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A BSTRACT

A 3 x 3 factoria l desig n was used to study the effects of dietary lipid and

astaxanthin levels on the pigmentation ofArctic charr (Solve tinus a/pinus) . Different

groups of charr with mean initial weight of 70.16 ± 2.18 g were fed with diets

conta ining 10, 18 or 26 % dietary lipid together with 40. 60 or 80 ppm synthetic

astaxanthin for 24 weeks. The proximate compos ition of flesh, total ca rotenoid

co nce ntration in flesh and belly skin, and the Hunt er colour values of filets,

hom ogenized flesh and belly skin were determin ed at 4-weck intervals. Th e appare nt

digesti bility coeffic ient of carotenoid and specific growth rate (SG R) of the

experimenta l fish at different dietary lipid and carotenoid levels were also

investigated. Res ults indicated that :

(1) . The moisture conten t of flesh was inversely relate d to the level of dietary

lipid. while there was a significa nt direct relatio nship between the con tent of flesh and

dietary lipid. Th e protein and min eral co ntent of flesh were not significa ntly

influenced by the level of dietary lipid.

(2) . Th e to tal caro tenoid conc entration in flesh and be lly skin of cha rr

increased with time. The concentration of caro teno ids in the flesh ge nerally reached

or exceeded 4 mglk g wet tissue on week- 16, 20 and 24 for the fish receiving 26, 18

and 10 % dietary lipid. respectively. This amount is considered as being sufficient for



providing a satisfactory colour impression. The carotenoid concentration in the flesh

and belly skin of fish was directly correlated with both dietary lipid and carotenoid

levels . There was a significant interaction between dietary lipid and carotenoid levels

on the total carotenoid concentra tion in flesh and belly skin of charr. A high

correlation also existed between the carotenoid concentration and total lipid content

in flesh.

(3) . The intensity of redness (Hunter a) and yellowness (Hunter b) of filet.

homogenized flesh, and belly skin for all treatments increased with time on pigmented

diets while their lightnes s (Hunter L) decreased. The Hunter L values of filet.

homogenized flesh , and belly skin were inversely correlated with their carotenoid

contents, whereas thei r Hunter a and b values correlated directly with the total

carotenoid concentration. No significant relationship existed between any of the

Hunter colour value s and the lipid content in the flesh of charr.

(4). The retention of carotenoids in chan flesh varied signi ficantly among

treatments , ranged from 4.13 to 10.66 %. The total amount ofcarotencids retained in

flesh was directly related to the content of dietary lipid, but inverse ly related to

dietary carotenoid levels . There was a significant interaction of dietary lipid and

carotenoid level s on the retention ofcarotenoids in flesh.

(S). The apparent digestibility coefficient ofcarotenoids, ranging from 47.99



to 73.62 %, correlated directly with the content of dietary lipid, but inversely with

dietary carotenoid levels. There was a high correlation between the amount of

carotenoids retained in flesh and their digestibility . No interaction ofdietary lipid and

carotenoid on the carotenoid digestibility was observed.

(6) . The dietary lipid and caroteno id levels used in this study did not result in

any abnormal growth offish. The specific growth rate (SGR) ofthe fish fed 18 and

26% dietary lipid were signi ficantly higher than that of the groups receiving 100/0

dietary lipid. In addition. at the sam e level of dietary lipid (18 %), the weight gains

of fish on dietary carotenoids were faster than that of fish receiving no dietary

carotenoids. However, these differenc es were not statistically sign ificant.

In conclusion, the results of the present study demonstrated that an increase in

both lipid and carotenoid level s in charr diet enhances deposition o f carorenoids in

the fish flesh and skin. There was a significant interac tion of dietary lipid and

carctenoids on the pigmentation of Arctic chan. Thus, an increase in dietary lipid

within a certai n range may impro ve the pigmentation efficac y ofchan.
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Chapter 1

INTROD UCTION



1.1 Background and General Review

The pink, oran ge end deep red colours of the flesh and skin ofsalmonids are

a common chan.cteristic that distin guishes this group from other fish species. and

makes a major contribution to their elite image . The degree of flesh pigmentation is

one of the mostimportant criteria used by consumers in determining theacceptabil ity

of the produ ct (Ostran der and Martinsen. 1976; Sceurrnan et al ., 1979; Gentles and

Heard, 199 1). Market pric es are often at a premium for more highly pigm ented fish

(Talley, 1991; Shahidi et aI., 1993). However. the flesh colour of cultured salmonid

fish speci es may be inferior to that of their wild counterparts due to their diets or

husbandry purlieus . Thi s poor pigmentation puts the cultured fish at an economic

disadvan tage. Thus . it is of importance to provide the "natural" pigmentation to

fanned salmonids via dietary means in order to meet the consumer preference for this

type of fish..

The pigmen tation ofwild salm onids is due to the absorpti on and deposition of

oxygen ated caroten oids, almost exclusive ly astaxanthin and its mono- and dieste rs

(Kan cm itsu and Aoe , 1958; Matsuno et aI., 1980; Schiedt et aI., 198 1; Kitahara,

1984). Sa lmonid fish, like other verte brates, cannot syn thesize caro teaoids in vivo

(Hata an d Ham, 1973) . In nature, salrnonids acquire the carotenoid pigments primaril y

from microcrustaccans and other invertebrates in their diet (Binkowski et al ., 1993) .



Through varioos homeostatic mechanisms that appear to be dependent on fish size,

sexual maturation and genetic factors. these pigments are both deposited in and

eliminated from the muscle tissue (Binkowski et al., 1993). However, farmed fish

have no access to carotenoid-containing crustaceans. The failure to provide carotenoid

pigments in the diets of cultured salmonids typical ly results in a pale or very light

coloured flesh. which can significantly reduce its market value. There fore,

caro ten c ids must be added to salmonid's feeds to promote or augment flesh

pigmentation in order to inspire its market acceptance.

Torrissen et al. ( 1989) have discussed several factors which influence

carotenoid absorptio n, retention. and metabolism of cultured salmonids. Among these,

dietary levels and sources c f caro tenoids, dietary lipid levels and quality , and some

physio logical factorssuchas fishsize. sexual maturation andgeneti c variations within

the stock are considered important. Ofthese factors. diet8ly carotenoid levels are the

majo r dete rminant controlling the intensity of flesh pigmentation in salmonids

(Tyczkowski and Hamilto n. 1986). Despite its importance, little work: has been

conduct ed on theeffect of dietary carotenoid levels on pigment concentration and on

caro teno id retention efficiency in marketable fish . Previous research had aimed at

improvi ng pigmentation by mostly deal ing with the pigment so urce , inc luding those

from marin e sources (e.g. crustacea and crustacean byproducts ) (peterson et al., 1966;



Lambertsen and Braekkan, 1971; Saito and Regier. 1971; Spinelli et al., 1974;

Choubert and Luquet, 1975, 1983; Spinelli and Mahnken, 1978; Kotik et al., 1979;

Spinelli, 1979; Torrissen and Braekkan, 1979; Torrissen et aI., 1981; Torrissen 1985;

Arai et al., 1987), plant and algae (Peterson et aI., 1966; Savolainen and Gyllenberg,

1970; Johnson et al., 1980; Sommer et al., 1992; Choubert and Heinrich , 1993J, yeas.

(John son et al., 1977, 1980; Gentles and Haard, 1991; Binkowski et al ., 1993; Nakano

et al., 1995) and synthetic pigments (Schmidt and Baker, 1969; Lambertsen and

Brackkan , 1971; Spinelli ct al ., 1974; John son et al., 1980; Sehiedt et al., 1981;

Luquet et al ., 1983; Foss et al., 1984; Storebakken et aI., 1987; No and Storebakken,

1992; Smith et aI., 1992 ). However, little work has been conducted on unrave ling the

relationship between dietary carotenoid level s and pigmen tation in salmonids

(Choubert and Storeb akken, 1989; Smith et al., 1992 ).

Since carotenoid molecules are lipophilic, a carotenoid-enriched diet which is

high in lipids might theoreticall y be expected to facilitate pigment deposition . It

would be interesting to investigate the effect of dietary lipid levels on pigmentation

o f sa lmonids. However, the effect of dietary lipid levels on pigment deposition is not

cl ear. Trials using rainbow trout, Oncorhynchus mykiss, have indicated a positive

co rrelation between canthaxanthin deposition and lipid levels in muscle tissue. as well

as betwee n canthaxanthin deposi tion and lipid levels in the diet (Abdul-Malak et aI.,



1975). Seurman et al. (1979) and Torrissen (1985) have reported that increas ing lipid

content in the diet significantly promoted deposition of astaxanthin in the flesh, while

Spinelli (1979) was able to achieve a 33% increase in flesh astaxanthin by increasing

the fat content from 10 to 15% in the diet of rainbow trout . The apparen t digestibilit y

o f canthaxa nthin in rainbow trout was found to increa se with increasing level of

dietary lipid (Torrisscn ct aI., 1990). However, in another study, researchers failed to

demon strate the existence of any correlation between carotenoid depo sition in muscle

tissue and dietary lipid levels when the latter was increased from 9.4 to 17.4%

(C ho ubert and Luquet , 1983). McCallum et al. ( 1987) indic ated that there was no

significant correlation between the degree ofpigmentation and the lipid content of the

flesh of chinook salmon (Oncorhynchus tshawytscha). No and Storebekken ( 1991)

also reported that the flesh pigmentation of rainbow trout did not sign ificantly relate

to the fat content of the flesh . The effect of the type of die tary lipid on the

pigmentation of salmonids also remains unclear. Nico laide and Wood all (l962)

initially found impaired pigmentation in chinook salmon fed diets deficient in linoleic

(18:200) and linolenic (18:3w3)acids. Atlantic salmon (Salmo salar) had a significantly

highe r caro tenoid content in the ir flesh when they were fed on a diet high in

polyun saturat ed fatty acids (PUFA) as compared to those lacking PUFA (Chritian sen

et aI., 1993). Anon (19 86) also reported that the quantity of canthaxanthin depo sited



in trout flesh was influenced by the fat source . It was found that canthaxanthin

dissolved in oleic acid was deposited at a higher rate than canthaxanthin dissolved in

other fatty acids. Nevertheless, Caste ll et al. ( 1972) and Watanabe ct al. (1974)

indicated that the dietary level of F:FA (essential fatty acid) was not correlated with

pigmentation of rainbow trout. Torrissen (1985) also reported that there was no

significant difference in pigmentation between rainbow trout fed on oils "high" in free

fatty acids and those fed an oil with a lower content of free fatty acids.

During the last decade there has been an increased interest in the cultivation

of Arctic charr (Salvelinus a/pinus L.). In common with other wild salmonids

(Torrisse n et a!' 1989), the carotcnoids found in the tissues of charr are either free

astaxa nthin or esters thereof, with only free astaxant hin being found in the muscle

(Scalia et al. 1989). The muscle of wild chart often looks redder than that of other

salmonids. and from the limited data available, it appears that the carotenoid content

of charr muscle is towards the higher end of the range for salmonids (Scalia et aI.,

1989; Torrisscn et aI., 1989). This red flesh colouration is deemed desirable by the

consumer. Recently , the price of deep-red coloured large charr (4-6 Ib) greatly

exceeded that paid for pale coloured charr (Shahidi et at, 1993). Therefore , attempts

have been made to produce farmed charr with the deep-red colour characterist ic of the

wild fish (Christiansen and Wallace, 1988; Shahidi et aI., 1993).



Due to limited information available about the specific nutrient requirements

(Job ling , 199 1), Arctic cherr are usually fed on conunercial feeds, containi ng

synthetic pigments, developed for rainbow trout and salmo n (Tebac hek, 1984). It has

been sta ted that muscl e pigmentation in Arctic charr is diffic ult to achieve when

charrs have been fed on commercially availab le feeds (R efstie , 1981). Christiansen

and Wa llace (1988) have reported that the muscle tissue of two year old charr

contained only 2 mg ofpigment per kilogram sample following feeding for 9 weeks

on a diet containing 40 mg of canthax anthin per kilogram, due to their poor

diges tibility ( 18% for 1+, and 390/0 of2+ fish) and reten tion of canthax anthin. This

pigmen t concentration is far below the 3 to 4 mg/kg considered as being an acceptab le

level in the flesh of marketed salmonids (Torrisse n et el., 1989). However, it seems

that the poor digestibility and retention ofpigmen t can be compensa ted by increasing

the pigment content of the feed. Shah idi et al. (1993) have found that when Arcti c

charr (Labrador strain) were fed on formu lated feeds containing 75 ppm astaxanthin

or canthaxantbin for 9-15 weeks, the level of carotenoid in fillets of fish exceed ed 4

mglkg, which is considered sufficient for visual colo ur impression of the filets .

Therefore, dietary caro tenoid levels may play an important role in the pigmentation

ofArctic charr.

Altho ugh there is a linear relations hip between dietary and flesh caro tenoid



concentrations in salmonids such as rainbow trout and salmon, the benefit of

increasing the dietary pigment concentration in feeds decreases at above a certain

amount. Bjerkeng et el. (1990) reported that increasing the amount of dietary

carotenoids from 50 to 100 mglkg for rainbow trout had a minimal effect on

enhancing the content of flesh carotencids as compared to when the increase was

from 25 to 50 mglkg . The overall flesh carotenoid retention efficiencies in relation to

dietary carotenoid levels were almost the same for pan-size coho salmon

(Oncorhynchus kisutch) fed on diets containing 15 mg and 60 mg of astaxanthinlkg,

respectively (Smith et al., 1992). Therefore, it is suggested that an economically

pigmented diet for pen-size coho salmon would contain approximately 15 mg of

astaxanthinlkg. However, little is known about the effect of dietary carotenoid

concentrations on the pigmentation of Arctic charr . In addition, because of the lipid­

soluble character of carotenoid pigments, a carotenoid-enriched diet high in lipids

might be expected, theoretically , to facilitate pigment digestion and retention. As a

result, a certain minimum amount of dietary lipid might be expected to reduce the

amount of dietary pigment required for reared charr . Since , regardless of source, the

commercially available natural feed ingredients high in carotenoid pigments are

expensive and add significantly to the cost of salmonid diets, it is of economic

significance to find the optimum level of carotenoids in the feed for Arctic charr .



Although dietary lip id may enhance the absorption of pigments by fish (Se unnan et

aI., 1979; Torrissen, 1985; Torrissen et aI., 1990). it may have an unfavorab le effect

on the stability ofcarotenoids in the feed as lipid free radicals are known to be strong

oxidizing agents (Choubert and Luquet, 1983). Moreove r, too much dietary lipid may

res ult in an imbalance of the DElCP (i.e. digesti ble energy /crude prot ein) ratio and

in excessive fat deposition in the visceral cavity and tissues, which would adversely

affect fish growth, product quality, and storage (National Research Counci l, 1993).

Any increase in dietary lipid for the purpose of enhancing flesh pigm entation shou ld

not affect the growth of fish. Therefore, it is also important to find a proper dietary

lipid level in the pigmented feed ofArctic chan.

1.2 Purpose and Experimental Approacb

The purpose of this research is to investiga te the effects ofboth dietary lipid

and carote noid lev els on the pigmentation of Arc tic chan. Emphasis was placed on

inves tigating: ( I) the relationshi p between dietary lipid leve ls and the flesh

concentratio n ofcarotenoids, (2) the relationship betwee n dietary and flesh carotenoid

concentrations , and (3) the interaction between the effect ofdietary lip id levels and

the effect of dietary caroten oid concentrations on the deposition of pigments. In

addition, the effects of dietary lipid and pigment concentrations on the growth of fish
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and the quality of charr flesh were also considered.

To achiev e the results to the above considerations, • 3 x 3 facto rial feeding

experiment was conducted. Fish were fed on diets formu lated to con tain 10, 18 or

26% lipid with 40, 60 or 80 mglkg (ppm) carotenoids for 24 weeks. The experimental

fish were sampled once a month from the beginning to the end ofthcse experi ments.

The following parame ters were determin ed for eac h sam ple: (1) Colour of flesh ; (2)

Total carotenoid concentratio n of flesh and skin; (3) Apparent digestibility of dietary

carotenoids; (4) Retention ofcaroteno ids in flesh.

The results of these experi ments would provide a comprehensive account of

the effect ofboth dietary lipids and carotenoid concen trations on the pigmen tatio n of

Arctic chan. rt would also provide a scientific basis for Cannulatingeconomical diets

containing an optim um level of carotenoids for fanned Arcti c charr .



Chapter 2

MATERIALS and METHODS
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2.1 Feeding Experiments

2.1.1 Experimenta l Fish and Culture System

Feeding experiments were conducted at the Aquaculture Building of the

Institute for Fisheries and Marine Technology of Memorial University of

Newfoundland, 51. John's, Newfoundland. Experiments lasted 224 days from early

October 1995 to late May 1996. Arctic charr, originating from Frazer River, Labrador.

with an initial average weight of 36.85 ± 8.72 g were transfered from Daniel's

Harbour Charr Hatchery, Newfoundland. Prior to the pigmentation experiment, fish

were fed on Biodiet and dry charr grow er diet (Moore-Clark: Co ., St. Andrews, New

Brunswick) from start feeding. The fish were maintained in a culture system

consisting often So-L plastic tanks connected to a biofiltration -recirculation system.

The system was supplied with well water regulated at 12%1"<:. Lighting was provided

by fluorescentbulbson a to h light : 14 h dark cycle. About 55 cbarr were transferred

to each SG-Ltank. and fed on a control dietdevoid ofcarotenoids prior to the feeding

trial. The fish were acclimatized to this new environment and feed [i.e. control diet)

for 8 weeks. When the feeding experiment commenced, the mean weight of fish was

70 .16 ± 2.18 g. Cu lture dens ity was approximately 40 kglm J at the start of the

experiment Asdensity increased, the volume ofwater in each tank was adjusted from

56.79-L to 80.93-L on the 16th week.
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2.1.2 Diets

The formulation and chemical composition of the control diet devoid of

carotenoids and nine experimental diets containing astaxanthin are presented in

Tab les 2.1 to 2.3. The control diet contained small amounts of carotenoids (only

astaxanthin), 6.41 ppm on a dry weight bas is, probab ly originating from the herri ng

meal and herring oil used in the formulation. All dietary formulations were based on

the above control diet. Nine experimental diets were formulated to contain 10, 18 or

26% dietary lipid with 40, 60 or 80 ppm of astaxan thin in a 3 x 3 factoria l design .

In manufacturing the control diet, both vitamin and mineral premixes were

ground finer than 0.25 mm before incorporation into the diet. After the dry ingredients

had been combined and mixed well, ground whole caplin and fish oil were blended

into the mixture. The materia l was then extruded through a 1/8" die in Hobart food

grinder . The extruded material was then manually broken into small pieces, packaged

and froze n quickly.

The nine carotenoid-containing diets were prepared by adding a precalc ulated

amoun t of astaxa nthin (Carop hyll Pink, 8%), supplied by Hoffmann-La Roche

(Etobicoke, Ontario) to provide 40, 60 or 80 ppm pigment to the dry feed ingredients,

respectively. The dry components were mixed before being added to the ground

who le capelin and herring oil in a feed blender. The pigment (8% water-soluble



Table 2.1Compositionof a Conlrol Diet(18-0)and Nine Experimenta l Dlets'

Ingredients 18·0 10-40 10·60 10-80 18-40 18-60 18·80 26·40 26·60 26·80
(%ofdiet)

Herringmeal 54.9 52.0 52.0 52.0 54.9 54.9 54.9 57.5 57.5 57.5
(crudeprotein~7%l

Wholecapelin 25.0 25.0 25.0 25.0 25.0 25.0 25.0 18.0 18.0 18.0

Wheatwhole 5.0 16.2 16.2 16.2 5.0 5.0 5.0 1.0 1.0 1.0
(crudeprotein-12%)

Herring oil 11.1 2.8 2.8 2.8 lLl 11.1 11.1 19.5 19.5 19.5

Vitaminpremix 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Mineral premix 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

CRA·VACbinder 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Astaxanthin 0.00 0.005 0.007 0.009 0.005 0.007 0.009 0.005 0.007 0.009

I Thenumbers(e.g. 18-0)denotethelipid content(%)followedbytheamount of aslaxanthin (ppm)

;;:



Table 1.1 Vita min aad min eral eeeteat oCformalated d iets for Arctic cha rr l

IS

VitaminIMineraJ mWkgdiet

Vitamin A (as Acetate) 9000 I.U.

Vitamin D} 6OOO I.U.

Vitamin E (d l -e -tcco pbery l acetate) 3751.U.

Vitamin K(Menadione sodium bisulphi te) 4'

Thiamin (as Hel salt) 60

Riboflavin 7'
Pantothenic acid (as D-calciwn sal t) 22'

Biotin 1.2

Folic acid 22.5

Vitamin B I2 0.045

Niacin 300

Pyridoxine (as HeI sal t) 4'

Asco rbic acid 1125

lnos ito l 600

Salt (99% NaCl) 3750

Potassium iodine (KIX 76.4% n I'
Manganous sulphate (MnSO•.H10)(32.5% Mn) 525

Ferrous sulphate (FeSO•.7H10)(20.1% Fe) 420

Zinc sulphate (znSO._7H10 )(22.7% Zn) 480

Magnesium sulphate (MgSO._7H10 )(9.9% Mg) 52'

'Values for vitamins A. OJand E are in t.U.



Table 2.3 Proximate composition (Of. of feed) and pigment content of the formulated experimental dlets for
Arctlcc barrl

Diel( '1,lipid - Moisture Crude protein Total lipids A.h Corl>o- Astaxanthin(ppm,
ppm carotenoid) hydratesl on dT)'basis)

18- 0 24.76 :1:0.28 43.03%0.64 18.07> 0.07 8.56' 0.14 5.58 6.41' 0.23

10- 40 24.38 ± 0.28 42.90 ± 0.04 10.33 ± 0.02 8.01 ±0.58 14.38 41.23 :1: 0.68

10 ·60 24.59 ± 0.62 41.81 ± 0.66 10.46 ± 0.05 7.97± 0.07 15.17 59.15 ± 0.28

10- 80 25.63 ± 0.64 41.05 ± 1.91 9.95 :1: 0.08 7,49±O.l S 15.88 78.96 ± 0.40

18 -4 0 23.20 ± 1.21 4 1.79 ± 0.07 17.73 ± 0.09 7.88 ± 0.09 9.4 40.26 ± 0.36

18 - 60 23.79 ± 0.96 42.72 ± 0.02 17.96 ± 0.02 8.23 ±0.17 7.3 59.91 ± 0.34

18-80 24.08 ± 0.48 41.04 ± 0.04 18.61 ± 0.08 7.83:1:0.43 8.44 79.19. 0.25

26 ·40 19.65 ±0.S2 42.28 ± 0.30 2S.82± 0.47 7.98 t 0.38 4.27 40.89 t 0.29

26 -60 19.51 ±0.23 42.02 ± 0.02 25.54 :1:0.61 7.57 t 0.34 5.36 58.77 t 0.39

26 -80 20.30±0.23 4 1.06 ± 0.04 26.lO tO.37 7.78 ± 0.54 4.76 77.95 ± 0.84

'Resultsaremean valuesof triplieale determinations :I: standarddeviation.
lCaleulaled by difference.

0;
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astaxa nthin in the Carophyll Pink) was disso lved in distilled water at so"e for 15 min

before being adde d to the diet by sprayi ng it with a spray bottle into the feed mixture.

The feed was ble nded for 5 min and thereafter made to "moist pe llets" , with a 118"

diameter, which were vacuum packed in small portions in plastic bags and sto red at

-40°C. Dai ly portions we re thawed at SoC for 10 h before being offered to the fish.

All experi mental diets were analysed for moisture, crude protein , lipid, ash,

carote noid content and fatty acid composition (Tables 2.3 and 2.4). Based on these

analyses, proportions of herring meal , capel in, wheat , fish oil and carotenoids were

adjus ted to ach ieve the des ired dietary protein, lipid and carotenoid conte nts.

2.1.3. Pigmentation and Sampling

The control and the nine carotenoid-containing diets were assigned to eac h fish

group at random. Fish were hand fed to satiation (fis h no longe r actively taking the

feed pellets) twice a day. The total weight, number of fish , and feed intake per tank

were measured monthly. Ten charrs were taken as the initial samp le before fish were

distributed into experimental diet groups. All fish in each diet treatment were

weighted in bulk at the beginning of the experiment, and then on weeks 4,8, 12, 16,

20 and 24. Eight or nine fish were random ly sampled from each diet group at each

weighting period. Fish were killed by cutting the jugular vein and live-bled in ice

water for approximately 10 min. The carcasses were then transferred to the laboratory



Table 2.4 Lipid fatty acid composi.tion oftbe form ulated experi mental d iets
of Arctic cbarr '

Fatty acid Lipid level of diets (%)
composition (%)

10 18 2.

12:0 0.10 ± 0.04 0.15::1:: 0.07 0.12 ::1:: 0 .02
14 :0 6.90 ± 0.37 6.79 :1::0.54 8.52 ± 0.07
16:0 17.36 :1:0.02 14.49 ± 0.82 14.31 ± 0.17
18:0 3.32 ± 0.52 2.19:1: 0.33 2.04 ± 0.01
20:0 0.24 ±O.o1 0.20::1:: 0.01 0.18 ± 0.0 1
ESat. 27.92 ::1:: 0.21 23.82± 0.6 1 25.16±0.24

16:1Ca>7 6.64 ± 0.08 8.25 ±0.58 6.39 ::1::0.06
18:1Ca)9 10.28 ::1: 0.07 9.46 ::1::0.73 11.32± 0.04
20 :1(,)9 9.10::1::0.81 14.79 ± 0.30 15.32 :1::0.16
22:16>11 10.48 ::1:: 0.39 20.01 :1:: 0.29 19.06 ± 0.26
24 :1(,)9 0.10±0.14
E Mono 36.50 ± 0.67 52.5 ±OA) 52.18 :1:0.54

18:2w6 4.50 ± 0.06 3.01 ::1:: 0.04 1.58 ::1:0.02
18:3w6 0.12 ± 0.02 0.13 ± 0.04 0.05 ± 0.07
18:3<»3 0.88 ::1:0.Ql 0.80 ± 0.02 0.82 ± 0.00
20:2w6 0.21 ± 0.06 0 .13 ± 0.18 0.25 ± 0.02
20:3<.>3 0.06 :1: 0.08
20:4<.>6 1.07 ± 0.12 0.54:1: 0.33 0.64 :1: 0.01
20 :5(,,)3 12.03 :1:0.12 8.51 :1:0.42 8.42 ± 0.23
22 :5(,,)3 1.97 ± 0.17 1.16 ± 0.25 1.07 ± 0.04
22:6<.>3 14.80 ± 0.20 9.45 ± 0.70 9.80 ± 0.20
t Poly 35.58 ± 0.22 23.70 ± 0.83 22.6 7 ± 0.30

UIS 2.58 ± 0.13 3.22 ± 0.46 2.97 ± 0.04
1:",. 5.90 ± 0.33 3.79± 0.57 2.51 ± 0.08
1:",3 29.68 ± 0.43 19.9 1 ± 0.39 20. 16 ±0.38
(,,)6/(,)3 0.20 ± 0.02 0.20± 0.07 0.12 ± 0.01

'Results are mean val ues of triplicate determinetic n e standard deviatio n.

18
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and immediately analysed for the colour ofbelly region skin and filets . Following

colour measurement, fish were separated into flesh,. skin (inc luding fin), liver and

gut The respective tissues were then pooled, homogenized, vacuum packed in plastic

bags and stored at ·8O"Cuntil analysed The skin was frozen without hom ogen izing.

Fish were starved for 72 h before being sacrificed and sam pled.

2.2 Colour measurements

Colour measurementswerecaniedout immediately aftersampling.The Hunter

colour parameters cffilets , belly region skin and homogenized tissues were measured

with a Colormet colourimeter (Instnunar Engineering Ltd ., St, John's , NF) using the

Hunter L, a. b scale as described by Shahidi et el,(1992) . The instrum ent was

standardized with a 8-143 white calibration tile having a Hunter L value of94.5%O.2•

• value of ~I .O±O. l . and b value of O.0±0.2.

2.3 Biochemical Analyses

2..3.1 Proximate Composition

2.3.1.1 Moisture Determination

The moisturecontent in feed and flesh were detennined by oven drying. Three
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to five grams of fres hly gro und sample of fecd or 2-3 g ofhom ogenized sample of

fish fles h were introduced to a preweighted aluminium pan and then heated in a

forced-air convection oven (Fisher Isotemp 300, Fair Lawn.NJ) at 104 "C for 24 h or

until a constant weight was reached (AOAC. 1990). Moisture co ntent of the samples

was calcu lated from the weight difference data.

2.3.1.2 Crude Protein Content

Crude protein contents of feed and fish flesb were determined by Kjeldahl

methodof anal ysis . One hundred to three hundred milligrams of each sample was heat

digested in 20 mL concentrated H1SO. in the presence of a catalyst (Kje ltab M.

Profamo, Do rval. PQ) using a Buchi digester for 50-60 min . Aft er digesting, the

resultant so lution was diluted with 100 ml ofdistill ed H20 and ISOrot of25% (w /v)

NaOH an d distilled in a Buchi 32 1 disti llation unit (Buchi Laboratories. Switzerland).

The condensate was co llected into a mixture containing SOm1of4% (wlv) boric acid

solutio n an d 12 dropsofa methyl red I methylen e blue indicator (Fisher Scientific

Co., Fair Lawn, NJ) and subsequently titrated with O. t N H1SO. to a red end point.

The nitrogen content was calculated and then reported as crude prote in co ntent (N%

x 6.25) (AOA C . 1990 ).

2.3.1.3 To ta l Lipid Content

Total lipids of feed, flesh and liver were extracted using the method of Bligh
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and Dyer (1959) . Approximate 2S g of sample (for samples with a lower water

conten t ofup to 20% such as feed and skin. enough distilled water was added to the

samp le to obtain an approximate moisture content of 80%.ie. 5-7.5 g sample was

used and 20 mLdisti lled water was addedat this point ) was homogenized with 2S mL

of chloroform (Fisher Scientific Co., Fair Lawn , NJ) and 50 mL of methanol (J.T .

Baker Chemical Co., Phillipsburg, NJ) for 2 min using a Polytron PT 3000

homogenizer(Brinkmann lnstruments, Rexdale,ON). Another 25 mL of chloroform

was then added and the mixture was blended for 30 s . After thi s , 2S mL of di still ed

water was added again. and the mixture was homog enized continuous ly for a furth er

30 s period.

The homogenate was then filtered through a Whatman No. I filter paper

(Fisher Scientific Co., Fair Lawn. NJ) using a Buchn er funne l with slight suctio n. The

res idue and filter paper were re-homogenized with 35 .5 mL of chloroform and the

slurry was filtered, as described abo ve.

The filtrate was transferredto a 250 mL separatory funnel to separa te into two

layers (overn igh t) . Th e chloroform layer (lower ph ase ) containing the puri fied lip id

was then collected and the volume was recorded . A 20 mLaliq uot of the chloroform

extract was transferred to a preweighed 100 mL round-bottom flask. The solvent was

rem oved under vacuwn using a Buc hi RE III rota vapor . The dryin g flask containing
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lip id residu e was placed in a drying oven for I h. Then the flask and lipid residue

co llected was weighted and the total extracted lipids were calculated.

2.3.1.4 Asb Ce utent

Ash content was determined by charring 2-4 g sample in a preweigh ted

po rcelain crucible using a Bunsen burner (lower flame) and then heating in a muffl e

furnace at S50-600°C overnight or until the ash appeared to becreamy white in colour

and free of any black particles (AOAC . 1990). The ash content was calcu lated from

the weig ht differe nce data.

2.3.2 Fatty Acid Composition of Lipids

The lipid fatty acid composition of chan fles h and feed was analysed by gas

chro matography (GC) . The method used for transmethylation was similar to that

employed by Keough and Kariel (1987). Twenty to thirty milligrams of lipid were

placed into a transme thylation vial and transmethylatcd overnight in an oven (Thelco,

Mode l 2, Precision Scientific Co., Chicago , IL) at 61.8 "C in 6 m1of6% (vfv) H2SO.

in 99.9 mol% methanol containing 15 rng BHA (buty lated hydroxyanisole) as an

antioxidant. After incubation, 1.0 ml of distilled water was added to the vial and the

mix ture was extracted three times with 1.5 ml of pesticide -grade hexane. A few

crysta ls ofBHA were added again to each vial at the first extraction. The hexane layer

was removed into a clean tube and then washed twice with 1.5 ml of distilled H10 by
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vortex ing. On the first wash. the H20 layer was discarded. On the seco nd wash , the

hexane layer was transferred into a clean tube . The hexane was then evapo rated under

N2 in a fume hood. The dried matter was dissolved in CS2 prior to GC analysis.

The analysis of fatty acid methyl esters was pcrfonn ed using a Hewlett

Packard 5890 gas chrom atograp h (Hewlett-Packard (Canada) Ltd., Mississauga, ON)

on a glass capillary column (30 m x 0.250 mm 1.0 .) wall-coated with fused silica

(film thickne ss 0.25 um; Hewlett Packard, Mississauga, ON). Temperature

programming was from 220 "C for 10.25 min and then ramped at 30.0 "C/min to 240

DC and held at 240 DC for 9 min . Helium was used as the carrier gas. The temperatures

of the injector and the flame-ionization detector were both maintained at 250 "C.

Peaks were identified by means of reference standards and com parison with their

relat ive retention times.

2,3.3 Tot al Carotenoid cont ent

The total content of carotenoid s in the skin and flesh of charr wa s determin ed

as described by Gentl e and Haard (1991 ). A 5 g sample ofskin tissue or a 10 g sample

of fles h tissue was extrac ted three times with acetone (SDH Inc., Toront o, ON) for

5 min . The homogenized samp le was then filte red through What man No. I filter

paper on a Buchner funnel. The acetone extracts were pooled and mixed with 50 mL

dist illed water and 50 mL petrole um ether (boi ling range, 37.4·52.9; Fisher Scientific
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Co o. Fair lawn. N1) in ascparatmy funnel . The petroleum etherpbase was washed

twice with 30 mL disti lled water. and the remainin g acetone-water phase was re-

extrac ted with petroleum ether until it became co lourless . Pooled extracts in

petro leum ether were filtered through anh ydrous sodi um su lphate and dried at 30 "C

using a rotovapor. The res idue was then dissolved in an appropria te volume of

petro leum ether to give an absorbanc e value in the ran ge of0.1-0 .8. The ab sorbance

was recorded at 470 run us ing a diode arra y spectrophotometer (Hewlett Packard,

Model8452A, Hewlett-P ackard (Canada) Ltd., Mississa uga, ON) . The total con tent

of carotenoids was estimated using an extinction coe fficient E1"41.. of 2400 for

astaxan thin in petroleum ether(Kanemitsu and Ace. (95 8). accordi ng to the followin g

equation, as descri bed by Simpson et aI. ( 1981).

A "C(pglg)- m_
En W
,~-

when: C = total carotenoid concentration; A.,. - absorban ce at 470 am ; V.. ..., -

volume of the extract (mL) ; EI% Ie. = extinction coeffi cient of I % standard

astaxanthin in petro leum ether in a 1 em cell; and W........ - weight of tissue extra cted

(g wet weight) .

For anal ysis of the total carotenoids in the feed and faeces , 0.5-1 g of freeze-
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dri ed faeces or 5 g of diets were ground in a mortar and suspended in 5 or 15 ml of

distill ed water, respectivel y, to make a thin slurry,. The suspension was allowed to

stand in a water bath (50 °C) for 30 min with occasional shaking, and then was

extracted with 3 x 50 mL acetone as described above (No and Storebakken, 1991) .

2.4 Determination of the Digestibility of Ca rotenoids

Apparent digestibility coefficients CA De ) of the dietary carotcnoids were

dctcnnincd according to Austreng (1978) using Cr20 ) as an inert indicator. On weeks

11, 15, 19 and 23, the charr were fed on a diet containing 1% Cr20J for 1 wee k and

then starved for 1 day prior to stripping of the faeces. Between 8 and 10 fish from

each treatment were lightly ana estheti sed with ben zocain e and faecal samples were

collected from the hind gut region by gently squeezing the ventral abdominal region s.

Samp les were then pool ed, freeze- dried and stored at - 80 °C in dark prior to anal ysis

of chromium ox ide and carotenoids.

The chrom ium oxide content of the diet and faeces was analysed using an acid

digestion method (Furuka wa and Tsukahara, 1966). Appro ximat ely 200-300 mg

sample was digested in 5 mL of con centrated nitric acid in a Kjedahl flask until a

white precipitate was formed . Perchloric acid (3 mL) was then add ed to the digestion

mixture and the content was reheat ed until the green colour chan ged to ye llow, orang e
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or red. After digestion, the volume was made up to 100 mI with deionized water. The

absorbance of the solution was read at 350 om against deionized water using a

Hewlett Packard 8452 diode array spectrophoto meter (Hewlett-Packard (Canada)

Ltd., Missi ssauga, ON) . The standard curve obtained by the wet acid digestio n

technique may be expres sed by the equation : y ::::l 0.1089 X + 0.0032. where Y is the

absorbance at 350 nm, and X is the chromium oxide content of the sample (mgllOO

mL) .

Apparent digestibility coeffici ents (%) were calculated, according to Austemg

(l978) , as follows:

ADC: l 00-(l OOK -A.C' 10J ilf f eed x %C roteno ids infaeces)
-I.C'10J in/Ili!ces o/.Carolenoids infeed

2.5 Retention of Carotenoids

Retention ofcarotenoids (CR) in the flesh offish was calculated according to

the following equation (Torrissen and Braellan, 1979):

CR =IOOx PB CIlTotenoids inc rease per g Muscl e
PC Ca rD/enD/ds sflpp lementat io lf per g fish

The carote noid supplementation was calculated from total feed intake and tota l fish
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weight at the termination of the experiment.

2.6 Specific Growth Rate

Specific growth rate (SG R) (%) was calculated (Johling and Wandsvik, 1983)

as follows :

SGR =/oox In(final weight) -In(inilial weight)

days of feeding

where In= natural logarithm .

2.7 Statistical Analyses

The data were subjected to analysis of varia nce (bot h One-way ANOVA and

Two-way ANDVA) and regress ion analysis using SigmaS tat" Statistical Softwa re,

version 1.03 (Jandcl Corpora tion, 1992-1995).



Chapter 3

RESULTS
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3.1 Growth of Arctic char r

Fish in all experimental groups grew normally, with a less than 1% mortality

during the trial. The growth data ofArctic cbarr for each diet are summarized in Table

3.1. After 24 weeks of feeding. the chan. with initial mean weights of 66.35 to 73.34

g, attained a final mean weight of 301 .53-386.84 g. There were significant (P<O.05)

differences between the weight gains of chan on different diets, with lower weight

gain observed for groups receiving a lower amount of dietary lipids ({OO/o). However,

there were no significant (p>O.OS)differences in the weight gain between groups

receiving 18 and 26 % dietary lipids.

The specific growth rate (SGR) of all fish from all treatments decreased

generally as fish size increased (Fig. 3.1). The SGR offish redan diets containing

10% lipid was significantly (P<O.05) lower than that of the fish fed on diets

containing 18 and 26% lipid, while no significant (P>O.05) difference in SGR was

observed between the two groups on higher amounts of dietary lipids (Table 3.1).

The effec t of dietary carotenoid levels on the growthof Arctic chart during the

experiment was not significant (P>O.OS).
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Fig. 3.1 Specific growth rate (Gw%/day) of Arctic charr fed on different

experimental dietsovera 24-week period
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3.2 Body Composition

3.2.1 Proximate cemposftton of flesb

The proximate composition offlesh of Arctic cherr fed on experimental diets

for 24 weeks is presented in Table 3.2 and Fig. 3.2. As can be seen , the moisture

content of fish from all treatments decreased significantJy (P<O.05 ) with time, from

an initial level of79.89% to 67.11 - 70.78%. while the lipid content of cherr flesh

inc reased substantially from 1.58% to 7.19 - 12.54% during the firs t 20 weeks of

feeding experiment, and then decreased significantly(P<O.OS) to 5.72 - 10.84%. The

protein content increased as fish gre w, but the mineral content remained relative ly

unchanged over the experimental period (Fig . 3.2). After 8 weeks on the

experimental diets, the flesh moisture and lipid contents were significantly (P<O.OI)

infl uenced by the amo unt of dietary lipid. while the protein and mineral content of

flesh were not (?>a.OS)affected (Appendix 3). Regression analyses indicated that the

flesh moisture was inversely related to dietary lipid content (r=O.96) and there was a

significant direc t rela tionship between the conten t of flesh lip id and that of dietary

lip id (r=O.96).

The various dietary carotenoid levels did not affect the proximate composition

ofthe flesh (P>O.05) . No interaction ofdietary lipid and carotenoids on the proximate

composition of fish flesh was observed (P>O.05).
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Table 3.2 Proximate composit ion (%) of the flesh of Arctic charr fed on
different diets for 24 weeks'

Diet (% lipid- Moisture Crudeprotein Total lipid Ash
ppmcarotenoid)

At start : 79.89 ± 0.15' 16.01 ± 1.48" 1.58 ± 0.31' 1.13 ± 0.01'

After 24 wee ks:

18 - 0 68.50 ± 0.22' 19.89 ± 0.43" 8.67 ± 0.37' 1.16 ± 0.0'

10 - 40 70.78 ± 0.07' 20.87 ± 0.13' 5.72 ± 0.23' 1.15 ± 0.03-

10- 60 70.06 ± 0.02' 20.57 ± 0.5 1' 6.39 ± 0.l4' 0.68 ± 0.03'

10 - 80 70.00 ±0.18' 22.03 ± 1.26' 6.35 ± 0.20" 1.13 ± 0.02'

18 - 40 68.77 ± 0.33' 20.62 ± 0.48" 8.11 ± 0.29' 1.08 ± 0.03'

18 - 60 69.93 ± 0.66' 20.64 ± 0.38" 7.94 ± 0.16' 0.94 ± 0.05'

18 - 80 68.71 ± 0.72' 1953 ± 0.49" 8.48 ± 0.38' 1.12 ± 0.02'

26 - 40 67.82 ± 0.30" 18.42 ± 0.43' 10.84 ± 0.41' 1.05 ± 0.01'

26 - 60 67.11 ± 0.81' 18.97 ± 2.73' 10.48 ± 0.26' 1.04 ± 0.05'

26 - 80 67.77 ± 0.11' 19.1O± 0.9I ' 9.98 ± 0.15' 1.11 ± 0.05'

Dietarylipid P<O.OI P<0.05 P<O.OI P>O.05

Dietary carote noid P>O.05 P>O.05 P>O.05 P>O.05

Interaction of dietary P>O.05 P>O.05 P>0.05 P>0.05
lipid andcarotenoid

'Results are meanvalues of triplicat e detennination ±. standard deviation. Values in each columnwith
differentsuperscript aresignificantlydifferent(P<O.05) fromone another, respectively.
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Fig. 3.2 Moisture content (A), auc:le protein (B), tota l lipid (e) , and ash content {OJin
the flesh of Arctic cnerr fed on different diets over a 24-week period

Note: Since no influence of dietarycarotenoid, or any interactionof
dietary lipidand carotenoid on the proximatecomposition were
found, each curve above representsthe mean value of groupsat
the samedietarylipidlevels. respectively.



35

3.2.2 Lipid fatty acid composition of Charr flesh

The lipid fattyacidcompositionof flesh of Arcticcharr priorto andafter24

weeks of feedingaregiven in Table3.3. After feeding on experimental diets for24

weeks , the content of saturated and monounsaturated fatty acids (MU FA) in the fish

flesh increased signi ficantly (P<O.05) from initial amounts of 16.42 and 32 .74 % to

22 .5-24 .49 and 50.48-53 .4 1%, respectively. Meanwhile the amount of

polyunsatu rated fatty acids (I' UFA) decreased significa ntly (P<0.05) from 50.86 to

23.77-25.72%. Therewas no significant(P>O.05) differencebetweenthe fattyacid

composition of feed (Table 2.4) and those of fish flesh fed 18 and 26 % lipid, while

the fish fed 10 % lipid containedhigherl\IUFA and lower PUFA in their flesh as

compared to thatofthe feed. eitherdietary lipidnorcarotenoid levelshadany effect

on the fatty acid composition of fish flesh.

3.2.3 Liver lipid and hepatosomatic indic es

The fish receiving no pigment supplement ( i.e. the control group) had

significantly (P<O.05) higher liver lipid content than those receiving dietary

astaxanthin (Table 3.4). There was also a remarkable difference in hepatosomati c

indices (H5 1). the weigh t ratio of liver to the whole fish on a wet weight basis (Love.

1992) , between the fish fed on pigmented diet and those on the contro l diet . The IISI
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Ta ble 3.3 Lipid fatty ad d composition (%) of tbe Beth of Antic chur prior
to a Dd after 24 weeks on experimental diets'

'''' Initial- Diets(% lipid . pprn~)....
' 1 . 0 10--0 10 · 10 - 80 .1 . 40 ' 1·60 11·10 " ." " .., " .80..... ,m' OW" '01' '. 07" ,... ,.... 0.12' D_OS· ..". 0.16"

'4 :0 .... .... ,.... s.u- ,,. .... ..~ .,~ 6.65' 6061' .,,.
16:0 12.... 15.46' l U ll" 15.72" reza- IS.4) ' IH ) ' 15.1" 1].1 7" 14.21' 14.17'
•1:0 ..~ .or ..". .... ' 79' ... 1.14' 129' 1.' 1° " 79' 1.94"

"" o.w 0-1'" OI~ 0.14' D_Il" O.U ' 0. 1l" 0 .1 1' e.rz-
''''' lUZ" 26,.. 24.02" 1].... 24.4)' ".... ".... 14.'''' zz,, . 22.79' 23.11'

1. :100lS 0.1l" O.IS ' 0.15'
16:1.. 1 ..... , n- ..... ". 9.5" 1.3" w · ..... ,,. .... 7.~·

11:1"" IO.or 11.S9' 19.&5" ".. 19.96' ,U. 17.0)' 17.14' 16.7 " 16.66' 16.21'
20:1"" 10-93" 12.94' 11.0 ' " II..,. ,.". U .I6" ' U I' 1l .II ' 15.10" ' 4.4) ' IS.OS·
2l: lwll 7.64· 11.95' 7.11" ,.,. ". 12.45' "00- IUl ' U". 14.04' U.59"
24;11019 OI~ 0_16' 0.17" ezz- 0.21' ..,. ' .22"
'M~ 32.1"- 51.39' 47.35' 49 -2S' 41.96' sl.or s... ..,. 52.9 2" 51.41' B- 09"

' 1:2w6 '.2J' 2.1)' ,09' l .... l .... 2.01" ..... 1.9)' I. .... ,.... ..7'
'1 :3<0>6 .... • or ..... ... .... ....
.1:300>3 e."" ues- 0.61' 0-61' ."" 0.73' 0.7}" .... 0.11' 0.13'"'.,.,. 0.21' 0l0' .". OJ I' 026' 0U7' • .23' .U- ' .26' OJ I'

"'... 0..21' 020' '22" , .n ' O. IS' 0.16- 0.15'
lO:l<ool .". 0.11' O. U' 0.12' 0.12'

"'.... U .99" 0.$6' ' .n" 0.67" ,... '60' 0.5S" ..... 0.55' o.n ' 0.54'
2O:5wl 142 4' 6.12' ..... 6.W . 21> .". ' .l6' 6.ll' ,,7' 6.41' 6.3<1'
U;5w l l.5l' uO' 1.92' r.n- 1.78" 1.6l ' ,.... ,>0 1.6l ·

" ~ 1.55'
ll:6wl 17.12' U.S-' 15,U ' U .,., 14.72' u.as- 13.94' IU S" 1.2.50" IU S" 12....'
1:Poly 50,16' 24.15' 28.6l ' ~77' 27.62' .25.11' " .n" 26'7' 24.51' " .77' " ...
us s.os- l .U' 3.16' 3.17" ' 09' l .l9" ,,,,, l .04' ) ....' l .l9" l .ll'

' ''' \7 .27' ) .\9" 4.l9" 4.)1' 4.ll ' l.U' .... .n- 2.91' 1.71' ..,.
' w' 33.59' 21.66' 24.24' 22.... 23.) 1' 21.98' 22.n' 2\ ,15' 21.67' 21.1)6' 21..28'

""'" 0.51' 0.15' O. IS' 0.19'" 0.\ 8' 0.14' 0.12' 0.12" O.U' e.u- 0.12'

'Results ... mean .....llCIofd uplicatc dctenninations.StandarddcvWion ranged from 0.00 100.97. VaillCIincao:h row
wilhdi lTllmIt ... perxript ~ ",gnificanlly diffemrl (P<O.OS)from onc anolhl:l'.rmpectiftly. Sat.Monoand Poly ~

~monounsarumcd and pol~riUlY acids. rmpectiftly. UIS ~ the ratio or WlSatutaled tosatlimed

fattyKicb.
~ lnili&l-fllh priOl' to the nperiments



T able 3.4 Lipid content of liver and bepatosomatic index (USI) of Arctic
eharr after 24 weeks on experimental diets

Diet (% lipid - ppm carotenoid) Liver lipids (%) 1 HSI(%Y

10 -40 15.27 ± 1.34" L86 ±O.34b

10·60 15.0S ± 1.37" 1.82 ± O.32b

10- 80 12.16 ± 1.65" 1.63 ±O.Sot'

18 ·40 15.13 :1:: 1.12" 1.56 ± O.23b

18 -60 14.09 ± 1.73" 1.79 :1:: 0.31"

18 - 80 11.38 ± 1.98" 1.76 :l::0.65b

26 -40 12.31 ± 1,00- 1.73 ±O.34 b

26-60 11.52 ± 1.93· 1.77 ± O.38b

26 - 80 9.35± I.37b 1.59 ± O.26b

Control (18 - 0) 21.66 ± 0.2." 2.27 ± O.35b

Dietary lipids P<O.OI P>O.OS

Dietary carotenoids P<O.OI P>O.OS

Interaction of lipid and caroteno id P>O.OS P>O.OS

I.lResults are mean values uf triplicat e and 8-10 detenninations ± standard deviation.
resp ectivel y. Data in each column with differen t superscript are statistically different
(P <O.05) from one another. respectively.
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of fish fed on pigmented diet was lower than those on the contro l diet (Table 3.4).

Except for the control group (i.e. receiving no carotenoid supplement), the liver lipid

content of fish on dietary carotenoids was inversely related to the dietary lipid level.

There was a significant (P<O.OI) influence of dietary lipid and carotenoids on the

lipid content of fish liver. However, hepatosomatic indices were not affected by the

conten t of dietary lipids or the carotenoid levels (Table 3.4). No interaction of dietary

lipids and carote noids was observed on the liver lipid and hepatosomatic indices.

3.3 Pigmentation

3.3.1 Total carotenoid concentration in flesh and belly skin

3.3.1.1 Carotenoid concentration in flesh

The total carotenoid contents in the flesh of Arctic charr after 24 weeks of

feeding on experimental diets are summarized in Table 3.5. With the exception of the

contro l group, which was devoid of any dietary carotenoids, the total content of flesh

carotenoids increased throughout the experimental period for all treatments (Figs. 3.3

and 3.4, Appendix 4). After 24 weeks of feeding, the carotenoid levels in fish flesh

from all experimental groups increased significant ly (P<0.05) , from an initial amount

of 0.11 mglkg to 4.06-8.35 mg/kg • on a wet weight basis; this exceeds 4 rug/kg level



Table 3.5 Total carotenoid content (mg/kg tissues) in the flesh and belly skin
of Arctic charr fed on astaxanthin-pigmented diets for 24 weeks

39

Di et (%lipid- ppm Flesh Belly skin
carotenoid)

on wet basis on drybasis on we t basis on drybasis

At start: 0.11 ± o.io- O.57 ± O.1Ib 0.22 ± 0.05" 0.78 ±0.19"

Afler 24 weeks:

18 - 0 0.30 ± 0.13" 0.95±0.11" 0.46 ± 0.13" 0.99 ± 0.11"

to - 40 4.06 ± 0.24' 13.91 ± 0.27< 13.18 ± 0.13' 33.45 ± 0.26'

10 - 60 4.93 ± o.so- 16.46 ± 0.18' 15.77 ± 0.12' 37.99 ± 0.32"

10 - 80 5.57± 0.21' 18.58 ± 0.75' 13.80 ±0.16' 42.16 ± 0.40'

18 - 40 4.59 ± O.17cd 14.71 ± 0.58' 16.to ±0.28' 45.26 ± 0.80'

18 - 60 5.93 ± 0.60' 19.71 ± 0.52" 25.37 ± 0.54' 69.40 ± 2.24"

18 - 80 7.61 ± 0.51' 24.32 ± 0.17' 30.92 ± 0.25" 84.44 ± 0.67'

26 - 40 5.54 ± o.u - 17.24 ± 0.37' 20.38 ± 0.79' 51.89 ± 0.51'

26 - 60 8.14 ± 0.50" 24.74 ±0.16' 26.38 ± 0.17' 77.43 ± 1.13'

26 - 80 8.35 ± 0.10" 25.91 ± 0.34' 32.47 ± 0.39' 92.99 ± 0.20"

Dietary lipid P<O.OI P<O.OI P<O.OI P<O.OI

Dietary carotenoid P<O.OI P<O.OI P<O.OI P<O.OI

Interaction of dietary P<O.OI P<O.OI P<O.OI P<O.OI
lipid andcarotenoid

' Resuhs are mean values of triplicate determinations ± standarddeviation. Values in each column with
differentsuperscript (a-j) are significantly different (P<O.05) from one another, respectively.
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which is generally regarded as sufficient rOT adequate visual colour impression of

fanned salmon fish (Torrissen et aI. 1989). For all treatments, the major changes

(increase) in the pigment content of flesh were observed after 8 to 20 weeks of

feeding. The flesh pigment content remained relatively unchanged after wee k-20 for

the groups fed on diets containing 10 and 18 % dietary lipid, but decreased in the

groups fed 26 % lipid in their feed (Fig. 3.4).

At each dietary caro tenoid level (Fig. 3.3), after 8 weeks feedin g, the total

carotenoid content in fish flesh increased sign ificantly (P<O.05) with increasing

content ofdietary lipids. The rate of increase in deposition ofdietazy carotenoids was

the highest in the groupreceiving 26% dietary lipid, followed by the group fed 18%

and 10010dietary lipid. respectively. At the 60 and 80 ppm dietary carotenoid levels

(Fig . 3.38 and C), the carotenoid levels of fish flesh in the groups fed 26 % dietary

lipid exceeded.4 mw'kgafter 12 weeksof feeding, while fish in the groups receiving

10% dietary lipid reached the same carotenoid level ofover 4 mg/kg after 20 weeks.

For thegroups on 40 ppm dietary carotenoids (Fig . 3.3A). the total pigmen t content

in fish flesh exceeded 4 mglkg on week-to , 20, and24 for those receiving 26, 18 and

10% dietary lip id, respective ly.

On the other hand,after feeding on formulated diets containin g 18 % lipi d for

8 weeks (F ig. 3.4B) , the co ntent of flesh pigments increased signifi cantly (p<O.OS)
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as the amount of dietary carotenoids was increased. At the 26 % lip id level (Fig.

3.4C), there was a significan t (P<O.05) increase in flesh carotenoid con tent whe n the

amount of dietary carotenoids increased from 40 to 60 ppm. but the corresponding

increase was less pronounced when the level ofdietary carotencids increased from 60

to 80 ppm. At the 10 % dietary lipid level, after 20 weeks of pigmentation, the

difference in the carotenoid content of fIesh among the three dietary pigment groups

was slight but statistically significant (P<O.05), with the highest pigment content in

the flesh offish fed on 80 ppm dietary carotenoids, followed by the grou p receiving

60 and 40 ppm dietary carotenoids, respectively. There was a significant (P<O.OS)

interaction ofdietary lipid and carotenoids on the tota l pigment content of fish flesh .

3.3.1.2 Total car otenoid content in belly skin

The total carotenoid contents in the belly skin ofArctic cbarr on week -24 of

pigmentation are shown in Tab le 3.5. Similarly, the content of carotenoids in the

belly skin of fish from all experimental gro ups increased during the course of the

experiment (Figs. 3.5 and 3.6, Appendix. 5). At the end of the experimental period.the

level of carotenoids in belly skin increased sign ificantly (P<O.05) from 0.22 mglkg ,

on a wet weight basis, to 13.18~32 .47 mglkg (Ta ble 3.5) . The major deposition of

dietary carotenoids in the belly skin was found after 8 weeks offeeding on pigment ed

diets. The pattern of the effect of dietary lipid on the carotenoid content in the belly
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Fig 3.5 Total carotenoid content (mgJ1<g, on wet-weight basis) in the belly skin of
Arcticcharr fed experimentaldietsover a 24-week feedingperiod(I )
A, 40 ppmdietarycarotenoid; B, 60 ppm dietarycarotenoid;
C, 80 ppm dietary carotenoid
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skin of fish was similar to that in their flesh. At each dietary carotenoid level, the

pigment content of belly skin increased when the amount of dietary lipid was

increased (Fig . 3.5). On the othcr hand, at 18 and 26 % (high) dietary lipid levels, the

carotenoid contents in fish belly skin increased with the increase in the dietary

carotenoid levels (Figs . 3.68 and C), whereas at the low dietary lipid level (i.e. 10 %),

the increase in the amount of dietary caro tenoids from 60 to 80 pp m did not resu lt in

any significant (P<O.05) differe nce in the pigment content of belly skin between the

two trea tments at the end of the experi ment (Fig. 3.6A). A significant (P<0.05)

interaction of dietary lipid and carotenoid on the pigmen t content of belly skin was

also observed.

3.3.1.3 Correlation between flesh carotenoid concentration and fish size

Regression analysis indicated that there was a curvilinear relationsh ip

(P<O.OOl) between flesh pigmentation and fish body weight regardless of their levels

of dietary carotenoid and lipid (Fig. 3.7). The regression equation is

r - 4.98+0.06x - O. OOOOIlx',FO.88

where y=tota l carotenoid content (mglkg, on wet basis) in flesh, x=body weight of

fish (g) .
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3.3.1.4 Correlation between carotenoid concentration and ra t cootent in

nesb

Regressionanalysis demonstrated that therewas a high correlation (P<O.OOOI)

between the total carotenoid and total fat contents in charr flesh (Fig. 3.8). The

regression equation is

y--S.8S+4.29x -O.J6x' . r-'O.92

where y=totaJ caroten oid contents in flesh, :r=total lipid level s in flesh .

3.3.1..5Corre lation between carotenoid concen tra tion in Ilesb • belly skin

and dietary lip id and carot enoid levels

The result of multiple linear regression revealed that the carotenoid

concentration in charr flesh was directly correlated with both dietary lipid (P'=().0022)

and carotenoid (P=O.OOO8) levels. The regression equation is

y-O.9J l +o.J95x ,+O.191xl>r9>.96

where y=total caroteno id content in flesh. x1z:Wetaly lipid levels, J:l~etary

carotenoid levels (Fig . 3.9) . A sim ilar relations hip (p..:().OO33) existed between

carotenoid concentration in belly skin and dietary lipid and caro tenoi d levels, with 8

regression equation of

y--2&J+I.&5x, +O.906x1• r=O.92

where y=total caro teno id co nten t in belly skin. J:.-dietary lipid levels, J:z=dietary
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caro teno id levels (Fig. 3.10).

3.3.2 Co lour measurement

3.3.2.1 Colour par ameters

The instrum entally measured colour values of filet, homo genized flesh and

bell y skin, of Arcti c charr fed on experimental diets ove r a 24-week feeding period

are given in Tab les 3.6 to 3.8. The intensity of Hunter a (redness ) and Hunter b

(ye llow ness) values of filet, homoge nized flesh and belly skin in all treatments

(except for the control group) increased wit h progression of the duratio n of feeding

on pigmen ted diets while Hunter L (lightness) values decreased (Figs. 3.11 to 3.16,

Appendices 6 to 8).

Figs. 3.1 1 and 3.12 show a major increase in Hunter a value of filet beginning

from week-8 to week- If of feeding on pigmented diets for each experimental group.

Prolonged feeding on carotenoid-containing diets did not result in any statist ically

sig nifica nt (P<0.05) changes in Hunter colour values. At the end of the expe riment

(i.e . on week-24), at 80 ppm dietary carotenoid level. filet from the group fed on 26%

dietary lipid and 80 ppm carotenoids exhibi ted the highest Hunter a value. followed

by the group fed on 18 and 10 % dietary lipids (Fig. 3.11C). For fish receiving 40 and

60 ppm dietary pigments . the Hunter a values of filet were not significantly (P>O.05)



Table 3.6 Hunter L, 3 , b colour values of th e filet of Arctic charr after 24
weeks of feeding on experimental diets!
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Diet (%lipid - ppm HunterL Huntera Hunterb
caroteno id)

At start: 50.38 ± 1.74' 0.28 ± 0.02' 12.33 ± 1.07'

After 24 weeks:

18 - 0 49.69 ± 2.06' 1.21 ± 0.86' 12.39 ± 0.82'

10 - 40 44.79 ± 1.51' 15.14 ± 1.01' 21.61 ± 1.30'

10 - 60 43.18 ± 2.59' 16.04 ± 1.33X 22.16 ± 1.57"

10 - 80 39.40 ± 1.10' 17.25 ± 1.2OX 23.09 ± I.03X

18 - 40 41.62 ± 0.52' 16.86 ± 1.8OX 23.05 ± 1.93x

18 - 60 40.27 ± 0.97' 18.37 ± 1.25X 23.99 ± O.93x

18 - 80 41.61 ± 1.70' 19.52 ± 2.83x 25.03 ± 1.3OX

26 - 40 43.54 ± 3.14' 17.56 ± 2.09X 23.86 ± 1.86x

26 - 60 42.19 ±2.13' 18.73 ± 1.76X 25.90 ± 1.17"

26 - 80 41.80 ± 2.43' 20.49 ± 2.31' 26.16 ± 1.46'

Dieta ry lip id P>O.05 P<0.05 P<O.OI

Dietary carotenoid P>0.05 P<0.05 P<0.05

Interaction of dieta ry P>O.05 P>O.05 P>0.05
lipid and carotenoid

'Results are meanvalues of 48 detenninations ± standard deviation. Datain each column with different
superscript are significantly different (P<O.05), respectively.



T able 3.7 Hun ter L.' b colour values aCth e homogenized Oesh of Arc dc
ebarr after:%4 weeks orfeeding on experimenta l d iets l

D ict (% IipId_ppm. Hunter L Hlmtcra Hunter b

'""""""'" 70.69± US· 0.08% 0.38" 12.18 ± 0.24'

AfteT24 weeks :

18 -0 65.33 ± 2.011 0.49± 0.411 13.24± 0.69"

10 - 40 58.96 ± 0.50" 10.50 ± 0.61" 20 .95 :i:0.61 "

10 -60 58.30 ± 0.44""' 11.71 ±O.l2 4 22.70 ± 1.31"

10 ~ 80 55.07 ± O.6'P' 12.32 ::t: O.44do 23 .70 ± 0 .85"

18 - 40 57.33 ± 0.67" 12.S1 :t o.2" 22.69 : 0.39"

18-60 56.03± 0.66"" [4.01 ± 0.33' 24.68± 1.17""

18-80 SS.20%O.4Sb 14.36 :0.68' 25.06 ± 0.9S"

26-40 57.59 ± 0.3 7" 13.26 ±O .91'" 23.09± 0.52-

26 -60 57..54 :1: 0.55' 14.4O:t: 0.54 ' 25 .44 ± 0 .29""

26 -80 56.14 :1: 0.64<01 15.98 ± 0.48" 25.95 ± 0.43"

Dicurylipid P<O.OI P<O.OI P<O.OI

DicwyQJOlaIOid P<O.Ol P<O.OI P<O.OI

lDlenCtioaofdieWy P<O.OI P<O.OI P>O.OS
lipid &lid eaRMmo id

'Resul I5 are mean values or 48 determinations ± sWldard dcmUoa. Dlta in eac h (01= with diffcn:u l
supencrip l an: 5ir;ai&anl diffcnul (P<O.OS).respectively.
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Ta ble 3.8 Hu nter L, a, b colour values of the beUy skin of Arctic cbarr after
24 weeks of feed ing OD experimental diets!

Diet(%lipid-ppril HunterL Hunter a Hunterb
caroteno id)

A IS!lU1; 81.06± 1.58- -1.46 ± 0.281> 5.40± 1.421>

After 24 weeks:

18 - 0 72.0S ± 1.84" ·0.5 1 ±0. 98b 11.52 ± 2.29b

10-40 67 .27 ± 5.66" 9.12± 2.44c 12.21 ± 1.04<

10 -60 62 .40 ± 2.57" 12.34± 2.4CJK 14.31 ± 1.54""

10-80 63 .96±3.99" 12.11 ± 2.6()"C 15.52 ± 0.81""

18 - 40 66 .23 ± 2.5S" 9.63 ± 3.92< lJ.D7± l.OS""

18 - 60 65.15 ± 3.84" 11.90 ± 2.26"" 16.82 ± 1.91""

18 - 80 62.00± 6.31" 16.62 :1: 3.57"" 18.70 ::!:: 1.14&

26-40 65.84:1: 3.71" 12.46 ± 2.52"" 14.68 ± 1.53-=

26-60 63.S4 ±S .57" 14.72 ± 2.60"" 17.43 ± 2.91x

26-80 62 .86 :l:5.44' 19.44 ± 4.69" 19.10 ± 2.2'P

Dietary lipid ?>G.DS P<O.05 P<O.OS

Dietary carotenoid ?>G.DS P<O.OI P<O.OI

Interaction of dietary P>O.OS P>O.OS 1'>0.05
lipid and carctencid

55

'Results an: mean values of 48 detenni.natiops * $Widard deviation. Dam in each co lumn witb different
superscripl iittsignificantlydiffcrent(P<O.05),respec:tively.
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di fferen t from those receiving 18 and 26 % dietary lipids (Figs. 3.IIA and 3.118) .

Furth ermore, groups receiving 18 and 26 % dietary lipids and 80 ppm carot enoids

exhibited the highest Hunter a valu es of filet aft er 24 weeks pigm entation, follo wed

by the group rece iving 60 and40 ppm dietary caro tenoid (Figs. 3. 128 and 3.12C). An

increase in the dietary carotenoid level from 40 to 60 ppm did not result in any

significant (P>O.OS) increase in the Hunter a va lue of filet when fish receiv ed low

levels ofdietary lipid (i.e. 1(010)(Fig. 3.L2A ). A similar pattern was also obs erved

for homogenized charr flesh (Figs . 3. 13 and 3. 14).

Th ere was a signi ficant (P<O.O1) interaction of dietary lipid and caro teno id

levels on Hunter L. a values of homogenized flesh. but not on the Hunter b value of

flesh (Table 3.7, Appendix 8).

After 16 weeks offeeding on pigmented diets at different levels, the Hunter a

value of belly skin in the group fed on 26% dietary lipid was significantly higher than

those receiving 10 and I r A» dietary lipid (Fig 3. 15). The major change in the Hunter

a value of belly skin of the grou p receiving 26 % dietary lipid was achieved durin g

the first 20 weeks of the experiment, After 20 weeks, the Hunter a value in the same

groups remained relati vely unchanged while the Hunter a values o f the belly skin of

gro ups receiving 18 and 10 % dietary lipid co ntinued to increase signi fican tly

(P<O.05). On the oth er band, at 18 and 26% dietary lipid level. the belly skin o f fish
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fed 80 ppm dietary pigment attained the highest Hunter a value, followe d by those

receiv ing 60 and 40 ppm dietary caro tcnoids (Figs. 3. 168 and C). For belly skin of

fish on 10 % dietary lipid, no signi ficant (P>O.05) increase in the Hunter a value was

observed when the level of dietary carotenoids increase d from 60 ppm to 80 ppm

(Fig. 3 .16A). No significa nt (P>O.05) interac tion ofdietary lipid and caro tenoi d level s

was observed .

3.3.2.2 Correlation between colour values and carotenoid concentration

in the flesh and belly skin of charr

The regression analysis on the Hunt er colour values and pigment contents of

the flesh and belly skin of charr, including the initial and control samples, indicated

that the carotenoid conce ntration had a significant (P<O.OOO I) effec t on colour

variations as reflected in Hunt er L, a , b .

As show n in Fig. 3.17, the intensity of the red colour of fish flesh. as reflecte d

in their Hunter a value, increase d in a curvi linear manne r with increasing carotenoid

levels in the flesh as give n by the regression equat ion:

J'~O. 76+0.84x - O. 009x'

where y= Hunter a value, and x=total carotenoid content in flesh (mg/kg, on dry

basis). The r value for this regress ion equatio n was 0.96. The yellowness intensity of

fles h, as noted in Hunter b value, also increased as caroteno id levels in the flesh
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increased, and a curvilinear re lations hip was found. as giv en below:

y=1219+0.74x-O.OOar

where y=H unter b value . and x is total carotenoid levels (mglkg. on dry basis) in the

flesh . The r value was 0.98. However, an inverse relationship existed between

lightness of flesh, as shown in Hunter L value, and caroteno id levels in the flesh of

fish. The regression equation for this relationship is as follows :

y-69.52 -0.7f>x+O.OIJx'.O"O.90

where rHunter L value, r=total carotenoid co ntent in fles h.

Similar pattens were also found for the relationshipof the Huntercolour values

and caro tenoid levels in the filet and belly skin (Fig. 3.18 and 3.19). The regression

equa tions are as follows:

For filet

y=. I.25+1.21x- o.OISr', r=O.96. ( Hunter a value);

y=11. J 7+o. 7Sx-O.Oofu:'. FO .96, (H unter b value) ;

yz48.46-0.49r+ o.OOar , r=O.88. (Hunter L value). (Fig . 3.18)

For be lly skin:

y=-1.33+0.38x-O.OOlx', r=O.96, (Hu nter a value);

y-7.73+0.14x- O.OOlr , r-O.8 9, (Hunter b value);

y= 78.04-0.J4x+O.OOb:'. r =0.89, (Hunter L value). (F ig. 3.19)



55

Q) y=4a.46-0.49x+0.00ax'
:::> 50co
>

...J

~~ 45
c: 1: .......
:::> " .J: .,

40 .. -.

0 10 20 30

Q) 20 7:::> -.. ....co J">

'" 10
. '.

2 ....
c:
:::> .- .-J: 0

0 10 20 30
30 y·=11.37+0.75x-0.006x'

Q)
:::>
co ...">
.c 20c;;
C .. ':::>
J: '.

10
0 10 20 30

Total carotenoid content (mg/kg, on dry basis)

Fig. 3.18 The correlationbetween Hunter L, a, and b values of filet and total
carotenoid levels in the neshof AretlC charr(n=60)

66



s SO

~
oJ 70

~
:>
;r 60

." y=7S.04-o .34x+0.002x'

~
: .

..........­. . . .. : -. . .. .

67

20 40 60 SO 100

" 20 y=-2.33+0.3Sx-o.002l?
:>
<;j r>.. 10

..... .
~ ~ •••••r »,
:>

";r 0

0 20 40 60 SO 100
20 y=7.73+0.24x-0.00lx'

s r~ 15 .:.- ... .
-"

I 10 :< . .
;r

"
5

,I

0 20 40 60 SO 100

Tota l carotenoid content (mglkg, on dry basis)

Fig. 3.19 Thecorrelationbetween Hunter L a, and b and totalcarotenoidlevels
in the beily skin atArct;c cl1arr(n=60).



68

where x=total carotenoid contents (mg/kg, on dry basis) i.n flesh and belly skin,

respecti vely.

3.3.2.3 Correlation betw een Huoter colour values and lipid content of tbe

flesh

The regression analysis did not show any significant (P>O.05) relatio nship

betwee n any ofthe Hun ter co lour values and the lipid co ntent of the flesh .

3..3.3 Carotenoid retention and diges tibility

3.3.3.1 Retention of caro tenoid In the flesh

The retention of carotenoids in the flesh of Arctic charr after feeding on

experimental diets for 24 weeks is shown in Table 3.9. It is evident that carotenoid

retention in the flesh decreased significantly(P<O .05) with increased levels ofdietary

caro tenoids, while this i.ncreased (P<O.OS)as dietary lipid levels increased.

Regression analysis indica ted that the tota l amount ofcarotenoids retain ed in

fish flesh was directly correlated with the amount of dietary lipid (p<O.OOOl). but was

inverse ly related to the concentration of dietary caroteno ids (P=O.OO04), as given in

the following equation:

y=4.60+0.29x ,-O.OSX1' r=O.99

where y=retention of caro tenoid in flesh {Ilg retained/g growth}, xt=dietary lipid



Table 3.9 Retention of caroteno id (CR) in the flesh of Arctic charr after
feeding on experimental diets for 24 weeks'
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Diet (%lipids - ppm carotenoid)

10-40

10 - 60

10 - 80

18 - 40

18 - 60

18 - 80

26 - 40

26 - 60

26 - 80

Dietary lipid

Dietary carotenoid

Interactionofdietarylipid anddietarycarotenoid

CR ( % )

5.56 ± O.IO'

4.84 ± 0.07'

4.13 ± 0.29'

7.67 ± 0.23'

6.83 ± 0.19'

6.02 ± 0.07'

10.66 ± 0.15'

9.72± 0.06'

8.16 ±0.14'

P<O.OI

P<O.OI

P<O.OI

[Results are mean values of triplicate determinations ± standarddeviation.
Data with different superscriptare significantly different (P<O.05) from one
another.
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Fig 3.20 The effects of dietary lipid (%) and caroteno id (ppm) on the retent ion of
carotenoidin the fleshof Arcticcharr.

y=4.60+0 .29x,-D.05x" where y=retention of carotenoid ,

x,«dietary lipidlevel, x2:dietary carotenoid level.
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Table 3.10 Appar ent digestibilit y coefficients (ADC) of dietary carotenoid of
Arctic charr fed on different diets '

D iet (%lipids - ppmcarotenoid)

10 - 40

10 - 60

10 - 80

18 - 40

18 - 60

18 - 80

26 - 40

26 - 60

26 - 80

Dietary lipid

Dieta ry caro tenoid

Interaction of dietarylipid and carotenoid

ADC(%)

60.33 ± 3.38'

52.67 ± 2.47'

47.99 ±4.IO'

69.55 ± 1.47ac

67.01 ± 3. 1 6~

65.33 ± 1.33'

73.62 ± 3.54'

69.63 ± 2 .04~

67.1O± 2 .25~

P<O.OI

P<O.OI

P>O.05

I Results aremeanvalues of triplicate determinations ± standard deviation.
Data wi th different superscript are significantly different (P<O.05) from one
another .
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levels, :l:1:odietary carotenoid levels (Fig. 3.20).

3.3.3.2 Apparent digestibility coefficient of dietary carotenoid

The mean apparent digestibility ofdietary carotenoids ofArctic chan fed on

various experimental diets over a 24-week period is presented in Table 3.10. It

appears that the digestibility of carotenoids decreased with a decrease in the amount

of dietary lipid or an increase in the level of dietary carotenoids .

Th e result of regression anal ysi s ofdigestibility on the level of dietary lipid

and pigment indicated that digestibility of carotenoids correlated directl y with the

amount of dietary lipid (P=O.OOI4), but was inversely related with dietary pigment

levels (P=O.0399), as given by the equation:

y=56.7+I.OJxrO.192xl' r=O.93

where y=apparent dig estibility of carotenoid (%), x1=dietary lipid levels, x1=dietary

pigment level s (Fig. 3.2 1).

3.3.3.3 Correlation between retention of carotenoid and apparent

digestibility coefficient

Regression anal ysis revealed a relati onship (P=O.OI 13) between the amount

of carotenoids retained in the flesh and digestibility of carotenoids . Th e re lation is

y=37.J - I.29rlO.OlJx', r-O .95

where y=retention ofcarotenoids in the flesh. seapparent digestibility coefficient of

carotenoids (F ig. 3.22).
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Fig. 3.21 Digestibility of Arctic cnarr fed experimen tal diets containing
different lipid (%) and carotenoid (ppm) levels .

y;56.7+1.03x,-{).192x" where y;apprant digest ibility,

x, ;dietary lipid level, x, ; dietary carotenoid level .
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4.1 Growth

The mean specific growth rate (SGR) of Arctic charr in this study ranged from

0.88-1.01 % per day over a 24-week of feeding experiments. This is in agreement

with previous observations under similar conditions for charr (Christiansen and

Wallace, 1988). Thus, various levels ofdietary lipid and carctenoids did not result

in abnormal growth of fish in the present study. Increasing the proportion ofdietary

lipids improved the weight gain, and this was significantly greater for diets containing

18 and 26 % lipids than those containing 10 % lipid . This is in agreement with the

result ofTabachek (1986) who increased the level ofdietary lipids from 10 to 15 %.

It is known that dietary lipids have a sparing effect on proteins (Watanabe, 1977;

Takeuchi et al., 1978), thus allowing utilization ofproteins for growth rather than for

energy. Therefore. although the groups rece iving 10 % metal)' lipid were fed the same

level ofdietary protein as the 18and 26 % groups, the dietary lipid level they received

may not have allowed optimization of the available protein. This may be the main

reason for the lower growth rate ofgroups fed on 10 % dietary lipid. However, too

much dietary lipid may result in an imbalance of the DEIDP {i.e. dietary

energy/dietary protein) ratio and excessive fat deposition in the visceral cavity and

tissues. which would adversely affect of growth. product quality. and storage

(National Research Council, 1993). It seems this did not occur in the present study,
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indicatin g that the upper lipid limit was not rea ched. This corresponds with the

finding ofWatBnabe (1982) who reported l!lat additioo cfdietery lipids ranging from

5 to 25 % did not lead to any ill effects in rainbow tro ut or carp.

Although there was no statisti cal ly signi fican t differen ce in the SG R of grou ps

recei vin g dietary carotenoids and those on die ts devoid of any dietary caro tenoi ds ,

there was a tendency that at thesame dietary lipid level of 18 %. the weight gains of

fish in the gro ups fed dietary carotencids were higher than that of fish receivi ng no

dietary carotenoids. This growth-enhancing effect of dietary carotenoids was also

found by Deu Cel (1965), Torrissen( 1984), No and Storebakk en (199 1) . and Nakano

et, aI. (1995 ) for rainbow trout (Oncorhynchus myldss ) and Atlantic salmon (Sa.lmo

safar) . This growth-enhancing effect of carotenoids may bedue to a more favourable

effect of astaxanthin or the carrier medium on the acceptability of the feed.resu lting

in a higher feed intake. or eventual physiological effects of dietary carotenoids

(Ba uern feind, 1976; Tacon, 1981; Choubert, 1986; Torrisen et al., 1989; No and

Storebakken , (99 1).

4.2 Body composition

It was found that changes in the body composition of fish were primarily in

their co ntent o f moisture and lipid (Groves, 1970). In this study, a large decrease in
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moisture content anda conesponding increase in flesh lip id content and weigh t gain

was observed, similar to that reported by Tidwel and Rob inette ( 1990) for channel

catfi sh (lct aJuntS punctatw). This is like ly because addi tional energy stored as fat

simply rep laces body water (Rei nitz, 1983). The increased fat con tent in the flesh with

increasing die tary lipid level coincides with the wo rk of Qgino et aI. (1976) who

found tha t bod y lipid deposition is directl y related to dietary lipid levels in rainbow

trout Similar resu lts have been reported for Arctic charr (Tebachek, 1986), ra inbow

trout (Castledine and Buckley, (980) , plaice (Cowey et el., 1975), chann el catfis h

(Garling and Wilson. 1976), carp (Takeuchi and Watanabe, 1979), and turbo t

(Bromley, 1980). At the end ofthe feeding experi men t. the increase in moisture and

decrease in lipid cootent of the flesh ma y have beendu e to the initiation ofgonad

maturation. Generally, in fish, most of the stored lipids in the somatic tissues are

mobilized to gonad during sexual maturation (Dygert. 1990), thus resulting in a

dec rease in fat content of muscle. The decreased lipid in the musc le is norm ally

associ at ed with an elevated moisture con ten t (Love . 1988).

Th e fatty acid compos ition of the dietary lipid has a significant infl uence on

the tis sue fatty acid composition of fish (Watanabe. 1982; Henderso n and Tocher,

1981; Sargent et al., 1989). This may. however . app ly mostly to natural and

commercial diets high in total lipids which inhibit the de RO\IO synthesis of fatty acids
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(Sargent et at.. 1989). Fish fed on low -lipid diets may modify the digested fatty acids

extensively. In this study, the flesh lipid fatty acid compos ition offish fed on 18 and

26 % dietary lipids basically reflected the fatty acid profile of their diets (Tabl es 2.4

and 3.3). Although there weredifferences in the content ofsome indivi dual fatty acids

(mainl y 18: 1<.>9) between the flesh offish and their diets . no signi fican t difference in

the total saturated. monounsaturat ed (MUFA) and polyunsatura ted (PUF A) fatty

acids contents were found between the conten t of flesh and dietary lipids . How ever.

the total amounts ofMUFA and PUFAoffl esh lipid offish fed on 10 % dietary lipid

were significantly different from those of thei r diets , with a higher total MU FA and

lower total PUFA observed for flesh lipids . The two-fold difference in 18:Iw9 , which

is the major end product of thede 00\10 synthesis of fatty acids, between the flesh and

diet with a higher con tent in flesh lipid indicat es that some modification of digested

fatty acids may have taken place (Olsen er al., 199 1). h is interestin g to note that the

saturated fatty acids in the flesh of fish fed on various dietary lipid grou ps remained

re latively constant at 22 to 25 % of the total, regardless oftheir con tent in the d iets.

Similar resu lts were repo rted by Stic kne y and Andrews (197 1). In their feeding

experiment with catfish, a die t co nta ining 10 % tall ow (41% sa tura tes) was fed to a

gro up of catfis h, and another d iet co ntaining 10 % men haden oil (25% saturates) to

a second group . After 10 weeks feeding at 20 "C water, thesaturated fatty acid co ntent
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of the two groups offish was found to be the same at about 20 % o f the body lipids .

Yu e t aI. (1977) ha ve also indica ted that the satura ted ratty acidsin fish body lipid

remained fairly constant at about 24% of the total regardless of the high dietary

satura ted fatty acids . Thus, a mechanism may exist in fish to regulat e and maintain a

proper level of body lipid saturation (Wa tanabe, 1982) . It is reaso nable to consider

that the ratio of sa tura ted to unsaturated fatty acids larg ely reflects the balance of the

enzyme syst ems producing these Catty acids (i.e. ratty acid synthetases and various

desaturases and chain elongases) (Farkas et al., 1980).

Th e resul t that liver lipid con ten t decreased when dietary lipid was increas ed

from 18 10 26 % is in line with the observation ofTabachek(1986) fOT Arc tic charr,

but is co ntrary to the repo rt c f Lee and Pu tnam ( 1973) who found tha t, in rainbow

trou t, liver lipid increased as dietary lipid increased from 8 to 24 % at pro tein levels

of34-54 %.ln this study, the increase in flesh rather than IiVCT lipid with increas ing

dietary lipid indicates that, when Arctic charr was fed on high levels ofdietary lipid,

the excess lipid appeared to be deposited within the body tissues ra ther than in the

liver. The present results lend further suppo rt to those of Watan abe ( 1982) who

reported that the lipid cont ent of liver is not much affected by dietary lipid levels. The

lower liver lipid conten t in 26 % group compared to those in 10and 18 % gro up may

be due to a more optimal ratio of dietary protein to lipid in the 26 % group thanthose
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in the 10 and 18 % groups. This is because when the levels of both dietary protein and

lipid approach an optimal value, both liver and whole body lipid are low (Tabachck,

1986) . A significant effect (P<O.OOOl)of dietary carotenoids on the content of liver

lipids was noted in this study . It is surprising to find that the liver lipid content in fish

receiving no dietary carotenoid supp lement was significantly (P<O.OOl) higher than

those of fish fed on diets supplemented by carotenoids (Table 3.4) . Although there

was no statistically significant (P>O.05) difference in hepatosomatic indices (HS I) of

fish fed on diets with or without dietary carotenoids, it is clear that the HSJ of fish

receiving no dietary carotcnoids was higher than that of fish fed on dietary

carotenoids (Table 3.4) . Unfortunately, no prior literature reference is available

concerning the effect of dietary carotenoids on liver lipids of fish for comparative

purposes. However, the observation of Nakano et at. (1995) may indirectly lend

support to the present observations. These authors observed the biochemical

characteristics of liver and blood of rainbow trout (Oncorhynchus mykiss), fed on a

diet supplemented with red yeast (PhafJia rhodozyma) which contains astaxanthin as

its principal carotenoid pigment or synthetic astaxanthin (the pigment also used in

present study). It was found that the hepatosomatic indices and the activities of serum

glutamic-oxaloacetic transaminase of fish fed on a diet containing red yeast or

synthetic astaxanthin was significantly lower than those offish fed on a control diet
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(Na kano et a!., 1995). The mean amount of serum lipid peroxi de of fish fed on a diet

conta ining red yeas t or syn thetic astaxanthin was also lower than that of the control

fish . These result s sugg est that dietary carotenoids have the potenti al of impr oving,

not on ly the pigmentation of fish muscle but also, the health of fish in aquaculture

(e.g . improvement of liver functio n and enhance me nt of defensive potential aga inst

oxidative stress) .

4.3 Pigmentation

Even though there are some indications ofa biological function of carotenoids

in fishes {Tacon , 1981; Torri ssen, 1984), the main purpo se of feed ing caro tenoid to

sa lmon ids is to achieve an acce ptab le pigmentation in the product for market ing. It

has been reported that the flesh of farmed salmonids should have at least 3 - 4 mglkg

of tota l caro tenoi ds in order to be marketable (To rrisse n et aI., 1989; Shahidi et al.,

1993) . Based on this criterion, after 20 weeks of feeding, the final carot enoid

conce ntra tion in the flesh of all fish receiving carotenoids ranged from 3.90 to 9.38

mglkg ofwet tissue, which is sufficient to confer to the product a natural, pink colour

for mark eting.

Muscle pigmentation depe nds on the species and size of fish. In sockeye

salmon, for exa mple, pigmentation is evident in fish weig hing only 20 g
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(Yarxhombek., 1970). In coho salmon. Spinelli and Mahnken ( 1978) demonstrated

that adequate pigmentation occurred f« fish weighing about 200 g. Arai et aI. (1987)

co nfirmed the resu lts of Spine lli and Mahnken ( 1978) that coho sal mon weighing

about 80 g were virtuall y unable to assimilate dietary astaxan thin in their flesh when

raised in fresh water. In contrast, fish weighting aro und 180 g were effectively

pigm en ted when fed 011 diets containing krill oil. However, rainbow trout, Sa/mo

gairdneri, weighting 40 - 80 g failedto depos it carotenoids in theirmusculature after

being fed on a die t containing capelin oil with a SO mYkg caro tenoid content

(Cbo uber and Luquet, 1975) . The results of Torri ssen (1985) confirm ed the abo ve

observation and demonstrated the inability of rainbow trout, S. gairdneri, weighting

100 - 150 g to deposi t carotenoids in their flesh . However, Chri stians en and Wallace

(19B8) found that Arctic charr, at a body weight of 17 g, deposited canthaxanthin in

their musc le after being fed.on a diet containing 40 mglk g dietary canthaxanthin for

63 days. Th e resul ts of this work also demonstrated that fish weighting 65 - 75 g is

larg e enough to show muscle pigmentation . Therefore, the minimum fish size

required for musc le pigmentation may be lower in Arctic charr .

Torrissen et aI. ( 1989) discussed two hypothetical models for pigment

depo sition in sal monoids. In the first, flesh carotenoids concentration and their

retentio n efficiency are considered to be a linear function of fish weight, Based on the
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model, pigmentation of farm-raised salmonids should start relatively late in the

production cycle , with the shorter pigmentation time compensated for by a higher

level of caroteno ids in the diet. In the second hypothetical model, it is assumed that

pigment retention is constant throughout the life cycle of fish. This model predicts a

rapid increase in pigment level in small fish and a plateau in pigment concentration

as the fish get larger . Using this model, pigmentation should be started early in the

production cycle, with the level ofpigment in the feed determining the final pigment

level in the fish. In thisstudy, the resultof regressionanalysis for the relationbetween

fish weig ht and flesh pigmentation (Fig . 3.7) showed that the depos ition of

carotenoids in the flesh of Arctic charr fit the curvil inear retention model (i.e. the

second model as mentioned above) regardless of dietary carotenoid level used in the

trial. This is comparable with that for rainbow trout. A study by Storebakken et al.

(1986) strongly suggests that for rainbow trout, above a cenain size (0.5 - 1 kg).

pigment retention is fairly constant. In comparison . coho salmon followed a linear

model for the depositio n of astaxant hin in their flesh (Smith et al., 1992).

Among several factors which influence carotenoid absorption, retention . and

metabolism in salmon ids, dietary carotenoid levels are the major determinants that

control the intensity of flesh pigmentation (Torrissen et al., 1989). The result of this

study, as expected, demonstrated that the diets rich in carotenoids as compared with
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those in low levels of carotencids gave a higher pigment level in the flesh with

progress ion of time regardless of the level of dietary lipids (Fig. 3.3) . The level of

carote noids in the fles h of fish on various treatments generally exceeded 4 mglkg,

after 12 - 20 weeks , which may be regarded as sufficient for visua l colour impression

in farmed salmon (Torrissen et el.• 1989). The pigmc:ntation time in the presentstudy

was longer than that reported by Shahi di et aI. ( 1993). In their experiment. the level

of carotenoid in the flesh of Arctic chart fed on 6S mglkg astaxanthin exceeded 4

mglkg after 9 weeks ofpigmentation. This may be due to the different fish size used .

The fish used in that stud y were about l n-times larger (size at start : 500- 700 g) than

those in the present study (starting with 65-75 g) . It was reported that the appare nt

digestibilities ofdietary caro tenoids were higher for larg e charr than those for small

chan (Chri stiansen and Wallace , 1988). The conclusio n that the total caro tenoid level

in the flesh offish from all treatments either remainedrelatively constant or declined

(Fig . 3.3; Appendix 4) after 20 weeks of pigmentation indicates that the pigmentation

reaches a platea u level , at about 4 to 9 mglkg ofwet flesh of charr fed different levels

of dietary caro tenoids and lipids. Similar results were obtai ned when rainbow trout

(Chouber and Luquet, 1982; Choubert, 1983; Storebakken et el., 1986) and Atlantic

salmon (Torrissen and Torrissen , 1984; Torrissen et al., 1984) were used. However,

the saturati on leve l migh t be influenced by genetic factors (Torrissen and Neevdel,
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(984), by dietary level (Tcrrissea, (985), fish size and species. In relation to other

species, it is interesting to DOte that Torrissen et a!' (1984) sho wed a flesh pigmen t

level for family groupsof Atlantic salmon of 4 to 5 m1Vkg after 26 months of feeding,

whereas Torrissen and Naevdal (1984) showed that families of rainbow trout attained

a level of 5.5 to 6.5 mglkg pigment after about 5 to 6 months of feeding on a

canthaxanthin-containing diet The present results indicate that abili ty of Arctic charr

to accum ulate carotenoids is simi lar to that of rain bow trout, and better than that of

Atlantic salmon. It also demonstrates that the saturation level of carotcnoids in the

fles h might be affected, not only by dietary caro tenoi d level (To rrissen, 1985), but

also by dietary lipid level. The declining pigmentation in the groups fed on high

dietary lipid cannot be explained sim ply by carotenoid sa turatio n in the tissues, as it

occurred in a similar manner fer all three dietary carotenoid levels. The influence of

sexual maturation may have also contributed to this pigmentation decline. It is

reported that in female salmonids, the caroteno ids ace transferred from the flesh to the

gonads . whereas in the males they are conveyed to the skin (Crozier. 1970).

Contrary to the total caroteno id level in flesh. caro tenoi d retention (the

proportion of consumed carotenoid which is depo sited) in the flesh showe d a

tendency to decrease with increasing dietary caro teno id concentration. This agrees

with previous findin gs ofTorrissen (1985) and Choubert and Storebakken (1989), and
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supports the assumption that the carotenoid retention in salmon ids is inversely related

to the dietary carotenoid concentration (Spinelli and Mahnken, 1978; Katie et aI.,

1979; Torrisen el a!., 1981; Choubert, 1983; Torrissen, 1985; Storebakken et aI.,

1987; Choubert and Storebakken, 1989; Torrissen et a!., 1990). The reason for this

decline may be due to limitations in absorption of carotcnoids from the intestines (De

la Noue et aI., 1980). It was found that carotenoids in fish are absorbed by a specific

process (Hardy et aI., 1990). The observation in this study that the apparent

digestibility ofcarotenoids decreased with increasing dietary carotenoid levels further

confirms the limited absorption of dietary carotenoids. Except for the limitation in

absorption, other factors such as the limitation in their transport by serum lipoproteins

(Nakamura et a!., 1985; Torrissen. 1986), catabolism (Foss et a!., 1984; Choubert,

1985), direction into different tissues (Sivtseva and Dubrovin, 1980) or limited

binding capacity to the muscle (carotenoids are bound to actomyosin)(Henmi et aI.,

1987,1989) might also result in decreasing retention of carotenoids.

Since carotenoids are lipid-soluble pigments, an increase in lipid content of the

diet should allow a better fixation of pigments by fish. The present results showed, as

expected, that the deposition of carotenoids in the flesh increased significantly

(P <O.05) with increasing levels of lipid in the diets. This result coincides with the

observations ofAbdul-Malak et al. (1975) , Spinelli (1979), Seurrnan et al. (1979) and
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Torrissen (1985), but is contrary to that obtainedby Cho ubert and Luquet (1983).

This may be due to the relatively narrow range of lipid amounts in thediets (9 .4.17.4

%} used in Cboubert and Luquet ' s (1983) study , whereas in the present experimen t,

the dietary lipid conten t ranged from 10 to 26 %. A positive corre lation (r ""0.92)

between carotenoid concentration andlipid content of flesh was found in the present

study. This is contrary to the findings of Kanemitsu and Aoc (19 58). Sait o (1969),

Spinelliand Mahnken(1978), Foss et al. (1987), McCallum et aI. (1987), and No and

Store bakken (1991) for Atlan tic salmon, coho salmon. rainbow trout and sea trout,

respectively, but agrees, in part, with the observation of Christi ansen and Wallace

( 1988) who found that in small (1+, 17.1 - 30.9 g) charr there was a positive

correlation between canthaxanthin and lipid deposition in the muscle tissue. Again.

this was not the case for large size (2+.125.6 - 202.9 g) charr . In farmed rainbow

trout, a positive corre lation existed between canthaxanthin and lipid content in the

muscu lature (Abd ul-Malak. et al., 1975) . A dec line in both astaxanthin and lipid

(mainly triacylglycerol) in themuscle ofchum salmon on the upstream migration to

spawning has beennoted by Ando et al. ( 1985). Therefore, the available literature on

pigmentation ofs almonids is somewhat fragmentary and contradictory. So far, there

hasbeen no clear picture of any relationship between lipid distribution and carotenoid

deposi tion in the muscle tissue of salmonids. Desp ite inconsis tent observations
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reported previously. the presenceof 8 direct relationshipin the present study between

the carotenoid concentration, dietary lipid level. and lipid content in flesh clearly

demonstrates that high dietary lipid content can improve both the absorption of

carotenoid from the intestines and the ir deposition in the flesh of chart, Christiansen

and Wallace (1988) reported that carotenoid deposition corresponded with lipid

depositi on in smal l cherr , The increase in apparent digestib ility of carotenoids with

increasing dietary lipid content (Fig. 321), which is similar to the results of Torrissen

et a1( 1989), further confirms the improvement of util ization ofdietary carotencids

by increased content oflipids in diets used in this study.

The apparent digestibility coefficients for cerotenoids in Arctic charr are

consistent with the values of SO·70 % found for astaxanthin with rainbow tro ut ( No

and Sto rebakken, 1991 ), and with Atlantic salmon (Storebekken et a l., 1987). but it

is high er than the values of 17.9 - 38.7 % previously reported for canthax anthin ­

containin g feeds used for Arctic charr (Christiansen and Wallace. 1988) and 2S - 45 %

for canthaxanthin for rainbow trout (Torrissen et al., 1990). Thi s may be due to the

different fish size and type of cerctencids used. It was repo rted that the apparent

carotenoid digestibility was higher for large size fish than tha t for small fish

(Christiansen and Wallace, 1988), and tha t astaxanthin was utilized more efficientl y

than canthaxanthin for pigmentation ofrainbowtrout (No and Storebakken. 1992 ) and
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Arctic cbarr (SbalUdi ee aI., 1993).

Tbe carotenoid retention(i.e. the proportionof consumed carote noid which is

deposited) in salmonids are wide ly vari able. Kotik et aI. ( 1979) reported a reten tio n

rate of carotenoids between 20 and 60 %, while the results of Storebakken et al.

( 19 87) suggested a value of 1.7 to 5 %. The carotenoid retention obtained in thi s

study ranged from 4 .13 to 10.66 %. These values are comparable to those reportedby

C houbert (1977) , Choubert and Luque t (1982), Foss et al. (1984). Choubert an d

Sto rebakken(1989) and Torrissen ctal. (1989), but are lower than those published by

Torrissen and Breakkan ( 1979) and Smi th et al. ( 1992).

There is a difference of 40 - 65 % between the retention and the apparen t

digesti bility of caro tmoids in this study . The high apparent digestibi lity coefficients

were caused by a low level of carotenoid in the faeces. This may be due to the

decomposition of astaxanthin in the intestine, or that theabsorbed astaxanthin was

meta bol ized to non-carot enoid compounds . Hardy et al. ( 1990) dem onstrated tha t

metabolism of can thaxanthin takes place in the liver o f rainbow tro ut and that the

metabolized products arc excreted in the bile. Metu salach et al. (1996) have recently

shown that can thaxanthin may be reductiv ely metabolized in different organs of chart'.

[0 addition, it is possi ble that incomplete extrac tio n of caro tenoids from the faece s

might have been respo nsible for this observa tion. Experiments with labe lled
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aataxanthin have shown that complete caro tenoid extrac tion from faeces is difficult

to achie ve (Foss et aI., 1987). Although precautions were taken (the faeces were

ra pidly frozen at - 80°C and freeze-dried in the dark as sugges ted by No and

St orcbakk en (1991) ) to avoid decompo sition of the carotenoids, it still is poss ible that

so me of the astaxa nthin was disintegrated during processing of the samples. These

would automatically lead to reduced values for caro tenoi ds in the faeces and .

Consequently an ove rest imation of apparent digestibili ty. It is also well know n tha t

ch romium ox ide, the usual indi cator in dige stibilit y studies, influences dige stibilit y

(Tac on and Rodri gues, 1984) . Ther efor e, It is questionable that traditi onal

d igestibility studies can beused for labile molecules such as carot enoids (Christiansen

and Wa llace . 1988). However , (he high correlation (r = 0.95) betwee n digest ibility

and retention of caro tenoids in the present study shows that this method of

d igestibil ity de terminatio n (Austreng , 1978) still provides a valuable mea ns in

assessing relative differences in ava ilability of dietary carotenoids (Taco n and

Rodri gues, 1984; Torri ssen et aI., 1990; No and Storebakken, 1991).

Besides the chemica l analysis. co lour measure ment was also used to study the

pigmentation of Arctic charr. The resu lts of the present study clea rly revea led a

curvilinear relationship between Hunte r L, a and b values and caro tenoid

Concentrations in the flesh and belly skin of charr. This correspondence is similar to
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that reported for coho salmon (Smith et al, 1992) and A tlan tic salm on (Christiansen

et el., 1995). The factthat the intensity of redness (Hunter a values) increased while

Hunter L values decreased concurrently with increasing carotenoi d concentra tions

in fish flesh is in agreement with previous findings (Schmidt and Idler, 1958; Sa ito,

1969; Skrede and Stcrebekken , 1986a,b ; Smith et al., (99 2). The curvi linear

relationship describingHunter a value and carotenoid concentration in the flesh is in

contrast to the linear relati onship repo rted by Skrede and Sto rebakken (1986a,b). and

No and Storebakken (1991). A significan t relationship also existed betwee n the

yellowness (Hunter b value) and caro tenoid content in fish flesh and this is in

agreement wi th the observation ofNc and Storebakken ( 199 1), but in contrast to that

reported by Skrede and Storebakken ( 1986b). These discrepancies could be attributed

to theexisting differences in sampling and measuring procedures and also the speci es

of fish used.It was reported that measuring condi tions stron gly infl uence the results

obtai ned from instrum ental anal ysis for flesh colour evaluation ofsalmonids (Little

and Mac Kinne y, 1969; Schmi dt and Cuthbert, 1969; Choubert, 1982; Skrede and

Store bakken, 1986a).

Schmidt and Idler ( 1958) repo rted that canned sockeye sa lmon with a higher

fat content in the flesh had a more desirable co lour . In th is study, however , the

regression analys is did not reveal any signi ficant re lationship between any of the



93

Hunter colour values and lipid content in flesh. Similar findingswere reported by No

and Storebakken (1991). This may be due to the relatively narrow range offlesh lipid

contents in the present study.

In conclusion, the results of present study has clearly demonstrated that the

increase in both lipid and carotenoid levels in the diet of Arctic charr enhances the

deposition of carotenoids in their flesh and skin. There was also a significant

interaction of dietary lipid and carotenoids on the pigmentation of Arctic charr. An

increase in dietary lipid within a certain range impro ves the flesh pigmentation of

charr.
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Appendix 2. The Olean specific growth rate (SGI{) of Arcti c charr fed diets cuntaining different combinations
of diet ary lipids and carotenotds during given time Intervals'

Diet Specific Growth Rate (G..% per day)
(% lipid-ppm carotenoid)

Time interva l (wee ks)

0-4 5-8 9 - 12 13 - 16 17 - 20 21 - 24 Average
(0 - 24)

10·40 1.01" 1.05" 0.95~ O.S.1' 0 .7S ~ 0.66~ 0,S8"

10 - 60 1.05" 1.07' 0.9] ~ O.IIS' () . 79~ 0.67" 0.90"

10 -110 0.9S ' \.04' 0.92" 0.9tl' 0.8] " 0.70" 0.00"

111 · 40 1.03' 1.07" 1.04' 0.96' 0.9] ' 0.7S" 0.97"

18 · ()O 1.09' 1 .1 2~ I .OS" 0.95' 0,9S" 0 ,81" 1.0 1"

IS ·SO 1.08' 1.06" 1.0"'" 0.91)' 0.96' 0.76" 0.9S"

26· 40 1.20' 1.14' 1.10' 1.02' 0.91' 0.70' 1.0 1'

26 · 60 1.15' 1.16" 1.09" 1.0.1' 0.1)7' 0.73' 1.02'

26· SO 1.03" 1.0'1' 1.01" 0.911' 0.91" 0.74' 0 ,911'

Control 1.04' 1.05' 1.02" o.n " OJI'}" 0.79" 0,95"

Dietary lipid s P >0.05 P < 0.0 1 1' < 0.0 1 1' < 0.05 1' <0.0 1 1' < 0.05 1' <0.01

Dietary cam tenoids 1' >0.05 1' >0.05 1' > 0.05 1' > 0.05 1' >0.05 1' > 0.05 1' >0.05

' Data in each column with differen t supersc ript are stat istica lly differen t tP<0,( 5) from one anothe r. §



Appendix 3. Proximate compositio n (e/e) or th e Ilesh or Arclic char red wllh different dlet e'

Diel(%llpid.pprn carotenoid) Time inter val (week s)

12 16 2. 24

Mois ture content

18-0 79.49±0. 11" 78.00 ±0 .14" 74.97*-0 .11'" 72.06± 0.01" 68.30 ±0.06~ 68.50 ± 0.22br

10 ·40 79.13±0.16" 77.99:1:0.22" 75.15 :1:0.25" 73.06:1:0.37'" 70.08 :1: 0.13" 70.78 :1:0.01"

10-60 78.96:1:0.24" 78.51 :l:0.18f> 73.90 ± 0.79" 72.34 ± 0.05'" 70.54± 0.32" 70.06 ± 0.02'"

10 · 80 79.23 ± 0.00"' 76.99 ± 0. 17'" 74.90 .10.0 1" 72.30 :1:0.07" 69.94:1:0. 12l>. 70.00.1 0. 18"

18 -40 78.80:1:0.21" 78.11 :1:0.04" 73.70 :1:0.42" 71.87 ±0.Ogolr 69,38:1::0.14" 68.77 :1:0,33bl

18 ·60 79.36 :1:0.36" 78.08 :1: 0.111
' 73.74 :1: 0. 11" 71.08± 0.24'" 68.26 :1:0.51 ~ 69.93 ± 0.66"

18 ·80 78.67 :1:0.07" 78.56 :1: 0.04" 73.64 :1:0.83" 71.61 :1:0.00"' 68. 67 :1:0 . 24~ 68.71.10 .72"

26 -40 79.14:1:0.15" 76.49 :1:0. 0 1~ 73.14:1:0.08'" 69.47± O.l54< 66.25 :1:0.42" 67.82 :1:0.30"

26 -60 78.33 ± 0.09" 75.97 ± 0.281)- 71.26± 0.02<\' 69.17 ±0,06'" 65.37 ± 0.39" 67. 11 :1:0.81"

26 ·80 79.42 ±0.06" 76.52 ± 0.09~ 71.23±0.26" 68.55 ± 0.334< 66.44 ± 0.53" 67.77 ± 0. l l"

Dietary lipid 1'>0.05 1'<0.05 1'<0.05 1'<0.0 1 1'<0.01 1'<0.01

Dletary cerotenold P>0.05 1'>0.05 1'>0.05 1'>0.05 P>0.05 1'>0.05

lnte racricn of die rary lipid 1'>0.05 1'>0.05 1'>0.05 P:>0.05 1'>0,05 1'>0.05
end cerotenoid

'RcsullSllI'C mean n11lC~ or lriplka lcslk.1<:rminalion t ' lnndunl dc. ialiCMI. V. 1U1.""in ~ach ",~ullm WilhdiITc~nl ....~ripl (a-O.nd in,ca.:hrllWWilh difl~'f'l:n l ....pcrsc:ripl( K.)'. l '

are signUkanll )' dlfferenl ( 1'<O,O ~ 1 fromoro:anOllier. 1'1:"1"-,<;.. ",,1)'. Th" n"......f clw priorIII"Kl'CfimCIIlC"" IMlned 7989 t O , l ~% ...rmlll" ul'l:, ~
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Appelillix -III. Total ca ro tenoid content (1II~/kJ.:. un dry ba sis} in the Ilesh or Arcnc cha r aft er glven tim e pigmentatlun '

Diel(%lipid, ppm carotenoid] flm e interva l (week s)

K 12 16 20 24

18 · 0 0.83 ± O.IS '" 1.02 ± 0.12'" 1.63 ± 0.76'" 1.87 ± 0.3 3'" 0.86 ±0.I S'" 0.95 ± 0. 11'"

10 · 40 1.17 ± 0.52l1r 1.6\ ± O.36k 5.83 ± 1.05<> IO.14 i O.H oh \ 3.05 ± 0. 17<> 13.1)1 .i o.n-

10 · 60 1.05 ± O.S Ib< 4.3!! ± IU !!" 8.40 ± 0.97d'u 13.66 ± O.2O<l 16.\ 5 ± 0,46"" \6.40 ± O.IH"'

10 ·80 1.43 ± 0.70 llr 7.59 ± 0.52b<· 8.40 ± 1.74b<u 12.60 ± O.26ob1 18.57 ± 0.50"' \8 .58 .i.0.75"

18 ·40 1.30 ± 0.62" 1.95 ± 0.J) <> 7.77 ± 1.05110 13.30 ± 0.24" 14,48 ± 0.87 " 14.71 :l O.5Sa
•

18 ·60 1.60 ± 0.34b< 6.37 ± 0.8 \ ' " 1).91) ± 0.77.10> 15.07 i O.M" 18.68 ± O.17'" 11).7 1 ± 0.52"

18· SO 1.83 ± 0.371>0 8 .\ 5 .±0040" 13.75 ± 0.4 3d'~ 22.16 ± 0.55<u 23.73 ± o.io'.. 24.32 ± 0. 17'"

26·40 1.31 ± 0.48 l1r 3.47 ± O.\S' · 12.39 ± 0.55 d
• 15.06 ± 1.22.... 17.72 ±0.12"' 17.24 ± 0.31....

26 ·60 1.73 ± 0.44"" 7.08 ± 0.44" '" 15.00 ± O.M OIY 26.6-1± 2.640
' 25.3 1 ± 0.11 "' 24.74 ± 0. 16"'

26·80 1.96 ± 0.94 '" 8.21 ± 0.13" \ 5.97 ± 0.27'" 29.44 ± 2.85- 27.95 ± 0.97 - 25.9 1 ± 0.)4 -

Dietary lipid P>O.05 1'<0.01 1'<0.01 1'<0.01 )l<O.OI P<O.OI

Dieta ry carot enoid P>0.05 J1<O.Ol 1)<0.01 1)<0.01 1'<0.01 1)<0.0 \

Interaction ordie tary lipid 1">0.05 P<O.O\ 1)<0.05 1)<0.0 \ 1'<0.0 1 P<O.Ol
and carote noid

'Result s are mean values ufrriplicures dctcruunarion i standard dcviauon . Values in each column with lhtl'crcnl superscript (a-I) and in each row with dilrcrelll superSl:rill! (\j _/) arc
significantly ,hll'crelll (1'«U)~l from tlllCanother, respectively. Ihe tlcsh ofchar prior to experime nt contained /J.n j (I , I I mglkg (nn dry basis) cf carotcnoids .

~



Ap pend ix SA. Total cnro tencid co nte nt ( 1II~/k~, on w et basis) in the be lly skin of Ar cti c cha r a fter given lim e
(l i ~I11 Cnll'1i on l

Diel(%lipid- ppm caro tenoid) Time interval (week s)

4 K 12 16 20 24

1K- 0 0. 17 ± 0.05"'l 0.22 ± 0.09"'1 0.07 ± 0.09"'1 0.31 ± O.O7"'! 0.29 ± 0.04"'1 0.46 ± 0.13"'1

10·40 0.86 ± 0.21100 1.17 ± 0. 13"" 2.35 ± 0,40 4• 5.67 ± 0.23<> 8.74 ± 0. 121• 13. IS ±O.IJ"

10 - 60 0.96 ± 0.22'" 1.29 ± O.21lt» 4.2 1 ± f).47'~ 7.42 ± 0. 1Ioil 12.67 ± 0.16n 15.77 ± O. 12""

10 - 80 1.04 ± O.I I'" 1.70 ± 0.33boo 6.7 1 ± 0.35<} 10.21 ±01640 15.69 ± 0.33" 13.80 ± 0.16"

IS - 40 1.01 ± 0. 13- 1.17 ± 0.2 1'" 3.83 ± 0.37oi1 M.6S ± 0.60'" 12.17 :t o. l l ft 16.10 ± 0 .2S"'

IS - 60 1.04 ± 0.23'" 1.36 ± 0.13'" 5.37 ± 0.27 4
... S.96 ± 0.8S·' 19.56 ± 0.40 h• 25.37 ± 0.54'"

IS · SO 1.08 ± 0.27- 1.25 ± 0.29'" 9.25 ± 0.25'" 16.35 ±0.51 4
• 21.09 ±0.77<"1 30.92 ± 0.25"

26 - 40 0.92 ± 0.30" 1.31 ± 0.14' " 5.33 ± 0.174
• I 1.19 ± 0. 10"" 13.33 ± 0.25'" 20.38 ± 0.71)"'

26 - 60 0.9 1 ± 0.1911< 2. 13 ± 0.17' " 7.60 ± 0.4 14 • 15.36 ± 0.12'" 20.55 ± 0.6Y' 26.38 ± 0. 17"

26 - 80 1.03 ± 0.2711< 2. 17 ± 0.27 '" 9.04 ± 0.59'" IS.95 ± 0.J0"' 25.97 ± 0.20ft 32.47 ± 0.) 9·'

Dietary lipid P>0.05 1)<0.01 P<O.OI 1)<0.0 1 1)<0.0 1 P<O.OI

Dietary carote noid P<O.OI 1)<0.01 P<D.OI P<O.OI 1'<0 .01 P<O.OI

Interaction of dietary lipid P>O.05 1)<().OI P<O.OI 1)<0.01 )l<O.OI P<O.OI
and carotenoid

' Results are mean values uf trillliea tes determination 01 standard dcviution . Values ill each column with different superscript (a·n and ill each rlI" with diITcn;:nt superscript (4-/) urc
~ ign i lk illl1 l y different (1'«UI5) rrom one another. respectiv ely. the hclly ~ ~ i n of chur prior to expcrirucut c.. muincd 0.22 01 O.US ll1g1lg ton wet hll~i s) uf carutennids _

C>



Appendix 511.Total ca rotenoid content (m wkg, on dry hasis) in the hell) ' skin of Arctic char after given time
pi~l1Ientlltion l

Diel(%lipid- ppm carotenoid] Time interval (week s)

K 12 I. 20 24

18 - 0 0.62 ± OA()*'l 0.69 .t 0.40"" 0.22 ± 0.28oq 0.62 ± 0.15"'1 0.71 ± 0. 18oq 0.99 ±0.11"'I

10 - -10 2.88 ±O.1 3'" 3.5-1 i 0.14" 5.65 ± O.SOoh 12.17 .±0.95"' 24.44 ± 0.19 " 33.4 5 ± 0.26"

10 ·60 3.20 ± 0.1-1'" 3.6-1± 0.36'" 9.92 ± 0.2 1"U 13.90 ± 1.11'" 30.71 ±0.19<u 37.99 ± 0.32""

10·80 3.42 ± 0.8] 1If 4.32 :t O. 141>01 16.24 :t 0.84"")' 19.33 ± lUI"" 40.03 ± O.S()<' -12.16 ± 0.40·'

18 · -10 3.28 ± 0.23"" 3.N] :t o. IS"" 8.76 ± 0.8-1- 18.33 ± 0.2 '"" 27.90 ± 0 .63ft -15.26 ± O.RO"

18 · 60 3.37 ± 0.10"" 4. 10 J. O.26'" 12.45 ± 0.13 d
.. 21.271. 0.77" 38.08 ± o.n- 69 .40 ± 2.24-

18 - 80 3.83 ± 0.3 91
- 4.49 :t O.42b1 19.84 ± 0.26'" 32.39 ± 0. 16d

• 43.3 1 ± O.IO<~ 84.44 ± 0.( 70)"

26 - 40 3. 19± 0.3 S'" 4. 15 i O.SI"" 10.94 ± O.3-1d• 22.07:t 0. 15" 33. 19± 0. 16f> 5 1.89 ± 0.51·'

26 - 60 3.n±0. 17"" 6.23 ± OA5' - 14.45 ± 0.12 d
' 24.92 :t o.4 1"" 48.79 ± n.5Y· 77.43 ± 1.13"'

26·80 3.94 ± 0.11b< 7.28 ± D.18e
• 18.59 ± 0.77dl 33.54 ± n.b2'" 53.93 ± a.20 1r 92.99 ± n.lO"

Dietary lipid 1'>0.05 I'<O'()1 1'<0.01 1'<0.01 1'<0.01 1'<0.0 1

Dietary carotenoid P<O.OI 1'<0.01 1'<0.01 1'<0 .1>1 1'<0.01 1'<0.0 1

Interaction of dieta ry lipid P>0.0 5 1'<0.01 1'<0.0 1 1'<0 .1)1 1'<0.01 1'<0.01
and carotenoid

' Results arc mean vulucs uflriplklli es determination ot \ lalllhmJ ,k~ hlliun Vllhll:\ in each column with ditl i:relLl~lll'c rM: r i Jlt (a-I) and in each row with ditli:rcn l ~upcrM: ri l't (4-/) arc
signiflcamly di lli:rcnl (l'~(l , () S) from une alluthc:r. respectively . Ihc hell)' \ i.in otchar pnor to experiment conta ined 0 ,711t U.l<.ll11g/l>g (till dry basi ~) ufCamlentlid~



Appendix 6.lIul1tcr -Colormet color scale L, It. h value of the fillet of Arclic char utter I.:.ivcn time pigm entation I

Dict(%lipid. ppm carrucnoid] Tim e interval (week s)

8 12 16 20 24

18 - 0 50.38 ± 1.74 48.43 ± 2.44 48.18 .i 2.27 48.92 ± 3.68 47.88 .i 3.39 49.69 .i 2.06

10 ·40 48.98 ± 3. 15 47 .3 1 ± 2.07 46.81 ± 3.34 43.3 1 ± 2.02 44 .39 ± 2.19 44.79 .i 1.51

10- 60 46.74 ± 1.58 45.12 .i 2.3 1 44. 13 .i 2.39 44. 12 ± 1.42 4 1.57 ± 1.57 43.18 ± 2.59

10 - 80 45.98 ± 1.22 42.34 ± 1.22 4]A7 ± 2.27 42.26± 1.8 1 40.80 ± 0.45 39.40 ± Ll O

18· 40 48.57 ± l AO 46.48 ± 1.09 44.35 .i 3.\9 4] .] 1 ± 2.55 4 1.83 ± 0.85 41.62 ± 0.52

18 · 60 46 .03 ± 0.74 46. 16± 1.08 43.90 ± 3. 11 40.29 ± IAI 41.92 ± 1.04 40.27 ± n.n

18 - 80 46.76 ± 2.17 45.47 ± 1.35 43.91 .i 3.68 43.57 ± 2. 19 41.2 1 ± 3.3 1 41.61 ± 1.70

26 - 40 48.85 ± JA8 46.65 ± 3.62 46.40 ± 1.98 46.32 ± 0.92 44.70 ± 1.60 43.54 ± 3. 14

26 - 60 47 .88 ± 2. 15 46.1O± 1.42 44.24 ± 1.94 41.30 ± 2.23 41.58 ± 2.58 42.19 ± 2. 13

26 - 80 46.93 ± 2.24 45.84 ± 2.23 43.3 ± 2.M 40.08 ± 1.96 40.27 ± 3.07 41.80 ± 2.43

Dietary lipid 1'>0.05 " .>0.05 1' >0.05 1'>0.05 P>0 .05 P>0.05

Dietary carotenoid 1'> 0.05 P>O.05 1'>0.05 1'>0.05 P>0.05 1'>0.05

Interaction of dietary lipid 1'>0.05 1'>0 .05 1'>0.05 P>0.05 P>0 .05 1'>0.05
and carote noid

' Results are mean valucsuf411 "clcnniull,iurlS '" standard dcvfution

00



Appendix 6. Hunter-Culurmet euler sca le L, a, b value of the fillet ef Arctic char t,nc r gin'lI time piglllcnt:ltion
(continuted 1)1

Di~I( O/. l i p id . ppm carotenoid] l'ime interva l (week s]

R 12 16 20 24

1!1·O 0.28 ± O.O2" 0.53 ± 0.07" 0.60 ± 0.02'" O.S4 ± 0. 14·· I. IQ ± 0.s3 .... 1.21 ± 0.86"

10 ·40 0.69 ± O. IObo
• 1.69 ± 0 .62'" 6 .Q-t± 1.32" II. Q4 ± 1.67" 14.03 ± 1.43" IS.14 ± 1.01"

10 - 60 1.08 ± 0. 14 l1n 2.82 ± 0.96" 7.2 9 ± 1.70401 12.72 ± 1.7{r 14.S6 ± 1.21 '" 16.04 ± 1.33· '

10 - 80 1.J9 ± O. ll lIn 2.87 * 0.44 '" 8.23 ± 1.28'" 13.84 ± 1.71'" IS.80 ± i .s i - 17.2S * 1.20....

18 - 40 0.99 * 0.20bo
• 1.67 ± 0.10" 6.0 1 ± 1.6340 14.68 * 1.6 1·" 16.7Q± 1.8S· " 16.86 ± 1.80· '

18 - 60 1.08 ±O. ISlin 2.S9 ± 0.35" 7.42 ± \.60 ' " 16.30± 1.53'" 111 .07 ± 1.56· " 111.37 ± 1.2S....

18 - KO 1.48 ± O. l lIbo 2.97 ± 0.64· 7.86 ± 1.2 1·" 18.64 ± 2.34" IQ.30 ± 1.23" 19.s 2 ± 2.83'"

26 - 40 0.S3 ± 0.08'" 1.68 ± O.OS" 8.93 ± 1.27· " 14.68 ± 2.58'" 17.28 ± 1.77· " 17.S6 ± 2.09'"

26 - 60 0.98 * O.OKlin 3.03 ± 0.90" 11.92 * 2.0 1"' 18.42 * 2.40"" 18 .87 * 1.9S" 111 .73 ± 1.76'"

26· 80 1.3S ± O.SKbn 3. \8 * 0.75<0 11.28 ± 1.9 1" 21.59 ± 0.90"' 20.00 ± 1.2S· 20.49± 2.3 1·

Dietary lipid P>O.OS P>0.05 1'<0.0 1 1'<0.01 1'<0.0 1 I'<O.OS

Dietary ca roteno id P<O.OS 1'<0.01 I' <O.OS 1'<0.0 \ I'<O.OS I'<O.OS

Interaction o f dietary lipid P>O.OS P>O.OS I'>O.OS 1'>0 .05 1' ;>0.05 1);>0.05
and caroteno id

' K~ult~ IIfC meanvaluesof U dctcrmina tious :10 1>tanJiirJ J,;~hllitln Valu.:s ineech ftly, with different SUrcfs<cfipctll-c)and ineachcolumnwith dilTcn:nl superscript[r-ut are
signilicillllly J i l1i:rcnI I P<O, ()~) t'ftlllI onc lI'l\llhcf,f~pc:~l i wly :;;



Append ix 6. Hunt er -Cok rrmet color scale L, :1, h valu e e f th e fillcl of Arc tic cha r afte r given lim e plgm en rau un
(cunlinuted 11)1

Dict(%lipid- ppm camh:llOiJ I Time jmerval tweck sj

, 12 16 20 24

l' - 0 12.33 ± I .Cl7- Il.4K ± I.So- 11.9 ) ± 1.37- 11.19 ± 0.99- Il .67 ± O.94ol 12.39 ± 0.S2ol

10 · 40 11.26 ± 1.14t>f 14.44 ± 0.98 - 14.62 ! 1.7S"'" 19.<)4 ± 3.07 " 22.<11 ± 1.19" 2 1.6\ ± UO"

10 · 60 \2.79 ± 1.61" 13.17 ± 0.89" \ 5.64 ! 2.00'" 20.52 ± 2.45 " 22.37 ± 1.]4 " 22. 16 ± I.S7'"

10 ·80 12.3 1 ± 1.99w IS.7S ± I .4S- 16.RO:t 2.(17....• 2 1.26 ± 2.2 1" 23.89 ± 1.86· ' 23.M ± 1.03- '

\8 ·40 \3.2 3 ± ().70" 13.S3 ± 1.60" 15.5\ ± 2.37'" 2 1.89 ± 2. 11'" 22.b8 ± 2.SS" 23.0S ± 1.93'"

\8 - 60 \ 3.39 ± 2.SS'" 13.68 ± 1.2 1" \6.2\ ! 2.04'" 22.2 4 ± 1.7b·" 24.99 ± 2. \2 '" 23 .99 ± 0.93 '"

18 - SO \S .34 ± 1.29· IS.84 ± 2.20- \6 .88 ± 1.72· ' 2S. 17 ± 2.72· ' 2S.73 ± 1.23· ' 2S.03 ± !.3O""

26 - 40 \1.46 ± 2.31 11 13.M ± 1.20" \6 .27 ± 1.77'" 22.49 ± 1.94· ' 23 .05 ± 2.ll7"' 23.86 ± 1.86""

26 - 60 11.93 ± 0.971'0 16.62 ± 1.99" 18.48 i 1.29'" 24.2 1 ± 2.29 '" 25 .95 ± 1.68"" 2S.90 ± 1.17'"

26 ·80 14.00 ± 1.3SIIo IS.91 ± 0.9S'" 20.37 ! 1.8 5"' 27.8 1 ± 2A 4"' 27.64 ± 1.2 1· 26 . 16 ± 1.46"'

Dietary lipid P>O.OS I» O.OS P<O.OS 1' <0.0 1 I'<O.OS 1'<0.0 1

Dietary caro tenoid I'>O.OS 1' <.n ,05 P<0.05 I'<O.OS 1'<0.0 1 I'<O.OS

Interaction of dietary lipid 1'>0.05 I' >().OS 1' >0.05 I'>O.OS P>O.OS 1'>0.0 5
and caro teno id

kesults are mean vulucs IIf -IS dctcnninattons .l: stilml;mJ dcviution. Values in each row with different , upc r~r i pt Ia.b) and in eilch eolullllI \lilh differentsuperscript u-uere
signiflcanrly dilli:rent ll"O II ~ I [nun one another. rcepccuvcly .

~
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