

ten carp were cold-C02 anesthetized for 10 has described above and 

then returned to the rearing tank kept at 23°C for recovery. On the 

next day after the 10-h of cold-C02 treatment, they were gently 

netted and decapitated immediately (C02-recovery group). As a 

control, ten car p were gently netted from the rearing tank and 

decapitated Immediately (control group). White muscle was 
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dissected from the dorsal part of the carp and held in a glass 

hot t lP wl t h ground stopper (olO x lOcm). The storage tempernture 

was kept at 23°C. At each sampling, approximately 0.5 g of muscle 

from the nnterior end of the muscle was cut nnd discarded. 

Subsequently, from the remaining muscle piece, a 1 g portion of 

musrle IHlS nPwly cut and was submitted for extrnctlon and 

d(' t Prm inn t ion of ATP nnd its re 1 a Led compounds nnd gl ycog('n. 

Ex.iLac.li.oll.....lilld De term i nat.i on of ATP and Its Rcl at.ed Compounds 

The C'Xtrndlon nnd the dctcrminatlon of ATP nnd Its related 

compounds hy IIPI.C was carried out in the same mannrr as rPportcd 

hy RyciC'r (RydPr, 19R5). 

Cal cui at ion of K Value and Adenyl at.c Encre:y Chare-c 

ThC' K \nlue as a frC'shncss index (Saito c.La.l.. 1959) nnd the 

nd('nyJatc en0rgy charge (AEC) proposed as a metabol le rC'gulatory 

rnramC'tcrs (Atkinson , 1968) were calculated from the contents of 

ATP and its r('fnt.Pd compounds from the following equntlons: 

K (\) = (llxR + llx) I (ATP +ADP+ MlP + IMP+ llxR + fix) x 100 

AEC = 112 (2ATP +ADP) I (ATP +ADP+ AMP) 

Results and Di scussion 

Postmortem Charutc.s._of ATP and Its Related Compounds in Carp ~lus.d.c. 

Figure T- 1 shows thr changes of ATP and its related compounds In 

the cnrp muscle during storage at 23' C. ATP l evel decrcnscd during 

stora,g-c. The lcvPis of ADP and A'1P were low, while PIP accumulated 

durin_g- storM~·('. ThC' rates of llxR and llx accumulation wc•re slow 

romparC'd with thnt of l~P. From these results, the author 
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con f 1 rmcd the pa Lhway of ATP-dcgrada ti on, ATP - A I>P - MlP - I ~lP -

llxH -llx, and the limiting strp of ATP-brcakdown, f~IP -llxR, in tlw 

11111 srlr. of carp (reviewed by Sal to, 1961, and lk hlyama and Ehir<1, 

I !)70). 

Q) 

0 en 
::> 
E 

1.0 

~0.5 
en 
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'-----~------------~ 
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0 1 3 24 
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Fi g. 1- 1 Changes in avcra~c content of 1\Tl' a111l Its n:lall•tl rornpou111ls in l ' iii"P 

muse l c (n 10) during storngc nt 2:1' C. 

Q, 1\TP; 6.. i\DI'; 0. Mll'; e. Hll'; .A. . llxl!; • . llx; ~.Tota l . 

E.U.cc.t.s of Stress (Cold-<:02 Anc s t.hcs ia) on Physlol..ogical Stat c..u[ 

Garp ~lusclc at the Time of Dcalh 

Table I - 1 shows the contents of ATP and J~IP nnd energy chargl' 

values In the muscle of each five experimental gr oup at the Lime 

of dcath.Thc ATP content of control group, about 7.31Jtnol/g, 

indicates that the carp was killed lmmcdial e l y. ln the control 

group , the HIP content was low and the energy chnrgc value l'as 

hlgh. Jn the cold-C02 group, the ATP content was very low and the 

l~IP content was very hlgh compar ed with those In the contro l 

group. There were stat l stlrn lly s i gn ifi cant dil"fNcnces in tlH'S<' 

values between the two groups (p<O.Ol, palr<'d L t est) . The enNgy 

chnrgc value was al so slightly, hut slgnlf'leantly lowerc·d hy 

ancs thcs la (p<0.05). The chnnges in those values In the cold C02 
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Table 1-1. Initial values of ATP and IMP contents (JJ. mol/g) 

and energy charge in each group. 

Group AlP l~lP Energy charge 

Control 7.311.0 0.3+0.2 0.9310.03 

C'old-CO, ~ .511.5 . 1.811.0* 0. 88 I 0. 04 • 

2 3"C 0, 6. 6 I 0. 9 0.2-1:0.3 0. 94 I 0. 03 

H"C-0, 1. 0 l 0. 6 0.1 ± 0.1 0. 9U: O. 02 

eo, recovery 6. 7 I I. 0 0.2 +- 0.2 0.9~ + 0.07 

• stasticall) significant al 5% level or better compared 

v.it h control group. Values arc expressed as mean lSD, n:IO. 

group srrmcd to be caused mninly by the anesthetlc effect of C0
2

, 

hut not by col d temperature' nt 14°C, since the l4° C-0
2 

group showed 

J It t l e ell ffC'rence in those values from the con trol group (Table I -

1). There were also little difference det<'ctccl In ATP and HIP 

conten t s , find in <'nrrgy chnrge values between the control and 

2:-1 ° C 02 groups. An incr ease In erythrocyte ATP level was reported 

hy Tlmms and Mcngcl (19G8) In rat s exposed to hyperoxlc 

cond l tl ons . However, the mu se I e ATP level s In the two 0
2 

groups 

WPr<' n l the control leve l. The exact r eason of this disagreement 

I s not c lear, but the clifferences of spec i es nnd/or tissues arc 

fac tors to be considered. 

The drrrease in the C'll<'rgy chnrgc and ATP I evel s In the col d-Co
2 

group nt the time of denth Indicated that the anesthetlc level of 

C02 chnngNI the energy m<' I nho 11 sm J n the carp musc le. On the othe r 

hnnd, Jncey nnd Srhne f <'r (1972) reported that the arterial ATP, 

' DP . nnd A'IP contents, and the energy charge vaJ ue were virtually 

unchnngccl In guinen pigs exposed to 15% C02 ln 21% 02 llnd balanced 

N2• S lmilnr flndingswcrcmnclcbyGrnnholmandSlesjo (1969) In the 

hrnin of cats acutely exposed to various concentrations of C02 up 
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to the level whi ch produced arterial Pco2 values of 100mmllg . They 

observed no changes in tissue ATP and ADP levels or in PCr contC'nt. 

llowevcr, these findings were on the mammals and the dose of COl was 

below the anesthetic level. The decrease in ATP content and energy 

charge value , and the increase in HIP content in the cold-C02 group 

may partialJy be e xplained by the findings of Itazawa and Takcda 

(1982) ; there was an Increase of oxygen de bt in carp during C02-

anesthesia. The anesthetic level of C02 i s we ll kno\\n to reduce the 

oxygen affinity and oxygen capacity of the blood. The carp in the 

co ld -C02 group seemed to be in a substantial hypoxi c condition 

des pite the high level of partial pres s ure of 02 in water 

(Po2=650unnllg) (Yokoyama et at., 1989a and 1989b). lloweve r, whe n 

the carp recove r ed from cold-C02 anesthesia, their ene rgy state 

returned to the control levels (Tab l e f - 1). 

ECCect.s of Stress (Cold-COz Anest.hesia) on Postmortem Cban~es of 

Carp MIISCl e 

Figure I - 2a s hows the pos tmortern changes in content or ATP and 

it s related compounds in the control group. The ATP content 

gradually decreased during storage; being 0.4 and 1.21-'mol / g lower 

in 1 h and 3 h pos tmor tern, respectively, than the amount occur ring 

initially. The contents of IMP and llxR was directly r e lat ed to the 

extent of ATP breakdown. IMP and llxR thus showed a gradual 

increase during storage. ADP, AMP, and llx were at low levels of 

less than 0.81Jmol/g. 

The changes in content of ATP and its related compounds in the 

cold-C02 group were marke dly different from thos e in the control 

group as shown Jn flg.l - 2b. The ATP content in 1 h and 3 h 
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Fig-. 1- 2 Chnn~rcs in nvcrogc content of t\TI' and Its rclnlccl compound s In cnr p 

muscle (n=lO) during sLorngc nL 23•c. n, control group; b, colci - C0
2 

gr oup; c, 

23"C -02 group; d, 14• c-o2 group; c, C02- r ccovc ry group. Symbols nrc Lhc snrnc ns 

those given in the f ootnote of Fig. 1- 1. 

postmortem 0.7 nnd J .51JmOJ/g lower, respectively, than that nt 0 

h. There were significant differences (p<0.05) In the decreasing 

rate of ATP contents observed during 1 hand 3 h postmortem between 

t.he control and col cl -C02 groups . Nakayama .c.Lal. ( 1992) reported 

that the muscle of the c arp which st ruggl es severely prior to 

d0ath Is characterl7.ed by a lower ATP level at the time of death 

an<l followed by a more rapJd decrease In the ATP level compared 

wilh those of unstr0ssed carp. Their fJndlngs coincide with our 
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findings on -\TP level and its postmortem breakdown. PIP gradual!} 

inc:rcasccl from 1.8 to 3.2 IJIDOl/g during storage , and tlwn it 

clccrensPcl. llxR increased gradually during storagP , ;llthough the 

corrC'sponcling content at each storage time Ytas higher in the cold ­

C02 group tlliln that; in the control group. 

The changes in the contents of ATP-re1atcd compou11ds in the 

23°C 02 and 14°C-02 groups were nearly the same as those ohsPned 

In thP control group ( Fi gs. l -2c and f - 2d). The ATP c:ont<'nt was 

high and thC' breakdown proceeded gradually. IMP and llxR inrrcased 

gradually just as observed in the control group (Fi g. l - 2a). These 

findings indicate that the carp in the container at 2:loC or 1·1° C 

undPr bubbling pure 02 gas were kept in an unstrPSSC'CI state. TIH' 

contc•nts nnd changes of ATP and its rPlated compounds in the C02-

rC'covcry group were the same as those observed in the cont r ol 

group (Fi g. I 2c). These findings on ATP and its r elated compounds 

indicate that the carp in the C02-recovcry group recovered their 

energy state and muscle metabolism to the levels of control group. 

There would be little difference in the onset of rigor -mort is and 

its dC'vclopmcnt between the control and the co2-rccovcry groups, 

since thrrc was l ittlc differences in the levels and the changes 

of the ATP content and between the two groups ( Fi gs. l - 2a and l -

2c). as reported by Iwamoto (1991). 

Figure l - 3 shows the changes inK value of carp muscle during 

storage. The specimen of all five groups kept for 8 h c•mi ttcd a 

faintly putrid smell: this stage was recognized the stage of 

initial decomposition (~latsumoto and Yamanaka, 1990). The sprclmen 

kept for 24 h cm l ttcd an unpleasant odor and was rc~rogn i zed as the 

stage of advanced decomposition. The K value of cold-C02 group al 
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0 . 1. 3. ancl 8 h was 5, 8, 14. and 19%, respectively. The valur of 

control group nt each time w,ns 3. 5, 7 1 l3 • , lln< , o, rcspC'cliVC'}y. 

Although the dlffrrenccs of the K values between the two group 

WC'rc not large, thr estimation of the degree of freshness hy thr 

K value S<'Cmecl to be necomplished since there wrrc statlstlc:nlly 

significant diffcrC'nees (p<O.OJ) in the corresponding value's 

b<'lW<'cn the control mHI cold-C02 groups. These results Indicate 

thnt thr anC'slhC'tlc (cold-C02 anesthcsla) nffccts tiH' postmortem 

changrs of fish fr<'shncss. The levels and chnngcs In the K vnlu<' 

In the 14oC Oz. 23°C-02 , nnd C02-rccovery groups showed llttlc 

dlffrrrnce from thr control group. As a result, the chnnge Jn 

00 

3 8 24 
Time (h) 

Fig. 1- :l ChnngC's In nvrrnsrc K vnluC' of cnrp muscle (n~IO) during slu rngc. 

A . control group; Q, C'old COz group; 0. 2:1•c Oz group; 

• . 14•c-02 group; e , C02- recovery group. 

frPshness was thP same In the carp that had rC'covC'red from 

llfiC'sthcsln ns In the control group. AdditJonalJy, the levels and 

changes In the ATP and Jts related compounds In the co2-rccovcry 

group Jncllcnte thnt the onset of rigor mortis and Its dPveJopm<'nl 
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in the carp recovering from anes thes i a would be the same as those 

in the rontrol group. Therefore, the m<'Ht quality or the carp 

anesthctized with cold-C02 nncsthesia would be unaffected, if the 

carp is allowed to recover from the anesthesia before death. 
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1.2 Phosphorus- 31 NMR study o r post• ortc• ener gy 

In yjyo phosphorus-31 nuclrar mngnetic rcsonnncc ( 31 p '\~lR) has 

lH'<'Il used so fnr for mrasuring serial chnnges in high C'IH'rgy 

phosphntC' m<'lnhol ism (Gndian, 1982). In the muscle', not only 

corH'C'nlralions of high <'llC'rg-y phosphal<' m<'lnbolilcs but nlso 

int rncellular pll nnd '1g2' ion c·orH'<'ntrations can be measured, "hich 

nllows to cvnluntC' the fat iguc status of the muscle (Guptn nnd 

Cuptn . 19R7). Hc•cl'nlly, llH' C'IH'rgy stores 1111<l intraccllulnr pll in 

cnrp during nnoxia were studi<'clusing 31 P ~'lR (Thillnrt, 1989). 

Chnng<'s in high C'JH'rgy phosphate metnbol ism of fish muscle was 

d<'p<'ndrnt on tltP dissolvC'd oxygen concentration. In thl' last 

sc'ction (T.l), the author showed t hat the carp ancsthetized with 

cold-C02 S<'<'mC'CI to br undrr tlH' substantially hypoxic conditions. 

To <'valunt<' the conditions of nneslhclized carp, it "ill be 

m<'nning to d<'1Nmine th<' high rnrrgy phosphates and pll in thr carp 

muscle' using- 31 P N~lR. 

One of lhr most import<lnl qunlitics of raw fish is frc'shn<'ss . 

Th<' <l<'£"r<'r of frrshnrss is c'xpr<'ssed in t<'rms of th<' K vHiuc wh i eh 

ic; obtninC'CI from concentrations of ATP and Its related compounds 

(S;1ito et. al. . 1959). AltllOugh t he I< vnluc js <Ill effect i ve 

indicator for the freshnrss of carp during storagr , it is 

t rouhl<'some forth<' measur0ment to homogNllze the tlssur, rxtract 

nncl SC'paratC' th<' compounds 0ach other hy chromatography. And it 

s<'rms not to bran accu r atr I ndicato r for carp kep t within short 

P<'riodc;, sinc<' the rates of changes i n the K values were slow as 

shown in Fi g. 1- 3. Similar r<'sults was also reported by .Joncs .c..l_ 
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aL, (1%4) and by Uchiyama and Ellira (1970). 

31 P ~'IR is a non-invasive and convPniPnt method for rapid 

dC'tcrmination of high energy phosphat~ compounds in li\ing bod.> 

(Gadian, 1982) and In various organs (CohPn, 1987). lt Is also 

facilitate ('Xaminatlon of functions In isolated organs. If 

possible, 31 P NMR seems to hr a possible Ill<'! hod for e\aluat ing fish 

meat qunlity, such as fresiHH'SS, IH'C<lUS<' of its non- lr\\ashl', 

(·onvenlcnt . and rapid dPt<'fmination of high energy phosphatP 

compounds in the tissue of fish. 

In this section, the author examined liH' high en('rgy phosphate 

compounds, pll, and Pi in the carp musclr of cold-C02 and control 

groups using 31 P ~~IR and a l so glycogen contPnts by conH'ntional 

chemical methods, and evaluated the effects of strPss (cold-COl 

anesthesia) on the energy metabolism of the carp. The author also 

discussed the efficacy of 31 P N'IR lo estimate the freshness of carp 

muscle. 

Material s and Methods 

'la1crials and Procedure of t\ncst.hcsja 

The experiments were r11rried out on 10 carp Cyprinus ('an)io. 

weighing about500g (498t23g, mcan±S.D.) c'ach. 10 carp were reared 

in a 1000 l lank placed indoors. and arcl I mated to 23ti°C under a 

14 h-light and 10 h-dark cycle for at least two months. TIH'Y \\ere 

daily fed a commercial diet, but fasted one day prior t o the 

experiment. In the case or co1d-C02 treatment, five C'arp wPre 

anesthetizrd at 4°C for 30min and then plac<'d in an experimental 

container maintained in advance atl4°C and Pco2=80mrullg Collo\\ing 
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9.S h in thP closed systrm as descrlbrd in Section J-1. 

lmmP<Iiately after the tot;tl of 10-h of the rold-C02 anesthesla, 

thry were dPcapitatcd (cold C02 group). As a control , five carp 

\H'r<' gent Jy n<'lted from the rearing tank and drcnpl tated 

lmmPdiately (control group). White muscle hlock, the size of whlch 

wns 3 cm hy 3 by 1. 5 thick, wns dissected from the dorsal pnrt of 

th<' cnrp and usC'd for th<' \'lH measurrmrnt, immediately. The 

rrmaining muscle piecP was storPd at 2r C , at each flxrcl t ime of 

storage 0.5-g portion of muscle was newly cut and used for the 

dr-t<'fmination of glycogen. 

31p ~'IR 'lcasi.L[cm.cnt of Carp ~lusclc 

N'lR m<'asur0mC'n1 s we're mncle with a JNM GSX-270 srrctromrter 

systPm (JEOL. Jnpan) . The surface coil (11 mm in diamcL<'r, five 

turn) for N'IH detection was placed against the center of muscle 

block. The sprctra were obtained at an operating frequency of 

109.14 ~lllz for phosphorus. Radiofrequency pulses of 20 11 sec 

clurntion w<'re delivered evC'ry 1.5 sec Cor NMR acquisition. It took 

S min to accumulate 200 scnns for each m0asurement. ThP muscle 

block was fixed on thr N~m probe f or 24 h. and sp<'ctra were 

oh1ninN1 at O. I . 2 . 3. 5, R. 12, 16, 20, and 24 h. The criterion 

for chemicn l sh ift used was 0 ppm creatine phosphate. Changes in 

th0 concPntra1 ion of each compounds were determined from the area 

of resonance I inP of each signal. Relative index of concentration 

of IPil, IP\rl. and [ATP (~-ATP)) was obtained by the ratios o f 

IPCri/[Pi I and IATP (~-ATP) 1/IPi I. 
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Dctcrmina.Uoo of Intracellular Dll 

The intnt<:ellulur pll (pili) in f i sh muscle \\ as PStiwH t (•d on the 

basis or the differences between the chemi<'a l sh ifts of Pi and of 

PCr hy constructing a pll ti t rati on curve tnlth a standard solutlon 

(113P04 • 50 m~l; PC'r, 25 m~l; KCl, 100 m~l; anll ~1gCI 2 , 1 IU~I). The 

ciH'm i eal shi ft of PCr wa s postulated as 0 ppm. pili was ca l cu lat ed 

fr om the chcrulcal shif t (6ppm) of the Pi rPsonancc by use or th!' 

l'oLJowlng equation (Gadlan e..Lal., 1979; Seo c.Lal., 198:3). 

pill = pK' +log (6 - a. ) 1 (a, - a) 
in whi ch pK' = fi.87, a. = - 3.17 ppm, aJ -5 .61 ppm were used. 

IlcJ..c..r.llllnat.i<>n of Glyco~:cn 

i\ftrr 0.5 g of muscle was extracted in 5 ml of llf'ated 

potassium hydroxide , 5 ml of absolute ethanol wa s addr<l to the 

soluti on and glycogen was precipitated . The obta ined glycogen \\as 

hydrolyzed with 1 M sulfurl c acid and glucose f ormed was 

detrrminrd by tltc combination of mutarotase and glucose oxidase 

( G luc·ose C Tcs t , Wako) . 

Resul ts and Di scuss i on 

Inf l uence of Anest.hctlc Stress on NMR SpPct rum 

Typi cal 31P NMI~ spectra of carp muscle of two groups obtained 

lrnmediatcly after the decapitation are shown in Fi g. J - 4 . Ther e 

were five or six main peaks, assigned, from l eft to r i ght, to SP 

+ I ~IP (not detPcted Jn the muscle of con trol group), PI. PCr, y 

phosphat e of ATP + p- phosphate of ADP, a-phospha t e of ATP • a­

phosphate of ADP+ NAD(II), and p-phosphate o f ATP. Thc>se peak 
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Fig. 1- -t Typlcnl 31 1' NNI( speclrn of lh<' carp muscle of control (A) and cold - co
2 

(n) ,groups lmmerllnl<'IY nfl<'r dent h. l'<'nk assignments nrc ns follows: 1. SI', 11'11'; 

2, PI; 3, I'Cr; 4, Y phosphate of ATI' • p- phosphnlc of ADP; 5, a phosphntr. of ATI' 
'> 

' a- phosphll1<' of Alll' • N/\1)(11), nnd "k,, p-phosphnlc of 1\TI'. 

nsslgnments wen• performed ncco rding to 13nrnny and Glonek (1!)82 ). 

In the ~ect lon 1- 1. the i\TP content of control group was 7.3 IJIDOI / g 

and the i\TP level indicated that the carp wa s killed fmmC'CIIat e ly 

(Table J- 1), while th e N~IR spectra of control group showed the 

accumulnt Ion of PI. Van Den ThJlJart .c..L..___al. (1989) r eported that 

PI P":tks o f in vivo 31 P N~IR sp0ctra of the carp which Js comp l ctr ly 

unstr0sscd Is normally barely visible . These r esu lts Indicate that 

the IH'tt lng, df'capltatlon, nnd the tlmelag for sett ing the muscle 

to the N~m prove cnuses l ncreased energy demand. llowever , there 

w0re much differences In the spectrum between the two groups. In 

the eo 1 d-COz group, PCr and i\TP lcve l s decreased and the p 1 1 eve 1 

lncrense cl eompn rcd with those In controL groups. Evaluation of the 

influence of lliH'sthet.ic stress seems to be poss ible by the N~t l~ 

mcnsurrmcnt of dlssf'cted muscle. 

Hfects of Anesthel.lc Stress on the PhysloloeJcal Stale of Carp_ 

Muse I c at the Time.. o..£...11c.aL.h 

Tab Je f - 2 ~how~ the vnlues of (PCr] / [Pll. (ATPJ/(J>ll. pill , and 

g-lycog-en con tC'nts Jn lhe muscle of each two experimental group at 

thr- time o f df'nth. Thf' (Pc r] / (Pij and (i\TP] / (Pi] In the co ld -COz 
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group were slgnificanLly lower than those in control group 

{p<0.05). 'I he anesthellc st r<'SS secmrd to Increase the cnerg) 

demands of carp muscle. Itazawa and Tukedn (1982) report~d tl1al 

the re Vras an 1 ne rea se of oxygen deiJ t In carp durIng co2-anes t hes i a. 

Van den Thlllart et al (1989) reported that anoxia caused a rapid 

decrease In PCr in carp , and that after the PLr store had IH'cn 

exhausted by more than 85~o. the ATP Jrvcl fell, v.hcr<'as 1~11' 

accumulated markedly. The anrsthct le level of C02 I s Vrrll knov.n to 

reduce the oxygen a f f lnlly and oxygen capnc lly of the h 1 ood. I 11 

the section l-1, the author showed the decrease in ATP content anti 

energy charge value, ancl the increase in INP contrnt in the cold­

COz group (Table T- l). These findings supported the assumption 

that the carp In the cold-C02 group seemed to he Jn a substant lal 

hypoxi c condition despite the high levc~l of partial pressure of ol 

In wa tC'r ( Po2= G50mmllg) . 

Table 1-2. Initial values of (PCr]/(Pi]. [ATP)/(Pi]. pili. 

and glycogen contents (mg/g) in carp muscle. 

Group [PCr)/[Pi) 

Control I. 67 I 0. 21 

Cold-CO, 0. 25 I 0. os • 

[ATP]/[Pi) 

0.5110.04 

0. 24 t-0. 04 • 

pll i g I ycogen 

6. 9 -1 0. I I 0. 5 I l. I 

6.6..t0.1 . 7110.9 . 

• Stastically significant at SX level or better compared 

with control group. Values arc expressed as mean 1 SD. n=IO 

Significant differences were found In pill and glycogen content. 

between the control and cold-C02 groups. Anaerobic mctuboll sm in 

fish is usu11lly based on glycolysis (Vnn d0n Thlllnrt und Van 
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'll:l.1rde. 19A5). nnd t hr ratc-1 imi tin~ strps of ~lycolysis arc those 

c-nt:lly7r!l by hC'·wkln:lse , phosphofructokinase, nnd pyruvate' 

kirl:'ISC'. Normally, IIH' glycolytic rnl.r is mainly d0terminC'd by thC' 

rnt rs of hrxol< i nnsr nnd phosphofruct ol< i nns0 while the pyruvatr 

kirHlSC' kN'PS it s st0p. Since phosphofructol<inasC' activity has bc0n 

shn"n to hC' pll-dC'JH'ndrnt (l·idclm:m cLul., 1982) its activity 

c:hould h0 nffrct0d hy :1c11t<' hypcrcnpnia wlt.h Its profound acidosis 

:lrHI :wcompnnyin~ inhibition of glycolysis. Concrrning this 

phrnom0non, .Jnkry :1nd Schnrfer (1972) rrportrd that the blood 

phoc:phofructol<irwsC' net ivity in guinra pigs Y.a s lnhibitrd by 55°6 

I'IH'Il the blood pll "as lowC'rrcl by 0.4 as n result of hypercapnia 

(IS\ C02• 22"'- 02, nnd N2 hal:mcc) . In this study, the glyco~C'n sti 11 

rt"m:lirwd at G.l;mg/g in U10 musc l0. of the cold C02 ~roup. TllC' musc!C' 

pll in thr cold C02 group wns lower by 0.3 tlwn that in the control 

group. Thr carp in th0 cold-C02 group scC'mc<l to fa! I Jn supply of 

hil!h <'fH'rgy phosphate's by glycolysis. 

I: o slJD.o r l..CJU ..Ghclllfc.s_o L 31 f...XnlLS D c.cJ.DL PlLL il.lliL Gl.Y c QfClL..C u..n.l_Cll Uti. 

Car Dus.cl.c. 

Figure 1- 5 shows thC' postmortem chan~cs in 31 J> N~m spectra of 

cnrp musclC' of rontrol and cold-C02 ~roups. In thC' control group, 

I'Cr <l<'f'rC'nsed rnpiclly and th<'n ATP decreased ~raclually. This 

indicatrs thnt lhe PCr acts ns the energy rrsc rvoir for 

m:lint,1ining thr ATP l<'VC'ls even In the musclr excised from fish as 

ohsrrv0cl in the cnsc of I ivin~ fish muscle (Van den Thlllart c..t.. 

a..L. . I ~J89) . The muse I P Per content wns low in thr col d-C02 group 

compn rr<l with t hn t. in the con t ro I group. This f i ncl i ng on the roJ e 

of I'Cr in the muscle mny pnrtinlly explains the results that the 
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ATP-brcal<down ln the cold-C02 group was significantly faster than 

that Jn the control group (Fig. I-2). 

5 
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Flg. I - 5 Postmortem changes of 31 1' N~m spectra o f carp muse I e of control (A) ami 

cold-C02 (LI) groups after decnpltallon. Peal< asslgnmenls ore the same as those 

described In Fig. 1- 4. 

A rapid decrease in the glycogen content was observed during 1 

h postmortem in the control group (Fl g.l- 6). followed by a gradual 

decrease. On the other hand, the decrease in the glycogen content 

in the col d-C02 group during 1 h postmortem was mu c h slow than that 

in the cont rol group. The rate of the gLycolysis seemed to be 

fa ste r ln the control group than in the cold-C02 group during 1 h 

postmortem. This may be one of the reasons for the difference in 

ATP degradation rate between the control and cold-C02 groups (F i g. 

l - 2). In view of the faster rate of glycogen breakdown in the 

control group, we expected the rate of pll decline to be fa ste r Jn 
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Fig. 1-6 Changes in average glycogen content of cnrp muscle (n=5) during storage 

nt 23' C. A . control group; e . cold - COz group. 

the control group than in the cold-C02 group during 1 h postmortem . 

llowever , the rate of pill dccllne hardly s howed statistical 

differences between the control and cold-C02 during 1 h postmortem 

(FJg I - 7). The exact reason for thJs phenomenon was not clear. but 

the buffering capacity of the muscle may be different in the two 

groups. These findings on pill and glycogen along with the results 

about ATP and its related compounds lndJcate that the carp In the 

cold-C02 group was disturbed their energy state and muscle 

7.0 

~ 6.5 

6.0 
0 1 2 3 5 8 12 

Tome (h) 

16 20 24 

Fig. 1- 7 Changes In nverogc pill vnluc of carp muscle (n-5) measured by 31 1' N~IIL 

A , control group; e . co ld - C02 group. 
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mct11holism by the anesthetlc stress. There would be difference in 

the onset of rigor-mortis and its development between the control 

and the cold - C02 groups, since there was dIfferences 1 n the 1 eve 1 s 

and thr changes of PCr and ATP content and pill between the t"o 

groups (F igs. I - 2, 1-5, and l-7) (lwamoto, 1991). The fact that 

changes In high rncrgy phosphates as well as intracellular pll, can 

hr. measured rrpeatcd1y in the same muscle specimen by means of 

non-Invasive 31 P N~lR technique seems to provide fish meat 

scientists lots of merits. It should he interesting to estimate 

rigor mortis ln relation to the data from N~m measurements. 

Qual I t.y Eynl 11111. I on of Carp ~luscl e by llUMR 

Figure 1-8 shows the time courses of mean [PCrl/IPl) and 

(ATP) /[Pl) ratios In carp muscle of control and cold-C02 groups. 

en 
0 20 .... 
CO 
'-

Q. 1.5 --Q. 

~ 1 0 

"0 
c 
CO 

05 
Q. --~ 0 
(.) 
Q. 0 1 2 3 5 8 12 16 20 24 

Time (h) 

Fig. 1- 8 Chnngcs ln nvcragc II'Cr)/IPl) and [ATP(/[1'1) ratios of carp muscle 

(n=5) measured uy 31 1' N~IIL /J., (PCr(/(1'11 rnllo or control group: A , 

(ATI')/[1'1 I rallo of control group; 0, [I'Crl/11'1 I ratio of cold C02 group: and 

e . [ATI'I/(1'11 ratio or cold-C02 group. 
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The [PCr]/[Pl) ratio of control group decreased rapidly from 1.7 

to 0.1 at 0 and 8 h storage, respectively. The [ATP]/[PI] ratio of 

control group also decreased continuously during 16 h storagr. On 

the other hand, the two ratios of cold-C02 group decreased 

continuously but those levels were very low. The specimen rxclsed 

from both of the control and cold-C02 groups and kept Inn plnstlc 

bag at 2~ C, the same temperature of NMR measurement, emitted a 

faintly putrid smell at 8-10 h storage and the stage was 

recognized as the Initial decomposition. For the evaluation of 

meat qual lty, such as freshness, the index must give Information 

before the decomposition stage. In other words, the changing 

mngnitudes of fre shness index should be large during acceptable 

stage. The [PCr]/[Pi] ratio in the control group decreased rapidly 

and continuously during 8 h storage (Fig. I-8) and the magnitude 

of change was much large compared with the K value of control group 

(Fig. l - 3). The [PCr)/[Pi] ratio seems to be suitable index for 

the evaluation of freshness in carp muscle which was not strrssed 

before death. The levels of [PCr]/[Pi] and [ATP]/[Pi) were much 

different between the two experimental groups. Although the 

changes In the two ratios of cold-C02 group was very sLow as In the 

case of K value, pili measured by 31 P NMR decreased rapidly and 

contJ nuou s ly dur l ng storage (Fig. I -7). Judgl ng from the several 

parameters obtained s imultaneously by 31 P NMR, such as the rat 1 os 

o f high energy phosphates to PI and pill, it will be possible to 

evaluate meat quality such as freshness of carp muscle and also 

the energy state of the muscle Including the fatigue of the fJsh 

L..e.., whether the fish was stressed or unstressed before death. 

These res uJ ts suggested that the 31 P NMR is a possible tool for the 
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evaluation of fish freshness. because of its non- in vas 1 ve. 

convenient, rapid, and simultaneous determination of high energy 

phosphate compounds, Pi. and pill Jn the tissue of fish. 
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Chapter IT. Postmortem changes of h l gh- energy phosphate 

compounds Ln pclecypods 

The utilization and consumption of marine mollusks arc high in 

Japan, compared with those of other countries. A large amount of 

mollusk arc consumed as fresh materials for a variety of dishes, 

including such popular dishes as sashimi and sushi. Consequently, 

the retention of freshness becomes a matter of serious concern. 

but the chemical assessment of freshness during storage of mollusk 

Js less established than that for fishes. There seemed to be one 

reason that the postmortem degradation patterns of ATP have not 

been thoroughly investigated for mollusks being in good conditions 

(1 iving in unstressed state). As for the degradation pathway of 

ATP, Salto (1961), Arai (19Gla and 196lb), and Twamoto et al. 

(1991) analyzed the mu scle of several species of blvalves and 

reported that IMP did not accumulate during storage at -~ C and 

that ATP degradation proceeds as follows: ATP- ADP- AMP- AdR-

llxR - llx in surf clam So i su 1 a sachal I ncns Is, scallop Pcc t.cn 

ycssocns is, and P. albicans, or ATP -ADP -AMP - AdR -Ad Jn ark 

shell i\nadara brou£rhtonll and abalone llal lolls discus, dHferJng 

from fl shes as reviewed by Sa lto (1961). and Uch lynma and Ehlra 

(1970). On the other hand, Konosu e.La.l. (1965) detected large 

amounts of HlP in edib l e parts of the short-neck clam I.au.c.s­

laponlca. There are some other reports that IMP, llxR. and llx were 

detected during storage in the muscle of the scallop Placopcctcn 

ma£rcl1njus (lliltz and Dyer. 1970), oyster Crassostrea ~:"il:"as 

( Suwetj a .c.La.l., 1989; Sakaguch i .c .. La.l.. 1990). ark s hell Aoadara 
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bro!ll:'htonii, clam Meretrix lusorla, and short-neck clam Ill.lle£ 

japan 1 ea (Suwetja et al., 1989). These results suggested the 

prcs0ncc of the pathway, ATP .. ADP .. M1P .. IMP .. llxR .. Hx. In those 

reports, there seem to be some problems, L..c.. (l)ATP and Its 

relat<'d compounds, especially HIP and AdR, was not detected 

simultaneously ln each investigation. (2)Each specimen used in 

each I nvcstlgatlon was dead one, commercially fresh one, or 

commercially alive one which was in much stressed state judging 

from the ATP leveL. (3)ATP and its related compounds were analyzed 

only In the muscle of each species. The postmortem patterns of ATP 

degradation in mantle, gill, or other tissues remains unclear. A 

species of which whole flesh is edible such as oyster, the 

patterns of ATP- degradation should be investigated in every 

tissue. (4)The degree of freshness of each specimen was not 

evaluated sensorially during storage. From these reasons, the 

chemical assessment of freshness during storage has not been 

established for bivalves. 

In this chapter, the author developed the method for 

simultaneous determination of ATP and J ts related compounds, ATP, 

ADP, M1P, IMP, AdR, HxR, Hx, Xt, and Ad (Section Il-l). Using this 

technique, the author examined the changes in levels of ATP and 

its related compounds in the adductor muscle, mantle, gill, and 

body trunk of the oyster, one of the most commercially important 

pelecypod in Japan, calculating K (Saito et_ai., 1959), K', and 

AEC values (Atkinson, 1968) from the levels of ATP and its related 

compounds in relation to the freshness of oysters (Section Il-2). 

In the section Il-3, the author showed the interesting effects of 

storage temperature on the postmortem ATP breakdown and efficacy 
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of freshness indices, K' and AEC values, at various storage 

temperature. In the section II -4 , the author showed the actl vit ies 

of ATP-breakdown endogenous enzymes in oyster tissues and 

discussed the reasons for efficacy of K' and AEC values as for the 

freshness indices of oyster. Add! tlonally, the author examined the 

efficacy of those chemical indI ces as for a freshness J ndicator of 

other species of pelecypods, ark-shell and hard clam (Section ll-

5). 

In the chapter I, the 31P NMR Is shown to be a possible tool for 

evaluating fish meat quality, such as freshness, because of its 

non-invasive, convenient, rapid, and simultaneous determination 

of high energy phosphate compounds, Pi, and pili in the tissue of 

fIsh. UsIng this technique, the author exam lned non - lnvasively the 

postmortem changes of high-energy phosphate and evaluated the 

freshness of oyster (Section 11 -6) . 
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II.J Exaalnation of the •ethod f o r deter•ining ATP and its 

r elated co•pounds in oyster by IIPLC 

The postmortem ATP-degradation in fish muscle proceeds as 

follows: ATP - ADP -AMP - IMP - llxR - llx, as revi ewed by Saito 

(1961) and Uchlyama and Ehira (1970). An IIPLC method for simple 

reverse-phase separation wl th a commercially available co lumn and 

for rapid and quantitative analysis of ATP and Its breakdown 

products , has been established by Ryder (1985) and Ts uchimoto e.L 

.a.l. (1985). The same postmortem pathway of ATP b r eakdown as 

r evealed In fish was also suggested in the muscle of short-neck 

clam (Konosu .c.Lat.., 1965), scallop (llilt7. and Dyer, 1970), oyster 

(Suwetj a .c. .. L11.l. , 1989; Sakaguchi .e..Lal., 1990), ark shell, clam, 

s hort - neck clam (Suwetja ct_ai., 1989). On the othe r hand, Saito 

(1961), Arai (1961a and 196lb) and Iwamoto e.Ul.l. (1991) analyzed 

the muscles of several species of blvalves and r eported that IMP 

did not accumulate during storage at -5' C and that ATP degradation 

proceeds as follows: ATP- ADP- AMP- AdR- llxR- llx In sur f clam , 

scallop or ATP - ADP - AMP - AdR - Ad in ark shell and abalone. 

llowevcr , they did not determine the content of AdR. They concluded 

the pathway of ATP degradatl on from the finding of 11 t tle activity 

of M1P-deami nase in those bi valves. It seemed necessary to 

determine AdR to confi rm the presence of this pathway in the 

shellfi sh tissues. 

Among naturally occurring quaternary ammonium bases , large 

amounts of homarine (Suwetja e.L.al., 1989; Gasteiger .c....L.al . , 1960; 

Beers, 1967; llirano, 1975) and trigonelline (Suwetja .c....L.al., 1989; 

Beers, 1967; lllltz, 1970) are widely distributed in invertebrate 
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tissues. They affect the separation and quantitation of ATP and 

Its related compounds ln the tissue extract , since those two 

betaines which have a strong absorption at around 260-270nm often 

occur in tissue extracts. The IIPLC system for the determination of 

ATP and Its related compounds in invertebrates might enable to 

srparate these compounds from the betalnes. The author therefore 

developed a method for determining ATP and its related compounds , 

ATP, ADP, AMP, IMP, AdR, llxR, llx, Xt, and Ad, and such 2 bctaines 

as homarine and trigonelline, in shellfish by means of JIPLC with 

Jsocratlc elution. In this study , the author used oysters as a 

live specimen because of its easy handling. 

Materials and Methods 

Apparatus 

Analyses were performed on an IIPLC system, consist i ng of a Model 

510 high-pressure pump, a Model 484 tunable absorbance detector 

and a Model IITR- D and C temperature control module (Waters 

chromatography Dlv. Mllllpore Corp., Osaka, Japan), a Model SIL- 9A 

auto sample injector and a Model C-R4A computing Integrator 

(Shlmadzu , Kyoto, Japan). A CA PCELLPAK Cl8 SG column (4.6 x 150 

mm. SIIISEJDO. Tokyo, Japan) was used for the determinat1 on of ATP 

and Its related compounds. 

Rea ~rents 

The standards of ATP and lts r elated compounds, ATP, ADP, AMP, 

IMP, AdR , llxR, llx, Xt, and Ad, and t r igonelline were purchased 

from Wako (Osaka, Japan). The standard of homarlne was donated 
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from Prof. T. lllrano, Tokyo Univers ity of Fi s heries. Other 

chem 1 ea ls and so l vents used were of ana lyt I ea l and chromatographic 

grade. 

Specimen Preparation 

Llvc cui tu r ed oysters were coll ected from a cultu r e farm in 

Matoya Ray , Mi c Prefecture. Whole oyster flesh was removed by 

cutting the adductor muscle close to the valves, and then lightly 

rinsed wlth a 1.5% ice-cold NaCl soluti on. Adductor muscle was 

dissected from the oyster fresh and sto r ed for 2 days ln a gl ass 

tube at o' C. A 1-g portion of adductor muscle was homogenized with 

5 ml of 10% perchlorlc acid (PCA), followed by cen t rifugati on at 

3 , 000 x g f or 15 min. The r esidue was extracted twice with 4.5 ml 

of 5% PCA. The supernatants were combi ned and neut ralized wi th 10 

Nand 1 N KOII solu t ion on Ice . The neu trali zed e xtract was 

centrifuged and the precipitate was was hed with 10 ml of 

neutralized 5% PCA-KOII solution. The combIned supernatants we r e 

dilute d to 25 ml with distilled water. The PCA extract was 

filt ered t hrough a 0 . 22 ~m mlc rofllter. A 10-~ l porti on of the 

filtrate was t hen Injected into the chromatographic system. 

Chromato~raphjc Conditions 

The mobHe phase for IIPLC was a mixture of 20 mM citric acid, 20 

mM acetic acid, and 40 mM triethylamine, pll 4.8. The sol uti on was 

flllered through a 0.45 ~m ml crofilt e r and degassed prior to us e. 

The flow rate was 0.8 ml/min and the column temperature was he ld 

at 40' C. The eluate was monitored by UV absorption at 260 nm at the 

full scale of 0.02. 
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Dct.crmlnntlon of ATP and lt.s rclat.cd Com pound s 

ATP and its related compounds ln the specimens were ide ntified 

by compari son of retention time of peaks In IIPLC between the 

specimens and the authentic compounds. For quantltatlon, the 

callbr atlon curves were made with a peak-area In IIPLC of the 

authentlc compounds at various quantities . 

Result s and Discuss ion 

Figure 11- 1 s hows a c hromatogram of 11 authentic compounds , ATP, 

ADP, AMP , IMP, AdR, II ~R . llx, Xt, Ad, trigonelline , and homarlne, 

obta ined by our newly improved IIPLC system with isoc ratlc elution. 

The ATP and it s related compounds were effectively separa ted each 

other within 25 min. llomarlne and trigonelline were eluted at 2 . t 
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and 2.25 m1n, respectively, and were not completely resolved. Thi s 

lack of resolution was not a problem, since the two betalnes did 

not affect the separation and quantitatlon of the ATP and its 

related compounds. Flg.Il-2 shows a chromatogram of the acid 

soluble fraction from the adductor muscle. In this case . the 

adductor muscle stored for 2 days in a glass tube at ~ C was used 

as the s pecimen for PCA extraction, since the AdR was absent in the 

time 0 specimen. We conducted to demonstrate the ability of our 

Table 11 -1. Percentage recovery of ATP and its related 

compoundsaddcd to a PCA- muscle homogenate containing 
known initial concentration of the relevant compounds. 

recovery 

amount added. JJ. mol/g• 

compound 0.02 0. 10 0. 50 2. 50 mean 

ATP 92.8 104. 0 97.0 98. 1 98. 0 

ADP 110. 3 9 5. 9 94. 6 93. 6 98. 6 

AMP 94. 1 10 I. 2 94. 3 97. 2 96. 7 

IMP 107.0 9 3. 7 89. 8 9 3. 7 96. I 

AdR 98. 3 94. 6 102. 7 98. 3 98. 5 

llxR 101. 4 96. 5 89. 8 92. 7 95. I 

llx 104. I 97.0 93. 8 96. 7 9 7. 9 

Xt 106.3 95.8 94. 7 97. 6 98. 6 

Ad 90. 7 103. 0 97.0 100. 3 97.8 

. PCA-muscle homogenate. 
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IIPLC system to determine the AdR in the acid soluble fracti on from 

oyster tissues. Large amounts of trigonelline and/or homarlne ~ ere 

detected in the adductor muscle of oyster as reported In other 

invertebrates (Gasteiger e..Lal., 1960; Beers, 1967; llirano, 1975; 

lllltz, 1970; Suwetja e .. L.al.. 1989), but they did not affect the 

quantltation of the ATP and its related compounds in the acid 

soluble fraction from the oyster tissue as shown in Fig.ll- 2. The 

calibration curve for each compound was linear at least within the 

range of 0 .. 01 to 1.0 nmol ( Fig.ll-3 ). 

Th0 recovery of ATP and its related compound added to a PeA­

adductor muscle homogenate was good as shown in Table Il- l. The 

mean recovery for each compound , over the range of amounts of 

added standard , ranged from 89.8% to 110.3% with a mean recovery 

of each compound varying from 95.1% to 98.6%. 

The author succeeded in measuring ATP and its related compounds 

and betaines. Using this technique, further investigation on the 

postmortem changes of ATP and its related compounds of mollusca 

was made in the following sections and chapters. 
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11.2 Post•ortc• changes or ATP and its related co•pounds and 

freshness indices in oyster tissues 

Various pathways of ATP degradation have been reported in muscle 

tissues of several blvalves. Sal to (1961), Arai (1961a and 196lb), 

and Iwamoto ..c .. t........a.l. (1991) analyzed the muscle of several species 

of biva1v0s and reported that U1P did not accumulate during 

storage at -5' C .. ATP degradation reported to proceed as follows: 

ATP- ADP- AMP- AdR- llxR - llx in surf clam and scallop , or ATP 

-ADP -AMP - AdR -Ad in ark s hell and abalone, differing from 

fishes. However. they failed to detect AdR in the muscle of those 

bivalves. On the other hand, Konosu e!_ai. (1965) detected large 

amounts of IMP in edJble parts of the short-neck clam. There ore 

other reports that IMP, llxR, and llx were detected during storage 

In the muscle of scallop (lliltz and Dyer, 1970), oyster (Suwetja 

..c..Lal .• 1989; Sakaguchi e..Lal .• 1990). ark shell . clam, and short­

neck clam (Suwetja et aJ .. 1989). These results suggested the 

pathway . ..l.......___e_. ATP - ADP - AMP - IMP - llxR - llx. In those reports. 

ATP and Its related compounds were analyzed only In the muscJe of 

each species. The post-mortem patterns of ATP degradation 1 n 

mantle, gill, or other tissues remains unclear. Furthermore, the 

chemical assessment of freshness during storage has not been 

established yet for blvalves. 

In this section, the author describes the changes in levels of 

ATP and it s related compounds In the adductor muscle, mantle, 

gill , and body trunk of the oyster Crassostrca ~~~as during lee 

storage using the IIPLC method as described in Section II-1. 

AdditlonaJly, K (Saito .c .... L.al.... 1959). K'. and AEC values 
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(Atkinson, 1968) were calculated from the levels of ATP and its 

related compounds in relation to the freshness of oysters. 

Materials and Methods 

~later I aJ s 

Live cultured oysters were collected from a culture farm in 

~1atoya Day, Mic Prefecture. Oysters were artl ficially purl fled by 

placing them in filtered sea water sterilized by ultra-violet rays 

for 24h (Satoh, 1960). The most probable number (M.P.N.) of coli­

group bacteria per 100g of oyster was effectively decreased from 

2,200 to less than 7 after 24h of this treatment. After 

purification, the oysters were transferred within 4h to our 

laboratory in a container filled with sterilized sea water. Whole 

oyster flesh was removed by cutting the adductor muscle close to 

the valves, then lightly rinsing with l ee-cold 1.5% NaCl. Each 

oyster was dissected into 4 tissues, adductor muscle, mantle, 

gill, and others ( arbltrar lly named body trunk), the average 

weights of which are shown in Table II-2. Each specimen of 4 

tissues was held separa tely in a glass vial and stored in ice for 

0, 1. 2, 4, 7, 10, 14, and 21days. At each f lxed time of storage, 

Table II-2. Fresh weight of the adductor muscle. mantle, gill. 

and body trunk {g, n=10. mean±S.D.). 

Adductor 

muscle 

2.01±0.35 

Mantle 

3. 56± 0. 56 

Body 

Gi 11 trunk Total 

2. 23±0. 14 4.16 ± 0.67 11.96±0.44 
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five specimens of 4 tissues were frozen in liquid nJtrogen, and 

stored at -85' C. 

Preparation of Acid Soluble Fraction 

A 1-g portion of each frozen sample was used for the preparation 

of acid soluble fraction as described in Sect ion II-1. 

Det.erm i nat.i on of ATP and i t.s reJ ated Compounds by IIPI.C with 

Isocrat.ic Elution 

The PCA extract was filtered through a 0. 22 11m membrane. A 10 111 

portion of the filtrate was used to determine of ATP and its 

related compounds by IIPLC as described in Section II- 1. 

Calculation of Chemical Freshness Indices 

The K and K' values, the latter of which was named arbitrarily, 

were calculated from following equations: 

K(%) = (llxR+IIx)/(ATP+ADP+AMP+IMP+IIxR+IIx) x 100 

K' (%)= (lMP+IIxR+IIx)/(ATP+ADP+AMP+HlP+IIxR+IIx) x 100 

AEC va l ue proposed by Atkinson (1968) as a metaholJ c regulatory 

parameter was calculated as a freshness index of oyster during 

storage from following equation: 

AEC(%) = 1/2 (2ATP+AOP)/(ATP+ADP+AMP) x 100 

Sensory Eyal uati on 

The degree of freshness of oyster tissues was evaluated by 

trained sensory panels and classified into three stages mainly 

based on its odor; acceptable (no smell) , initial decomposition 

(faJntly putrid smell), and advanced decomposition (putrid smell) 

as reported by Matsumoto and Yamanaka (1990) . 
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Results 

Cl.ll.wc:-cs In Cont.cnt. of ATP and Its Hclatcd Compounds of Oyster 

:t.Lss.ucs du r In~ S La ra~c. 

Table II-3 shows the total amount of ATP and Its relat0d 

compounds at the start(O) and the end of storage (21 days). 

Adductor muscle contained approximately twice as much ATP and i ls 

related compounds as the other 3 tissues. The total content of ATP 

and Its related compounds was relatively constant during 

storage(data not shown). At the end of storage , the levels Jn the 

adductor muscle, mantle, gill, and body trunk were 6.90, 2.78, 

2.27, and 4.07(1Jmol/g wet tissue), respectJvely. The total 

contents of ATP-related compounds decreased only about 10% in each 

tissue after 21 days compared with the initial levels. 

Table 11 -3 . Total levels of ATP and its related compounds in 

oyster tissues (J.L mol/g wet tissue. n=5. mean .i S. D. ) . 

Storage Adductor Body 

time (days) muscle Mantle Gi 11 trunk 

0 8. 23 I 2. 16 3. 70 ± 0. 83 2. 64 1 0. 45 4.87 ± 0.84 

21 6. 90 I 1.89 2. 78±0. 90 2.2710.36 4. 07 ± 0.76 

Figure Il-4 shows the changes in levels of ATP and its related 

compounds ln the adductor muscle during lee storage . ATP levels 

fell from 3.571Jmol/g at Lime 0 to O.l4 1Jm01/g on the 1st day of 

storage. ADP decreased from 2.53 to 0.821JmOl/g until the 2nd day 

and thereafter remained constant. On the other hand. Al'tiP increased 

from 1.92 to 5.311JmOl/g until the 1st day and decreased after 2 

44 

60 

40 

0. 
~ 
E 20 
3 ., 
"0 c 
" & 
E 
8 0 
"0 
Cl 
;; 
~ 04 
I 

a. 
~ 

02 

0 

A 

6--&----~---- _..., 
Q 

• 
B 

0 

.. 
!! ..-"' ···................ .~··· ····· 

·._ ~~-··---
: ···-·· ,.., .. 
~ .. ·······-· --·································--........ ... 

0 1 2 4 7 10 14 21 
Time !days) 

Flg. 11 4 Changes in levels of ATP nnd lls related compounds In the adductor 
muscle of oyster during Ice storage. 

A: Q, ATP; f:l. ADP; 0. M11'; •• H11'; and A. llxiL 

ll: Q. llx; e . Xt; f:l. AdR; and A . Ad. 

days. IMP increased from 0.03 to 3.96pmol/g until the lOth day, 

and then decreased. AdR was detected only In the adductor muscle. 

Increasing from Opmol/g at Lime 0 to 0.05pmol/g on day 1, then 

disappearing after 4 days of storage. llxR increased from 0.07 to 

2.37pmol/g during storage. llx increased slowly until the 14th day, 

and then decreased. Xt Increased slowly during storage. Ad 

Increased slowly from 0.05 to 0.251JmOl/g until the 2nd day, then 

decreased gradually. 

In the mantle, ATP decreased linearly from 2.45 to O.Ol!JmO)/g 

durJng sto rage (F i g . IJ - 5). The decrease rate of ATP levels in the 

mantle was very low ln contrast to that adductor muscle. The 
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oyster during Ice storage . Symbols Jn A and 0 arc the same as those given In the 

footnote of Fig. IT 4. 

levels of AOP increased to l.l51Jmol/g on day 1. and remained there 

until the 7th day , after which it decreased. AMP in t he mantl e 

increased linearly to 2. 1211mo l /g until t he 21st day , unlike that 

in the adductor muscle. HIP increased linearly from 0.01 to 

0.471Jmol/g during storage. llxR increased slowly to 0.46 11mol/g 

until day 21. Little amounts of llx , AdR , and Xt were detected. the 

Ad Levels were low, increas ing slowly from 0.03 to 0.21 11mol/g 

during storage. 

ln the gills , the cl1anges Jn ATP and AMP r eache d 1.32pmol / g on 

the lOth day and then decreased gradually (Fig. II- 6). IMP was 

constant at very low levels by day 2 , and then increased linearly 

to 0.381Jm01/g. AdR was undctectable , as observed In the mantle. 
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llxR was at low levels until the 4th day, and then increased. llx and 

Ad remained at low levels. Xt was detected on the 14th dny, and 

then increased. 

ln the body trunk, ATP levels decreased linearly from 2.64 to 

O.ll !JmOl/g {Fig. Il- 7), and the rate was slower than those of 

cl ther the mantle or t he gill. ADP was constant until the 2nd day, 

and t hen decreased. The clwnges o f AMP, IMP , and Ad were similar 

to those obse rved in the gl 11. AdR was undetectable. llx inc reased 

from 0.011Jmol/g on the 10th day to 0.37 pmol/g on the 14th day , and 

thereafter decreased. On tl1e other hand , Xt was detected f or the 

fir s t time on th e lOth day , and then Inc reased . 
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Chemical Freshness Indices 

Figur e J( - 8 shows the changes inK, K', and AEC values together 

with sensory ratings in the adductor muscle during ice storage. On 

the lOth day of storage , the adductor muscle gave off a faintly 

putrid smell and this stage was recognized as the stage of 1nl tial 

decomposltlon. The K value increased slowly and l lnearly from 1.6 

to 37.2% during storage. At the stage of initial decomposition the 

K value was 21.8%. The K' value increased from 1.9 to 75.1% hy the 

stage of initial decomposition, and then remained constant. The 

AEC value fell from 60.3% at time 0 to 10.0% on the 1st day, nfter 

which it was then relatlvely constllnt. 
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muscle of oyster during Ice storage. 

0, K vnluc; 0. K' vnlue; ami /:).. AEC value. 

• , In I tlnl decompos I tIon; nnd • • , ndvunced decomposItIon. 

ln the mantle, the K value increased slowly for 2 days, and then 

reached a stable level of 6- 7% untll the 14th day (Flg. II- 9). The 

K value was only 14.1% at the initial decomposition stage on the 

21st day. On the other hand , the K' value increased linearly from 

3.0% at time 0 to 28.5% at the initial decomposition s tage on the 

21st day. The AEC value decreased rapidly from 80.3% at time 0 to 

9.4% at the initial decomposition stage. 

The K vnlue of the gill 1 ncreased slowly for 4 days, reaching a 

stable level of nbout 10% until the lOth day, the stage of lni tial 

decomposition, and then rose rapidly as the decomposition 

progressed (Fig. II- 10). The K' value increased linearly and 

rapidly In comparison with the K value . The K' value was 22.1% at 

the stage of Initial decomposition. The A.E.C. vnlue decreased 

rapidly from 76.6% at time 0 to 17.8% at the lnitlal decomposition 
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stage, then decreased slowly to 5.0% as decomposition progressed . 

ln the body trunk, the changes InK and K' values were similar to 

those of the glll; the Jnltiatlon of decomposition was 4 days 

later (Fig. IT- 11). The i\.E.C. value decreased rapidly from 71.0% 

at time 0 to 21.5% at the Initial decomposition stage on the 14th 

day, and then decreased slowly. 

Disc uss ion 

It has been reported that the patterns and rates of ATP 

degradation differ between dark and white muscle types of the 

yellowtall Sc rlola Qlllnaucradlata (Murata tJnd Sakaguchl, 1982). 

In this study, the total content of ATP and Its related compounds 

In the adductor muscle was about 8.2pmol/g. This was much higher 

thnn those in the mantle, gill, and body trunk, whlch were about 
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3.7 , 2.6, and 4.91lmol/g , r espectively (Table II- 3). The total 

content of ATP and its related compounds in the adductor muscle, 

about 8. 211mol/g , was higher than t hat (about 3!lmol/g) in the 

muscle of the oyster r eported by Suwetja C1_al. (1989). Thi s may 

have resulted from physiological conditions of oysters, 

experimental condi tlons and/or the seasonal variation as reported 

by watanabe e .. Llll. (1985) in the muscle of the ascldian llalocynthla 

roretzyi. 
The degradation patterns of ATP and its r elated compounds also 

differed among the 4 oyster tissues as shown in Figs. II - 4. 5. G. 

and 7. I n the adductor musc le, ATP decreased rapidly as found in 

the muscle of ltayagai scallop pecten albi cans during storage at 

o· c. by rwamoto .e..t......al. (1991). ADP decreased s lowly compared with 

fish muscle, and AMP accumulated as also reported in the muscle of 

marine invertebrates by Salto et_ai. (l958a, 1958b, and 1961), 

Arai (196la and 1961b), and Iwamoto et. al . . (1991) but then 

decreased. On the other hand, ATP decreased rather slowly in the 

mantle, gill. and body trunk. ADP accumulated at first, then AMP, 

wlth t he decrease of ADP as in the muscle during storage . The rates 

of changes in ATP, ADP, and AMP in the 3 tissues , however , were 

much slower than those in the adductor muscle. The enzyme systems 

(ATPasc , myokinase, and AMP deaminase ) responsible for the 

degradation of ATP, ADP, and AMP seemed to be highly active in the 

adductor muscle compared with those in the mantle , gill , and body 

trunk. Sal to e..t ....... .al. (1958a, 1958b, and 1961). Arai (1961a and 

1961b). and Iwamoto et_ai. (1991) analyzed the muscles of several 

species of shellfishes and reported that IMP did not accumulate 
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under the storage at -5 or o' C. On the other hand, Suwetja e...L.al. 

(1989) and Sakaguchi e1.......al. (1990) detected the accumulation of 

IMP in the muscle of bivalves. In this study , t he accumulation of 

U1P and HxR was also observed in the adductor muscle. In the 

mantle, gill , and body trunk, a small amount of IMP was also 

detected in the adductor muscle, but not in the mantle, gllJ, and 

body trunk. Ad was detected i n all 4 tissues at much lower levels 

than IMP; thus, lt can generally be considered t hat there arc two 

or three pathways of AMP degradation (M1P - IMP - llxR, AMP - AdR -

llxR. and/or AMP - AdR - Ad) 1 n the adductor muscle of oyster. The 

IMP pathway was also present and seemed to be predominant In t he 

mantle , gill, and body trunk during storage , judging by the IMP, 

AdR, Ad, and llxR accumulation. Although the actlvltles of 5' ­

nucl eotidase and both AMP and AdR dcamlnases were detected 1 n the 

muscle .. mantle , and hepatopancreas in shellfi shes (Fujlsawa and 

Yoshino , 1987 ; Lazou, 1989), the AdR pathway after death ln the 

adductor muscle, mantle, gill, and body trunk of oyster was 

consi dered to be a minor pathway of AMP degradation during lee 

sto rage. 

Tab] e II - 4 shows the changes 1 n total M1P and IMP l eve 1 s J n t he 

adductor musc le, mantle, gil l, and body trunk, as wel l as the 

whole body, calcu lated from their fresh weight (g) (Tabl e (J- 2) 

and the contents (~mol/g) of AMP and IMP ( FJgs. II-4. s. 6. and 7) 

during storage before the stage of initial decompos ition . M1P was 

detected at the level of 90mg% (about 2.61lmol/g) , 172mg% 

(5.0~mol/g), and 32mg% (0.92~mo1/g) in muscle extracts of abalone, 

scallop, and crab meat, res pec t! vely, and most probably act 
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synergistically with Glu to produce umaml taste (Yamaguchi and 

Watanabe , 1988; Konosu c..Lal., 1987). In this study, the average 

M1P contents of the whole body were 0.69-1.62!lmol/g (Table II- 4). 

In the oyster, A~tP may be a taste-active component contributing to 

Its meat taste. On the other hand, IMP shows a marked umaml taste 

and is said to provoke a mu c h higher umami sensation than AMP 

(Maga, 1983). Concerning this phenomenon , Komata (1964) detected 

10.4mg/100g (0.30!lmol/g) of AMP and 2.3mg/100g (0.07 jlmOl/g) of IMP 

ln sea urchln extract , and reported that !MP was a taste- active 

component that produced a meat flavor, but that AMP was not. 

Furthermore, Murata and Sakaguchi (1989) reported that 

0 .125!lmol/ml of HtP in muscle extracts of yellowtail was enough to 

recognize the umami taste , 0.251lmol/ml increased the th i ckness 

lntenslty together wi t h the umaml, and 0.51lmol/ml increased all 

flavors (including umami, thickness , sourness , fresh fish flavor, 

and overall taste quality). Contents of IMP in the whole body were 

0.06 , 0.28, 0.33, 0.75 , and 0.82!lmol/g at 0, 1 , 2, 4, and 7 days of 

storage, respectively (Table 11- 4). These results s uggested that 

IMP plays an important role i n producing umami and/or other flavor 

sensations in the oyster . I ncidentally, AMP levels In the adductor 

muscle were much higher than those in the other 3 tissues at 0, 1, 

and 2 days of storage, and 1arge amounts of IMP also accumulated 

in the adductor muscle (Table ll-4). The taste of the adductor 

muscle, therefore , contributes to a comparatively large extent to 

that of the whole body of the oyster. 

In the adductor muscle, llxR increased linearly and reac hed 

1.13!lmol/g on the 7th day of storage before the initial 
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decomposition occurred. In the mantle, gill, and body trunk, the 

increase of llxR was extremely slow before the initial 

decomposition stage. Tomloka and Endo(l984) reported that IMP­

degrading enzyme activities in fish muscle differed among species 

and was pH-dependent. Those results suggested that the activities 

of 5' - nucleotidase in the mantle, gill, and body trunk were lower 

than that In the enzyme level and/or pll. Relatively high amounts 

of llx and Xt were detected at the decompos l lion stage in the 

adductor muscle and body trunk (Fig. TT-4 and 5). The increase in 

content of those substances might be due to the action of 

bacterial enzymes as reported by Matsumoto and Yamanaka (1991). 

Although lliltz and Dyer (1973) reported that the llx content was a 

potential freshness index for scallop adductor muscle, Hx and Xt 

levels seemed to be useful as decomposition indices in oysters. 

llxR, Increasing linearly during storage, seemed to be more useful 

as a freshness indi cator of the oyster adductor muscle than llx. 

As for the chemical freshness indices of the oyster during ice 

storage, K, K', and AEC values were calculated from the levels of 

ATP and its related compounds (Figs. Il -8, 9, 10, and 11). In the 

adductor muscle, the K value increased slowly during storage, and 

was only about 22% at the initial decomposition stage (lOth day). 

The K value in the adductor muscle, however, was useful as a 

freshness indicator because of its 1 i near increase at the 

acceptable stage as suggested by Sakaguchl .c..L.al. (1990) In the 

muscle of the oyster C. e-le-as and ~latsumoto and Yamanaka (1990) in 

that of the Kuruma prawn Pcnalcus japonicus. The K' value of the 

adductor muscle increased linearly and much more rapidly, reaching 

56 

about 70% at time lni tial decomposition stage, then remained 

constant thereafter. Our preliminary study indicates that the 

whole body stored Jn ice reached the initial decomposition stage 

after 10-14 days of storage, as did the adductor muscle alone 

stored in lee. From these results, It can be concluded that the K' 

value in the adductor muscle is much more useful as a freshness 

indicator of both the adductor muscle and whole body of oyster 

than the K value. 

In the man tle , gill, and body trunk, the K value remained low at 

the acceptable stage and Increased as the decomposltJon progressed 

(Figs. Tl - 9. 10. and 11 ). The K values in the 3 tlssucs seemed to 

be useful not as freshness indices but as decomposition indices. 

Jn contrast , the K' values In the 3 tissues Increased slowly but 

lJnearJy at the acceptable stage and reached around 20% at the 

initial decomposition stage. The K' value, therefore, could be 

useful as a freshness lndleator in the mantle, gill, and body 

trunk. 

The AEC value In t he adductor muscle dropped from 60 to 10% 

after 1 day of storage. On the other hand, the AEC values in the 

mantle, gill, and body trunk decreased conti nuously from 70-80 to 

10-20% during the acceptable stage. As a result, the AEC value in 

the mantl e , gill, and body trunk appeared to be a potential Index 

of the fre shness of oyste r. 
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TT.3 Post-•orte• changes of ATP and Its related co•pounds and 

freshness indices in oyster tissues at various te•peratures 

The author described the changes in content of ATP and its 

rclnted compounds in various tissues of the oyster during storage 

in lee (Section JI-2) and the differences in contents and 

dcgradntion patterns of those compounds among the tissues and the 

two pathways of AMP degradation (IMP and AdR pathways). The author 

also proposed the K' and AEC (Atkinson, 1968) values as potential 

fr eshness indices of oyster during ice storage. An interesting 

effect of storage temperature on the ATP degradation, .L..e.. a 

faster ATP degradation at a lower storage temperature, has been 

observed in the muscle of fishes {Iwamoto et al . . 1985, 1986, 

1987, 1988, and 1990), prawn (Matsumoto and Yamanaka , 1990), and 

s hellfishes (Iwamoto et al .. 1991; Watanahe et al .. 1992; 

Kawashima and Yamanaka, 1992). In those reports. ATP degradation 

was analyzed only In the muscle of each species. The temperature 

effects on the ATP degradation in other tissues. such as mantle, 

gill, and body trunk. remain unclear. Additionally, Iwamoto at 

Lll.. {1991) reported that the f reshness index, K value (Saito cJ.. 

al .• 1959) for the adductor muscle of ltayagal scallop increased 

faster during storage at -3 and o' C than at 5 and 10' c. while the 

muscle permitted the worst organoleptic evaluat ion when stored at 

10' C. Kawashima and Yamanaka {1992) also reported the similar 

changes inK value at various storage temperatures in the adductor 

muscle of scallop. These results indicate that the K value is not 

su i table as a freshness index for the muscle of those shellfishes . 
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It is necessary to determine whether or not the K' and/or AEC 

values can be applied to the oyster as freshness indices at 

various temperatures. 

In this section. the effects of storage temperature on the 

changes of ATP and its related compounds and on the changes of 

freshness indices, K, K'. and AEC values, were examined in the 

adductor muscle, mant1e, gill, and body trunk of the oyster 

Crassostrea ~i~as. 

~aterlals and ~cthods 

~alcrlals 

Live cultured oyster Crassostrea ~~~as was collected from a 

cultured farm in Matoya Day , Mie Prefecture. They were 

artlflclally purified (Satoh, 1960) as desc ribed in Section II-2. 

Each oyster was dissected into 4 tissues. adductor muscle , mantle. 

gill, and body trunk. Four tissues of each speci men were held 

separately in a glass vial and stored at o. 5, 10, 15, and 25' C. At 

each flxed time of storage , 10 specimens of 4 tissues were used for 

the preparation of acid soluble fractions in the same manner as 

described in Section II-1. 

Determination of ATP and Its Related Compounds 

ATP and its related compounds, Le_._ ATP, ADP, AMP, IMP, AdR, 

llxR, llx, Xt, and Ad, were determined by high performance liquid 

chromatography (IIPLC) as described previously In Section II-1. 

Calculati on of Chemical Freshness Indices 

The K (Saltoe..L.al .. 1959). K', andAEC (Atklnson, 1968) values 
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were calculated from the contents of ATP and 1 ts related compounds 

fr om following equat ions as reported in the section II-2: 

K (%) "' (llxR + llx) /(ATP + ADP + M1P + IMP + llxR + llx) X 100 

K' (%) = (IMP+ llxR + llx)/{ATP +ADP +AMP+ IMP+ llxR + llx) x 100 

AEC (%) = 1/2 (2ATP + ADP)/{ATP + ADP + AMP) X 100 

Or~anolcptic Test 

The sensory ratings of the 4 tissues were evaluated us ing the 

organoleptic test (Mats umoto and Yamanaka, 1990) in the same 

manner as descr ibed in Section II-2. 

Results 

Chanc-es In Content of ATP and Its Related Compounds of Oyster 

Ti ssucs dur 1 DC' StoraC'C at Various Temperatures 

Figure II- 12 shows the changes in average conten t of ATP and its 

related compounds in the adduc tor muscle (n=lO) stored at 0, 5, 

10 , 15 and 25' c. During storage at o' C, the ATP level decreased 

rapidly from 3 . 57!0.38 11mol/g (meaniS.D.) at time 0 to 0.45!0.17 

11mol/g after 8 h of storage. On the contrary , the ATP level 

decreased s lowly during storage at 5' C, and became 1.44i0.21 

11mol/g after 8 h of storage. The rate of dec rease ln the ATP level 

during the first 8 h of storage at ~ C was significantly higher 

than that at 5' c (p<0.05, Student's t-test). During storage at 10' 

c, the rate of decrease in ATP level was also lower than that at o' 

c. The rate of ATP degradation during the first 8 h of storage was 

in the order of 25' c > 15' c > o' C > 10' C > 5' C storage. The ADP 

level at time o was 2.53!0.31 11mol/g . Although the ADP level 
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fig. 11- 12 Chang!'S I n nvernge content of ATP nnd I ts related compou nds ln the 

adductor muscle of oyster durlng storage at various temperatures (n=LO). 

dec reased gradually during storage at all temperatures . the level 

after 8 h storage at o' C, 1.47!0.19 11mol/g, was significantly 

lowe r than those at 5 and 10' C, 2 .46!0.28 and 2.17±0 . 27 11mol/g, 

res pectively (p<0.05). With decreasing In the ATP level , the 

levels of AMP and IMP Increased markedly during s torage at 0, 5, 

and 10' c. Additionally , the levels of M1P and H1P after 8 h s torage 

at ~ c . 5 .22!0.63 and 0.76!0.24 11mol /g , respectively, were 

significantly higher than those at 5' C, 3.38!0.27 and 0.1li0.04 

11mol/g, res pectively (p<0.05). The levels of IMP after 1 nnd 2 day 

storage at o' c were also highe r than those at 5' C (p<0.05 ). 

Altl10ugh the level of AMP after 8 h storage nt JO' C, 3.16t0.45 

11mol/g , was lower than that at ~ C {p<0.05) , the JMP level after 
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8 h storage at 10' C did not show the significant difference 

compared with that at ~C. AdR was detected in small amounts 

during storage at all temperatures. The Jcvels of llxR, llx, and XL 

increased rapidly during storage at higher temperatures. The total 

contents of ATP and its related compounds tended to decrease 

during storage at o' c. 
In the mantle, the ATP level decreased during storage (Fig. Jl-

13) . The rate of decrease in ATP level in Lhc mantle was very low 

ln contrast to that In the adductor muscle. The levels of ATP after 

Temperature~ of storage (°C) 
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flg. ll-13 Changes ln overage content of ATI' and lls related compounds In the 

mantle of oyster during storage at various temperatures (n=lO). 
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2 day storage at 0, 5, 10, and 15' c were 1.03±0.11, 1.06±0.!3 , 

0.87±0.17, and 0.56±0.12 pmol/g, respectively. There was not a 

significant diffe r ence among those values at o, 5, and 10· c during 

2 days of storage (P>0.05), unlike those ln the adductor muscle. 

The ATP level at 1~ C, however, tended to decrease faster than 

those at 0 and 5' C (P<0.1). The rate of ATP degradation in the 

mantle during storage seemed to be in the order of 25' c > 15' c > 

10' C > 5' C ~ o' C storage. The level of ADP increased at first, and 

then remained constant , after which H decreased during storage at 

Temperatures of storage (°C) 
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Flg . 11-14 Changes ln overage content of ATP and lts reJated compounds In the 

glll of oyster during storage at various temperatures (n • lO). 
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all temperatures. The AMP level in the mantle increased to about 

21lmol/g during storage. The levels of HIP, llxiC llx, and Xt in the 

mantle were not as high as those in tl1e adductor muscle. AdR was 

undetectable during storage at any temperature. 

[n the gill, the changes in ATP and ADP levels were si ml1 ar to 

those in the mantle, and the rate of ATP degradation In the gill 

by the lst day of storage was in the order of 25' C > 15' C > 10' C > 

~ C ~ ~ C storage (Fig. II-14). The IMP Increased slowly during 

storage at all temperatures. AdR was undetectable, as Jn the 
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Fig. 11- 15 Chnnges In nvcroge conl!'nl of ATI' untl Its rclolcd con~pounds In the 

body trunk or oyster during sloroge nl vnrlous lempernlures (u=IO). 
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mantle. The levels of llxR, llx, Xt, and Ad in the gills Increased 

slowly at a rate slightly higher than that Jn the mantle. 

In the body trunk. the changes In levels of ATP and lts related 

compounds during storage were similar to those observed in the 

gills (Fjg. II-15). but the rate of ATP degradation in the body 

trunk during storage was ln the order of 25' c > 15' c > 10' C > 5' C 

> o' C storage. IMP was detected nt a low level. while AdR was 

undetectable. 

Chemi cal Freshness lndlces 

Figure JI-16 shows the changes ln K, K' . and AEC values wlth 

sensory r atings obtained on the adductor muscle during storage at 

vari ous temperatures. The adductor muscle gave a faintly putrJd 
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Fig. U-16 Changes in overnge K. K'. nnd AEC volues In t.he odduct.or muscle of 

oyster during stornge nt 0 ( e ), 5 (Q), tO (.6.), 15 (t:,), nnd 25' C (T ) (n- 10). 

Arrow lnulcotcs the slngc or lnlllnl dccomposlllon nnd thereafter the 

decomposition progressed. 
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smell on the lOth, 7th, 4th, or 2nd day of storage at 0, 5, 10. or 

1~ C, respectively, and this stage was recognized as the stage of 

Initial decomposition. The K value Increased very slowly dtlrlng 

the acceptable stage at all storage temperatures, and then it 

Increased rapidly as decomposition progressed. On the contrary, 

the K' value increased from 2% to abotJt 60-80% by the stage of 

lnltJal decomposltlon, and then remained constant. Although the 

K' values on the lst and 2nd day of storage at ~ C were 
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Flg. 11- 17 Changes ln average K, K', and AEC values Jn the manlle of oyster 

during storage at 0- 25" C (n=lO). Symbols nre the snme as those given In the 

footnote of FJg. 11 - IG . 
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significantly higher than those at ~ c (P<0.05) because of the 

higher levels of HlP at o' C than those at 5' C ( Fig. II - 12), the K' 

value at 5' C was higher than that at o' Con the 4th day of storage 

and thereafter. The AEC value fell from 60.3% at time 0 to about 

10-20% on the 1st day. Thereafter the AEC value tended to increase 

because of the very low levels of ATP and the differences in rntcs 

between ADP and AMP decrease; the values were low compared with 

that at time 0. 

In the mantle, the K value was very low during the acceptable 

stage (Flg. TI- 17). The K values was only from 2.7 to 13.9% at the 

initial decomposition stage. During storage at 10' c. the K value 

was 8. 4% on the 4th day and then decreased as decomposJ t1 on 

progressed. llxR and llx increased until the 4th day, and then 

decreased. By way of compensation , Xt was detected for the first 

t ime on 4th day, and then Increased. As a result, the K value 

decreased as the decomposition progressed at 1~ C. On the other 

hand, the K' value increased from 3% at time 0 to about 20-30% at 

the initial decomposition stage during storage at 0, 5 , or 10' C. 

The K' values increased during t5' C and 25' C storage; the K' 

values at the initial decomposition stage were only 10.7 and 

13.4%, respectively. The AEC value decreased rapidly and 

continuously from 80.3% at time 0 during storage. The AEC values 

at the initial decomposition stage were slightly high, 36.2% and 

27 .7%, during storage at 15 and 25' c. respectively. 

The K value obtained on the gills was low at the acceptable 

stage (Fig. ll- 18), and then rose rapidly as decomposition 

progressed at 0 and 5' C. The K' value increased linearly and 

rapidly compared wJth the K value during storage at 0, 5, and 10' C. 
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However, at 15 and 25' C, the K' value did not show a marked 

increase. The AEC value in the gills decreased rapidly and 

continuously during storage as observed Jn the mantle. 

In the body trunk, the changes inK and K' values during storage 

were similar to those in the gills; a marked increase of K' value 
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was observed at the decomposition stage at 15' C (Flg. II-19). The 

AEC value decreased rapidly from 71% at time 0 to about 20- 35% at 

the initial decomposltion stages at various storage temperatures. 

Discussion 

The author previously described that the total content of ATP 

and its related compounds differed with the oyster tissues , such 

as adductor muscle, mantle, gill, and body trunk tn Section Il-2. 

Watanabe et. al. (1993) also reported similar results that the 

content of ATP and its related compounds were different among the 

dj sk abalone tissues lnclud i ng adductor muscle , foot muscle , 

mantle, and viscera. In thls investlgatlon, the author confirmed 

the previous findings that the total content of ATP and its 

related compounds in the adductor muscle was much hlghrr than 

those in the mantle, gill, and body trunk of oyster (Figs. JI-12 . 

13. 14, and 15) . The total contents of ATP and its related 

compounds in oyster tissues tended to decrease during storage at 

o' C. Although the exact reason of the phenomenon was unclear, one 

of the possible reasons was that the higher efflux of body fluid 

from the tissues because of the lower temperature and longer 

period of storage. The degradation pattern of ATP and Jts related 

compounds differed among the 4 tissues. The rate of ATP 

degradation in the adductor muscle was In the order of o' C > 10' C 

> 5' C storage. Faster ATP degradation at a lower storage 

temperature has also been observed ln the muscle of red sea bream 

(Iwamoto ct_al., 1985 , 1986, and 1990), plaice (Iwamoto c1_al., 

1987 and 1988), kuruma prawn (Matsumoto and Yamanaka, 1990), 

69 



Jtayagai scallop (Iwamoto .e.Lal .• 1991), disk abalone (Watanabe e..t. 

al., 1992), and scallop (Kawashima and Yamanaka, 1992). This 

phenomenon was reported in fJsh muscle by Watabe e.t.....al.. (1989) and 

the same mechanism proposed by them would be applicable to the 

adductor muscle of oyster. On the other hand, the rate of ATP 

degradation in the body trunk was in the order of 10' C > 5' C > o' C 

storage. Although the temperature effects on the ATP degradation 

in the body trunk was different from those in the adductor muscle, 

the exact reason of this disagreement is not clear. The 

temperature effects on the rates in ATP degradation during storage 

in the gill and mantle were intermediate between those in the 

adductor muscle and body trunk. The rates of changes in ATP, ADP, 

and AMP In the mantle, gill, and body trunk were generally much 

slower than those in the adductor muscle at each storage 

temperature, 0 , 5, 10 ,15, and 25' C. The enzyme systems 

responsible for the degradation of ATP, ADP, and AMP, that is 

ATPase, myokinase, and AMP deamlnase, respectively , seemed to be 

highly active In the adductor muscle compared with those in the 

other 3 tissues as described previously (Section II - 2). The 

occurrence of AdR and IMP was confi rmed with enzymatlc analysis 

by Kawash lma and Yamanaka (1992) in scallop muscle. In this study, 

at all storage temperatures . HlP and AdR were detected In the 

adductor muscle. Obviously, AMP was degraded in the adductor 

muscle of oyster through the two pathways as mentioned previously 

(Section JJ-2). In the other 3 tissues at various storage 

temperatures, however, IMP but not AdR was detected. The IMP 

pathway of AMP degradation seemed to be predominant during storage 

In these 3 tissues. 
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For the possible freshness indices of oyster, K, K', and AEC 

values were calculated from the levels of ATP and its related 

compounds (Figs. II-16. 17. 18. and 19). Iwamoto e..Lal. (1991) 

reported the faster degradation of ATP and the faster increase in 

K value at a lower storage temperature In itayagal scallop . 

SJmllar changes inK value were also reported In scallop muscle by 

Kawashima and Yamanaka (1992). They concluded that the K value 

could not be applied as a freshness index to scallop. On the 

contrary, in the oyster adductor muscle , the faster increase In 

K value at lower storage temperatures was not detected, since AMP 

and IMP were accumulated rapidly and further degradatlon to JtxR 

and llx was not observed at the beginning of storage In the oyster 

muscle, unlike in the scallop muscles (Iwamoto et al., 1991; 

Kawashlma and Yamanaka, 1992). Although the K value increased wJ th 

storage time , its increasing rate during the acceptable stage was 

slow in the adductor muscle. The K value in the mantle, gill, and 

body trunk showed little increase and/or fluctuat ed wlth 

increasing storage temperatures. The K value was not sultab le for 

oyster as a fr eshness Index. On the other hand, the K' value ln the 

adductor muscle increased rapJdly from the first day of storage, 

reaching 70-80% at the Initial decomposition stage, thereafter 1t 

rrmalned constant during storage at 0, 5, and 10' C. At higher 

sto rage temperatures, 15 and 25' c. the K' value reached 

approximately 60% at the lnltJal decomposition stage. The index 

for freshness must give information on fre shness before the onset 

of decomposition as described by Watanabe c1_al. (1992) on dlsk 

abalone muscle. Therefore , the K' value obtained on the adductor 

muscle appeared to be useful as a freshness indicator of oyster 
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muscle because of its rapid and continuous increase throughout the 

acceptable stage. From the same point of view, the AEC values in 

the mantle, gill, and body trunk that showed a rapid and 

continuous decrease during the storage at all temperatures 

appeared to be useful as a freshness indicator for oyster. 
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11.4 AlP-breakdown by endogenous enzy.es in oyster tlssues 

Postmortem changes In ATP and its related compounds In 

invertebrates arc known to be different from those In vertebrates 

(Saito et al . , 1958a and 1958b; Arai, 1961a and 1961b). In the 

previous section (Sections II-2 and Il-3), the author showed that 

the postmortem changes of ATP and its related compounds in the 

oyster differed markedly from those in fishes and also were 

different among the tissues. In the adductor muscle, ATP decreased 

rapidly, while AMP and IMP accumulated. The K value increased 

linearly but slowly during storage. On the other hand, ln the 

mantle, gill, and body trunk, ATP levels decreased slowly, whereas 

ADP and AMP accumulated. IMP was present at low levels. The K 

values in the 3 tissues were low at acceptable stage. From these 

results, the author discussed that the enzyme systems rcsponsib le 

for the degradation of ATP and its related compounds seemed to be 

highly active Jn the adductor muscle compared with those in the 

other tissues. 

In this section , to clarify the role of endogenous enzymes and 

bacterial enzymes in the postmortem changes of ATP and its related 

compounds of oyster tissues, the effects of an antibJotlc 

chloramphenicol on these changes were investigated. 

Materials and Methods 

Materials 

Live cultured oysters (n=lOO) Crassostrca ~~~as were collected 

from a culture farm In Made bay, Mic prefecture . They were 
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artificially purified by placing them in filtered sea water 

sterilized by ultra- violet rays for 24 h (Satoh, 1960). Each 

oyster was dissected into 4 tissues, adductor muscle, mantle, 

gill , and body trunk. Each tissue was chopped i n to small pieces 

and made into composite samples. The composite sample of each 

tissue was divided Lnto 4 portions, and 0.1% chloramphenicol (CP) 

was added to 2 portions. Each porU on with and without CP was then 

homogenized. The portions of each tissues consisted of chopped and 

homogenized portions with and without CP then being stored at 5' c. 
The temperature was selected from the followIng reason; an 

interesting effect of storage temperature on ATP degradation,~ 

a faster ATP degradation at a lower storage temperature (25 > 15 

> 0 > 10 > 5' C in the adductor muscle and 25 > 15 > 10 > 5 = o· c in 

the mantle and gill) has been observed as shown Section 11-3. The 

lowest temperature at that the Interesting effects of storage 

temperature was no t detected was 5' C. At each time of storage, 

tlssuc was wJ thdrawn from each portion and subjected to the 

following tests. 

Preparat.i on of Act d Sol ubl c Fract.i on 

About 5 g of tissue was homogenized with 10 ml of ice-cold 10% 

perchloric acid , followed by centrifugation at 3 , 000 x g for 15 

min. The procedure was repeated and the supernatants were 

combined. After neutralization wl th 10 N and 1 N KOII on i ce, the 

neutralized extract was centrifuged and the supernatant was made 

up to 25 ml wlth distilled water. This solution was used for the 

determination of ATP and its related compounds . 
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Determination of ATP and Its Related Compounds 

The contents of ATP and its related compounds were analyzed by 

IIPLC using the method described in SP.ctlon II-1. 

Calculation of Chemical Freshness Indices 

The K (Salto c.Lal., 1959), K' , and AEC (Atkinson, 1968) values 

were calculated from the contents of ATP and its relatrd compounds 

from following equations as described in Section II - 2: 

K (%) (llxR + llx)/(ATP + ADP + M1P + !MP+ llxR + llx) x 100 

K'(%) =(IMP+ llxR + llx)/(ATP +ADP+ M1P +IMP+ llxR + llx) x 100 

AEC (%) = 1/2 (2ATP + ADP)/(ATP + ADP + AMP) x 100 

Or~anoleptic Test 

The sensory ratings of the 4 tissues were evaluated using the 

o rganoleptic test (Matsumoto and Yamanaka, 1990) In the samr 

manner as descr i bed in Section II-2. 

Results 

Table IJ -5 shows the changes in ATP and its related compounds 

and freshness indices together with sensory ratIngs i n the chopped 

adductor muscle wl th and wl thout CP during storage at 5' C. 

Portions of chopped adductor muscle without CP were judged at the 

stage of lnJ tlal and advanced decomposl tlon on the 4th and 7th day 

of storage, respectively. For portlons with CP . on the contrary, 

littl e decomposition was detected during storage. The changes ln 

ATP, ADP , and AMP levels in the chopped adductor muscle without er 
were similar to those wlth CP. ATP decreased rapidly for 1 day of 

storage , ADP decreased g radualJy during storage, and AMP increased 
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Table ll -5. Influence of chloramphenicol (CP) on the contents of ATP and its related cor.Jpounds and freshness 

indices in the chopped adductor muscle during storage at 5"C. 

Storage 

time 

(days} 

0 

1 

Without 2 

CP 

With 

CP 

4 

7 

10 

0 

1 

2 

4 

7 

10 

ATP-related compounds (/..lmol/g) 

ATP ADP AMP I\1P AdR HxR Hx Ad Xt Total 

2.16 1. 44 1.61 0 0 0.03 0.02 0.03 0 5.29 

0.39 0.80 1.87 1.09 0.03 0.14 0.01 0.18 0.02 4. 52 

0.210.621.39 1. 75 0.03 0.31 0.03 0. 21 0.04 4.58 

0.17 0. 42 0.60 0.93 0.03 1.17 0.31 0.11 0.15 3.89 

0.14 0.23 0.36 0.13 0. 02 0. 12 2.38 0.02 0.53 3.92 

0.14 0.30 0.32 0.13 0 0.07 2.33 0.02 0.9 4 4.25 

2. 16 1. 4 4 1. 61 0 0 0. 0 3 0. 0 2 0. 0 3 0 5. 29 

0. 24 0.51 2.44 0.89 0.04 0.18 0.02 0.23 0.02 4.57 

0.14 0.37 1.47 1.76 0. 02 0.35 0.05 0.29 0.07 4.53 

0.15 0.23 0.52 2.51 0 0.57 0.18 0.22 0.17 4. 54 

0.09 0. 16 0.17 2.31 0 0.88 0.33 0.11 0.34 4. 39 

0.10 0.22 0.16 1.73 0 1.12 0.53 0.1 0 0.43 4.37 

*: 1. Acceptable; 2. Ini tial decomposi :ion; 3, Advanced decomposition. 

freshness indices (%) 

K 

1 

3 

8 
41 

74 

73 

5 

10 

18 

31 

43 

K' 

1 

28 

48 

67 

78 

77 

26 

52 

78 

89 

88 

AEC 

55 

26 

26 

32 

35 

38 

55 

15 

16 

29 

39 

44 

Sensory 

ratings " 

2 

3 

3 

Table ll - 6. I nfluence of chloramphenicol (CP) on the contents of ATP and its related compounds and freshness 

indices in the homogenized adductor muscle during storage at 5"C. 

Storage 

time 

(days} 

0 

1 

'!l'i thout 2 

CP 4 

With 

CP 

7 

10 

0 

1 

2 

4 

7 

10 

ATP-rel ated compounds (/..lmol/g) 

ATP ADP AMP IMP AdR HxR Hx Ad Xt Total 

2.16 1.44 1.61 0 

0.02 0.30 2.40 1.03 

0.01 0.27 1.42 1.88 

0.03 0. 22 0.11 0.1 4 

0 0.13 0.02 0.0 1 

0 0.07 0.01 0 

2. 16 1. 4 4 1. 61 0 

0.03 0. 31 2.56 0.99 

0.02 0.27 1.53 1.84 

0.01 0.24 0.26 2.71 

0 0. 21 0. 71 2. 13 

0 0.19 0.03 1.25 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.03 0. 02 0.03 0 

0.45 0. 01 0.10 0.04 

0.74 0.07 0.12 0.09 

0.22 2.65 0.01 0.25 

0. 05 3.17 0 0.60 

0.07 3.54 0 0. 74 

0.03 0.02 0.03 0 

0.44 0.01 0.1 1 0.02 

0.71 0. 04 0.13 0.07 

1.01 0.23 0.11 0.19 

1.31 0.54 0.09 0.32 

5. 29 

4. 34 

4. 58 

3. 63 

3. 98 

4. 41 

5. 29 

4. 45 

4. 61 

4. 7 5 

5. 30 

0 1.41 0.85 0.08 0.36 4. 16 

*: 1. Acceptable; 2. Initial decomposition; 3. Advanced decomposition. 

freshness indices (%) 

K 

11 

18 

85 

95 

98 

10 

17 

28 

38 

61 

K' 

1 

35 

61 

89 

95 

98 

33 

59 

89 

81 

94 

AEC 

55 

6 

9 

39 

42 

46 

55 
6 

9 

25 

11 

43 

Sensory 

ratings" 

1 

2 

3 

3 

1 

1 



first and then decreased gradually. Small quantities of AdR we r e 

detected both In the muscle with and without CP. On the other hand, 

the changes in H1P, llxR. llx , and Xt levels in the c hopped adductor 

muscle wl t hout CP dl ff ered from those with CP . In the chopped 

adductor muscle without CP . at first U1P and llxR increased and 

thC'n decreasC'd as the decompos l tl on progressed. llx increased 

slowly during acceptable stage and rapidly as the decomposition 

progressed. In those with CP . IMP increased for 4 days of storage 

and remained at high level s . llxR Inc reased continuously during 

storage . The Increasing rates of llxR. llx, and Xt in the muscle with 

CP were much slow compared with those without CP . The inc reas ing 

rate of K value in the muscle without CP was fas ter than that with 

CP especially at the stage of decomposition. On the other hand, 

the change inK' value In the muscle without CP was s imilar to that 

with CP . 

Table II- 6 shows the changes ln ATP and its related compounds 

and fre s hness indices together with sensory ratings in the 

homogenized adductor muscle with and without er during storage at 

s' C. Although the rates of ATP decrease and llx increase in the 

homogenized muscle were a 1 lttle faster than those In the chopped 

muscle , generally the c hanges and their rates of ATP and it s 

related compounds in the homogenized adductor muscle with and 

without CP were similar to those in the chopped muscle. 

Table II - 7 and 8 show the changes in ATP and its related 

compounds and fre shness indices together wlth sensory ratings in 

the chopped and homogenized mantle, respectivel y, with and 

without CP during storage at ~ C. Portions of both c hopped and 

homogenized mantle without CP we re judged ut the stage of initial 
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and advanced decomposition on the 7th and lOth day of storage, 

respectively. On the contrary, for portions with CP, no evidence 

of decomposl tlon was detected during storage. In the chopped 

mantle, the changes in ATP and its related compounds proceeded 

much slowly than those in the adductor muscle. In the chopped 

mantle with er, IMP increased continuously and llxR level was 

higher than those without er during storage. Xt was detected at 

very low leve l s in the chopped mantle without er , but not Jn the 

chopped mantle with CP. In the homogenized mantle without CP , the 

changes in ATP and Its related compounds proceeded much faster 

than those in the chopped mantle (Table Il- 7 and 8). 1 n the 

homogenized mantle with and without CP , ATP and ADP decreased 

rapidly for 1 day of storage, while AMP and HtP increased first and 

then decreased rapidly. In the homogenized mantle wl t hout CP, llxR 

increased and then decreased rapidly as the decomposition 

progressed. llx and Xt also increased rapidly as the decompos l t lon 

progressed. On the other hand, llxR increased continuously and the 

levels of llx and Xt was low in the homogeni zed mantle wl th CP 

compared with those without CP . Without CP , the K vaJuc was low In 

the chopped mantle during storage, while the AEC value decreased 

continuously during acceptable stage. In the homogenized mantle , 

K value increased rapidly and linearly, whil e the AEC value 

fluctuated during storage. 

The changes In ATP and lts related compounds ln the chopped and 

homogen ized gill with and without CP during storage at 5' C (Table 

II- 9 and 10) were sim ilar to those in the mantle (Table TI- 7 and 

8). The levels of IMP , llxR, and llx were low and Xt was not 

detectable during storage in the chopped gill, while those 3 
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CXJ 
1\J 

CXJ 
w 

Table ll-9. Influence of chloramphenicol (CP) on the contents of ATP and its related compounds and freshness 

indices in the chopped gill during storage at 5°C. 

Storage 

time 

(days) 

ATP-rel a ted compounds ( tt mol/g) Freshness indices (%) 

0 

1 

~'ithou t 2 

CP 4 

With 

CP 

7 

10 

0 

2 

4 

7 

10 

ATP ADP AMP IMP AdR HxR Hx Ad Xt Total 

1.15 0.32 0.19 0.00 

0. 76 0. 42 0. 34 0. 06 

0. 64 0.48 0. 38 0.07 

0.54 0.41 0.38 0.11 

0.27 0.26 0.50 0.16 

0.05 0.10 0.49 0.15 

1.15 0. 32 0.19 0.00 

0.98 0.49 0.34 0.03 

0. 40 0.33 0.49 0.08 

0.20 0.25 0.47 0.15 

0.09 0.14 0.43 0.21 

0.13 0.06 0.38 0.22 

0 

0 

0 

0 

0 

0 

0.11 0 0.04 0 

0.15 0. os 0.01 0 

0.15 0. 04 0.02 0 

0.13 0.04 0.02 0 

0.10 0.06 0.02 0.02 

0.16 0. 08 0.03 0.26 

0 0.11 0 0.04 

0 0.15 0. 02 0.01 

0 0. 18 0. 03 0. 03 

0 0.18 0. 02 0.02 

0 0. 24 0.03 0.03 

0 0. 25 0.06 0.03 

0 

0 

0 

0 

0 

0 

1. 80 

1. 7 9 

1. 77 

1. 61 

1. 40 

1. 3 2 

1. 80 

2. 01 

1. ss 
1. 29 

1. 16 

1. 13 

*: 1. Acceptable; 2. Initi al decomposition; 3, Advanced decomposition. 

K 

6 

11 

11 

10 

12 

23 

6 

8 

14 

16 

23 

29 

K" 

6 

14 

15 

17 

24 

38 

6 

10 

19 

28 

41 

49 

AEC 

79 

64 

59 

56 

39 

15 

79 

68 

46 

36 

24 

28 

Table ll-1 0. Influence of chloramphenicol (CP) on the contents of ATP and its related compounds and 

freshness indices in the homogenized gill during storage at 5°C. 

Storage 

time 

(days) 

0 

Without 2 

CP 

With 

CP 

4 

7 

10 

0 

1 

2 

4 

7 

10 

ATP-rel ated compounds ( .u mol/g) 

ATP ADP AMP I~P AdR HxR Hx Ad Xt Total 

1. 15 0. 32 0. 19 0. 00 

0.04 0.06 0.110.61 

0.05 0.07 0.04 0.08 

0.02 0.03 0.02 0.03 

0. 04 0. 01 0.01 0.02 

0.03 0 0.01 0 

1.15 0.32 0.19 0.00 

0.04 0.09 0.15 0.71 

0.05 0.07 0.03 0.09 

0.04 0. os 0. 02 0.01 

0.04 0.04 0. 01 0.01 

0. 03 0. 02 0. 01 0.01 

0 0.11 0 0.04 0 1.80 

0 0.99 0. 06 0.01 0.05 1. 94 

0 1.47 0.13 0.01 0.11 1.94 

0 l. 3 3 0. 2 3 0. 0 1 0. 14 1. 81 

0 0.75 0.81 0.01 0.24 1.90 

0 0.47 1.14 0 0.33 1.97 

0 0.11 0 0.04 0 1. 80 

0 0.96 0. 08 0.01 0.03 2.06 

0 1.49 0.10 0.010.07 1.90 

0 1.46 0.18 0.01 0.11 1.87 

0 1.40 0.32 0.01 0.20 2.03 

0 1.36 0.38 0.00 0.25 2.05 

*: 1. Acceptable; 2. Initial decomposition: 3, Advanced decomposition. 

Freshness indices (%) 

K 

6 

56 

87 

94 

95 

98 

6 

51 

87 

93 

95 

96 

K" 

6 

89 

92 

96 

96 

98 

6 

86 

92 

94 

95 

97 

AEC 

79 

34 

53 

52 

71 

83 

79 

31 

ss 
63 

65 

74 

Sensory 

ratings • 

1 

1 

1 

1 

2 

Sensory 

ratings• 

2 

3 



levels were high and XL was detected in the homogen ized gill. 

fn the chopped body trunk wl thout er , ATr decreased slowly , ADP 

and Mtr accumulated at high levels . and IMP. llxR. and llx were at 

low levels (Table ll- 11) similarly to those in the chopped mantle 

and gill (Table Jl- 7 and 9, respective ly), but Xt was detected 

even in the chopped body trunk with CP . In the homogenized body 

trunk both wl th and wl Lhout er, the breakdown of ATP to llxR 

proceeded very fast as shown in Table lf- 12 compared with those in 

the other 3 homogenized tissues. Although the further breakdown of 

llxR to Xt in the homogenized body trunk was suppressed by the CP 

(Table II- 12), the rates were very fast compared with the other 3 

homogenized tlssues (Table H - 6, 8, and 10). As a result, the I< and 

I<' value in the homogenized body trunk jumped from 7-8% to about 

90% for 1 day of storage. 

Discussion 

The author examined changes in content of ATP related compounds 

in various tissues of oyster when each tissue was stored as a whole 

tissue, and showed that the contents and degradation patterns were 

different among the tissues (Section II -2 and 3). In this study, 

when the tissue was chopped into small pieces and stored, the 

contents and the degradation patterns were also different among 

the tissues (Table II- 5, 7, 9, and 11). However , the degradation 

rates of ATP and its related compounds In each chopped tissue 

without er were sim i lar to those when each tissue was s t ored as a 

whol e tissue (Flgs . TT- 12, 13, 14, and 15 in Section II -3 ). In the 

chopped adducto r muscle, a marked decrease in ATP was observed 
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together with t he accumulation of A~lP and HlP. In the muscle of 

kuruma prawn Pcnacus japoojcus, ATP degradation rrsulted in IMP 

accumulation, and fur t her degradation to llxR or to llx was very 

slow, but after muscle reached the stage of initial decomposi tion, 

a marked Increase in llx occurred (Matsumoto and Yamanaka, 1990) . 

When the CP was added to the muscle , the degradati on to llxR and llx 

was completely Inhibited. From these results, it was concluded 

that the degradation of ATP to IMP proceeded smoothly by the 

endogenous enzymes ln the kuruma prawn muscle and that the 

Increase in llx was due to the action of bacterial enzymes 

(Matsumoto and Yamanaka, 1992). On the other hand, !<awash I ma and 

Yamanaka reported that both the adductor muscle of sea llop 

Pat.inopcctcn ycssoensis with and without CP added showed the same 

ATP breakdown pat tern; the degradation to llxR to llx was not 

inhibited by CP. therefore. the degradation was mainly caused by 

endogenous enzymes (J<awashlma and Yamanaka, 1994). Although a 

marked increase ln llxR and llx occurred after the chopped adductor 

muscle of oyster without CP reached the stage of initial 

decomposition as ln the case of kuruma prawn muscle, the 

degradation to llxR and llx proceeded gradually Jn the chopped 

oyster muscle with CP (Table JI-5) as ln the case ln scallop 

muscle. These results indicate that the degradation to llxR and llx 

proceed by both the endogenou s and exogenous enzymes in the 

chopped adductor muscle. Additionally, further degradation to Xt 

proceeds gradually by endogenous and exogenous enzymes from the 

results of Xt accumulation in the muscle with and withou t CP. In 

the case of homogenized adductor muscle of oyster (Table 11 - 6), 

the degradation patterns of ATP and Its related compounds was 
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generally similar to those in the chopped muscle except for the 

degradation of IMP to ll xR , which was accelerated by the 

homogenization. 

In the case of chopped mantle, gill, and body trunk (Tabl e II- 7, 

9, and 11), the degradation of ATP to AMP proceeded smoothly by 

endogenous enzymes but the further degradation of AMP by the 

endogenous enzymes was very slow, differing from those in the 

adductor muscle of oyster (Table II- 5) and scallop (Kawashima and 

Yamanaka, 1994). On t he other hand, when the tissue was 

homogenized , the degradation of ATP to llxR by the endogenous 

enzymes proceeded smoothly in the mantle and gill (Table II-8 and 

10) . In the homogenized body trunk, the degradation of ATP to HxR 

proceeded extremely smoothly and the further degradation to Xt 

proceeded smoothly (Table II-12). Table II-13 summarized the 

breakdown rates of ATP and 1 ts related compounds by the endogenous 

enzymes in oyster tissues and the adequate indices of the 

freshness . Latently, the adductor muscle of oyster has the strong 

activities of ATP-degradation to llxR as shown in the results of 

homogenized adductor muscle . However, when the three- dimensional 

structure of adductor muscle is maintained (whole or chopped 

muscle), the strong activity of IMP degradation to llxR seems to be 

lnhiblted. In other word, the homogenization, resulting In the 

dls traction of the tissue structure, probably act! vates the 

enzyme. Although the mantle and gill latently have the strong 

endogenous activities of ATP-brcakdown to llxR and the body trunk 

has the very strong activities of ATP- breakdown to HxR and strong 

activities of further breakdown to Xt as shown in the results of 

homogenized tissues (Table II- 8, 10 and 12), when the tissue 
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Table li -13. ATP-breakdown by the endogenous enzymes in 

oyster tissues and the possible indices of freshness. 

Adductor 

muscle 

Man tIe 

Gi 11 

Body 

trunk 

Homogenized tissues 

ATP • • llxR -· Xt 

ATP • • 11 x R ·- · X t 

ATP • • HxR ·-- Xt 

ATP - HxR ·• · Xt 

-- . Very strong; 

Chopped tissues 

A TP • • · I MP - - X t 

A TP • • · AMP - - 11 x 

ATP ·•· AMP -- llx 

A TP • • · AMP -- X t 

Strong ; ---- • Weak. 

Index 

K' 

AEC 

AEC 

AEC 

structure is maintained, the cnzymatlc activities of ATP-brcakdown 

arc lJmltcd from ATP to AMP and further breakdown proceed very 

slowly in those 3 tissues as shown in the results of chopped 

ti ssues (Table II-7, 9, and 11). From these properties in 

endogenous enzymes of ATP-breakdown, the K value Is considered 

uns uitable as the freshness index for oyster. The possible index 

for the fre shness of oyster is the K' value of the adductor muscle 

or the AEC value of the mantle, gill, or body trunk. 
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11.5 Cheaical Indices for Assessing Freshness of pelecypods during 

Storage 

In Japan, a large amount of shellfish is consumed as fresh 

material for such a variety of dishes as sashim i and sushi . 

Retention of the freshness becomes a matter of ser ious concern; 

the chemical assessment of freshness In postmortem storage for 

shellfish is less established than that for fishes. Although the 

K value I s a well-known i ndex for measuring freshness of fi sh, the 

value was not considered sui table as a freshness index for 

shel l fishes, such as abalone (Watanabe .c..L.al. , 1992)) and scallop 

(Iwamoto e .. Lal. ,1991; Kawashlma and Yamanaka, 1992 ). The author 

eval uated the efficacy of K, K', and AEC values as for the chemical 

freshness index of oyster tissues (Section Il-2) duri ng storage at 

various temperatures (Section II-3). The K' value obtai ned on the 

adductor muscle or AEC value done on the mantle, gill, and body 

trunk was found to be more suitable as a freshness Index for 

oysters because of t he enzymati c proper ty of ATP breakdown i n 

oyster tissues (Section II-4). The usefulness of the K' and AEC 

values as freshness indices of other pelecypods has not been 

examined so far. 

ln this section, the author Investigated the pos tmortem changes 

of level of ATP and its r elated compounds In the 3 spec i es of 

marine pelecypod, i....._e.. oysters , hard clams , and ark-shells , and 

calculated K, K'. and AEC values. The eff i cacy of the indi ces was 

discussed in relation to freshness. 
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Materials and Methods 

Material s 

L1 ve cultured oysters Crassostrca e-1 e-as and hard clams Mcret.rl x 

Jusoria wer e collected from a cultu re farm i n Matoya Bay, Mie 

Prefecture. Ark-shells Anadara broue-htonil were purchased from 

a central market in Kyoto. They were arti fi cially purified by 

placing them i n f ilter ed sea water sterilized by ultra-vi olet rays 

for 24 h (Satoh, 1960). After shucking and evisceration , the each 

adductor muscle of oyster, or each foot muscle of the ark-shell or 

hard clam was held in a glass vial and stored at s' C. At each 

flxed time of storage, 10 specimens were used for the preparation 

of acid soluble fractions in t he same manner as described in 

Sect ion II-1. 

Determination of ATP and I ts Related Compounds 

ATP and its related compounds, ATP, ADP, AMP, IMP, AdR, ll xR, and 

llx were determined by IIPLC as descr !bed in Section II -1. 

Calculation of Chemical Indices of freshness 

The K, K' , and AEC values were calculated from the contents of 

ATP and its related compounds as described in Sect Jon II-2. 

Or~anolcptlc Test 

The sensory ra tings of the 3 species were evaluated using the 

organol eptic test as described in Section I I -2 . 
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Results 

Cbnne-es In Content. of ATP and Its Related Compounds 

Figure J r- 20 shows the changes in average content of ATP and 1 ts 

related compounds in the adductor muscle of the oyster (n=lO) 

stored at 5' C. During storage, the level of ATP decreased rapidly 

and reached about O. lpmol/g after 1 day of storage. The level of 

ADP decreased gradually dur log storage. Wl th the decrease of ATP. 

there was found a marked accumulation of MIP. Then wl th the 

decrease of AMP, IMP Increased markedly. A small amount of AdR. 

which is not shown in Fig. ll-20, was detected on the 1st 

(0.04pmol/g) and 3rd day (0.13pmol/g) of storage. llxR increased 

slowly to 1.34pmol/g until lOth day. The llx level was very low 

during storage. The total content of ATP and its related 

1. 2 r--,---,----,---.------. 

~ :. . . . . . . . 

2 4 6 8 1 0 
Days 

1 
g 
~ 0.8 
3 
2 0.6 
c: 
Q) ... 
g 0.4 
(.) 

0.2 

.. 
" . 
' ·~ .. 
'' . ' ' . 
' ' . . 

' ' ' • . 
' 

•• 
2 

.•... 
.. • ... 

·-.... ....... . 

4 6 8 1 0 
Days 

Fig. II - 20 Changes In average content 

of ATP and Its related compounds In the 

adductor muscle of oyster du r 1 ng storage 

ut s· c ( n .. 1 o l . 

Fig. Tl - 21 Changes ln average content 

of ATP uml 1 ts re l u ted compounds In lhc 

foot muscle of hard clum during storage 

ut s' C (n=lO). Symbols arc the sumc as 

those given In the footnote of Fig. Il-

20. 

•• AT!'; e , ADP; A , MIP; 

0. IMP; /;:., llxl~; Q, llx. 
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compounds, about 5pmol/g, was relatlvely constant during storage. 

In the foot muscle of the hard clam, the level of ATP decreased 

rapidly and reached 0.18pmol/g after 1 day of storng~. nod 

thereafter decreased slowly (Flg. II-21). The level of ADP was 

constant for 1 day of storage, and then lt decreased gradually. 

With the rapid decrease of ATP within 1 day of storage, AMP 

accumulated markedly, then remaining constant for 5 days, and 

thereafter decreased. The rate of increase in the IMP level in the 

hard clam muscle was very low compared with that in the oyster 

muscle. The levels of llxR and llx were low; AdR was undetectable. 

The total content of ATP and Its related compounds in the hard clam 

muscle, about 1.9pmol/g, was much lower than that in the oyster 

muscle. 

In the foot muscle of the ark-shell, the level of ATP decreased 

linearly from 3.12 to O.lOpmol/g during the 7 days of storage 

(Fig. Il-22). The rate of decrease in the ATP level In the ark ­

shell muscle was very l ow compared with those in the oyster and 

hard clam muscle. The level of ADP Increased to 1.50pmol/g on the 

1st day, and then it decreased . The level of AMP increased 

linear ly and rapidly until 3rd day, increased slowly until 7th 

day, and then decreased. The level of IMP increased linearly from 

0.01 to 2.10pmol/g until lOth day. A small amount of AdR was also 

detected (data not shown). The levels of llxR and llx remained low. 

The total content of ATP and Its related compounds was about 

4.6pmol/g In the ark-shell muscle. 
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Fig . JJ-22 Changes In average content 

of ATP and Its related compounds In the 

root muscle of ark-shell during storage 

nt s' C (n=lO). Symbols arc the same as 

those given In the footnote of Fig. ll-

20. 

Days 

Fig. Tl-23 Changes In average K (• ) . K' 

(e ), and AEC (.A ) values In the adductor 

muscle of oyster during storage at ~ C 

(n=lO) together with sensory ratings. 

- , acceptable; +, In I tl al decomposItIon; 

••. advanced decomposition. 

Chemical Freshness Indices 

Figures 11- 23. 24 and 25 show the changes in K, K', and AEC 

values wl th sensory ratings obtained on the muscle of oys ter , hard 

clam, and ark -shell, respectively. On the 7th day of storage of 

the oyster , hard clam , and ark-shell , t he muscle gave off a 

faintly putrid smell and th i s stage was recognized as t he stage of 

initial decomposition. On the oyster muscle , the K value i ncr eased 

linearly but slowly , and reached to the level of 20% at t he in i t i al 

decomposition stage (Fig. II- 23). The K' value i ncr eased linear ly 

and rapidly during an acceptable stage , and reached the level of 

about 80% at the initial decomposition s tage, thereafter it 

r ema ined constant. The AEC value fell from 60% to 12% during 1 day 

or storage. On the hard clam muscle, the K value was at low level s 
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during acceptable stage, thereafter it increased slowly (Fjg. ll -

24). The K' value increased slowly but linearly as the changes In 

K value obtained on the oyster muscle. The AEC value obtained on 

the hard clam muscle dropped from 66% to 26~ during 1 day of 

storage , thereafter it decreased gradually. On the ark-shell 

muscle, the K value Increased very slowly and the value was only 

G% at the initial decomposition stage (Fig. II- 25); the K' value 

Increased rapidly and linearly from the beginni ng of storage. The 

AEC value also changed rapidly and linearly from the bcglnnlng of 

stor age. 
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F i g. IT - 24 Changes ln average K. K', 

and AFC values J n the foot muscle o f 

hnrd c lam during storage ot ~ C (n =J O) 

togethe r with senso ry rati ngs. Symbols 

nre the same as those gl vcn In the 

footnote o f Fi g. 11 - 23. 

Fl&. 11- 25 Chnngcs In nvcrnge K. K'. 

and AEC values In the foot muscle of 

ark -shell durlng storage ot 5' C (n=JO) 
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together wl th sensory r atings. Symbols 

arc the same as those given In the 

footnote of Fig. II - 23. 



Discussion 

The average AEC value at time 0 obtained on the muscle of the 

oyster, hard clam, and ark-shell was 60, 66, and 78%, respectively 

(Figs. JI - 23, 24, and 25), and was much higher than that obtained 

on the muscle of the oyster. hard clam. and ark-shell in the report 

by Suwetja .c .. La.l. (1989) (about 40, 23, and 39% , respectively, 

which were calculated from the contents of ATP, ADP. and AMP in 

their report). The energy charge of the adenylate systems has been 

proposed by Atkinson (1968) as a fundamental control parameter of 

metabolism. This concept implies that the conservation of ATP is 

a major feature of metabolic regulation. The high levels of AEC 

and ATP In the muscle of the oyster, hard clam, and ark-shell 

obtained in this investigation indicated that specimens used in 

this study were under a better condition before the experiment 

than those in the report by Suwetj a .e.L.al.. ( 1968). In fact, in the 

preliminary experiment, the author confI rmed that the AEC value at 

time 0 decreased when the specJ mens were exposed to the air for f ew 

days. The degradatJon patterns of ATP and Its related compounds 

differed among the 3 species. ATP decreased rapidly in the muscle 

of oyster (Fig. II- 20) and hard clam (Fig. Jl-21), but gradually 

in the muscle of ark-shell (FJg. JI - 22) as dld those in the mantle, 

gill, and body trunk of oyster in Section II-2 and 3. AMP 

accumulated in the muscle of all 3 spec ies. while further 

degradat lon to IMP and/or llxR occurred markedly in the muscle of 

oyster and ark-shell. These findings suggested that the activities 

of the enzyme systems responsible for the degradation of ATP . ADP. 

AMP , and IMP, that is ATPase, myokinase, AMP deaminase, and 5' -
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nucleotidase. respectively, differed among the 3 species. Both H1P 

and AdR were detected in the muscle of the oyster and ark- shell. 

The author showed previously the two pathways of AMP degradation 

in the oyster muscle in Section II-2. In this study, the author 

also found two pathways of AMP degradation. IMP pathway and AdR 

pathway, in the foot muscle of the ark-shell during storage. ln 

the foot muscle of the hard clam, a small amount of IMP was 

detected, but AdR was undetectable, suggesting the IMP pathway 

functions predominantly during storage. 

As the chemical freshness indices of the oyster, hard clam, and 

ark-shell, K, K', and A.E.C. values were calculated from the 

levels of ATP and its related compounds (Figs. II-23, 24, and 25). 

The author previously showed that the K' value in the adductor 

muscle or the AEC value in the mantle, gill, and body trunk that 

showed a rapid and linear change from the beginning of storage 

mlght be useful as a freshness Jndicator for the oyster in Section 

TI -2, 3, and 4. In this study, the author confirmed the findings 

that the K' value ln the oyster muscle was useful as a freshness 

Indicator for the oyster because of its linear and rapid Jncrease 

during the acceptable stage (FJg. 11-23) . In the foot muscle of 

the hard cl am, the K value showed 11 ttle increase during the 

acceptable stage and the AEC vaJue did not change linearly (FJg. 

TJ - 24 ). The K' value increased slowly from the beginning of 

storage to about 20% by the initial decomposition stage. However , 

the K' value in the muscle of hard clam was useful as a freshne ss 

indicator because of Its linear increase during the acceptable 

stage as suggested by Sakaguch 1 .c .. L.al. ( 1990) on the K value on the 

muscle of oyster c. g-Ig-as and by Matsumoto and Yamanaka (1990) on 
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the K value on the muse] e of prawn Penal eus fapon I cus. In the ark­

she I I, the AEC and K' values seemed to be very useful as freshness 

indices because of their linear and rapid changes from the 

beginning of storage (Fig. II- 25). I n conclusion, the K value 

could not be used as a freshness index for the hard clam or ark­

shell. The K' value and AEC value were potential indices for the 

fre shness of pelecypods such as oyster, hard clam , and ark-shell, 

and thus an adequate index for respective species of pelecypod 

could be used. However, t hese results on the freshness indices 

calculated from the contents of ATP and its related compounds were 

obtained from investigations usJ ng muscles stored at s' C. Although 

the author showed that the K' and AEC values were useful freshness 

indi ces for oyster ti ssues at various storage temperature, an 

interesting effects of storage temperature on the ATP degradation, 

a fa ster ATP degradation at a lower storage temperature, has been 

observed in the muscle of other shellfishes such as disk abalone 

(Watannbe et. al., 1992) and scallop ( Iwamoto et al., 1991; 

KawashJma and Yamanaka, 1992). In order to determine whether or 

not the K' and AEC values can be applied to pelecypods as freshness 

indices at other temperatures of storage, further study is needed. 
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II.6 Phosphorus- 31 nuclear •agnetle resonance study of post•orte• 

changes In oyster tissues 

In vivo phosphorus-31 nuclear magnetic resonance (31 p NMR) has 

been used so far for measuring serial changes in high energy 

phosphate metabolism (GadJan, 1982). Concentrations of high energy 

phosphate mctaboli tes, intrace llular pll and Mgl ' loo 

concentrations can be measured, which allows to evaluate the 

fatigue status of the muscle (Gupta and Gupta, 1987). In Section 

TI-2 and 3, the author showed that the change ln patterns and rates 

of ATP degradation during storage were much dlfferent among oyster 

tissues. The author also showed that the PCr acts as the energy 

reservol r for maintaining the ATP level s even In the muscle 

e~cised from fish as observed in the case of living fish muscle 

(Van den Thillart ci_al., 1989). One of the possible reasons for 

the differences of ATP breakdown among the oyster tissues Js the 

d ifferences of PAr levels among those tissues. It is interest ing 

whether or not the level of PAr, which is a well-known energy­

reservoir of ATP i n moll usks, is different among the oyster 

tl ssues. 

In Section 11-2 , 3 , and 4, the author showed the possible 

chemical indices for the freshness of oyster using JIPLC. AJ though 

they were effective indicators for the freshness of oyster, 1t was 

troublesome for the measurement to homogenize the tissue, extract 

and separate the compounds each other by chromatography. 

In Section I-2, the author showed that 31P NMR is a possible method 

for evaluating fJsh meat quality, such as freshness. because of 

Its non - Invasive, convenient, simultaneous, and rapid 
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determination of high energy phosphate compounds in the tissue of 

fish. 

In this section, the author examined the change in levels of 

high energy phosphate compounds, pH, and Pl using 31 p NMR during 

storage of the oyster tissues. The author also discussed the 

efficacy of 31 P NMR to estimate the freshness of oyster. 

Materials and Methods 

Materials 

Live cultured oyster Crassostrea ~~~as was collected from a 

cultured farm in Matoya Bay, Mi e Prefecture. They were 

art ificially purified (Satoh, 1960) as described in Section II-2. 

Whole oyster flesh was removed by cutting the adductor muscle 

close to the valves and held in a plastic bag. 

llp NMR Measurement of Carp Muse) e 

NMR measurements were made with a JNM GSX-270 spect rometer 

system (JEOL, Japan) . The surface coil (11 mm in diameter , five 

turn) for NMR detection was placed against the center of adductor 

muscle or body trunk (stomach and digestive diverticula). The 

spectra were obta ined at an operating frequency of 109.14 Mllz for 

phosphorus. Radiofrequency pulses of 20 ~sec duration were 

delivered every 6.0 sec for NMR acquisition. It took 20 •in to 

accumulate 200 scans for each measurement. The oyster flesh was 

fixed on the NMR probe for 25 h, and spectra were obtained at 0, 2, 

4, 6, 10, 15, 20, and 25 h . The cri terion for chemical shift used 

was 0 ppm PAr. Changes in concent rat ion of each compounds were 
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determined from the area of resonance line of each signal. In the 

adductor muscle of oyster, relative index of concentration of 

[Pl), [PAr], [ATP (P-ATP)], (ATP +ADP (y-ATP)] was obtained by 

the ratios of [PAr)/[Pi], [ATP (P -ATP)]/[Pi], and [ATP +ADP (y­

ATP)]/[Pl]. In the body trunk of oyster, relative index of 

concentration [PME +Pi+ PDE], [PAr], [ATP (p-ATP)], [ATP +ADP 

(y-ATP)] was obtained by the ratios of [PAr]/[PME +Pi+ POE), [ATP 

(p-ATP)]/(PME + Pi + PDE], and [ATP +ADP (y -ATP)]/(PME +Pi + 

POEI. because the resonance lines of PME. Pi, and PDE were 

over lapped and became difficult to distinguish each other at 10 h 

or later as shown in Fig. 11-26. 

Oct.crmjnation of Intracellular pll 

The intracellular pll (pill) in oyster tissue was estimated on the 

basis of the differences between the chemical shifts of Pi and of 

PAr by constructing a pll titration curve with a standard solution 

(II3P04, 50 mM; PCr , 25 mM; KCl. 100 mM; and MgC1 2, 1 mM). The 

chem ical shift of PAr was postulated as 0 ppm. From the chemical 

shift (~ppm) of the Pi resonance pil i was calcu lated by use of the 

following equation (Gadian .e..L.al., 1979; Seo c.Lal. , 1983). 

pill = pK' + log (~ - ~.) 1 (a, - ~) 

where pK' = 6.87, ~. = -3.17 ppm, ~, = -5.61 ppm were used. 

Results and Discussion 

Postmortem changes of typical 31 P NMR spectra of the adductor 

muscle and body trunk of oyster obtained at time 0 are shown in 

Fig. Il-26 (A) and (B), respectively. In both tissues, there were 
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seven main peaks , assigned, from left to right, to PME, Pi, PDE. 

PAr, y-ATP(y- phosphate of ATP • ~-phosphate of ADP), a-ATP (a­

phosphate of ATP • a-phosphate of ADP • NAD(II)), and ~-ATP (~ ­

phosphate of ATP). These peak ass ignments were performed 

according to Barany and Gl onek (1982). In the adductor muscle , the 

Pi level was high and PAr level was low compared with those Jn the 

body trunk. The stress deceased the PCr level and increased the Pi 

level ln the carp muscle immediately after death as shown In 

Section I-2. Chlba e.LaL . (1991) reported similar results that 

the PCr level decreased and Pi level increased due to muscle 

fatlgue caused by capture . The stress of cuttlng muscle close to 
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Fig. 11- 26 Changes or 
31

1' N~m spect ra o r the adduc t or muscle {A) and body trunk 

(D) or oyster durlng storage at 22-23' C. Peak ass ignments arc os follows: 1. I'NE 

(SP ' HIP); 2 , 1'1; 3, PDE; 4. I'Ar; 5, y- ATI' (y-phosphotc o f ATP + p- phosphate of 

ADP); 6, CI -ATP (Cl-phosphate of ATP +Cl-phosphate o f ADP+ NAD{II)), ond 7, p- ATP 

<P-phosphotc of ATP). 
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the valves could be one of the reasons of the differencrs of PAr 

and Pi levels between the oyster tissues. During storage , the 

levels of PAr , a- , ~ -, and y-ATP decreased and the PI levrl s 

increased in both tissues. 

PDE (mainly glycerophosphorylchollne (GPC) judging from the 

chemical shi ft) was detected both In the adductor muscle and body 

trunk of oyster . Thi s compound has been r eported to occur in some 

rabbit (Burt ct_al., 1976; Renou et_ai., 1986; Seeley ct_al., 

1976), porcine (Uhrln and Llptaj, 1991), frog and toad (Burt cL 

al., 1976), rat and goat (Azuma cl_al., 1994a and b) skeletal 

muscles, and in tortoise, rabbit and bovine heart muscles (Burt cL 

al., 1976). as well as in human leg muscles of patients with some 

neu romuscu lar di seases (Barany et al., 1989). Although it i s 

generally considered that GPC is related to the metabolism of red 

or slow- twitch myofibers, the physiological and biochcml.cal roles 

of this metabo lite arc not well understood. Schmidt .c..t....al.., (1952) 

reported that GPC may be a cell membrane breakdown product arising 

from phospho1lpids. This may partially explain the higher PDE 

(GPC) level in t he body trunk than that in the adductor muscle of 

oyster , s ince t he body trunk included digestive diverticula. At 

present, the author cannot explain, however, the role of PDE in 

oyster tissues. 

Figure II- 27 showed the changes in the levels of ~ -ATP, which 

means [ATP), and y-ATP, which means [ATP • ADP] compared with the 

Initial levels. ~-ATP of the adductor muscle decreased rapidly to 

48±11% of at 2 h postmortem, and thereafter decreased gradually. 

~-ATP of the body trunk decreased gradually during 10 h storage, 

and thereafter lt remained at about 50% levels . y-ATP also 
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Values nre lhe menntS.D. (n=S). 

decreased slowly in the body trunk compared with those In the 

ll<lductor muscle. Previously, using IIPLC, the author showed that 

the ATP and ADP contents decreased faster In the adductor muscle 

than in the other tissues of oyster in Section II-2 and 3. 

The results on the ATP and ADP changes of oyster tissues by 31 p NMR 

agree with these previous findings. The changes In levels of PAr 

and Pl were also different between the adductor muscle and the 

body trunk (Fig. 11-28). The PAr level In the adductor muscle 

decreased fast and disappeared by 4 h. On the contrary, the PAr 

level In the body trunk decreased gradually and still remained 

about 50% of 1nl tial level at 25 h. These differences ln the levels 

of PAr. as an energy reservo l r, seem to explain the earlier 

decrease of ATP In the adductor muscle than In the body trunk. The 
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Pi level in the body trunk Increased faster than in the adductor 

muscle , since the initial Pl content Jn the body trunk was muc h low 

as shown in the Fig. 11- 26. (The Pl level of body trunk at 20 and 

25 h dld not show, since the separation and estimation of the peak 

areas of Pi , PME, and PDE became difficult at JO and 15 h and 

thereafter it became impossible as shown In the Fig. II-26.) 

It ls one of the most attractive features of NMR that 

Intracellular pll can be measured non -lnvas ively with no need for 

a micro electrode to be placed lnto the cell or the use of 

chem teals that affect cellular condi tlons. The time course of pll L 

decline was obtained by repeated measurements in a single 

spec imen. At time 0, the pill In the adductor muscle and the body 

trunk were 7.33t0.07 and 7.48tO.OG, rcspectlvely (Flg. II-29). 
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Fig. II-29 Time courses or pill changes In the adductor muscle le l and the body 

trunk (Q) or oyster. Values are the 111cantS.D. (n=5). 

There was statistically significant dHference between the values 

(p<0.05, Student ' s t-test). In the adductor muscle and body trunk, 

pill decreased rapidly to 6.97t0.05 and 6.99t0.06 , respectively at 

2 h. The changing rates and patterns of pHi 1 n the adductor musc le 

and the body trunk were similar each other from 2 h to 20 h stor age 

and there were not statistically significant differences between 

the values in the two tissues. Although pill In the adductor muscle 

tended to decrease from 20 h to 25 h storage, there was not 

sign if leant differences between the values at 25 h. It was 

Interesting that pill ln the body trunk became constant around 6. 7 

from 10 h to 25 h storage. The ultimate pll in postmortem skeletal 

muscles is, ln general , approximately 5.5 (Grease r, 1986). In our 

preliminary experiments with a longer observation period (48 h), 

there was small decl !ne of pill in t he adductor muscle to around 6. 5 
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and in the body trunk around 6.G, indicating the ultimate pll 

depends on the animal species. 

Figure Il- 30 and 31 show the time courses of mean [PAr)/(Pl (+ 

PME + PDE)]. [p- ATP]/[Pl (+ P~lE +PDE)]. and [y- ATP (ATP + 

ADP))/[Pl (+ PME +PDE)J ratios ln the adductor muscle and body 

trunk of oyster, respectively. The [PAr]/[Pl] ratio of adductor 

muscle of oyster decreased rapidly from 0.112t0.014 to O.OltO.OOG 

at 0 and 2 h storage, respectively. The lP-ATP]/[Pl) and [y - ATP 

J/ (PJ I ratlos in the adductor muscle decreased rapidly during 4 h 

storage, thereafter slowly to 10 h. On the other hand, the three 

ratios in the body trunk decreased similarly and continuously 

during 10 h storage. The specimen of whole oyster fle sh kept In a 

plastic bag at 23' C, the same temperature of N~1R measurement , 
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emitted a faintly putrid smell at 8-10 h storage and the stage was 

recognized as the initial decomposition. For the evaluation of 

meat quality, such as freshness, the Index must give information 

before the decomposition stage. In other words, the changing 

magnltudes of freshness index should be large during acceptable 

stage. The decrease of [PAr]/[Pi] and [~- or y-ATP)/[Pl) in 

adductor muscle were much r apid during 2 to 4 h storage. They seem 

to be useful as the freshness indices In the earlier period of 

storage of oyster. The three ratios in the body trunk dec r eased 

rapidly and continuously during 8 h storage (Fig. II-31) and the 

magnitude of change was large compared with the K value of body 

trunk ln Section Il-2 and 3 (F ig. II-11 and 19). The three ratios 
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Flg. ll-31 Tlme courses of (PAr]/(PME • Pl • PDE) (e ). IP-ATI' (ATP))/(P~1E • PI 

• PDE) (Q), and (y-ATP (ATP •ADP) )/(PME • Pl + I'DE) (.6.) rnllos ln the body trunk 

of oyster. Values ere the menntS.D. (n=5). 
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of body trunk seem to be suitable index for the evaluation of 

freshness in oyster. Additionally , pili in both the adductor muscle 

and body trunk decreased rapidly during 10 h postmortem (F i g. 11-

29). Judging from the several parameters obtained simultaneously 

by 31 P NMR, such as the ratio of high energy phosphates to PI (+ PME 

+ POE) and pili, it will possible to evaluate oyster qualIty as 

described previously on quality evaluation of carp muscle In 

Section l-2. These results suggested that the 31 P N~1R is a possible 

tool f or the evaluation of oyster freshness, because of its non­

invasive, convenient, rapld, and simultaneous determination of 

high energy phosphate compounds, Pi, and pili in the tissue of 

oyster . 
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Chapter JJJ. Postmortem changes of high en e rgy 

phosphate compound s and freshness i ndices in gastropods 

The utlllzatJon and consumption of marine invertebrates as 

fresh material for a variety of dishes is very high in Japan, 

compared with other countries. There have been many reports on the 

postmortem changes of ATP and Its related compounds and freshness 

Jn the muscle of fis h, while little information has been avallable 

for the muscle of mollusks, especially for gastropod. Arai (1961) 

investigated the changes ln the content of acid soluble 

nucleoti des in the muscle of Yezo abalone llal I at Is dIscus hanna i 

stored at -5 and 20' C and reported that ATP decomposed along with 

ADP and AMP accumulation, while IMP, JlxR, and llx were 

undctcctable. The freshness index has not been established for 

gastropods. The author evaluated the efficacy of K. K'. and AEC 

values as the chem ical freshness index, using oyster ti ssues 

(Section Il-2) . during storage at various temperatures (Section 

Il -3 ) . The K' value obtained on t he adductor muscle or AEC value 

done on t he mantle, gill, and body trunk was shown to be more 

sui table as a freshness index for oyster s because of the enzyma t lc 

property of ATP breakdown in oyster tissues (Section Il -4). The 

usefulness of the K' and AEC values as freshness indices of other 

pelecypods was also shown in Section 11-5. 

In this chapter, t he author therefore investigated t he 

postmortem changes in levels of ATP and its related compounds in 

the abalone llal latls discus , marine gastropod, and cal cula ted the 

3 indices. K. K'. and AEC values. in relat i on to freshness. 
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"atcrials and "cthods 

Materials 

Abalones Haljot.ls d i scus (14.4±1.2 cm in shell length, 298t35 

g In body weigh, n=JO) were purchased from a central market in 

Kyoto. They were art I flcially purified by placing them in filtered 

sea water sterilized by ultra-violet rays for 24 h (Satoh. 1960). 

After shucking and evisceration. the each foot muscle of the 

aba l one was held in a plastic bag and stored at 5' C. At each fixed 

time of storage, a 1 g-portion of muscle was newly cut from each 

muscle piece and used for the preparation of acid soluble 

fractions in the same manner as described in Sect ion II-1. 

Det.crm I oat I on of ATP and Its Rel atcd Compounds 

ATP and its related compounds , ATP, ADP, AMP, IMP, AdR, Jl xR, and 

llx were determined by IIPLC as descr !bed Section U -1. 

Cal culation of Chemi cal Indices of Freshness 

The K, K', and AEC values were calcula ted from the contents of 

ATP and its r elated compounds as described ln Section Il-2. 

Or~anolcptlc Test 

The sensory rati ngs of t he 4 species were evaluated using the 

organo l eptic test as described in Section II-2. 

Results 

Chan~cs l n Content. of ATP and Its Related Compounds 

FIgure Ill - 1 shows the changes in average content of ATP and l ts 
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related compounds in the foot muscle of abalone (n=10) stored at 

5' C. The level of ATP decreased linearly from 2.50 to 0.46 11mol/g 

during the 5 days of storage, thereafter decreased gradually. The 

rate of decrease in ATP level in the abalone muscle was similar to 

that in the ark-shell muscle (FJg. II-22 ln Section Il-5), and was 

very low compared with those in the oyster and hard clam muscle 

(Fig. II-20 and 21 in Section II-5). The level of ADP increased to 

1. 27 11mol/g on the 2nd day, and then it decreased. The 1 evel of MIP 

increased linearly during storage from 0.50 to 2.10 11mol/g. The 

level of IMP was low, being about 0. 05-0.15 11mol/g. A small amount 

of AdR was also detected as found in the oyster and ark-shell 

muscle. The level of llxR increased very slowly from 0.01 to 0.23 

11mol/g during storage. The level of llx was constant at a very low 

level up to 7th day, then it increased to 0.26 11mol/g on the lOth 

day. The total content of ATP and its related compounds was about 

3.9 11mol/g in the abalone muscle. 
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Chemical Freshness Indices 

Figure III-2 shows the changes in K, K', and AEC values with 

sensory ratl ngs obtained on the muscle abalone. On the lOth day of 

storage of the abalone, the muscle gave off a faintly putrlcl smell 

and this stage was recognized as the stage of Initial 

decomposition . In the abalone muscle, the AEC value decreased 

rapidly and linearly during storage from 76% to 17% at time 0 and 

on the lOth day of storage , respectively, while the K and K' value 

were at low levels in the acceptable stage. 

Dl scuss lon 

The AEC value of the abalone muscle at t lme 0 was hl gh . 

approximately 76%, and was the same level as that reported by 
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Wa tanabe et. al . ( 1992) using the muscle of abalone wh l eh was 

treated within 20 min after collection from the sea. The energy 

charge of the adenylate systems proposed by Atkinson (1968) as a 

fundamental control parameter of metabolism implies that the 

conservation of ATP is a major feature of metabolic regulation. 

The high levels of AEC and ATP in the muscle of the abalone 

obtained in this investigation indicated that specimens used in 

this study were under a better condition before the experiment. 

The degradation patterns of ATP and Lts related compounds in 

abalone muscle differed from those in pelecypods, such as oyster. 

hard clam. and ark-shell. ATP decreased gradually in the abalone 

muscle (Fig. ITI- 1) as did those in the mantle. gill. and body 

trunk of oyster (Section II-2 and 3) and that in the ark-s hell 

muscle. while rapidly in the muscle of oyster and hard clam as 

shown in Section 11-5. AMP accumulated in the abalone muscle as 

did those ln pelecypods tissues. while further degradation to IMP 

and/or llxR dld not occur markedly in the abalone muscle as those 

In the hard clam muscle . These findings suggested that the 

activities of the enzyme systems responsible for the degradation 

of ATP. ADP. AMP, and IMP, that i s ATPase, myokinase . AMP 

deaminase. and 5' -nucleotidase , respectively, differed among the 

species. Both IMP and AdR were detected in the abalone muscle. The 

author previously showed the two pathways of AMP degradation in 

the muscle of oyster and ark-shell in Section II-2. 3, and 5. In 

this study, the author also found two pathways of AMP degradation, 

IMP pathway and AdR pathway, in the foot muscle of the abalone 

during storage. 

As the chemical freshness indices of the abalone. K. K' . and AEC 
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values were calculated from the levels of ATP and its related 

compounds (Fig. 111- 2). The author previously described that the 

K' value in the adductor muscle of oyster and the foot muscle of 

ark-shell and hard clam, or the AEC value in the other tissues of 

oyster and the foot muscle of ark-shell mlght be useful as a 

fre shness indicator for the oyster. hard clam, or ark -shell 

because of its linear and rapid increase during the acceptable 

stage (Section II-2, 3. and 5). Watanabe cl_al. (1992) reported 

that the K value on the muscle of abalone was not suitable as a 

fr eshness index, since the value did not change from the beginning 

of storage and the rate of increase was slow. In this study, the 

K value on the abalone muscle also increased very slowly (FJg. 

I TT - 2) and was not cons ldered to be suitable as a freshnes s J ndex . 

Although the K' value also increased very slowly, the AEC value 

changed rapidly and linearly from the beginning of storage and 

seemed to be very useful as a freshness index for abalone. In 

cone] us ion. the K value could not be used as a freshness J ndex for 

the abalone. The AEC value was potential index for the freshness 

of abalone. However. these results on the freshness Indices 

calculated from the contents of ATP and its related compounds were 

obtained from investigations using muscles stored at 5' C. An 

J nte resti ng effects of storage temperature on the ATP degradatIon, 

a faster ATP degradation at a lower storage temperature, has been 

observed in the muscle of some shellfishes (Watanabe c..t....al., 1992; 

Iwamoto et_al .• 1991; Kawashima and Yamanaka, 1992) . In order to 

determine whether or not the AEC values can be applied to abalone 

as f reshness index at various temperatures, further study is 

needed. 
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Chapter IV. Postmortem changes of high-energy phosphate 

compounds and freshness indices in cephalopods 

The degradation pathway of ATP in the squid muscle have been 

reported to proceed as ATP ~ ADP ~ AMP ~ AdR ~ llxR ~ Hx by Sa l to e..t. 

al. (1958), differing from that in fishes as reviewed by Salto 

(1961), and Uchlyama and Ehlra (1970). Aral (1966) us ing the 

muscles of common squid Todarodes pac If I cus and spear squ id 

Doryteuthts blceker1 , Iwamo to and Uchlyama (1969) using the mantle 

muscle of "kensakl lka" D. kcnsakl. and Ohashi e..t____al. (1991) using 

t he mantle muscle of common squid also reported that IMP was 

undetectable and AMP degraded t hrough the AdR pathway during 

s torage; they failed to detect AdR in the muscle tissue. Nakamura 

et_ai. (1985), on the other hand, detected a small amount of IMP 

in t he mantle muscle of common squid during storage . Suwetja e..t. 

al. (1989) also de tected IMP but not AdR in the muscle of "jindo 

lka" I.o112'o J apon I ea. These findings suggested t he occurrence of 

IMP pat hway in AMP degradation. I n those r eports, ATP and its 

related compounds were analyzed only in the mantle or unspecified 

muscle of each species. The postmortem change of ATP and its 

related compounds in the arm or fin muscle remai ns unclear. 

Although the K value (Saito e!_al . , 1959) calculated fro• the 

cont ents of ATP and its related compounds is a well- known index 

for assessing the freshnes s of fish, it has been reported 

unsuitable as a freshness index for common squid (Ohashl e!_al., 

1991; Nakamura et_at., 1985). Ohashl et_at.(1991) suggested that 

t he llx/ AMP ratio was a better i ndex of freshness of co••on squid 
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thnn the K value. The author previously showed the effi cacy of K' 

and AF.C values as chemical freshness indices during storage of 

several species of shellfishes in Chapter II and Ill. The 

usefulness of the K' value, AEC value, and llx/AMP ratio as 

fr eshness indices of the spear squld has not been described so 

far. 

Herein, the author lnvestJgated the postmortem changes in l0vel 

of ATP and its related compounds in the mantl e, arm, and fin 

mu sc les of spear squid, commercially one of the most important 

ccphalopod as fresh material such popular di shes as sashlml and 

sushi, and calculated the 6 indices, K, K', and A.E. C. values and 

llx , Xt, and llx /A'tP ratios in r elation to fre shness. 

Material s and Methods 

Materials 

The experi ments were carr ied out on five numbers of live spear 

squids Dorytcut.hls hleckcrl whi ch were purchased from a retailer 

of live fi sh ln Kyoto. The average sample weight of squid was 

385t2lg (meantS. D., n=5) . Each squid was eviscerated and dl ssected 

Into 3 tissues, mantle, arm , and f l n muscles . Each spec imen of 3 

tissues was he ld separately in a plastic bag and stored at 5' C. At 

0ach sampling, a lg- portlon of muscle was newly cut from the 

musc le piece and submitted for t he preparati on of acid sol uble 

frac tions In the same manner as described in Sec tion II-1. 

Det.ermlnatlon of ATP and Its Related Compounds 

ATP and its rela t ed compounds , L..e.. ATP, ADP, AMP, IMP , AdR, 
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HxR, Hx, and Xt, were determined by IIPLC in the same manner as 

descri ed in Section II-1 . 

Calculation of Chemical Indices of Freshness 

The K (Sal to .c.Lal., 1959), K', and AEC (Atkinson, 1968) values 

were cal culated from the contents of ATP and its related compounds 

Jn the same manner as described in Section II- 2. The llx and Xt 

ratios were calculated from the following equation: 

llx ratio (%) = (llx) I (ATP +ADP+ AMP+ IMP+ AdR + llxR + llx) x l OO 

Xt ratio ("-) = (Xt) I (ATP +ADP+ AMP+ IMP+ AdR + llxR + llx +XL) 

X ] 000 

The ratio of llxiAMP (Ohashi e..t__al., 1991) was also calculated from 

the contents of AMP and llx as a freshness index. 

Or~anolcptlc Test 

The sensory ratings of the 3 muscle tissues were evaluated using 

the organoleptic test (Matsumoto and Yamanaka, 1990) ln the same 

manner as described In Section II-2. 

Results 

Chan~es In Content of ATP and Its Related Compounds 

Figure TV- 1 shows the changes in average content of ATP and its 

related compounds in the mantle muscle of spear squ id (n=5) stor ed 

at s' c. During storage, ATP level decreased rapidly from 6.5t0.3 

(meantS.D.) at time 0 to 2.9t0.8 and 0.2t0.1 ~mollg after 4 hand 

1 day of storage, respectively. ADP level was constant during 4 h 

of storage. Then it decreased to 0.5t0.2 ~mollg after 1 day of 

storage, and thereafter remained constant. With the decrease of 
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Fig. lV-1 Changes in avernge content of ATP and lls related compounds In the 

mnntJe muscl e of spear squid during storage at s' C (n =5). 

Q, ATP; • • ADP; 6,, AMP; A. llxR; 0. llx. 

ATP and ADP. there was a marked accumulation of AMP and llxR. Then 

with the decrease of AMP and llxR, llx increased markedly. A small 

amount of IMP and also AdR was detected during storage (Fig. TV-

2). Xt level was low but Increased linearly from 0 nmollg at time 

0 to 12t4, 32t4, 60t6, lllt9, and 183t27 nmollg after 1, 2, 4, 7, 

and 10 day of storage, respectively. The total content of ATP and 

Its related compounds , 8.9t0.3 ~mollg, was constant during 

storage. 

In the foot muscle of squid, ATP level at tlme 0. 2.1 tO. 2 

~mollg, was slgnlflcantJy lower than that In the mantle muscle 

(Fig. IV- 3, p<O.OOl with Student ' s t-test). ADP level decreased 

from the beginning of storage. A less extent of AMP accumulation 

was detected In the foot muscle compared with that in the mantle 

muscle. llx level Increased rapidly during storage. The total 

content of ATP and Its related compounds in the arm muscle, 

5.0t0.3 ~mol lg, was slgnlflcant1y lower than that in the mantle 
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muscle (p<O.OOl wi t h Student' s t -tes t). In the fin muscl e , the 

patterns of changes in ATP and its related compounds were 

inte rmediate between those in the mantle muscl e and arm musc l e 

(Fig. IV- 4). The t otal content of ATP and its r el at ed compounds 

was 5.2±0.3 JlmOl / g in the fin muscl e . Small amounts of IMP and AdR 

were detected both In the arm and fin muscles (Fig. IV- 2). Xt l<'VC'l 

increased fa s te r during storage in those muscles than that ln the 

mantle muscle. Tn the arm muscle, Xt level increased llnearly from 

o nmol/g at time 0 to 248t34 nmol/g after 7 day of stor age, and 

thereafter increased rapidly to 525t96 nmol/g after 10 day of 

storage. In the fin muscle, Xt level also increased linearly from 

0 nmol/g at tlme 0 to 220t24 nmol/g after 7 day of storage, and 

thereafter increased rapidly to 661t145 nmol/g after 10 day of 

storage. 

Chemical Freshness Indices 

Figure IV- 5 shows the changes i n the K, K', and AEC values and 

llx ra tio with the sensory ratings on the mantle, arm, and fin 

muscles. On the 7th day of storage , t he muscle gave a faintly 

putrid smel l and this stage was recognized as the stage of initial 

decomposition. On the mantle, the K value increased and reached 

79t2% at t he stage of lnltlal decomposition (Flg. IV- 5). There was 

a signifi cant di f ference among the values on the 0, 1st, 2nd, and 

4th day of storage (p<O.Ol with Student ' s t-test or p<O.OOJ with 

the paired t-test). There was also a significant dJfference 

between the values on the 4th and 7th day of storage wlth the 

paired t - test (p<O.OOl), but not with Student's t - test (p>0.05). 

The changes in the I<' value on the mantle were similar to those in 
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nnd ••. ndvunced decomposition. Vcrllcol bars Jndlcnle lhe stnndnrd deviation. 

the K value. On the other hand, the llx ratio on the mantle 

increased linearly compared with the K and K' values. There were 

sJgnlfJcant differences among the ratios on the 0 , 1st, 2nd, 4th, 

and 7th day of storage (p<O.OOl with the paired t - t est or p<O.Ol 

w lth Student's t - test). The AEC value obtained on the mantle. fell 

from 84tl% to 9.t.2% by 1 day of storage, and then remained constant 

at low levels. The K and K' values obtained on the a r m muscle 

increased rapidly from 3±1% to 40±4% wi thln 4 h of storage, 

reached 75±2% on the 1st day, and thereafter increased s lowly 

(Flg. IV- 5). The llx ratio increased linearly during 4 days of 

storage compared witll the changes ln the K and K' values. There 

were slgnlflcant differences among the ratios on the 0 , lst . 2nd, 

and 4th day of storage (p<O.Ol, Student's t-test) , wh ile there was 

no dlffercnce between those on the 4th and 7th day of storage 

(p>0.05). The AEC value decreased rapidly from 60t5% to 40t2% 

during 4 h or storage. The changes of K, K', and AEC values or ll x 
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decomposition. Vertlcnl hors Indicate the stnndnrd <levlotlon. 

ratio obtained on the fin muscle were intermediate between those 

obtai ned on the mantle and arm muscles (Fig. IV- 5). There were 

significant differences among the K and K' values and llx ratio on 

the o. 1st, 2nd, 4th, and 7th day of storage (p<0.05, Student's t ­

tcs t) . 

Figure TV- G shows the chnnges in Xt and llx/MlP ratios togrther 

with sensory ratings obtained on the mantle, arm, and fin muscles. 

noth rntlos Increased linearly and rapidly during storage of ench 

tissue. Although the Inc r eas ing rate was different among the 

t 1 ssues, the mngn I tudcs of chnngc in the two rat los were greater 

than those In the K and K' values or llx ratio. 

Discussion 

The author previously showed that the total contents of ATP and 

Its related compounds differed among the tissues of the oyster; 
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adductor muscle, mantle, gill, and body trunk in Sect ion 11 -2 . 

Watanabe e...t_al. (1993) also reported that those contents were 

different among the dlsk abalone tissues; adductor muscle, foot 

muscle, mantle, and viscera. In this study, the total content of 

ATP and Its related compounds in the mantle muscle was about 9 

~mol/g. much higher than those in the arm and fin muscle, about 5 

~mol/g. The average AEC value at time 0 obtained on the mantle 

muscle of spear squid was about 84% (Fig. TV-5), the same l evel as 

that reported by Sa I to ct....al. ( 1958) on the muscle of common squ 1 d 

Todarodcs paclficus which was freshly killed and treated 

immediately. The value was much higher than those obtained on the 

muscle of the spear squid (Arai, 1966), "kensaki - lka" D. kcnsaki 

(Twamoto and Uch iyama, 1969). and "jiodo- ika" I ol ll:'o laponica 

(Suwctja c1_al., 1989) (ea. 56, 5, and 8%, respectively, whi ch 

were calculated from the contents of ATP, ADP, and AMP in these 

reports ). The energy charge implies that the conservation of ATP 

Is a major feature of metabolic regulation Atkinson. 1968). The 

high level of AF.C obtained on the mantle muscle in this study 

Indicated that the specimens used in this study were ln a good 

physiological condition before the experiment. On the other hand, 

the levels of ATP and AEC values at time 0 In the arm and fin 

muscles were lower than those in the mantle muscle (Figs. TV- I, 3, 

4, and 5). One of the possible reasons for this phenomenon was that 

the arm and fin arc sensitive to handling stress. such as netting. 

The author described that the level of ATP In the muscle of 

unstressed carp decreased gradually from 7.3 ~mol/gat time 0 to 

6.9, 6.1. and 4.7 ~mol/g after 1. 3, 8 h of storage at 25' c. 
respectively in Section l-1. In the mantle muscle of squid, the 
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ATP decreased much rapidly from 6.5 to 2.9 ~mol/g within 4 h 

storage even at 5' C storage (Fig. IV-1), suggesting higher ATPase 

activity In the tissue. The levels of ADP and AMP in the muscle of 

spear squid were higher than those ln the carp muscle, as reported 

in the mu scl e of common squld (Arai, 1966) and spear squid (Sal to 

.e..Lal . • 1958). The llx increased rapldly in the muscles of mantle, 

arm, and fin from the beginning of storage as reported in the 

muscle of common squid (Arai, 1958; Nakamura c1_al., 19885). As 

for the pathway of AMP degradation, Arai (1958), Iwamoto and 

Uchlyama (1969) , and Ohashi c.Lal. (1991) analyzed the muscles of 

squid and reported that IMP did not accumulate during storage and 

that AMP degradation proceeded as AMP - AdR - llxR. On the other 

hand, Nakamura cl_al. (1985) and Suwctja c!_al. (1989) reported 

the presence of IMP in the muscle of squid. In this study. both lMP 

and AdR were detected Jn all muscles (Fig. IV- 2). Obviously, AMP 

was degraded through the two pathways, IMP and AdR pathways, as 

shown in the muscles of other mollusca , such as oyster, ark­

she l l. and abalone (Chapter II and Ill). 

As possible chemical freshness indices. the author ca lculated 

6 indices, K, K' and AEC values, and llx, llx/AMP, and Xt ratios. The 

index f or freshness is required to give information on the 

freshness before t he onset of decomposltJ on. The AEC value 

obtained on the muscles of mantle. arm, and fJn could not be 

applied as a freshness index to spear squid, since it decreased 

rapidly within 1 day of storage and thereafter did not show any 

marked change (FJg. lV- 5). Ohashi et_al. (1991) and Nakamu ra ~ 

al. (1985) reported that the K value was not sui table as a 

freshness index on the muscle of common squid due to its rapid 
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increase after catch. In this study, the K and K' values on the arm 

muscle also seemed to be unsuitable as a freshness index (fig. TV -

5). However. K and K' values obtained on the mantle and fin muscles 

increased continuously during the acceptable stage (Fig. JV- 5). 

From the changes of the values, the two values seemed to be useful 

as early freshness indices of spear squid. The llx ratio on the 

mantle and f 1 n muscles inc reased continuously throughout the 

storage period (F i g. IV- 5) and seemed to be more suitable as a 

freshness index than K. K' , or AEC value. 

Ohashi .e..L.lll. (1991) reported that the changes in t he ll x/AMP 

ratio are higher than those in K value and suggested that thi s 

ratio I s more useful as a freshness index than the K value ln 

common squid. In this study, the change in llx/AMP ratio was linear 

with the storage time and the magnitude of the change was larger 

than that in K or K' values in the three muscles of spear squid 

(Fig. I V- 6). The change in Xt ratio was linear with the storage 

time and the magnitude of the change was also as high as that of 

the llx/AMP ratio. Although micro analysis was needed because of 

the small content of Xt in the muscles (Fi g . I V- 2), the Xt ratio 

seemed to be useful as a freshness index for spear squid. In 

conclusion. the K and K' values could be used to assess fres hness 

of spear squid especi ally in earlier period of storage, wh i l e t he 

llx. ll x/AMP. and Xt r atios were better indices of the fres hness of 

spear squid t h roughout the storage period. 
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Chapter V. Summary and Conclusions 

The author invest igated the postmortem changes in hlgh -en<'rgy 

phosphate compounds and di scussed chemical indices for nss C'sslng 

fr eshness of fi s h and s he llfi sh . The effects of anrsthctlc st ress 

on the postmortem levels of ATP and its related compounds was 

tested in carp muscle by IIPLC. The decrease of ATP from 7.31-!mol/g 

to 4.5 and increase o f IMP from 0.31-'mol/g to J.811mol/g occurred In 

the unstressed and stressed muscle, respectively (Section J of 

Chapter I). The anesthetlc stress accelerated the postmortem 

changes of ATP and Its related compounds of carp muscle. UsIng 31 P 

NMR. the author also examined the postmortem changes of high­

energy phosphates ln unstressed and st r ess fish (Section 2 o f 

Chapter I). The PCr acts as a energy reservoi r even In the muscle 

after death; the reasons for the differences in ATP l evels bctwrrn 

the stressed and unstressed carp muscle are the decrease of PCR 

level, energy reservol r of ATP, of the stressed carp and the 

differentiated abiJ ity of glucose utilization because of the 

substantial hypoxi c st r ess. Additionally , judging from the S<'vrra l 

parameter s obtained simultaneously by 31 P NMR, such as the ratios 

of high energy phosphates to Pi and pili. It was poss i ble to 

evaluate meat quality such as freshness of carp muscle and also 

the energy state of the muscle Including the fatigue of the fi s h 

L.e.., whether the fish was st ressed or unstressed before death. 

These results suggested that the 31 P NMR ls a possible tool for the 

evaluation of fi s h freshness. because of its non- Jnvas lve, 

convenient, rapid, and simultaneous determination of high energy 

phosphate compounds . PI , and pll l 1 n the tl ssue of f J sh. 

127 



The author showed that t he pathway, patterns, and rates of 

postmortem changes and the contents of ATP and 1 ts related 

compounds of molJusk were different from those of fish muscle and 

among species and tissues (Chapter II. Ill, and IV). ATP decreased 

gradually in the mantle, gill and body trunk of oyster, ark- shell 

muscle, and abalone muscle, while it decreased rapidly in the 

muscle of oyster, hard clam, and spear squid. AMP was found to 

accumulated, In each tissue or species. Further degradation 

occurred obviously ln t he foot muscle of ark-shell to IMP, In the 

adductor muscle of oyster to llxR, and in the mantle, fi n and arm 

muscles of spear squid to llx. These findings suggested that the 

activities of the enzyme systems responsible for the degradation 

of ATP, ADP, AMP, and IMP, that is, ATPase, myokinase , AMP 

deaminase, and 5' - nucleotidase, respectively, differed among the 

species and also tissues. Both IMP and AdR were detected in the 

muscle of the oyster, ark-shell, abalone, and spear-squid. The 

author found two pathways of AMP degradation, IMP pathway and AdR 

pathway, in those kinds of mollusks during storage. The author 

also found the interest ing effects of storage temperature on 

postmortem changes of ATP in oyster muscle, L...e.. a faster 

degradation of ATP at lower storage temperature . 

The freshness Index of fish and shellfish should change linearly 

and continuously with certain magn ltudes during acceptable stage. 

The K value, a well -known chemical Index of fish freshness, was 

considered to be unsuitable because of the very slow Increase at 

the acceptable stage in pelecypod (Chapter II) and gastropod 

(Chapter Ill). In the case of oyster, although the t1 ssues 

latently have the strong endogenous activities of ATP- breakdown 
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to HxR and/or llx, when the tissue structure is maintained, the 

enzymatic activities of ATP-breakdown are limited from ATP to AMP 

and/or IMP and further breakdown proceed very slowly. From these 

properties in endogenous enzymes of ATP-breakdown, the K value 

showed the slow Increase and was considered unsuitable for the 

freshn ess Index for oyster (Section 4 of Chapter II). The K value 

was al so unsuitable due to the rapid increase immediately after 

death in cephalopod (Chapter IV). The K' and/or AEC values were 

shown to be potential indices for pelecypod and gastropod, and 

also llx, Xt, and ll x/AMP ratios for cephalopod . The author also 

showed that the 31 P NMR Js a possible tool to evaluate the oyster 

freshness, because of Jts non-invasive, convenient, rap id, and 

simultaneous de term lnatlon of high energy phosphate compounds, pi, 

and pHi in the tissue of oyster. 
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