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ABSTRACT

The copper uptake and toxicity of young and market-size tilapia,
Oreochromis niloticus, exposed to copper sulphate were investigated.
A series of preliminary experiments were conducted to provide
requisite  information for the final experiment. Preliminary

experiments established uptake by the culture systems, feed and/or
faeces, and the 1mpact of fish nutritional state on uptake. Other
experiments established the median lethal concentration of copper to
this species, an extrapolated minimal lethal concentration, and the
optimum exposure duration and concentration for copper uptake. The
remaining preliminary experiments defined the relationship between
toxicity and uptake 1n small compared to market-size tilapia, and
between muscle location (within the fillet) and copper uptake. The
final experiment established the amount of copper uptake in the
edible tissue of market-size tilapia after a worst-case exposure to
copper sulphate.  The worst-case was defined as the maximum
non-lethal concentration for a period significantly exceeding that

encountered in commercial production systems.

The worst-case experiment comprised market-size fish (350 to 570 g)
being exposed at a nominal concentration of 365 ppb copper for nine
days. This study demonstrated that copper did not accumulate in the
edible tissue of tilapia above that measured in non-exposed control

fish. A mean level of copper in the edible muscle of non-exposed fish,

as measured by atomic absorption spectometry, was 2.14 ppm (dry
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weight basis), while in fish exposed to a nominal concentration of

365 ppb of copper it was found to be 2.31 ppm.

These data are suitable for incorporation into a United States Food and
Drug Administration, New Animal Drug Approval application for the

approval of copper sulphate use as a drug for aquatic species.

page iy



TABLE OF CONTENTS

DECLARATION o cittittmnirttricrenernecereesrentersietansesssessessssessssssssssesssssassssssssnsnsssssssssssssssnsssnsssnssnss 1
ACKNOWLEDGEMENTS.....cottittrettnierrerirtreetsnsertsssssorsssrssessssssssessessssssssssssssssssssssssssnssnnnsnnsnns i
ABSTRACT ... rriiiiiiiiiirieitiieteeietertenertnetreseresessassressessesssssssssssessnsssssssnnssnsssssssssssssennssssnsnns iii
TABLE OF CONTENTS ... ceniiiiettiiiiiiiiraietneeerttstessiersssssssssssssenssssnssssssssssesssssnsssssssssssssnssase s
CHAPTER I - INTRODUGCTION. .. .ituttttrtiiiiteeieerrnioresraseerssssetrssssesssssssesssessssessssssssssssssssssssessnnnes 1
1 Objectives and Rationale Of Study....ccccccriiiiiiinnieniiniiiieiiieiiesssssessssssecssssnssssssssanns ]
CHAPTER II - GENERAL MATERIAL AND METHODS..... oot ieriiriieiiteireeernceseesesnesssssssssssnnss 8
1 Experimental Animals and Culture/Holding SyStems.....cocevrrrniirrreicrserersessrsnsseesans 8
2 Static 50% Renewal ExXposure RegIME.....cccveiiiirirriiereneriniiornsrenersiesssossecsssssnsssnss 10
3 Sampling and Collection ProCedUres ...cciiiiiimiiiniiiiiiiieeierereerensnseessssessessssasessesss 12
Sl Al SaAMPIES i iiiiiieiiiiiiiirieiireeriertereieersnsessssesesssssssssssnsssssssnnssssnsesesssssssssssssnssensess 12

K I I B 6] 0] 1 1<) SO O eterencasrnrreneensarsasreresansntes 12

3.1.2 Calcium and MagneSitM ..cccciieeeiieeeneeiieeneseesseessanesesencessssssssssssssssssssssnsssene } 4

3.1.3 Dissolved oxygen, pH, temperature and nitrit€s......ccccccrrrveeivrriorcereens 16

3.2 FiSh SampPIles..ciiiiiiiiiiiiiiiiiiiiiiiierierriieersiereresreeeetnseeeeeeesssssssessssssesssnssnsens 17
3.2.1 General Fish Sampling Procedures.....cccccviiereiiiiiniiieiiecicrieneeeeoreseenssssense 17
3.2.2 Fish - Copper Residue Analysis Samples.....cciiiiiiininnnnnennnneeennnnneenn 18
3.2.3 Fish - HiStologY SampPIes..cccicierierrenieeemieirmuierrnieeeeieressenseesnsesssnsesssssssesnsssanes 19

4 Test Compound PreParatiOn....ccciiiivecreiierienireererrererserersseeesssosssssssssesssssssessassssnnsssanns 20
S AnNalytiCal ProCedUIEs ... iiiiiiriiiiiviieiireireretcee e renteeesaesseesnssssssescrssssssnsassons 21
5.1 Muscle Sample Preparation.......cecciceieeiiiimeiiiieereriiieiineeesternsesesssssssessnnnssns 21
S.2 Liver Sample Preparation....eiiiiiiiiiiriiriiiisreneceerssserssssesssnsssnnsessnnnns 23
5.3 Final Sample Preparation Procedures for All Tissue Types......ccivrcennenn 23
5.4 Standard Reference Materials (SRM’s) and Processing Blanks................ 27
S.4 Water Sample Preparation ... ccceeeiieeiieeiniinrereieiasseeeseossessscasseseesssssnssssesssessnns 28
ST 0 B 6 ) o) o 13 SRR 28

S5.4.2 CalCIUMuuiiiiiiiiiniiiiiniieienniirinceerererresnssersrssessssssesssesessssrssesssssssssnsssanssssnsessnsnnes 29

5.4.3 MagneSIUM uuiiiiiiiiiiiinnicciiernernreierienmneieineesiiesesssssssssssssaessesssssssssssssssansasssasse 29

5.5 Atomic Absorption Spectrometric Settings and Procedures........cceevvveeenees 30
ST T S O+ o) 011 PSR 30

S5.5.2 CalCIUM i crirriieentticrieriieeererateseetaerssassssssssessssnsssssssssessssanssnnsssssesansanes 33

S.5.3  MagNeSIUM cicriiiiiiiiiiiiniiiiriiiiteiietnestansersnreeersssssssessssssssessssessssassssssssssssssssssns 33

6 Histological Preparation ProCedUIES....cciiiviiriiruiiiiirmnieiireaeereeeneieeeenessrsnsesesnssssssss 33
7T StatiStiCAl PrOCEAUIES.cciiiiiiiiiiciitieiecreierrerrerttietieetiresrasersiesessasssscsssssnssnsaenssnsssnaenssns 34
CHAPTER III - TANK, FEED AND FAECES EXPERIMENT......otiiiiiiieriirnenecressessesssensanes 35
) R § 114 o Yo 11703 4 1+ } 1 DU R R USRI 35
Le] O D O tIVES. e iieieernnrurreerteeiriennernntnnsieseeeseeessenssssssssssnsssssssssessnnnnnnssssssessssnssssssersesnssnns 35
1.2 LIeratUre R EVIEW . iiiiiiiireiiniiinnieniereiieniierseersesissnsersssensssssonasesssorssssssesssssssssssssses 36
1.2.1 Copper ComPleXatIOon ciiiiiiieiieiiieientirineieiireneseseseoseeesnsrsssesnsssssssssssssssnsnnes 36



1.2.2 Feeding Compared t0 NON-feediNg...cccciiirrierierirreererereesnseessssssssssesssssseses 38

2. Study-Specific Materials and Methods......ccccveeiieenrernnreiieeeeereresressssssssssesessssssssnssns 39
e RESUILS rriiiiiitiimiiiiniiiiieiiiiieenenenreerrereeeterterersssssseessessasssnsnsssssssssssssssssssssnnnnnnnnssssnnsnns 41
3.1 Water Copper CoONCENIIAIONS iuuuuvirirrerrreiereeieeeresssssseseesssssssseresssnssssssnmnnnnnssssns 41

R 29 1) (B 000) o) o 1<) G 172 £ 44
3.2.1 Muscle Copper Levels..oiicieeiiireereeeenernereersneonne. eeecesaseeresnnesasrsansnanss 44

K 20 5 475 G @ o1 o 13 B 1377 ) £ 45

" U B ) £ 11 £ [+ ) FOOu R 46
4.1 Water Copper CONCENIIAIONS civeierrieerruererrrurrersessesseressessessssesssessssenssesssssesssens 46
4.2 TISSUE COPPEr CONCENIIALIONS. ccuueeercerreierrrirereiresserensesnsersesrsnsressrssssnssssssssssnsssnss 48
CHAPTER IV - MEDIAN LETHAL CONCENTRATION EXPERIMENTS ...ouovitiiiiieeersessnssnssses 51
) R 0114 o T 11 1] 5 1) « OO USSR 51
1ol OB ECHIVES..uuiirererrtreereienreeineieseeaeeeseesssesessesssesensesssseesssnesssnssenesssssssssssssemsssesnessssss 51
1.2 LIEratlUIE REVIEW iiiiiiiiiriiiiiiierirrniieeertuteeerennreesesesssesssnnsssesssssessnsssessssssssssssonnes 53
1.2.1 Historical Review of Copper Toxicity Testing in Fish......cccceeeervvvenennnes 53
1.2.2 ModifyIng Factors t0 TOXICIY..cceiiereernriiiiersreeressneeesnneeseesssesessssssssssssssnnens 55
1.2.3 Up-and-Down ProceduresS.....ccceeereeriernreernceensennceennesnnnns estternereennrensasnsanss 58

2 Study-Specific Materials and Methods....coieiiiriieriiemmuiiiiiiieireeneseeeseresnsnnsesssssasennes 61
2.1 SYStEIMS/PIOCEAUIES civvvucerriirrrereeieereererereareerereesressesssssesssssarsssanssessssosssnsssssanssss 61
2.1.1 Up-and-Down Range-Finding EXpPeriment...cccccocceciieuneeeeenreeneesernessenanens 61
2.1.2 Standard 96 h LC50 Experiment - Market-Size FiSh.ovcoviirireeernvenreeenes 67
2.1.3 Standard 96 h LC50 Experiment - Small Fishueooiiiiiiiiiiiiimnreeeeeeeennnnnnnes 69

2.2 FISh e s eererresara e st ereres e s s saee s s se e s e s ansesasssnnnnneersnnnnnnas 70
2.2.1 Up-and-Down Range-Finding EXPEeriment........ccocovveerrriierrirereeneeceeseeens 71
2.2.2 Standard 96 h LC50 Experiment - Market-Size Fish....ccccvveveeeeriieeennens 72
2.2.3 Standard 96 h LCS50 Experiment - Small Fish.ceeooieiiiveiiiiiiniieeenenniereennnes 72

2.3 SAMPIIN ettt reereeressesesteseranesssssesesssssssassssasssensesssnssnsssnsessnnnns 73
2 ANl Y S S iiuiiiitiiiiiiiiniiiinierierrereerrirees e esstserasierstssanssenntsesttsettsarenransesnsesnnnenaseennnans 73
J R ESUIS. ettt e ceer e e te e e n e essaresassesrssessenstnreestsesnnsnnssensannsnsns 74
3.1 Up-and-Down Range-Finding EXperiment.....ccccocciiirreriieernererennssrsnsosssssssens 74
3.1.1 96 h LCS50 EStIMatiOnsS....ccccveeeereerieeeneccerruiserrerssssesssessssssesssesesssscssnsresssssssssnes 74
3.1.2 Actual Water Copper ConcCentrationsS.....cccceeurereeeereeeeraserssorescersesssnssssossnns 76

3.2 Standard 96 h LCS50 Experiment - Market-Size Fish..oovoirvirriiiriiiiennrensennnse 78
3.3 Standard 96 h LCS5S0 Experiment - Small Fishiccoiiiiiiiiiiiiiiinniiininiinncrneresneeennss 80
B IS CUSS IO iutiiiencrunierneeeerersncerssarnsesnssesascassssrasesessssssessssansssesssssssssssssnsssessesssssnsssssnnssnes 82
4.1 Up-and-Down Range-Finding EXPeriment........ccocviiireiirenncirnnrermnscrsseccsssseses 82
4.2 Standard 96 h LC50 Experiment - Market-Size Fish..covoiiiiiiiirernierenneerenanonns 85
4.3 Standard 96 h LCS50 Experiment - Small FiShuuiriiiiiiiiiiiiirieenreeeesernsencssnens 86
4.4 Small Fish Compared to Market-Size Fish - Data Relevance.......ccoeerrveveene.. 88
4.5 Filtered vs. Non-Filtered Water Samples.....cciccoiiiiiireiiiiiiineeieniieseessnessssesenssens 88
CHAPTER V - SMALL AND MARKET-SIZE TILAPIA BRIDGING EXPERIMENT............95
) QD § 114 o T 1 1o 4 1o ) ¢ SO U 95
Lo OB OO VS uuuuiiiitnrriesiiiriitentiiiiietenteerestesrnnesestereenesserssssesssasenennnsnsesesssssnssssnsnssnesasnns 05



L1e2  LIleTaAtUIE R EVIE W iititieiririrrniecerecsscnsssesessssensnssessssssesssnssssssnonsnsnnnsnnnnnnnn e s 06

2 Study-Specific Materials and Methods.....coviiiiiieiiiiinrniiiiiincetieeeereeeesseesssssssnssssess 99
2.1  SYSLEMS/PrOCEAUIES civvreriiiiitiiiiiineiirttnnrieeetniiesestsierssssssrassosssnsssssssnssessssssssssssssnss 99

v 2 20 3T | W v s aasates e aeesaessaee s 101
2.3 Sample ColleCtioN . iiiiiiiiiiiiiiiiiiiicinriiteeeceererrsneesecerssssssesseessessesssnnssssssesssnssns 101
2.3.1 Water....coovvnieriinininnncnnsiinnnnnnns Setsesssetsssrntnnsarsnsenersnirtersatstttttttrttttnsennnernnranes 101

P29 107/ S 1) « RO PRSP URRSRRRR 102
2.4 Sample Preparation.iiicciiiiiieieiseiiiseiieeeeesesssiseesesssssssssssssssssssses 103
200 T NN 05 1 7 O SRS 103
2.2 MUSCIE. iiiiiitiriiiiiiiiiineitnireneernireereenneseenersesssassasssessssssssssessssenssnssessossssnssanssanss 103
2.4.3 Standard Reference Materials (SRM’s) and BlanKks.....coceeevieeerevevesenss 105

2.5 Sample ANAlYSeS.iiiniiiiiiiiiiieiuiirrereieriereennreeretmniiressiesseesssssssessssssssssssnsessnssessnse 105
J R SIS et iriiiiieiirrtirecreceeteteetieenteerneeeesseorassesassrasssessssssssssssssssenssnssssssesnsesnssenesensennnns 1035
J.1 Water SaAMPIES uuiiiiiieiiiiniiiniiniriiriieiicirieeieeieretesesssesessrasssorsesssesenssnssssnssssssnnses 105
Jedil O PP T e iitiiittciitttrerteterertueersaressssersoseestsssenssessssssssssssnsssssstsssansssssnsssnnsens 105
3.1.2 Calcium and MagneSilUM ....cceciirereeerierenuiieersesesessessescossasssssnnssrsnssssnsssses 106
3.1.3 pH, Temperature and Nitrites......cccceerrenen.. reeeressetatsttttsetntsttanennnnsearesseenss 107

3.2 TISSUE SAMPIES ciitrtiiieriiiiiniiiinnieiernireereetictstaeierneeressserssssrssssssssssessssssssssssessessses 108
JiZ2e]l MUSCICu iriiiiireiiiiierreieeieireeesreecrressanesressessscnsenssssesssssenssssnssasssssossosanssnssanesnes 108
Je202 IV cuiiiiiiiiiieiiiitetcrertrietreeesrastnsssessssensessssssssssssassssssssncnsssnsssssssssesnnsnsssnssens 111

3.3 Deviations from ProtoCol. ... iieiiiiireiniiereneierrreserssseesssesssessssssnsesssssssssnnsnss 114
3.4 GroSS ODSEIVAIONS. ciiuiiieiiiiriiiiririiiererireeetesseceaseseesssrsssssessesessssorssssessnsesnssssnsssses 114
G DS CUSSION.tuiriiiruitttietttiiietsitniiruriereiieressrssesssssssessessreesnsssrsssssssssssssasssessssssssnsenssssnnsnnes 116
.1 GroSS ODSEIVALIONS . iiciiiiieiiitiieriirerirrerserereeesnersssssesssssssnsssessssnsssasssasssnsssnseranss 116
4.2 Deviations from ProtocCol.........eiiiiieiiiiniiciieeieetetiieeresersssesesssssssssessses 117

" K T Y 1 1 PR URRRURRTR 119
Bod TISSUC..ciuiiiiiiiiiiiiiiiiiiiiiirirrireireetsratsersssesssseassessssssssssssssossssssssesessnnssnnsennssnnssnsssns 120
4.5 OVErall ConCIUSION. o ittt tretesttstsssessessensssnssssssossnssnssnnnssns 125
CHAPTER VI - OPTIMUM CONCENTRATION/DURATION EXPERIMENT.....cccocveevueeunnnn. 126
) SR 914 o Y 11 & o ) o R PR ORPPURPR 126
L] O D IV S iiuiiintitnetnniienierrurersurerrnentereesansesrssssansressensssassssssssssessssssssssnnssnsssnsssansense 126
1.2 LItETatUIE REVICW . iiiiiiiiiiiriieiitierciiereeetrraierterssensrsssossssssssssssssssssrssessssssssnnses 127
2 Study-Specific Materials and Methods......cccvvereececrecrennneneeiecenecseneseessasens veee130
2.1  SyStemS/ProCEAUIES iiiiiiiiiriiiiiiiiiiiiiriciiiiierierranieterrrnneeesereerssssesssssnssesssessens 130
2e2 FIS crtretiiirierniirniirtierniernirensesierrsereserssaanesasssassesssesssssssssssssessssassesssssssansonsonsenssssnses 131
2.3 Sample ColleCtION. . iiiiiiiiriiiiiiitiiirinetititeeereeaereranrerertsseesaresssesssessesnsessenssssenne 132

p 200 T B\ 1 (<] F RPN 132

p 200K 1 33 T3 | T TURUURPINRSRRRSRRN 132

2.4 Sample Preparation.......ciiriiniinninniniiiicinnen, Jeessserrriiseeeteetteratresssestesannannnnsanans 133
2.4.1  HiStOlOgY cuniiieiceiiiiitiiiiitiiiineccrrrerreierneecearireassenessessessesssensssenssssssesssssnssenssnes 133
242 AAS ittt er e s s ta e e e bt e st s et bbbt astnnenrennennsnneesnnsnnssnnennes 133
2.4.2.1 Liver And MUSCIe . riiiieiiiiiireiiiecereeeeneeenneeessersssesssseesnsesnssennssnns 133
2.4.2.2 SRM’S and BlanKs.. .o oot cieeeerereeerneesesennessnsemnssnssen s ssnssas 133



2.5 SamMPIE ADNAlYSESuuiiiiiriiiiimiiiiiiiiiirnieieituiiietrniieteresstesesteassssrasseseresesssssssssssesssssnss 134

p 8- 28 B 5 61 1) (073 2RO 134
28,2 A A iiririeeierertirrreeserestaneresartsreartantantettnetnetantansnstetanesnsnnensnnsenrensnennsnns 134

B R ESUILS. e uueenrencenrecreresssssssssessssssssasssssnssassssssssssssssssssstassenssnsnssssssssssssssssssssssssssssssnnnnnnnsans 134
Bed W L cuenerererenccressscessenssssssssassrscsssnsssssssensssssssssssessansssanssssasssssssensssssssssssnsnssssssnsasas 134
Je2 TISS UL ueuuieireeenciacenceserserseassosssssersessasssanssssassrsssssssesssassssssssesssssssssssssnnsnssnsssssnsnsensens 135
3.2.1 MUSCleuiruirirnreceenrncnnrareecerensiereencrncenss reeressastattaststestereseenssusreresasserenseseennsntnsss 135
B02 2 LIV er ciiiiiinirireereerterrerereeresensesrennsesessensrassssnsonssensssssssassasssssssassssassnsessssnsensasnes 140

3.3 HiStOlog Y ieruueriiiienneciiiiieinniiiiiieettiiiniitteeassee it sasiiestreasssestsssnsnssssensnessssnnseassanens 146
3.4 Deviations frOom ProtOCOl. e ciiiiiiieiirereirrieirtiessreseessscssssesesssssssssssssssssssssssnss 149
3.4.1 Feeding RegIMEe.cuuiiiiiiiiiiiiiiiiiiiiiiiniiciniteccrnieceenecraeeeseeessesssessnsasnes 149
3.4.2 Water Quality Parameters....ccccciiirciiciiiiiiiiincrieniiriieseirseeressssessessssasssnnss 149

3.5 GroSS ODSeIVaAtIONS eeuieirierieiierireissrrecssecssessessenressssssssssssssssossassssssssesssssssssssssse 149
B IS CUSSIO M rrereirneeereeenerrnesreacesorsossrasssossesvossesssscassnssssassssessansasssssssanssssessssssssnssssssssassasas 151
B.1 GroSS ODSEIVALIONS iieiierrrurereererererrerersraesrsrrsrssssssssasesssssssssssnssssssasssssssssasssssan 151
4.2 Deviations from ProtocCol....cciiiiiiiiecrirscerecncscecncrsennss eeeseeeesncecatnenencesaesesesnnas 151
B3 W ALET veeeerreereeeersseeesssessesassosesssssssssssesssstesssasssssssessssssesssssnssesssssenssensnsesesssnsesessnnnns 152
B o TISS U tuieuernreirererrerserresasrrecsssssssrsessssnsrsnsesssenssasstsssnsssscnsesssaressssssssssssassnnssnsensansense 153
4.5 OVerall ConCIUSION..ciiiveirtieririririerrereseretrerecsssntsesstetesscassessssascsessossssssssnssnrassnss 157
CHAPTER VII - WORSTCASE COPPER EXPOSURE & RESIDUE EXPERIMENT................ 158
L TN tE O UG O eriiiiiieieiiereeriteteretererarenrsessanssssserssersessssansasesassssssnsssrnsesssssssssoncassesssnssnns 158
1.1 Objectives and Rationale of Study.......ccccvvviiiimiiiiiiiiiniiiinirnceneneen 158
1.2 LIteratlre REVICW. i iiiiiiiiiiiniiriviniineiieeetnstnsstreneeterstresesersssssssssssaessssssassssssnsnns 160
2 Study-Specific Materials and Methods.......ccoummiiiiiiiiiiiiiniiniiiinieneresenneeea, 166
2.1  Systems/ProCedUrIES ittt ittt sessasssecstsssasssssasssacssesss 166
2.1.1 Preliminary Fillet-Segment Copper Analyses Experiment............. 166
2.1.2 Worst-Case EXPEriment........ccccviiiiirirmimiiiiiiiiiniinicnnenesssisnssesssansss 167

p 2 2 O LY + WU 169
2.3 Sample ColleCtioN.uuiinieiieiiiiriirieeceee e 169

p 0 IS B 21 0= P U 169
2032 FISuteittiiiiuiiniiecsecsscrsssssssssssssssesssenssssssssssenesssnssnsssssssancnssnsensasssssassssnssssnssnasses 170

2.4 Sample Preparation.......ccmiiiiiiii 171

o 20 T D & $ T €0 U O 171

D 8.2 A A i iitiruerirteeneersssecsssesossessssssesissstnsessttsttettereesrennstntretratastasttratsancaranensenssnsarons 171

p 200 W 200 T U0 12 U 171

2o .202 MUSCICurinrenieeiecessersencrsrrecsusrsreeassnsenerassssasssssssarosssnsenensasesssssssssssnsasssssnss 171
2.4.2.3 SRM'’S aNd BlaNKS. iootererertecreerresereenssrecsssssssscsssssssssscssssssssenssnssasrsssassss 172

2.5 Sample ANAlYSES..cciiiiimiiiniiii e s 172
2.5.1 HiStOlOZY covvurreerireinrnnieiiiimiiniieiniimintiieessnsiresissssssinniesssesssssssssssssssens 172
N - N - N U PR 173

B R ESUILS.seueererereessresceeressssssasssssssssssssrasesssnssesssssonssassssssssssesssssssensssenssssssssssssnssssssnssssnsases 173
% I B 1 =] U 173
3.1.1 Copper.......... feeesssrssssrannsronsserasssteassoresesenseteestesssssnssetasettrtsttenernistanterresarnnserns 173



3.1.2 Temperature, pH, DO, Nitrites and Hardness......ccoooeerrrrrcrvierenireeccennsens 174

J i IS Sl e reuereenninerareneenncacrsresscossantessssscsosnssnsessonsenssssassssssssessssssnsssssssnssssssesensnnennsnnsans 177
JeZedl  MUSCICutriienriiiiritniiiiiiiiienietnetttereessressenssresssssesssssssesssssessassensesnsssnssnsnsnsnsene 177
3.2.1.1 Preliminary Fillet-Segment Copper Analyses Experiment......177
3.2.1.2 Worst-Case EXPEIIMENt......cciicciirieiiiiiiieeriierieirteserssserssssenssesssssssnssenes 180

B2 VT cuiinirenrererterrrreestnectnceenesaisenssncressaacesesessesssnssnsssssssssssessesssenssessnnssnnsnnsnnssns 183

KRG T 3 § 11 70) e - 2R URRRPPRR 185
3.4 Deviations from ProtoCol......oiiiiiiiiiiiiiiiiiiiiirereierrieieerssscssssssessasssnssnnss 190
3.5 GroSS ObSerIVaAtIONS.civeieeeerreeerereisierniettrerssiesisssecrarssnsesssssserssecsssrssssssssssassesssssass 191
B DS CUSSION. ruurarenierrreerererssesssracsssersssssnsessssasctnsssssssosssnssssosssessesssasssssassnssnssssssssssssssssansss 191
4.1 Deviations from ProtoCo].. e iiiiiiriniiriireirersireeresrasssssassesasssssenns 191
B.2 WAl eT oeuurrerreenirnrrarerncenerrrcesesnrerseessssessssttossosstessesstessnsaserserssssssssosssesssansssonsssssnssnsos 193
4.2.1 Copper MEaSUTCMENLS ...coiviiiiuiiiristttssiensitriissmiittecsnsieesessscssnsssassssssasernssss 193
4.2.2 Temperature, pH, Hardness and DO ......ccorriiiiiiriiiniiiniiniininnnnnnnnnnens 1935

7 W J000 T\ 14 9 1 £330 U U 197
B.3 HiStOlO gy ettt ieiiiussressresiessstnssteserasssesesnresnsssnssssessessnsossssnness 199
2 B S B Y] | [T 201
B.4.1 MUSCIe..e ittt rreeretiet et testresnisaesttesnosarrasseresnssrssassnonensasenes 201
Bod.2 LIVeT crruiiiiiieiieeiertrerniernuirenneareseesnesstesissssssesssassesnssssssssnssaassssresssssensesnssennsss 206
4.5 Overall ConCIUSIONS .oiiiiiiiiiiiiiiiiieiiiiriiiiicreieetistritetieesitetiesterresssrssessssssnssssesnses 209
CHAPTER VIII - FINAL DISCUSSION, CONCLUSIONS AND SUGGESTED FURTHER
WORK ..t ttitettiruinniiinieetiiietestaiteesinietestereensesresrsssssssssssssassressorsssssnsessssnssasesnsanssnesnsenssnnses 210
1 Summary Of EXPerIMEentS...cciiciiiiiiiiiieeiimeniinmieriiiiiiiiisiiiriiecmerriseesnersesessnesnnes 211
1.1 Tank, Feed and Faeces EXperiment.......cccccceeevrrimverreeineernenneeeeeeeeessesssssssesnnnn2 1 1
L.d.d O CtIVeS ittt iiciiiiiitetieieterrerrreeicresetsnecurssnsssstssssnsssensssrsessascsnsssanssencesanns 211
1.1.2 Results..oiiiieiieiiiriniininennnenee teereetearietetiteretnetarsaestersetnstttttnnstneserennsannnrns 211
1.1.3 Application Of ReSUItS ..civiviiiririiniiiiiiiiiiiiiiciniieitirnercerrneencesacsncsnseesnss 212

1.2 Median Lethal Concentration’ EXPeriments . .cccciccciiriierreniincencenereecansencesenens 212
Le2 ] O IV S iiiiiiiiiiecrnirrnirrernreterenerssisssssressssisnsesrsenssrnsssnsssesarssnnnannssnssessanssnsns 212
1.2.2 RESUILS ttrruitirurriiiiitrriirireireienieeersesiessttssissenessssstossnssnsansassessncsssnsessasssonsssnsnsanss 213
1.2.3 Application of Results.....cooiiiiimmiiiiniiiiicriinieencenaes 213

1.3 Small and Market-Size Tilapia Bridging Experiment.........cccccciiiiernnnernnnnn 213
1.3.1 ODbjectiVeS..rerrreeeeeerecnrrnniersessnnn, eeerereeerrbreeateeeseseesseraaaaeteesereesasrrrasrrrrrans 213
1.3.2 RESUILS tvuiiiiiiiiieiiieiereituirerereniesnsesssresctneraeesessaseassssersssassssssssesssssssssssnessnssen 214
1.3.3 Application of ResultS.....cccciiiiiiiiiiiiiiiiiiesensees 214

1.4 Optimum Concentration/Duration EXperiment........ccoumiinieineenneennnne, 2135
L1.4.1 O CtiVES uuiiirtreriiiriretuiiiitiitttiiiiisiteeitsiesstrssesstssrassossrensssssssrsnsserarnnrenssenssse 213
108,22 RESULILS ietieiieniriirrereecrnererettttnrrectansensraeeassanssnsssssasesssesssssssssasssssssssssssnssnsansns 215
1.4.3 Application of ResultS.....cccviniiiiiiiiiiiieeseeennes 216

1.5 Worst-Case EXPEIIMEeNt. cooiiiiiiiiiiiiiiiiiiiiiiiietiiierieneneeerenssereeasreiessesnissesssssscssnnes 217
1.5.1 OB eCtiVe..cititiumiciiiiitttriin ittt reretseessenssessessanarerseseannnsesernnnsssees 217

) T 2 1§ 3L R 217

2 General COMIMENES . coiuiieiieiiiiirieeteireieeeetertesnereesssrsesssserecssssessesssssssssssssessonssssssssnensas 218

page jx



3 General DiIscUSSION aNd CoONCIUSIOMS e eirreeererereseessssssssssersssssssssserssssssrssessssssssssssss 218

3.1 Tabular Summary of Analytical Results......cccccvveeiiiiiiniiienniininniieicienenenneennes 218

3.2 Discussion and CoNCIUSIONS...ce.iiieeiiireireicettetreereiessrssresessssessrecessescssssssessesasssnas 220

4 Suggested Further WOrK....ovvoiereiersensensenses et s s s s se st r e e aas s e s aessaenans 220
RE T E R ENCES ... cteieieterercreseasssssrsssssessssestassessssssssssssssssssssssnssnssasessssssssssssssssssssssssnsssesssssassnss 222

page x



1

CHAPTER ]
INTRODUCTION

Objectives and Rationale of Study

The overall objectives of this study were two-fold.

e Determine if market-size tilapia (Oreochromis niloticus)
accumulate copper in their muscle and attached skin,
exceeding endogenous levels, after being exposed to
copper sulphate at levels greater than therapeutic

concentrations, but less than lethal concentrations.

 Generate this information at a level of quality and in a
form which can be of value to the aquaculture industry
of the United States of America (US), in its quest to
obtain US federal approval for the wuse of copper

sulphate as a drug with cultured aquatic species.

The culture of tilapia (Oreochromis spp.) 1s increasing 1n
importance. 1n the US (Hérvey 1994). Tilapia are considered to
be disease resistant compared to other species of fish
(Stickney 1993), but are not disease free. There are specific
drugs and chemicals which are needed by aquaculturists to

optimise the production of tilapia, as well as other species of

cultured fish. Copper sulphate i1s a chemical of potential value

in the production of tilapia.
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Copper sulphate (pentahydrate) is commonly used in US

aquaculture for the control of algae within culture systems
(Jackson 1974), and for the control of bacterial, fungal and/or
protozoan epibionts of fish -and crustacea (Jackson 1974;:
Lightner 1993; Stoskopf 1992). It is registered by the US
Environmental Protection Agency (EPA) as an approved
algicide for use in aquaculture systems. It is not, however,
approved by the US Food and Drug Administration’s (FDA)
Center for Veterinary Medicine (CVM) as a drug for use on
cultured aquatic species. The CVM 1is responsible for

reviewing and approving animal drug applications in the US.

Presently, there are only five CVM-approved drugs for use in
the US with food fish. Two approved drugs are
antibiotics, Romet-30® and oxytetracycline, one drug is a
broad-spectrum microbiocide, formalin; and one drug is an

anaesthetic, tricaine methanesulfonate. @ The fifth approved
drug is also an antibiotic, sulfamerazine, but is no longer being

manufactured in the US and is not available. All of the drugs
approved by CVM for use on aquatic species have product
labels which restrict their use to a limited number of species

and disease indications.

The growth of the aquaculture i1ndustry in the US has been
significant within the past several decades, and in the rest of
the world (Stickney 1994). Together with this growth has

been an increase 1n the US consumption of seafood products
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(Harvey 1994). The increase in seafood consumption has

prompted the CVM to increase its attention to the safety of
food derived from aquatic species. The CVM found that the
aquaculture industry’s needs for therapeutants, and other
drugs, had far outstripped those legally available. As a result
there has been significant use of drugs not approved for
aquatic species. Thus began an era of increased co-operation
between all interested parties, and allied efforts to obtain
CVM-approvals for new animal drugs. Specifically, copper
sulphate was designated by a US Federal advisory committee,
and other private and public entities, as being a compound of
critical 1mportance to the aquaculture 1ndustry. Copper

sulphate was thus placed on a list of drugs designated to

receive the greatest efforts toward receiving CVM approval.

US private and public sector organisations are presently in the
process of generating and compiling data required to complete
a CVM New Animal Drug Approval (NADA) application
package for copper sulphate use in fish. A NADA package
must include data to support the claim that copper sulphate 1is
both safe and effective when used as a drug with cultured
aquatic species. A subset of required NADA safety data
addresses safety to humans consuming food products derived

from fish exposed to therapeutic levels of copper sulphate.

The CVM requires data which have been generated by

well-controlled and scientifically-sound  protocols. The
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requirements are most stringent for data used to support
claims of human food safety. Although there is a plethora of

data in the literature that addresses residues of copper in fish

exposed to copper sulphate, or other sources of copper, these

sources of information do not alone fulfil the CVM’s human

food safety data requirements for copper sulphate (Brungs,
Leonard and McKim 1973; Cross, Hardy, Jones and Barber
1973: McKim and Benoit 1974; Benoit 1975; Dixon and
Sprague 1981; O'Neill 1981; Buckley, Roch, McCarter, Rendell
and Matheson 1982; Stagg and Shuttleworth 1982; Frazier
1984; Laurén and McDonald 1987; Carbonell and Tarazona
1992; Pelgrom, Lamers, Garritsen, Pels, Lock, Balm and

Wendelaar Bonga 1994). The NADA requirements for data

quality are quite strict, and usually can not be satisfied solely

with data contained in the public literature.

The CVM has indicated to the aquaculture community that

CVM’s understanding of the mass of literature to support an
NADA package for copper sulphate may be nearly complete.
The only exception being copper tissue residue studies from
representative fish species conducted under Good Laboratory
Practice (GLP). The CVM has further stated that it would be
willing to accept such data from a limited number of fish
species as representing that for all fish species. The
aforementioned GLP quality studies had alread); begun on

channel catfish (Ictalurus punctatus) and has since been
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completed (Hobbs 1996). Residue studies from one additional

species was necessary.

It was proposed to the CVM that tilapia be considered as the
additional representative  species, and the CVM agreed.
Tilapia was proposed for such studies due, in part, to its
tendency towards domestication and 1its hardiness in the
laboratory. @ The CVM agreed with the proposal for two
reasons. First, there is a paucity of information on tilapia 1n
the literature relative to copper. Second, tilapia is rapidly
expanding as a cultured species in the US and has significantly

increased 1its presence in the US wholesale and retail market.

The CVM’s requirements for human food safety include
residue data from the edible tissue of the test animal. The
CVM defines edible fish tissue as a fillet with attached fat and
de-scaled skin. There is an exception to this definition, being
fish that is normally bought and sold without the skin
attached. The most notable example of this is channel catfish

(I. punctatus).

The secondary objective of this study was to generate pivotal
copper tissue residue data (definative studies acceptable to
the CVM), collected under GLP or near-GLP conditions, for
potential inclusion in a copper sulphate NADA. To provide a
higher level of confidence 1t was decided that a pivotal study
should be conducted 1n a worst-case scenario, under which the

fish were allowed to maximise their uptake of copper. The
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rationale was that if copper does not accumulate above
endogenous levels under the worst conditions, then it would

be unlikely to accumulate under normal use.

The body of literature that addresses the residues of copper in
fish (see above) are in general agreement that copper does not
accumulate in the muscle of fish exposed to elevated
concentrations of copper in their environment. There 1s a
possibility that tilapia will behave i1n a similar manner, 1n
spite of their being a different species from those previously
reported and their apparent resistance to exogenous factors.
To assure that copper is being taken up by the fish and as a

means of monitoring that uptake, parallel liver samples will
also be assayed for copper accumulation. The livers of teleost
fish are generally considered to be the organ of greatest

heavy metal accumulation (Sorensen 1991).
The study -objectives were further defined as being:

1. To define the worst-case test conditions.

2. To conduct a copper uptake experiment with market-

size tilapia under these worst-case conditions.

3. To analyse edible tissue of such exposed fish for the
presence of copper, and compare to copper levels in the

edible tissue of unexposed fish.



Chapter I - Introduction page 7

4. To confirm copper exposure and potential for

accumulation 1n the muscle, by monitoring copper

uptake in parallel liver samples.

The test conditions, apart from copper levels per se, were
points of major consideration. It was felt that this study
should be conducted within the context of production
aquaculture parameters. This was the proper approach, but
due to resource and time limitations, an alternate approach
was adopted. It was decided to first characterise the test
system to be sure that its parameters were within the
biological range of the tilapia. Second, monitor the system

closely to confirm that the conditions were maintained over

the course of the experiments.

The reasoning behind this decision was twofold and quite

simple. First, any choice of typical test system parameters

would more than likely be countered as not being typical.
Second, the resources available for the conduct of this study
did not allow for diluters, pumps, real-time monitoring
devices, etc. required to maintain the typical production

conditions.



CHAPTER II
GENERAL MATERIALS AND METHODS

Experimental Animals and Culture/Holding Systems

Small (10 to 30 g) and market-size (350 to 570 g) tilapia (O.
niloticus) were obtained either from the University of

Maryland Eastern Shore, Princess Anne, Maryland, USA or
from Aquamar Industries, Pocomoke City, Maryland, USA.
The fish were transported to the University of Maryland at
Baltimore (UMAB), School of Medicine, Department of
Pathology, Aquatic Pathobiology Center, Baltimore, Maryland,

USA, in oxygenated or aerated insulated fish transport tanks.
Maximum transport time was approximately three hours.

Upon arrival at UMAB, the fish were transferred and held at
low densities (less. that production . densities) in 150 1
polypropylene (PPE) tanks and acclimated for a minimum of
14 days. The same type of tanks were used for acclimation,
holding and the experiments.  Heated, dechlorinated (via
activated carbon) Baltimore city water was supplied to each
tank at a rate of approximately 200% daily exchange. Water
supplied to the tanks was consistently pH 7.0 to 7.3, with a
total hardness of 80 to 85 ppm (as CaCQO3; calculated from the
flame atomic absorption  spectrophotometric, or AAS,
determination of its Ca and Mg content; American Public
Health Association, American Water Works Association and

Water Pollution Control Federation 1981), with negligible
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copper (less than 5 ppb) and a temperature of 18 to 20°C.
Each tank was supplied with aeration to maintain dissolved

oxygen at or near saturation.

Fish were supplied a daily, ad libitum ration of commercial
trout feed during both acclimation and experimental periods
(1if feeding was part of the protocol). The trout feed was
énalysed for copper via atomic absorption spectrometry (AAS)

and found to have (on a dry weight basis) an average copper

content of 26.1 ppm (n = 6; standard deviation = 6.6 ppm).

The fish used 1in all experiments were of undetermined gender
at the time of the trial. In some trials, in particular those
conducted with small fish, the gender was never ascertained.
The gender of the fish was determined at postmortem in those
experiments on market-size fish, from which liver samples
were  collected. Fish obtained from production or
research/production systems are normally from mono-sex

male populations. The sex reversal process used to produce

mono-sex populations was apparently not 100% effective.

The exact parentage of fish used 1n all experiments was
impossible to determine. Both facilities acquired their original
seed stock commercially. The UMES facility did not produce
fish on a commercial scale, and was primarily involved in
experimental-scale public demonstration projects.  Hence,

UMES typic‘ally produced 1ts own seed from on-site

broodstock. At the ttme of these experiments, Aquamar Inc.
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did not maintain their own broodstock and purchased all seed
from private vendors. Although fish were obtained from two

separate  facilities, the fish were not mixed within

experiments.

Both sources of fish for these experiments claimed their fish
were O. niloticus. No further effort was made to positively

ascertain the validity of their claims. Such an investigation

was beyond the resources of this study.

2 Static 50% Renewal Exposure Regime

All experiments (regardless of total duration) were conducted
under a static 50% renewal exposure regime in the 150 1 PPE
tanks. At the end of each 24 h experiment period, and
immediately following the collection of fish sample, 50% of the
water was removed from each tank and replaced with new
water and sufficient copper to re-establish the nominal copper
concentration. Except during the 50% water exchanges, no
water  was intentionally added or removed from the
experimental tanks. Controls were conducted following
exactly the same procedures, except for the addition of
copper. To achieve 50% renewal, special standpipes were

constructed that permitted the water to be reduced by half.

The following comprised the standardised 50% renewal

regime:
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a)

b)

d)

f)

the water and fish samples were collected for the

just-completed sampling period (see Section 3 below for

specific sampling details),
dead fish were removed,

debris was siphoned from the bottom of the tank, and
scum and debris were removed from the sides of the

tank above the waterline,

the normal standpipe was quickly replaced with the

modified standpipe,

the water was drained to the depth of the modified

standpipe and the normal standpipe was quickly put in

its place,

the tank was refilled with new, tempered (heated to

20°C), dechlorinated water, taking care not to overfill,

stock copper sulphate solution was pipetted into the
tank in sufficient quantity to bring the new water up to
the desired nominal copper concentration (see Section 4

below for stock copper  sulphate preparation

procedures),

h) the new water and copper sulphate were allowed to

thoroughly mix for a minimum of 15 min,
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3.1

3.1.1

1) appropriate water samples for the beginning of the new

sampling period were collected (see Section 2 below for

specific sampling details).
Sampling and Collection Procedures

Water Samples
Copper

As stated above (Chapter I, Section 1), the study was to be
monitored as closely as possible within the limits of time and
funding. A key parameter to be monitored was the amount of

copper actually administered to each experimental tank. The
nominal level value was not satisfactory, nor was a mere
sample at the outset and termination of the experiment. It
was decided that a daily analysis of actual administered

copper, sampled and measured on the same day, was

achievable and of significant merit.

Copper, and heavy metals in general, are normally subject to
complexation with organic and Inorganic materials in the
environment they share (see Chapter III Section 1.2.1).
Consequently, that amount of copper intentionally added to a
test system may not all be bioavailable to the test animals.
Sprague (1985) noted that due to the often ill-defined effects
of known and unknown modifying factors, “Measurement of

toxic forms of metal 1s better approximated by the °‘dissolved’

i
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metal (i.e., the metal able to pass through a 0.45 pm filter)...”.

Sprague’s (1985) comments, procedures followed by Howarth

and Sprague (1978), and anecdotal observations at the UMAB

laboratory, suggested the following routine sampling strategy.

a)

b)

Water samples were collected in new 13 ml screw-top,
high-purity polypropylene test tubes (Sarstedt Inc.;
Newton, NC, USA) that had been pre-filled with 100 pl
of ultrapure concentrated nitric acid (Seastar Chemicals,

Seattle, WA, USA; Analytical Grade, maximum c'opper
content of 0.02 ppb).

To each water sample test tube, 9.9 ml of sample water

was pipetted and then capped. The final concentration

of HNO, 1n the water samples was approximately 0.1M.

As 1Indicated above, four general types of water samples

were collected, and were defined as follows:

1) pre-exchange - collected at the end of a 24 h exposure

period, just prior to 1nitiating the 350% renewal

procedures,

2) post-exchange - collected at the beginning of a 24 h

exposure period, approximately 15 min following the
50% renewal procedure and the addition and mixing

of the new copper,
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3.1.2

3) non-filtered - water sampled directly from the test

system, without any filtration,

4) filtered - water collected from the test system and

passed through a 0.45 pm syringe filter (Gelman
Sciences, Ann Arbor, MI, USA; low protein binding,
non-pyrogenic, single-use) directly into the sample

test tube.

d) The sample types were combined, e.g., pre-exchange

filtered.

e) All water samples were stored at room temperature and

analysed via AAS for copper within 24 h of collection.

Throughout these discussions, copper levels have been
referred to either as nominal or actual. Nominal were defined
as being that concentration added to the experimental tank,

based on a mathematical ratio of copper to water. Actual
were defined as being the measured concentration (by AAS)

of copper 1n filtered water samples (as described in Section

3.1.1 above).
Calcium and Magnesium

Estimations of water hardness were essential to this study for

water hardness directly affects the toxicity of copper to fish

(Chapter III, Section 1.2.1). Hardness can be expressed as
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ppm of CaCO, and can be measured in several manners. The
American Public Health Association, American Water Works
Association and Water Pollution Control Federation (1981)
publication, Standard Methods for the Examination of Water
and Wastewater, defines two procedure for routine
determination of total water hardness. An EDTA titrimetric
procedure is routinely used. However, the second method,
based on elemental analysis for calcium and magnesium, 1s
the preferred procedure. The equation for the calculation of
hardness (expressed as mg equivalents of CaCO, per litre)

from calcium and magnesium concentrations is as follows:

Hardness = 2.497 x [Ca] + 4.118 x [Mg]

where: Hardness = mg equivalents of CaCO, per litre, and [Ca]

and [Mg] = concentration expressed as mg per litre or ppm

Separate samples were collected for AAS determination of
calcium and magnesium by using the same sample tubes as
those used for copper and processing these samples on the
AAS for thelr respective  elements. The actual AAS
procedures for calcium and magnesium were similar to that
for copper with the exception of AAS lamp and wavelength
and a slightly modified matrix (see Sections 5.4.2, 5.4.3, 5.5.2
and 5.5.3 below).
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3.1.3 Dissolved oxygen, pH, temperature and nitrites

Dissolved oxygen (DO) determinations were normally

determined using a Yellow Springs Instrument (YSI) Model

57, dissolved oxygen meter (Yellow Springs Instrument Co.
Inc., Yellow Springs, OH, USA) and standard DO/temperature
probe (5700 Series). The meter and probe were calibrated as
per manufacturer’s 1instructions prior to each use. During
those occasions when the YSI meter was not available or not
functioning a LaMotte titrimetric dissolved oxygen test kit
(Model EDO-AG-30; LaMotte Inc., Chestertown, Maryland,
USA) was used.

The pH of water was determined using a Orion Model EA 920
meter (Orion Research Incorporated, Laboratory Products

Group, Boston, MA, USA) and a standard pH probe.

Temperature was determined with either the standard
DO/temperature probe on the YSI meter or with a mercury
thermometer. The two devices were checked against each

other and found to agree.

Nitrites levels were determined by a colorimetric procedure
(American Public Health Association et al. 1981) wusing a
Coleman Jr. II spectrophotometer (Coleman Beckman Inc.,
Maywood, Illinois, USA). The calculations were determined by

calibration of the spectrophotometer against freshly made
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3.2

3.2.1

nitrite standards, as per American Public Health Association et

al. (1981) procedures.
Fish Samples
General Fish Sampling Procedures

All fish were arbitrarily, but gently netted from their
respective tanks and immediately sacrificed. Small fish were
pithed in the brain/anterior spinal cord with a dissecting
needle, while market-size fish were sacrificed by severing the
spinal cord with a serrated stainless steel knife, dorsal to the
operculum. Thought was given to the use of other procedures,
such as an overdose of tricaine methansulfonate. However, 1t
was felt that pithing and spinal cord severing would. have the
least effect on tissue samples. All fish were immediately
placed on a balance and their weight recorded. All fish were
then placed either on a wax or other non-metallic surface and
scales were removed from the left side with either a stainless
steel scalpel or a fish scaling tool. The surface of the fish was
rinsed with fresh, dechlorinated tap water to remove
detached, but adhering scales. Samples were then collected;
gills for histology first, then muscle and liver for copper
residue analyses, followed finally by the remaining samples

for histology (as described below 1n Sections 3.2.2 and 3.2.3).
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3.2.2 Fish - Copper Residue Analysis Samples

The entire left fillet was removed either with a stainless steel

scalpel blade (small fish) or a stainless steel filleting knife

(market-size fish). Small fish fillet samples were transferred
to new, capped scintillation vials, which had been pre-labelled
(one fish sample per vial). Market-size fillet samples were
transferred to new, pre-labelled plastic zip-lock bags. One

fish fillet per bag. All samples were placed on ice in a

transport cool box.

The left wall of the peritoneum was then removed to expose

the viscera. An incision was made anteriorly from the vent to
the 1sthmus and then dorsally just posterior to the operculurri
until reaching near the dorsal limits of the operculum. A
second incision was then made diagonally from the vent to the
dorso-anterior end of the first incision. The latter incision was

made through the rib cage. Care was taken not to rupture the

gall bladder.

The entire (or as much as possible) liver was removed from
each small fish (exclusive of that retained for a histological
sample). This sample was also transferred to a new, capped
scintillation vial, which had been pre-labelled (one fish

sample per vial).

The posterior-most lobe -of the liver, being the most easily

standardised, was the source of sample for market-size fish.
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3.2.3

A minimum liver sample of 2.0 g from the posterior tip of the

posterior lobe was excised and placed in a new, pre-labelled

plastic zip-lock bags. All samples were placed on ice in a

transport cool box.

All tissue samples collected for copper analyses were either
immediately transported to the U.S. Department of
Agriculture, Agriculture Research Service, Beltsville Human
Nutrition Research Center, Beltsville Agriculture Research
Center, Beltsville, MD 20705 USA (USDA), and placed in a
-20°C freezer for later analyses or stored overnight i1n a

domestic freezer (<0°C) and then transported the following

day to USDA and stored in the -20°C freezer.

Fish - Histology Samples

Immediately  following euthanasia -and weighing, the
outermost left gill arch was excised and placed in a
pre-labelled scintillation vial (or larger glass or plastic vial),

that had been pre-filled with 10% neutral buffered formalin
(NBF). Following the opening of the visceral cavity and the
removal of liver samples for copper residue analyses, internal
organs were sampled for later histological examination. All
organs sampled were placed in the same vial used for the gill
arch. At most, the following organs were excised and fixed in
NBF: liver, trunk kidney, left eye and left nare (in addition to
the gills already noted). Other organs were not sampled due

to their typically not being the site of copper-related
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pathology (see Chapter VI, Section 1.2). In those experiments

in which histological examination was not an intended part of

the protocol, only liver and gill were sampled and fixed in
NBF. All histology samples were stored in NBF in the original

sample vials until processed.
4 Test Compound Preparation

A stock solution of copper sulphate pentahydrate was
prepared for use with each experiment in this study.
Although the stock solutions for each experiment could have

differed from each other, the fact that actual daily AAS

measurements were being made decreased the importance of

such variations.

Reagent grade copper sulphate pentahydrate (100.7%
iodometry assayed content) was used as the original source
(J.T. Baker Inc., Phillipsburg, NIJ, USA). The original container
of reagent grade copper sulphate crystals was maintained in

the normal chemical storage area of UMAB, while the stock
solution was maintained in a separate area, to minimise

chances for cross-contamination.

The first batch of stock solution was prepared to provide a

50 ppb final solution of copper in a 477 1PPE tank used for
mixing, storage, and supply by mixing 1 ml of stock solution

into the storage tank. The following equation was used to



Chapter Il - General Methods & Materials
Test Compound Preparation page 21

5.1

calculate the amount of copper sulphate pentahydrate needed

to be added to each 1.0 ml of stock solution.

mg CuSO« - SH20 @ 50 ppb Cu 0.050 mg Cu » 249.6 mg CuSQO4 - SH20

—
L]

—_—ee e X477 L = 93.9 mg
ml of Stock Soln  Final Conc I 63.5 mg Cu ml

The stock solution was made the first time by weighing out
46.95 g of copper sulphate pentahydrate (= 500 x 93.9 mg)
into an acid-washed, triple-rinsed (with distilled deionized
wa‘ter), 500 ml volumetric flask. After the addition of the

copper sulphate, the flask was filled to the 500 ml mark with

deionized distilled water. All uses of stock solution in other
experiments was by the direct addition to the experimental

tanks, and hence the amounts to be added were determined

by means of simple proportional equations. The stock solution
flask was labelled with name, contents, mixing procedures and

stock solution concentration.
Analytical Procedures

Muscle Sample Preparation

All tissues were processed for AAS analysis via a dry-ashing
procedure as outlined by Patterson, Holbrook, Bodner, Kelsay,
Smith and Veillon (1984). Special care was used to ensure
that no copper was transferred between specimens or from
utensils; e.g., the Plexiglas™ cutting surface and surgical
stainless steel utensils used for tissue mincing were rinsed

with deionised distilled water between specimens, new
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stainless steel razor blades were used for each specimen, new
acid-washed borosilicate digestion tubes were used for all
digestions. For all tissues, if enough tissue was available, an
attempt was made to retain an equal amount of tissue in the

freezer for subsequent analyses where necessary.

Muscle samples were processed 1n two slightly different
manners, dependent upon whether they were from small or
market-size fish. The CVM defines the edible tissue of fish to
be skeletal muscle with interspersed fat and attached,
de-scaled skin (the exception being those fish that are always
marketed with the skin removed, such as channel catfish, /.
punctatus). For small fish, the entire fillet was removed from
its vial after slight thawing, placed on the cleaned and rinsed
Plexiglas™ cutting board and minced into approximately 3 mm
pieces with new surgical steel razor blades (each piece
included the attached skin). All pieces were then randomised
and approximately 1.0 g was removéd and carefully placed in
the bottom of a new, acid-washed, previously etched,
individually weighed and recorded, 16x100 mm borosilicate
test tube. The test tube and sample were then weighed
together and the combined weight recorded. The tubes were
placed in a rack and covered with Parafilm® and stored at
room temperature until the complete set of samples

(approximately 40 in number) had been prepared and

weighed.
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2.2

5.3

Market-size fish were treated in a very similar manner, the
exception being that 1t was impractical to mince the entire
fillet.  Instead a special stainless steel cylindrical punch
(approximately 1.25 cm in diameter) was used to produce

three plugs of combined muscle, attached skin and fat from
three predetermined areas of the fillet. The procedures used
to establish which areas of the fillet to use for these samples
are discussed in Chapter VIL The entire tissue plug,
irrespective of weight, was carefully placed at the test tube
bottom, attempting to avoid touching the. test tube sides. All
other procedures followed were the same as that applied to the

muscle samples from small fish.
Liver Sample Preparation

The initial processing steps for liver samples were similar to
those for muscle samples, with the exception that the liver
tissue was not minced and that the approximate weight of the

liver added to each test tube was 0.25 g.
Final Sample Preparation Procedures for All Tissue Types

All samples were weighed on a precision balance (Mettler,
Model AT200). The analytical balance was periodically
calibrated against reference weights traceable to the National
Institute of Standards and Technology (NIST) standard

weights. The balance used in this study also contains an

automatic internal calibration feature and was accurate to

\
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0.1 mg. After wet weights had been recorded for a complete
set of samples, the set was placed, with a loose fitting
Parafilm® cover, into a -20°C freezer for a minimum of 2 h.
Once completely frozen, tissues were freeze-dried for a
minimum of 8 h In a FIS Systems, Model FD-6-84-vp
freeze-drier at -100°C and 50 mtorr vacuum (FTS Systems,
Inc.; Stone Ridge, NY USA). Samples were removed from the

freeze-drier and immediately weighed and weights recorded.

Once weights had been recorded, all tubes from a set were
placed 1n clean 400 ml beaker and covered. with a clean
watch glass. The beaker was placed in a calibrated muffle
furnace. The furnace was programmed for the following
ashing scheme: increase (ramp-up) to 200°C for 2 h, maintain
200°C for 2 h, ramp-up to 400°C for 2 h, maintain 400°C for
96 h. The tissues were checked after 96 h, and if all tissue

were not at least partially grey, the temperature was

maintained for 24 h or until all tissues were at least partially
grey. The tissues were removed from the muffle furnace
after cooling and were transferred to a limited-access fume

cupboard.

The digestion process was begun by placing all tubes,
including standard reference materials ‘(SRM'S) and processing
blanks, in a heating block set at 105-110°C and adding 500 pul
of deionized distilled water, followed by 500 pl of

concentrated ultrapure HNO, (Seastar Chemicals, Seattle, WA,
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USA; maximum copper content of 0.02 ppb). The tubes were
allowed to heat overnight until thoroughly dry. Following
overnight drying, 100 pl of HNO, was added to each tube,
followed by the addition of 100 pl of Baker Ultrex Reagent
H,O, (.T. Baker Inc., Phillipsburg, NJ, USA; copper content
<0.07 ppb). Each tube was swirled, tipped and turned, or
whatever other means was necessary to expose all material 1n
the tube to the HNO,/H,O,. Extreme care was exercised to
avoid losing any of the material/solution during the mixing.
Following the addition of these reagents, the tubes were
allowed to nearly dry and repeated 50 or 100 pul doses of
HNO, and H,0, were added until the solution became clear and
the remaining material in the tube, once dried, was white. If
the process was not completed 1n any day, the last addition
was allowed to thoroughly dry overnight. The process was
repeated for all tubes in a set until all material, in all tubes,
was white. If there were significant differences noted in the
rate at which the two tissue types (liver and muscle) were
digesting, these were split into two subsets, each subset
retaining one processing blank, and one each of the two SRM
tubes with the subset. Once the set or a subset had reached
the white material and clear solution‘ stage, 100 pl of ultrapure
6N HCI (Seastar Chemicals, Seattle, WA, USA; maximum copper
content of 0.05 bpb) was added to each tube. The contents of
each tube was mixed until all material was completely
dissolved in the acid and it was then allowed to dry. After the

content of all tubes had thoroughly dried, the tubes were
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removed from the heating block, allowed to cool and covered

with Parafilm® until there was sufficient time to dilute the
samples and analyse on the AAS in the same day. During the
entire digestion process, a record of all reagents amou.nts
added to the set or subsets Qas maintained. As a general
procedure, all tubes within a set or subset were always
treated in exactly the same manner; whatever was added to
one tube in a set or subset, was added to all other tubes

within that set or subset, including processing blanks and

SRM’s.

When sufficient time was available to analyse a set of

digested specimens, the samples were diluted with a primary,
and possibly secondary or even tertiary, dilut.ion to produce a
AAS reading in the range of 100 to 1000 ppb copper. To
accomplish this dilution, an estimate of the probable copper
content and the actual Weight of the sample had to be known.
The first dilution was accomplished by adding sufficient
1.0 M HCI (Seastar Chemicals, Seattle, WA, USA; maximum
copper content of 0.05 ppb), followed by deionized distilled
water at a 1:10 ratio, producing specimens dissolved in a 0.1M
HCl matrix. If a second or third dilution was required to bring
the AAS readings into the proper range, the secondary or
tertiary dilution was made with 0.1IM HClL. All dilutions were

accomplished using pipetors and autopipetors which had been

calibrated immediately prior to use. All specimens were

thoroughly vortexed after the addition of each diluent. All

A
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5.4

operations within this protocol set were accomplished within
a limited access, standard- or clean-room, wearing lab coats,

safety glasses and powder-free gloves.

Standard Reference Materials (SRM’s) and Processing Blanks

For each set of approximately 40 specimens, 2 test tubes
(minimum) each of the following were prepared and
processed with the specimen set. In several earlier
experiments, other SRM’s were used In addition to or in place
of those listed below. Such use 1is noted in respective

Chapters.

a) DORM-1: Dogfish (Squalus acanthias) Muscle SRM for
Trace Metals; Marine Analytical Chemistry Standards
Program; National Research  Council of Can‘ada;
Environmental Measurement Science; Institute for

Environmental Research and Technology; Ottawa,

Ontario, Canada, K1A ORG6; Bottle No. 278.

b) DOLT-2: Dogfish (Squalus acanthias) Liver SRM for Trace
Metals; Marine Analytical Chemistry Standards Program;
National Research Council of Canada; Environmental
Measurement  Science; Institute for Environmental

Research and Technology, Ottawa, Ontario, Canada, KI1A
ORG.



Chapter 1l - General Methods & Materials
Analytical Procedures page 28

c) Processing blanks: no specimen or other material added

to tube.

Both the DORM-1 and the DOLT-2 tubes were filled with
approximately 0.25 g of tissue. Weights were measured and
recorded fof each tube, and the tube plus contents, as was the
case for test specimens. Once weights were measured and
recorded, approximately 1.5 ml of deionized distilled water
was added to each SRM tube and the tube was vortexed

slowly to wet all SRM material.

All SRM and processing blanks were processed, from this

point on, in exactly the same manner as the test specimen

samples (see above, Sections 5.1 to 5.3 above).

5.4 Water Sample Preparation

5.4.1 Copper

Water samples, once acidified as noted above in Section 3.1.1,
required no further processing, with one exception. If it was
anticipated that the copper concentration would exceed 1.0
ppm, then the sample was diluted with a sufficient quantity of

0.1 M HNO, to bring the final concentration into the range of
100-300 ppb.
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5.4.2

5.4.3

Calcium

Water samples, once acidified as noted above in Section 3.1.2,
required only dilution. It was desirable to measure calcium in
the sample at a level between approximately 100 and
1000 ppb, therefore the samples were diluted with a
sufficient quantity of 0.1 M HCI diluent containing 0.5% La
(Lanthanum). If phosphates are present calcium phosphate
will be formed which is thermally stable. Hence, the amount
of Ca i1n the sample -will be underestimated. The La
preferentially replaces Ca in calcium phosphate, freeing the Ca

to be atomized.
Magnesium

Water samples, once acidified as noted above in Section 3.1.2,
normally required only minimal processing, that being
dilution. It was desirable to measure magnesium in the
sample at a level between approximately 100 and 1000 ppb,
therefore the samples were diluted with a sufficient quantity
of 0.1 M HCI diluent containing 0.5% La (Lanthanum). If
phosphates are present magnesium phosphate will be formed
which is thermally stable. Hence, the amount of Mg in the
sample will be underestimated. The La preferentially

replaces Mg in calcium phosphate, freeing the Mg to be

atomized.
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5.3

5.5.1

Atomic Absorption Spectrometric Settings and Procedures

Copper

Analyses were conducted by flame AAS on a Perkin Elmer
Model 5000 by using the following procedures and instrument

settings.

a) Energy level = 66 (autosetting); Lamp# =1 (Cu); Lamp

current 15 ma; Slit high = 0.7mm; A peak =
324.7nm; t = 1.0s; average = 3 (or 6); CV = “active”;
print = “active”; hold = “active”; conc. = “active”; AA =
“active”; S1 = 0.200, 0.500, or 1.000 ppm (depends on

standard used).

b) The AAS was allowed to warm up for a minimum of 30

min.

c) The flame was ignited as per laboratory standard

operating procedures (SOP's) and allowed to burn for a

minimum of 5 min.

d) The instrument was calibrated as per AAS SOP's, using
0.1M HNO, as the AZ (auto-zero) for water or 0.1M HCI
for tissue. Calibration of the AAS was continued with

either a 0.200, 0.500 or 1.000 ppm (depending on the

standard used in that run) copper standard made up in

0.1IM HNO, (or 0.1M HCl). The calibration was
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f)

immediately checked by running the standard, as a
sample, and recording the measured value. The
calibration procedure was repeated until readings
stabilised. Once stable, calibration was checked with as
many standards as possible, which were within the
calibration range (for example, 1if calibrated at 0 and
1.000 ppm, then calibration was also checked with the

0.200 and the 0.500 ppm standard). The deviation of

measured standard values was noted from the nominal

standard values.

Measurement of specimens was begun by keying in the

AAS identification number (ID) of the first specimen.
The AAS automatically continued to number each
sample consecutively. The measurement set was
repeated 1f sufficient specimen sample was available in

the sample tube. The 3-reading set average (AVE), with
the least coefficient of variance (CV) was accepted as the

recorded results.

The analysis of four specimen sample sets (and replicate
sets if sufficient sample rerhained) was conducted and

followed by the measurement of a standard.

A copper standard (in the range of the currently
measured samples) was tested as a sample and its

deviation from the i1nitial test of the same standard was

noted. If the difference between the first and this
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h)

k)

standard reading exceeded 0.005 ppm, the AAS was
re-calibrated and 1mmediately followed by a repeat

reading of standards as samples.

After re-calibration (if necessary), the next sample AAS
ID number was keyed 1n and the analyses of specimen

samples was continued. Steps #f and #g were repeated

until all specimen samples were analysed.

After the last specimen sample was analysed, all
standards 1initially checked, including AZ, were analysed,

as samples, and recorded.

All measured AAS values from the automatic data tape
were recorded to the archival log book. If two
measurement sets were analysed for a particular
specimen, the average for the 3-sample set with the
lowest CV was recorded in the log book. The same

values recorded in the log book were also recorded in
the appropriate computer database, from which actual

values relative to dilutions were calculated.

If at any time AAS readings had a large CV and re-
calibration did not remove the excessive deviation, the

maintenance procedures in the SOP's were applied.
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5.5.2 Calcium

General procedures were the same for calcium as they were

for copper with the following exceptions.

e Energy level =359 (autosetting); Lamp# = 3 (Ca); Lamp
current = 10ma; Slit high = 0.7mm; A peak =
422.7nm; t =1.0s; average = 3 (or 6); CV = “active”;
print = “active”; hold = “active”; conc. = “active”; AA =

“active”; S1 = 1.000 ppm; S2 = 3.000 ppm.
5.5.3 Magnesium

General procedures were the same for magnesium as they

were for copper with the following exceptions.

e Energy level = 58 (autosetting); Lgmp# =4 (Mg); Lamp
current = 6 ma; Slit high = 0.7 mm; A peak =285.2 nm,;
t = 1.0s; average = 3 (or 6); CV = “active”; print =
“active”: hold = “active”; conc. = “active”; AA = “active”; Sl

= 0.500 ppm; S2 = 1.000 ppm.
6 Histological Preparation Procedures

All samples collected were processed in the same manner.
When needed, required tissues were removed from the NBF
and needed portions trimmed as appropriate. An effort was

made to retain an approximately equal portion of the sample
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if needed for future examinations. Trimmed samples were
assigned a UMAB Case Number and placed in labelled
histological processing cassettes. Labelled cassettes were
submitted to the UMAB School of Medicine Department of

Pathology for routine paraffin embedding and H&E staining.

7 Statistical Procedures

All calculated copper values were corrected for incurred

procedural copper readings by subtracting the copper level of

parallel processing blanks from tissue values.

Corrected copper tissue values, determined via AAS and

corrected as noted above, were statistically compared. Data

sets were assessed for deviations from normality either
graphically on normal probability scale paper and/or by
D’Agostino’s test (Zar 1984). Nominal data were analysed b‘y
contingency tables. When appropriate, Fisher’s LSD multiple
comparison testing was utilised to identify significant
differences. All statistical analyses (other than the
D’Agostino’s tests) were conducted using the computer

programs StatViewgy or SuperANOVA™ (Abacus Concepts, Inc.;
Berkeley, California, 94704, USA; Version 1.11).
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1.1

CHAPTER III
TANK, FEED AND FAECES EXPERIMENT

Introduction
Objectives

The overall intent of this entire study was to assay edible fish
tissue for copper by subjecting the test fish to a defined level
of copper sulphate. This particular experiment was primarily
designed to establish what portion, if any, of the administered
(nominal) concentration of copper sulphate was actually

unavailable to the fish, as limited by inherent characteristics

of the test system.

Due to logistic limitations, this experiment and all other
experiments 1In this study were conducted in static systems
under a daily partial water/copper exchange regime (Chapter

I, Section 2). It was not known to what extent copper or
copper sulphate would be rendered biologically unavailable
within the system. This experiment was designed to
determine if offered food, faeces generated or the tank
surface, or any combination thereof, sequestered copper or

copper sulphate.

A secondary, though equally important, objective of this

experiment was to determine if the uptake of copper by the
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fish was affected by the nutritional state of the fish during the
exposure period, 1.e., would feeding of the fish during the
experiment affect the extent to which copper was taken up.
Early pilot studies conducted at the University of Stirling
suggested that the nutritional state of the fish may have
affected copper uptake and/or deposition within the edible
tissues. To accommodate this second objective, the study was
duplicated allowing one set of tanks to received feed during

the experiment, while the second set did not.

The effects that inorganic, organic, biotic or abiotic factors,
within the experimental test systems, could have on the
results of subsequent experiments were unknown. There was
also concern about how the nutritional state of the fish, when
exposed to copper sulphate, might bias experimental results in
subsequent experiments. This experiment was designed to

confirm the existence of, and estimate the effect of, any
modifying factor(s) to copper uptake and toxicity in the test

systems.

1.2 Literature Review
1.2.1 Copper Complexation

Copper, as with most heavy metals, has been observed to
complex with a large variety of biotic and abiotic particles,

and organic and inorganic materials (Sprague 1985). Several

authors have discussed specific aspects of complexation with
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copper. French and Hunt (1987) reviewed inorganic
complexing, as did Pagenkopf, Russo and Thurston (1974);
Andrew, Biesinger and Glass (1977); Borgmann (1983);
Borgmann and Ralph (1983); and Borgmann and Charllton
(1984). French and Hunt (1987‘) summarised their review by
stating that (1) carbonates complex with copper, tending to
reduce copper toxicity, and that alkalinity typically increases
the level of carbonates which in turn decreases toxicity;
(2) hydroxides complex with copper, but the actual impact on
copper toxicity can be variable, and (3) hardness appears to
affect toxicity as does alkalinity, but the toxic response niay

be much more rapid.

As noted above, alkalinity and/or hardness can play a major
role 1n copper toxicity. The two properties have been

frequently used 1nterchangeably, but refer to two different

water quality parameters. Alkalinity is defined by Rand and
Petrocelli ~ (1985) as  “...the acid neutralizing (i.e.,
proton-accepting) capacity of water; the quality and quantity
of constituents 1in water which result in a shift in the pH

toward the alkaline side of neutrality.” Hardness is defined

‘

by the same authors as “...the concentration of all metallic
cations, except those of the alkali metals, present in water. In
general, hardness is a measure of the concentration of calcium
and magnesium ions in water and is frequently expressed as .

mg)l calcium carbonate equivalent.” The roles of alkalinity
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1.2.2

and hardness relative to toxicity are discussed further in

Chapter IV, Section 1.2.2.

A number of organic substances likewise complex with copper
resulting in modification of copper toxicity. Zitko, Carson and
Carson (1973) found that as humic acid levels increased, the
degree of copper toxicity to juvenile Atlantic salmon
decreased.  Giesy, Newell, and Leversee (1983) found the
same to be the case in their studies with daphnids. Several
groups have Investigated a broad spectrum of organic
compounds, ranging from sewage effluent to . citric acid and
EDTA, and they have Ilikewise concluded that organics

typically bind to copper and reduce copper’s toxicity (Brown,

Shaw and Shurben 1974; Chynoweth, Black and Mancy 1975).
Still others have found that with factors such as pH
maintained constant, as dissolved organics increase copper

toxicity will decrease (Meador, 1991; Welsh, Skidmore, Spry,
Dixon, Hodson, Hutchinson and Hickie 1993).

Feeding Compared to Non-feeding

The relationship between the nutritional state of fish and
their heavy metal uptake or regulation has been reported by
several authors. Segner (1987) compared the responses of fed
and non-fed roach, Rutilus rutilus, to sublethal copper
contamination, concluding that starved fish may be less able
to regulate the inter-tissue movement of copper. The

availability of dietary carbohydrates may, according to Dixon
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and Hilton (1981), change the tolerance of rainbow trout (O.
mykiss) to waterborne copper. . Handy and Eddy (1990)
demonstrated that the mucus and gills of starved rainbow
trout accumulated more zinc than trout which were fed. More
recent studies by Pelgrom et al. (1994) on tilapia fry
(Oreochromis mossambica) suppdrted the same general
concept (but provided no explanation why) that starved fish

accumulate copper more rapidly than fish which were fed.

2. Study-Specific Materials and Methods

Culture systems used were as described in Chapter II. Fish

were acquired, acclimated and held prior to initiation of the
experiment as described in Chapter II. All fish used in this
study were young tilapia ranging in size from 10 to 30 g in

weight.

Each of four, previously cleaned and flushed, standard
experimental, 150 1 tanks was stocked with 30 acclimated,
randomly selected fish. Stocking densities, tank size and
water quality were 1identical 1 the acclimation and
experimental tanks. Consequently, the experimental period
began after acclimation. Attempts were made to minimise
transfer stress. A fifth tank was also part of the experiment,

however, neither fish, nor feed were placed in this tank.

The experimental design comprised a singlie, unreplicated tank

for each combinations of copper and feed and a single tank
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with no fish. The experiment design 1s represented in Table

3-1 below.

Table 3-1 Treatment regimes for the Tank, Feed

and Faeces Experiment

Tank Copper Feed Fish in
Number Present Provided Tank
l + - i
2 + . +
3 + + +
4 - - +
5 - + +

All fish received feed up to within 24 h of the experiment
initiation. Those fish designated as receiving feed during the
study continued to receive feed as prior to the experiment.

Fish designated not to received feed did not throughout the

entire experiment.

The study was conducted for seven days. Four fish were
collected from each tank for AAS determination of copper on
ecach of the sample days. Sampling began on Day 0 and was
repeated every 24 h up to and including Day 6. A fillet was
removed as per standard procedures (Chapter II), as was the
liver. Samples were stored on ice for approximately 1 to 2 h
until  AAS processing began. Each fish was weighed
immediately prior to tissue sample collection. Tissue samples

were not freeze-dried; only wet weight calculations were
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3.1

‘determined from AAS analyses. No samples were collected

for histological processing. Water samples were collected

twice per 24 h period, at the beginning and at the end (pre-

and post-exchange) of each period. All water samples were

non-filtered.

The SRM’s used for this experiment were not DORM-1 nor
DOLT-2 as noted in Chapter II. Instead, U.S. National Bureau
of Standards, or NBS (presently named the U.S. National
Institute of Standards and Technology, or NIST) Oyster Tissue
SRM No. 1566 and Bovine Liver SRM No. 1577 were used.

Results

Water Copper Concentrations

A two factor analysis of variance (ANOVA) was used to
compare whether actual Qater copper concentrations were
different relative to the day sampled and the tank from which
they were sampled. Included in this ANOVA was a theoretical
0 ppb copper tank (Tank No. 0) and a theoretical 50 ppb

copper tank (Tank No. 6). The difference in mean copper
measurements between the five actual tanks (No. 1-5) and the

theoretical tanks (No. 0 and 6) were statistically significant

(N= 14, F_,. = 708,519, P_,. = 0.0001). The difference 1in

calc

mean copper measurements between the seven days of the

experiment were statistically significant (N = 14, F_, = 4.594,

calc

P.,. = 0.0005). A post-hoc multiple comparison test (at a =
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0.05) was applied to the data to elucidate differences between

tanks. Table 3-2 below summarises these comparisons. All
three treated tanks (Tanks 1, 2 and 3) were statistically
greater than the theoretical value of 50 ppb, but did not
differ from each other. The water in the two control tanks
(Tanks 4 and 5) did not statistically differ from each other,
nor were they statistically different (at oo = 0.05) from the
theoretical value of O ppb. Because the controls were found
not to differ from the theoretical O ppb tanks, they were

dropped from further analyses.

The previous ANOVA indicated that there was a difference
between the copper measured on different days. Therefore a
second two factor ANOVA was used to compare, in the copper
exposed tanks only, whether actual water copper
concentrations were different relative to the day sampled and

the tank from which they were sampled. The difference in

mean copper measurements between Tanks 1, 2, and 3 were

not statistically significant (N = 14, F_, = 0.107, P_,. = 0.8994),

calc calc

however, the differences between copper measurements on
the seven days sampled were statistically significant (N = 6,
F., =38.809, P, =0.0001). A post-hoc multiple comparison
test (at oo = 0.05) was applied to these data as well to point out
differences between days. Table 3-2 below summarises these
comparisons. The primary differences noted were between

the initial 4 days and the latter 3 days.
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Assuming there were no statistical differences between
copper 1n treated tanks (as noted above), a single factor
ANOVA was conducted on all treated tanks, comparing copper
water concentrations taken at the beginning of the sample
period with those collected at the end of the sample period.

In this latter comparison, the mean differences between the

two sample periods (beginning and end of 24 h periods) were

not found to be statistically significant (N = 21, F_,. = 0.226,
P =0.6374).
Table 3-2 Statistical comparison of mean
measured actual copper concentrations (ppb) in
water.
Tank Nominal Actual Stand. Actual Stand.
No. Conc. Mean Dev. Significance* | Day Mean  Dey. Significance
“O" 0 0 0 a l 65.00 9.32 a b
I 50 58.07 0. 17 b 2 69.33 4.37 a
2 50 58.93 8.16 b 3 61.33 3.39 b ¢
3 50 58.87 8.94 b 4 55.50 D.39 c d
4 0 2.00 3.82 a 5 53.70  1.29 d
5 0 2.00 4.10 a 6 52.67 3.14 d
“6" 50 5000 0 Y 7 52.83  2.04 d

* factors with the same letter signify no statistically significant differences
(at oo = 0.05)
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Tissue Copper Levels
Muscle Copper Levels

A two factor analysis of variance (ANOVA) was used to
compare the effect of either copper or no copper exposure,
and food or no food, and any interaction between the two on
the AAS measured muscle copper levels (Table 3-3). The
convention of Line Numbers (first column Table 3-3) will be
used here, and throughout the text, to clarify comments 1n
reference to tables. The mean difference (Lines 1 and 2)
between the copper levels (Day 7 sample only) in the muscle
of fish exposed to copper and those not exposed were

statistically significant (N =8, F_,.=6.597, P_, = 0.0246).

calc

At the same time, the mean difference (Lines 3 and 4)

between the copper levels (Day 7 sample only) in the muscle

of fish fed and those not. fed were statistically significant

(N=8, F_. = 5.880, P_,_-= 0.0320). There was no statistically

calc

significant interaction between the two {factors.

The muscle in those fish which were both exposed to copper
and not fed (Line 5) contained the highest levels of copper
when compared to the other combinations of feed and copper
(Lines 6 to 8) as determined by a Least Square Means table of

a pair-wise comparison of factor combinations (Table 3-3).
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Table 3-3 The actual mean measured copper
concentrations 1n muscle.

lLine Factor or Sample Mean Measured Cu  Standard

No. Combination Size ppm (wet wt basis) Deviation Significance
l Cu 8 0.43 0.06 a

2 No Cu 8 0.37 0.05 b
3 Feed 8 0.37 0.06 a

4 No Feed 8 0.43 0.05 b
S Cu/no feed 4 0.47 0.04 a

6 Cu/feed 4 0.39 0.04 b
7 No Cu/no feed 4 0.39 0.02 b
8 No Cu/feed 4 0.36 0.06 b

3.2.2 Liver Copper Levels

A two factor analysis of variance (ANOVA) was used to
compare the effect of either copper or no copper exposure,
and food or no food, and any interaction between the two on
the AAS measured liver copper levels (Table 3-4). The mean
difference (Lines 1 and 2) between the copper levels (Day 7
sample only) in the liver of fish exposed to copper and those
not exposed were not statistically significant (N = 8,

F....=4.229, P = (0.0622). At the same time, the mean

calc

difference (Lines 3 and 4) between the copper levels (Day 7
sample only) in the livers of fish fed and those not fed were

not statistically significant (N = 8, F_,. =1.568, P .= 0.2344).

calc

There was no statistically significant interaction between the

two factors.
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The livers in those fish which were both exposed to copper
and not fed (Line 5) contained the highest levels of copper
when compared to the other combinations of feed and copper
(Lines 6 to 8) as determined by a Least Square Means table of
a pair-wise comparison of factor combinations (Table 3-4).
Contrary to the statistical comparisons, an inspection of the
copper liver values indicates an arithmetic difference between
those values from fish exposed to copper and not fed and the
fish from all other combinations of copper and feeding.

Table 3-4 The actual mean measured copper
concentrations 1n liver.
Line Factor or Sample Mean Measured Cu  Standard
No. Combination Size ppm (wet wt basis) Deviation Significance
| Cu . 214 61 a
2 No Cu 8 158 47 a
— it assii st iihmesbnddiietis
3 Feed 8 169 3 ] a
4 No Feed 8 203 67 a
L N .. S TEPETNE I ALY R AN, . SRS e S . MU=
S5 Cu/no feed 4 231 712 a
6 Cu/feed 4 190 43 a b
1 No Cu/no feed 4 | 68 45 a b
8 No Cu/feed 4 147 33 b
w
4. Discussion
4.1 Water Copper Concentrations

The data presented in Table 3-1 supports the premise that,

under the conditions tested, the presence of fish and the
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addition of feed (and as a result the presence of faeces) does
not significantly reduce the level of copper compared to a
tank with neither fish nor feed present. The lack of

differences between copper concentrations from samples

collected at the beginning and the end of the sample period
would suggest that even in Tank 1, where there were neither
fish, feed nor faeces, the tank 1tself did not bind appreciable
levels of copper. These data are limited to observations from

small fish, held in relatively large systems and treated with
relatively low concentrations of copper.  Extrapolation to

larger fish at higher densities (kg per unit water volume), and

with higher copper concentrations should only be made with

an understanding of such limitations.

In further experiments, the role of tank, feed and faeces was
considered to be negligible, even 1in those which were
conducted at considerably higher concentrations of copper.
Limited resources did not allow tésting for tank uptake at

higher doses.

As noted in the previous paragraph, extrapolation of the
findings from this experirﬁent to those with higher
concentrations of copper would be done with caution.
Additional information from this experiment supports that

cautionary note.

An error was made at the outset of this experiment, which

caused the measured copper levels to remain above the
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nominal for approximately four days. The first day’s copper
was mistakenly made up at 50 ppm not 50 ppb; a 1000-fold
error. This error was realised on the morning following, and
the experiment was restarted. Fish were not scheduled to be
placed in the tanks until the second day, therefore they were
not exposed to 350 ppm copper. Once the error was
discovered, all tanks were thoroughly drained, flushed and
rinsed. However, a small residual remained on the tanks.
This would suggest two items to consider. First, this probably
was a factor contributing to the differences noted in the
copper 1n the tanks relative to day sampled (Table 3-2).
Second, the tanks do have the capacity to retain copper, but it

may not be detectable unless very high levels of copper are

used.
Tissue Copper Concentrations

This expériment was conducted under conditions which
differed considerably from what was later established as a
worst-case. The intent of the experiment was not to attempt
to reproduce a worst-case, but instead as a preliminary
measure of system constraints and nutritional state. The
experiment served its purpose adequately relative to system
constraints, as noted above 1n Section 4.1. The interpretation

of the test animals nutritional state i1s somewhat less clear.

The results do suggest that the movement of copper into, and

within, young tilapia 1s not independent of external factors. A
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factor such as feeding may be well within the control of the

researcher.

The results of this experiment did not provide strong evidence
that copper was taken up by muscle (stronger evidence for ‘
the liver) when the test fish were not fed during copper
exposure. However, these data provide adequate rationale for
withholding feed in the subsequent experiments, especially 1n
the worst-case experiment. To reiterate, the purpose of the
worst-case experiment was to measure copper in the edible
tissue of fish which had been exposed to the highest non-
lethal level of copper possible under conditions which would

maximise uptake. It appeared reasonable to assume that
withholding feed during the worst-case experiment would not
have decreased copper uptake and may even have increased

the uptake and movement into the edible tissue.

Withholding feed from all subsequent experiments also
provided an additional benefit. Under the less than optimum
water quality conditions of a partial renewal regime, any
technique employed that reduced water quality deterioration
was desirable. Reducing the organic 1nput to the water,
directly through wuneaten feed and indirectly by faeces
produced was of value in maintaining higher water quality.
Starving fish during copper exposure studies 1s not without
precedent; Sayer, Reader and Morris (1991) withheld feed for

four days prior to and during the entire 72 h of copper
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exposure studies in brown trout.  The authors did so to
“...minimise the formation of organo-metallic complexes from

facces or surplus feed...”.

The standard procedures for SRM preparation, presented in
Chapter II, Section 5.4, were not used in this experiment.
Both SRM'’s noted in Chapter II had not yet been acquired,
therefore other SRM’s were used to check AAS procedural

consistency.
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CHAPTER IV
MEDIAN LETHAL CONCENTRATION EXPERIMENTS

Introduction
Objectives

The overall purpose of this study was to ascertain whether
copper accumulated in edible tissue of fish exposed to copper
sulphate under worst-case conditions. Worst-case has been
defined for this study to include the highest non-letﬁal
concentration.  There is presently no information in the
literature which addresses the toxicity of copper to any

species of tilapia. Before it is possible to estimate the highest

non-lethal concentration of a substance for a particular
species (i.e., copper sulphate LCIl to LCI10 for O. niloticus), at

least the median lethal concentration, LC50, should be known.

The objective of this experiment was to generate the 96 h
LC50 of copper sulphate for the test species, O. niloticus. The
data used to calculate the 96 h LC50 were used to extrapolate
to an approximate LC1-10. The LCI-10 concentration which
was then used as the highest non-lethal concentration 1n the

worst-case experiment.

An LC50 was determined for both market-size and young fish.

Although the worst-case experiment was to be conducted on
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market-size fish, there was a need, again due to system
limitations, to substitute young fish for market-size fish in
interim experiments. A relationship between the LC50 of
young fish and market-size fish was an essential part of
validating such a substitution. The conduct of this

comparative experiment will be discussed in greater detail in

Chapter V.

Although not necessary for the determination of this toxicity
data, a secondary objective of this experiment was to
minimise the number of fish used to determine the LCS50.
There were two reasons for this. First, the period of time and
the facilities required to conduct a full-scale LC50 experiment
(including a range-finding preliminary experiment) in
market-size  tilapia exceeded the available resources.
Secondly, there was an effort made to limit the number of

animals for humane reasons.

In response to the Ilatter objective, the experiment was
designed to take advantage of the lower number of animals
required by using an up-and-down procedure, for at least a

portion of the experiment.
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1.2

1.2.1

Literature Review
Historical Review of Copper Toxicity Testing in Fish

Copper (normally as copper sulphate) has been used
extensively in aquaculture and 1s a significant industrial and
agricultural  pollutant, consequently  there have been
numerous studies reporting its lethal limits to a variety of
fish. Fish previously tested include numerous commercial and

non-commercial species and are outlined in Table 4-1 below.
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Fish species for which copper

toxicity testing has been published.

Common Name

American eel
Arctic grayling
banded Kkillifish
blacknose dace
blue gourami
bluegill
bluntnose minnow
brook trout

bullhead
catfish

brown
channel
coho salmon
common carp
creek chub
cutthroat trout
fathead minnows

goldfish

EUppY
catfish (Indian)
orangethroat darter

pink salmon
pumpkinseed
rainbow darter
rainbow trout
sockeye salmon
stoneroller
striped bass
striped shiner

white perch

*Reference Sources:

e ——— e e e — e e e e e e s e e e e e e e e e e e e et A e’ 4 el it e i e i o .

Scientific Name Reference Source(s)*

Anguilla rostrata 5
Thymallus arcticus 1 6
Fundulus diaphanus 5
Rhinichthys atratulus 8

T'richogaster trichopterus 6

Lepomis macrochirus G T W

Pimephales notatus 8
Salvelinus fontinalis 2
Ictalurus nebulosus 8
Ictalurus punctatus | 8
Oncorhynchus kisutch 9, 16
Cyprinus carpio >
Semotilus atromaculatus 8
Salmo clarki | 2
Pimephales promelas 3,7, 8
Carassius auratus 3, 11
Poecilia reticulata 3
Mystus bleekeri | 5
Etheostoma spectabile 8
Oncorhynchus gorbuscha 1 0
Lepomis gibbosus 5
Etheostoma caeruleum 8
Oncorhynchus mykiss 13, 16
Oncorhynchus nerka 1 0
Campostoma anomalum 8
Morone saxatilis 3, 17
Notropis chrysocephalus 8
Morone americanus S

) Trama 1954; 2) McKim and Benoit 1971; 3) Pickering
and Henderson 1966: 4) O'Hara 1971; 5) Rehwoldt, Bida
and Nerrie 1971; 6) Roales and Perlmutter 1974;

7) Brungs, Geckler and Gast 1976; 8) Geckler, Horning,
Neiheisel, Pickering, Robinson and Stephan 1976; 9) Lorz
and McPherson 1976; 10) Servizi and Martens 1978:

1) Tsar and McKee 1978; 12) Chakoumakos, Russo and
Thurston 1979; 13) Miller and Mackay 1980;

|4) Thompson, Hendricks and Cairns 1980; 15) Gupta and
Rajbanshi 1981; 16) Buhl and Hamilton 1990; 17) Reardon
and Harrell 1990; 18) Straus and Tucker 1993,
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The reported range of copper concentrations toxic to fish 1is
broad. As examples of the range, the 96 h LC50 for coho
salmon (O. kisutch) was found to be 60 to 74 ppb in water of

88 ppm total hardness (as CaCO0,) (Lorz and McPherson 1976).
O’Hara (1971) found that bluegills (L. macrochirus) were very

tolerant to copper; the 96 h LC50 of copper to bluegills was
2400 ppb in water with a total hardness of 35 ppm (as CaCQ0,).

1.2.2 Modifying Factors to Toxicity

Copper toxicity is significantly affected by a variety of water
quality parameters, some of which have been reviewed 1n
Chapter IIl Section 1.2.1. There have been numerous studies
that have characterised such relationships. The following 1s a
brief list of the major factors which affect copper toxicity, a
brief statement of the general relationship between each

factor and copper toxicity, and a representative listing of

literature in which the topic has been presented.

a) Alkalinity - as alkalinity increases the toxicity of copper
is reduced (Chakoumakos et al. 1979; Miller and Mackay
1980: Laurén and McDonald 1986; Straus and Tucker

1993).

b) Suspended and dissolved organics - many of the reports
regarding these substances suggest that they tend to

bind copper and effectively reduce the toxicity of a

given concentration, by directly removing it from the
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water column and/or complexing with it into a form that
is less toxic (Engel, Sunda . and Fowler 1981: Meador

1991; Brown et al. 1974; Zitko et al. 1973; Winner 1984).

Dissolved oxygen (DO) - as DO decreases, the toxicity of a
given concentration of copper ‘increases; this may in part

be a function of increased ventilation, which in turn
increases the amount of copper presented to the

absorptive gills surfaces (Lloyd 1961).

pH - the relationship between pH and other water
quality parameters is complex, often case-specific and
difficult to state in general terms. An example of a
relationship , under conditions of constant copper and
dissolved organic carbon, as the pH decreases the

toxicity of copper increases (Waiwood and Beamish
1978; Chakoumakos et al. 1979; Miller and Mackay
1980; Engel et al. 1981; Pagenkoptf 1983; Laurén and
McDonald 1986; Meador 1991; Straus and Tucker 1993;
Pynndonen 199)5).

Salinity - increasing salinity tends to reduce the toxicity
of copper; however, 1ts relationship can be quite
complex, especially when one considers normal
physiological responses to salinity changes, such as
changes in osmoregulation (Engel et ‘al. 1981; Reardon

and Harrell 1990).
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Water hardness - although there appears to be two
schools of thought as to which parameter, hardness or
alkalinity, has the greatest modifying effect on copper
toxicity, water hardness 1S important; copper toxicity
decreases as hardness increases (Inglis and Davis 1972;
Pagenkopf et al. 1974; Howarth and Sprague 1978;
Waiwood and Beamish 1978; Chakoumakos et al. 1979;
Miller and Mackay 1980; Pagenkopf 1983; Laurén and
McDonald 1986; Straus and Tucker 1993; Pynnénen
1995).

Temperature - in two species of darters (Etheostoma sp.)
that had been exposed to copper, Lydy and Wissing
(1988) reported that the fishes’ ability to withstand
temperature  iIncreases (or thermal tolerance as
calculated by the CTMax method) had been reduced,
when compared to non-exposed controls. The authors

suggested that the reduction i1n thermal tolerance may

have been associated with reversible copper-induced
anaemia and the increased oxygen demand of thermal

stress.

These toxicity studies were conducted taking into account the

aforementioned relationships. Even though an attempt was

made to minimise some effects (complexing with organics), as

noted in Chapter III, there was no attempt to reproduce

conditions that might be found on a production site. Since
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1.2.3

such conditions can vary dramatically, it would be difficult to

produce representative conditions within the constraints of

this study. In lieu of simulating production conditions, an
attempt was made to insure that: 1) conditions remained

relatively constant during the course of all related

experiments and that 2) water parameters fell within the

theoretical range found on commercial fish farms.

Up-and-Down Procedures

Median lethal dosage (LD50) or concentration (LC50)
procedures were first introduced by J.W. Trevan in 1927 as a
means of standardising toxicity testing of biologically relevant

products (cited by DePass 1989). Median lethal dosage refers
to calculations made relative to products which are provided

to the test animal in a standardised dosage form, e.g., as an

injectable, per os, as an implant, etc., whereas median lethal

concentration refers to calculations made relative to products
being provided via the test animal’s surroundings, e.g., in the
water surrounding fish. The procedures have been generally
adopted by the scientific community and have, up until
recently, been required testing by regulatory agencies world
wide as the basis for establishing safe levels for various
products (DePass 1989). The LD or LC50 procedures normally
require that a significant number of animals be tested at each
of multiple levels, from which there 1s calculated an

inherently accurate estimation of the median lethal dose or
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concentration. The median lethal dose or concentration 1S an

estimated nominal concentration. Any concentration above

the LC50 would be expected to produce more than 50%

mortalities in a given population, and any concentration below

the LC50 would be expected to produce less than 50%

mortalities in the same population.

When any new compound 1is to be tested against a new test
animal, the first step is to determine the approximate toxic
dose (or concentration). This can be accomplished in several
ways. The easiest being to consult the scientific literature and
draw conclusion from existing related information. There may
already be information related to the testing of a related

product against a related test animal, or there may be
information on the testing of the product in question against
other, possible less related, test animals. An alternative, 1if

such information were not available, 1s to conduct a

range-finding trial.

A range-finding trial i1s merely an LD or LCS50 trial, the test
levels of which are quite widely separated, usually one order
of magnitude apart. Like the full LD or LCS50 trial, the
range-finding trial is normally conducted with a reasonable
numbers of animals. However, the accuracy inherent to an 1D
or LC50 trial is not required for a range-finding trial. The
purpose of a range-finding trial is to determine the

approximate toxic dose (or concentration), within an order of
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magnitude, which can then in turn be divided into five-plus

equally spaced levels for the actual LD or LC50 trial.

There are alternatives to standard LD and LC50 trials, which
may be even more applicable to range-finding trials. Such
alternative procedures are characterised by the use of
considerably fewer animals. The earliest proposed alternate
procedure was published in 1943 by Deichmann and LeBlanc
(cited by DePass 1989). Possibly the most widely accepted
alternate procedure was first published in 1948 by Dixon and
Mood (cited by DePass 1989) and has since been included in
standard statistical methods textbooks (Dixon and Massey
1983) and reviewed by others (Bruce 1985; DePass 1989;
Dixon 1991; Yam, Reer and Bruce 1991). This procedure is a

staircase design and is referred to as an up-and-down method

(Dixon 1991).

In essence, the up-and-down procedure entails a series of
single-animal tests, each at a pre-determined concentration.
Each successive concentration being a constant incremental

difference .apart from immediately surrounding levels. The
concentration at which each test i1s conducted is a function of
the results of the 1mmediately preceding test. The
procedure’s strength lies 1n 1ts inherent focus of efforts in the
region of the actual mean concentration, as opposed to the use
of many animals at concentrations which are either non-toxic

(produce no mortalities or toxicity) or highly toxic (produce
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100% mortalities or toxicity). As a consequence, fewer

2.1

2.1.1

animals are used. For the purposes of this study, an

up-and-down procedure was considered to be ideal for use as

a range-finding trial.
Study-Specific Materials and Methods
Systems/Procedures

Culture systems used were as described in Chapter II. Fish
were acquired, acclimated and held prior to initiation of the
experiment as described in Chapter II. All exposure of fish to
copper sulphate was by means of the static 50% renewal
system defined in Chapter Il Each segment of this
experiment was conducted for 96 h only, unless all subject
fish within a given segment died prior to the end of the 96 h
test period. Water .quality parameters - were determined at
the beginning and the end of each ‘test, in particular for pH,

DO, temperature and nitrites (final sample only).
Up-and-Down Range-Finding Experiment
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