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Abstract

In the present study, a linear regression analysis between lysine intake and lysine retention was conducted to investigate the efficiency of
lysine utilisation (k) at marginal lysine intake of either protein-bound or free lysine sources in juvenile turbot (Psetta maxima). For this
purpose, nine isonitrogenous and isoenergetic diets were formulated to contain 2-25—4-12 g lysine/100 g crude protein (CP) to ensure that
lysine was the first-limiting amino acid in all diets. The basal diet contained 225 g lysine/100 g CP. Graded levels of casein (Cas), fishmeal
(FM) and 1-lysine HCl (Lys) were added to the experimental diets to achieve stepwise lysine increments. A total of 240 fish (initial weight
50-1g) were hand-fed all the experimental diets once daily until apparent satiation over a period of 56d. Feed intake was significantly
affected by dietary lysine concentration rather than by dietary lysine source. Specific growth rate increased significantly at higher lysine
concentrations (P<0-001). CP, crude lipid and crude ash contents in the whole body were affected by the dietary treatments. The linear
regression slope between lysine retention and lysine intake (Rys) was similar between all the dietary lysine sources. The ki, values for the
diets supplemented with Cas, Lys or FM were 0-833, 0-857 and 0-684, respectively. The bioavailability of lysine from the respective lysine
sources was determined by a slope-ratio approach. The bioavailability of lysine (relative to the reference lysine source Cas) from FM and
Lys was 82-1 and 103 %, respectively. Nutrient requirement for maintenance was in the range of 16:7—-23+4 mg/kg"® per d, and did not differ
between the treatments. There were no significant differences in lysine utilisation efficiency or bioavailability of protein-bound or
crystalline lysine from the respective sources observed when lysine was confirmed to be the first-limiting nutrient.
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Most species reared for aquaculture production require a high
amount of protein in their diets (350-650 g/kg feed), but next
to the quantitative requirements of dietary protein, the amino
acid (AA) profile forms the protein quality and is thus the basis
for maximum utilisation and growth in fish nutrition”. Dietary
requirements of essential amino acids (EAA) in fish feed have
received considerable attention, since deficiency of one of the
EAA results in poor feed intake, decreased nutrient utilisation
and reduced growth®®. In most alternative protein sources
(e.g. maize gluten and wheat gluten), lysine is the first-limiting
AA, and supplementation with free AA is necessary to provide
optimal growth .

Free AA are generally considered to be well utilised by fish,
as reported previously in several studies®™®. Most of these
studies have incorporated free lysine into lysine-deficient
diets in order to meet or exceed the dietary requirement of

the species under study. Supplementation with free lysine has
been shown to be widely successful in enhancing growth and
nutrient utilisation in a variety of fish, including turbot®=2".

A comparison between protein-bound and free lysine from a
soyabean meal and L-lysine HCI, respectively, has only been
reported for channel catfish (Uctalurus punctatus) in a dose—
response study'”. This study has shown that the efficiency of
lysine utilisation was higher for protein-bound lysine than for
free lysine, in terms of weight gain and protein gain. In pigs,
the availability of free lysine has been shown to be equal to
that of protein-bound lysine from fishmeal (FM), skimmed-
milk powder and a soyabean meal, but found to be higher
compared with a cottonseed meal and a meat meal®”. More
recent studies have evaluated the efficiency of utilisation by
growth response criteria (feed conversion ratio (FCR)) rather
than by lysine depositionw’25 =2 1t is worth mentioning that in

Abbreviations: AA, amino acids; Cas, casein; CP, crude protein; DFI, daily feed intake; EAA, essential amino acids; FCR, feed conversion ratio; Flypy, feed
intake based on metabolic body weight; FM, fishmeal; SGR, specific growth rate.
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dose—response trials, feed is provided to satiation and feed intake
per se might be affected by the limitation of the nutrient®*.
Since feed intake affects growth, it has been considered important
to evaluate lysine utilisation in terms of protein and lysine
retention (g lysine deposited/g lysine intake) rather than relying
only on growth measurements>>?®. Moreover, to determine
the utilisation efficiency of a nutrient, the experimental design
must be conducted under conditions of marginal supply of the
nutrient to result in maximum utilisation®.

The present study elucidated the efficiency of lysine
utilisation in its protein bound form (casein (Cas) and FM)
or free form (1-lysine HCD at marginal lysine intake in juvenile
turbot. Additionally, the study examined the influence of these
sources on the bioavailability of lysine.

Materials and methods
Diet preparation

For the present analysis, one basal and eight experimental diets
were formulated with increasing amounts of either protein-bound
lysine (Cas or FM) or free lysine (1-lysine HCD. Wheat gluten
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was chosen as the main dietary protein source due to its low
lysine level (2:25g lysine/100 g crude protein (CP); Table D).
The lysine concentration of the basal diet (Basal 2:3) was
substantially lower than the recommended level (50g
lysine/100g CP)'7?” Cas, FM and 1-lysine HCl were incor-
porated into the diet to increase dietary lysine concentrations.
Cas was chosen as a reference source because of its high
digestibility (92—100%), high protein content and high lysine
level. Fishmeal is generally considered as an optimal protein
source in fish nutrition because of its high digestibility, well-
balanced AA profile, lack of anti-nutritional factors and high
palatability >
able source of lysine, with >98% apparent N digestibility
for rainbow trout'®.

The diets were designated as Basal 2-3, Cas 2-8, Cas 3-1, Cas
3-7, Cas 3°9, FM 3:1, FM 39, Lys 3-1 and Lys 3-9 (Table 1), with
each label corresponding to the source and average concen-
tration of lysine in relation to CP (g lysine/100g CP). Cas

. 1-Lysine HCI is well established as an avail-

was incorporated to the test diets in doses of 31, 62, 93 and
124 g to achieve four dietary lysine concentrations (Cas 2-8,
Cas 31, Cas 37 and Cas 39, respectively). Fishmeal was

Table 1. Formulation, proximate nutrient composition and amino acid composition of the experimental diets (casein (Cas), fishmeal (FM) and L-lysine

HCI (Lys))
Basal 2-3 Cas 2-8 Cas 3-1 Cas 3.7 Cas 39 FM 31 FM 3.9 Lys 3-1 Lys 3-9
Feed formulation (g/kg feed)
Fishmeal* 170 170 170 170 170 260 350 170 170
Caseint - 31 62 93 124 - - - -
Fish oil* 130 130 130 130 130 130 130 130 130
Wheat starcht 138 136 135 133 132 108 79 137 136
Wheat glutent 335 335 335 335 335 335 335 335 335
Vitamin—mineral mix§ 7 7 7 7 7 7 7 7 7
AA-mix (lysine-free)|| 140 111 81 52 23 80 19 135 131
CayP0,Y 80 80 80 80 80 80 80 80 80
L-Lysine HCI (78 % lysine)|| - - - - - - - 5.3 10-7
Proximate composition (g/kg, DM)
Moisture 67 59 63 64 67 72 67 58 59
Crude protein 564 565 557 555 555 559 561 566 568
Crude lipid 172 177 168 180 169 166 198 178 179
N-free extract*™ 146 138 154 143 153 142 87 137 134
Crude ash 118 120 121 122 123 133 154 119 119
Ca 35 37 34 39 34 39 43 38 37
P 25 25 24 28 24 27 29 26 25
Gross energy (MJ/kg) 214 22.0 22.0 221 22.3 215 21.9 21.8 21.9
Amino acid composition (g/100g CP)
Arg 6-79 6-02 5-41 4.78 416 513 4.62 6-61 6-52
Cys 1.55 1-50 1.47 1.52 1-49 1-50 1.52 1.53 1.53
His 2.08 214 2-18 2-15 2-16 2.06 2.04 2.08 2.09
lle 3-89 3:90 3-96 3-88 385 3.77 3.67 3-89 3-86
Leu 720 718 725 712 713 7-05 6-74 7-07 7-05
Lysine 2:25 279 3-31 365 412 2.96 384 3.05 3-88
Met 2.68 240 216 2.09 2.00 2.09 2.05 2.71 2.65
Phe 4.63 4.61 4.67 4.59 4.57 4.50 441 4.57 4.53
Thr 3-44 3-26 3-23 311 3.-06 323 314 3-44 3-39
Val 4.37 4.39 4.51 4.47 4-49 4.28 4.20 4-40 4.29

CP, crude protein.

*VF Cuxhaven, Germany.

1 Cargill Deutschland GmbH, Krefeld, Germany.
1 H. Kréner GmbH, Ibbenbiren, Germany.

§ Aller Aqua, Christiansfeld, Denmark.

|| Evonik Industries, Hanau, Germany: crystalline amino acid mix of the basal diet (g/kg feed, the experimental diets were adjusted to meet nutrient requirements): L-arginine
0-86; L-histidine 0-37; L-methionine 0-29; L-cysteine HCI 0-25; L-valine 0-77; L-isoleucine 0-74; L-leucine 1-26; L-threonine 0-13; L-phenylalanine 0-71; L- tryptophan 0-18;

L-glycine 2.76; L-tyrosine 0-55; L-alanine 1-18.
9 Lehmann & Voss & Company, Hamburg, Germany.
**Calculated as follows: 1000 — (crude protein + crude fat + ash).
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Table 2. Ratio of essential amino acids (EAA) to lysine according to the requirements of turbot!'”?”) and the respective ratios in the experimental diets

(casein (Cas), fishmeal (FM) and L-lysine HCI (Lys))

Peres &

Amino acid Kaushik Oliva-Teles

ratios (EAA:Lys)  (1998)@7 (2008)"" Basal2:3 Cas28 Cas31 Cas37 Cas39 FM31 FM39 Lys31 Lys39
Arg 0-96 0-84 3.02 2.15 1.64 1.31 1.01 1.73 1.20 217 1.68
His 0-30 0-26 0-92 077 0-66 0-59 0-52 0-69 0-53 0-68 0-54
lle 0-52 0-52 1.73 1-40 1.20 1.06 0-93 1.27 0-96 1.28 1.00
Leu 0-92 0-89 3.20 2.57 2.19 1.95 1.73 2.38 1.75 2.32 1.82
Met ND 0-34 119 0-86 0-65 0.57 0-49 0-71 0-53 0-89 0-68
Met + Cys 0-54 ND 1.88 1.40 110 0-96 0-82 1.22 0-93 1.39 1.08
Phe ND 0-51 2.06 1.65 1.41 1.26 111 1.52 1.15 1.50 117
Thr 0-58 0-47 1.53 117 0-98 0-85 0-74 1.09 0-82 113 0-88
Val 0-58 0-55 1.94 1.57 1.36 1.23 1.09 1.45 1.09 1.44 1-11

ND, not determined.

added to the diets at doses of 90 and 180 g to yield two lysine
concentrations (FM 3-1 and FM 39, respectively). To obtain
the same lysine concentrations (Lys 3-1 and Lys 39), r-lysine
HCI was added at doses of 5-0 and 10-7g, respectively, to
the diets. All diets were formulated to be isoenergetic and
isonitrogenous. To obtain similar N concentrations, a mixture
of EAA and semi-EAA was prepared. This mix was formulated
so that all diets would meet EAA requirements"'””
for lysine (Table 2), and was added to all the experimental
diets. Feed ingredients were mixed, and pellets of 4 mm
diameter were formed using a pellet press (L 14-175;
Amandus KahD.

, except

Experimental set-up

The experiments were conducted at the Gesellschaft fir Marine
Aquakultur in Bisum, Germany and juvenile turbot (Psetta
maxima) were obtained from Maximus A/S (Denmark). For
these trials, thirty rectangular tanks (bottom surface 0-15m?,
total water volume 50 litres) were arranged in a recircula-
ting aquaculture system, and equipped with a mechanical
and biological filter and a disinfection unit (UV filter). Water
discharge was approximately 850 litres/kg feed, and the photo-
period was a 12h light—-12h dark cycle. Water parameters
were determined on a daily basis: temperature 16-3 (sp 0-3)°C;
dissolved oxygen 81 (sp 0-2) mg/l (Handy Polaris; OxyGuard
International A/S); salinity 24 (sp 1) g/I (digital refractometer
HI 96822; Hanna Instruments); 0-6 (sp 0:1)mg NHy-N/I,
0-8 (s 0-3) mg NO,-N/I (Microquant test kit; Merck KGaA).
Fish were randomly stocked in the experimental tanks.
During the acclimatisation period of 14d, fish were fed with
a commercial dry feed (Aller Aqua 505, 4mm in diameter).
After this period, ten fish were killed with an overdose of
the anaesthetic tricaine methanesulphonate (MS 222) and
stored at —20°C for further analysis. A total of 240 fish were
weighed individually to the nearest of 0-1g (initial weight
50-1 (seM 5:0)g), their total length was measured (initial
length 14:0 (sEm 0-5) cm), and were randomly restocked to
the experimental tanks (eight individuals per tank). Fish
were starved for 24 h before each weighing. The diets contain-
ing FM and Cas as supplemental lysine sources were fed to fish
reared in triplicate groups. The basal diet and diets containing

L-lysine HCl were fed to fish reared in quadruplicate groups.
All fish were hand-fed once daily (09.00 hours) until apparent
satiation over a period of 56 d. Uneaten pellets were recovered
from each tank, counted and used to estimate the mass of
uneaten feed, based on the average pellet mass. This feed
estimate was subtracted from the mass of feed offered to
calculate daily feed intake (DFD).

Chemical analysis

At the end of the feeding trial, fish weight and total length
were measured individually. From each tank, three fish were
killed and stored at —20°C until further analysis. Fish were
freeze-dried (for 120h), homogenised and stored at — 20°C.
The experimental diets were homogenised and stored at
—20°C. According to the protocol®, feed and fish were
analysed for DM, crude ash, crude lipid and gross energy
(adiabatic bomb calorimeter C200; IKA-Werke GmbH &
Company KG). Crude lipid analysis was done with (diets) or
without (fish) HCI hydrolysis using a Soxhlet system (R 106 S;
Behr). Total N content was determined by the Dumas
combustion principle (True Spec N; LECO Corporation). CP
content was calculated by multiplying N content by 6-25.
Dietary AA concentrations were analysed by Evonik Industries
according to the Commission Directive guidelines®®. Trypto-
phan was not analysed.

Statistical analysis

Data were analysed by an ANOVA (body composition) or
ANCOVA (growth parameters) using SPSS 17.0 for Windows
(IBM), after testing for homogeneity of variances by Levene’s
test and normal distribution by Kolmogorov—Smirnov test.
A parametric post hoc test (Tukey’s test) was used for the
ANOVA. For ANCOVA, the dependent variable was intake of
nutrients (above the basal group) and the covariate was lysine
source. Differences between treatments were considered signifi-
cant at a P value of <0-05. The linear regression analysis was
conducted using GraphPad Prism 5.0 (GraphPad Software).
The slope-ratio approach®" was used to determine the bioavail-
ability of a single nutrient source. This ratio is determined by
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Table 3. Initial and final weight, feed intake and growth performance of juvenile turbot fed the basal diet or experimental diets (casein (Cas), fishmeal

(FM) and L-lysine HCI (Lys)) over a period of 56 d
(Mean values with their pooled standard errors)

Parameters Basal 2-3 Cas 28 Cas 3-1 FM 31 Lys 31 Cas 3.7 Cas 39 FM 3.9 Lys 3-9 SEM
Initial weight (g) 50 50 51 51 50 49 49 51 49 0-3
Final weight (g) 65 81 96 89 89 97 93 108 97 2
DFI (% of body weight/d) 0-53 0-79 0-96 0-89 0-90 1-03 0-96 115 1-00 0-02
Flyew* (9/kg®® per d) 2.6 36 41 3.9 3.9 4.3 41 4.7 4.2 01
SGRt 0-46 0-83 113 1-01 1-03 1.23 114 1-34 1-21 0-05
FCR% 1.00 0-76 0-59 0-65 0-65 0-60 0-59 0-57 0-57 0-27

DFI, daily feed intake; Flysw, feed intake based on metabolic body weight; SGR, specific growth rate; FCR, feed conversion ratio.

*Flyew = DM feed intake (g/MBW per d).
1 SGR = 100 X (In final weight — In initial weight)/d.
1 FCR = DM feed intake (g)/weight gain (g).

the reciprocal of the efficiency of lysine utilisation (k) for the
tested lysine sources (1-lysine HCl and FM) to Cas.

Results
Growth performance

During the experiment, there was no fish mortality. All fish
accepted the experimental diets. Feed intake (DFI and feed
intake based on metabolic body weight (FIyzw)) was signifi-
cantly affected by dietary lysine concentration (DFIL: P<0-01;
Flypw: P<0:01) but not by lysine source (DFI: P=0-06;
Flypw: P=0-54).

Growth performance of the fish increased with increasing
dietary lysine concentrations (Table 3) . The FCR and specific
growth rate (SGR) were significantly affected by dietary of
lysine concentration (SGR: P<<0:01; FCR: P<<0:01) but not by
lysine source (SGR: P=0-09; FCR: P=0-71).

Body composition

There was no difference in energy or DM content between the
treatments (Table 4), but CP, crude lipid and crude ash
contents were affected by the dietary treatments (P<0:05).
The condition factor of the fish ranged between 1-55 and

1-69 and was unaffected by the dietary treatments (P>0-05).
The hepatosomatic index varied between 2:20 and 3:14%
and was not significantly different between the treatments
(P=0-30). All EAA concentrations in the whole body
decreased from the start to the end of the experiment, with
no differences between the treatments (P> 0-05; Table 5).

Nutrient utilisation efficiency

Nutrient retention efficiency increased with increasing feed
intake (Table 6). The same observations were made for
lysine retention efficiency, which was highest for the dietary
treatments Cas 39 and Lys 3-9 (64-4 and 65-4 %, respectively).

Lysine utilisation efficiency (ki) was calculated based on
the linear regression (Fig. 1) of the slope-ratio approach,
and was 0-684 in FM diets. For the diets supplemented with
free lysine or Cas, the Ry, value was 0-857 and 0-833, res-
pectively. Lysine retention was affected by dietary lysine
concentration (P<0-01) but not by lysine source (P=0-41).
Nutrient requirement for maintenance was in the range of
16:7-23-4mg/kg®® per d (Table 7), and did not differ between
the treatments. Linear regression slopes between lysine intake
and protein retention (Fig. 2) were not significantly different
between the diets (P=0-36). Protein retention efficiency was
highest by 45-:2% in fish fed the 3-9% lysine diet (Table 6),

Table 4. Proximate whole-body composition, gross energy content and biometrical parameters of turbot fed the basal and experimental diets (casein

(Cas), fishmeal (FM) and L-lysine HCI (Lys)) over a period of 56 d*
(Mean values with their pooled standard errors)

Initial group
(one pooled
sample) Basal 2.3 Cas2:8 Cas 31 FM 3-1 Lys 3-1 Cas37 Cas39 FM39 Lys39 SEM
Proximate composition (g/kg, wet weight)
DM 227 241 233 233 234 240 235 236 240 240 1
Crude protein 141 1372 1362 1352 1332 1412 1362 146° 1342 1423 1
Crude lipid 40 602° 572P 572b 582P 60%° 54.42 50° 66° 56*® 0.9
Crude ash 41 39° 37P 39° 3gaP 3gaP 39° 3gaP 352 38%° 02
Gross energy (kJ/g) 4.6 5.2 5.0 5.0 5-0 5.2 4.8 4.8 5.2 5-2 0-1
Condition factort ND 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.7 1.6 0-02
HSIt ND 2.5 2.2 2.5 2.7 2.4 2.4 2.2 31 2.2 01

ND, not determined; HSI, hepatosomatic index.

@b Mean values within a row with unlike superscript letters were significantly different (P<0-05).

* Additionally, whole-body composition of the initial group is given.
t Condition factor = body weight (g)/(total length, cm)® x 100.
1 HSI = liver weight/body weight x 100.
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Table 5. Whole-body essential amino acid (EAA) composition (g/100g crude protein (CP)) of turbot fed the basal and the experimental diets (casein

(Cas), fishmeal (FM) and L-lysine HCI (Lys)) over a period of 56d
(Mean values with their pooled standard errors)

EAA Initial group

(9/100g CP)  (one pooled sample)  Basal2-3 Cas2-8 Cas 31 FM 3-1 Lys 3-1 Cas37 Cas39 FM39 Lys39 SEM
Arg 6-66 6-49 6-37 6-37 6-47 6-36 6-49 6-3 6-41 6-51 0-02
Cys 1-01 0-93 0-95 0-94 0-95 0-94 0-93 0-95 0-94 0-98 0-01
His 2.01 1-86 1-89 1.93 1.9 1-89 191 1.94 1.92 1.94 0-01
lle 3.78 3-33 3:2 3-09 3-24 3:23 3-29 3-34 3:29 34 0-03
Leu 6-97 6-28 6-1 6-11 6-25 6-18 6-27 6-36 6-19 6-45 0-04
Lys 7-31 6-45 6-15 6-19 6-36 6-24 6-19 6-62 6-34 6-62 0-05
Met 2.72 2.54 242 242 2-48 2-46 249 249 2-46 2.57 0-01
Phe 3.78 35 3-46 3-43 3-48 3-47 3.51 352 3-49 3-58 0-02
Thr 4.3 395 3-87 3.76 391 3-86 393 395 3-96 4.04 0-02
Val 4.35 4 3-94 3-98 4.04 3.97 4.02 4.03 3-98 4.08 0-03

and significantly affected by lysine concentration (P<0-01) but
not by lysine source (P=0-38).

Bioavailability

Relative bioavailability of lysine in relation to the reference
lysine source Cas (assumed to be 100% bioavailable) was
calculated. In accordance with the efficiency of lysine reten-
tion determined for FM (684%) and k;y for 1-lysine HCI
(857 %), the reciprocal of &y for Cas (83:3%) was calculated.
The availability of the lysine source, evaluated as a ratio to Cas
(100 %), was 82:1% for FM and 103 % for 1-lysine HCI. There
were no significant differences observed between the three
lysine sources (P>0-05).

Discussion

The main protein source for all the experimental diets used in
the present study was wheat gluten (335 g/kg feed; providing

1-71 g lysine/100 g CP). The inclusion of wheat gluten in diets
for halibut and turbot has been evaluated previously, and it
is known as an effective means to reduce dietary lysine con-
tent and, therefore, lysine intake®3?. The basal diet used
in the present feeding trial was designed to contain 50%
less lysine than the dietary lysine requirement for optimal
growth”. The highest dietary lysine concentration was 39
(sp 0-2)g/100g CP, which was still below the previously
reported requirements. When determining the efficiency of
the utilisation of a certain AA, it must be ensured that it is
the first-limiting AA©33D The ratio of each AA:lysine was,
therefore, calculated from published EAA requirements for
juvenile turbot”*” to ensure that lysine was the first-limiting
AA in each of the experimental diets (Table 2).

The incorporation of free AA in fish diets is a common
practice, but their efficiency has not been described clearly. In
most studies, free lysine is incorporated into diets to avoid AA
deficiencies resulting from the exchange of FM by protein
sources containing low lysine levels such as wheat gluten.

Table 6. Protein, lysine and energy intake and the respective retention in turbot fed the experimental diets (casein (Cas), fishmeal (FM) and L-lysine

HCI (Lys)) over a period of 56 d
(Mean values with their pooled standard errors)

Basal 2.3 Cas2-8 Cas3-1 FM 3-1 Lys 3-1 Cas 37 Cas39 FM39 Lys39 SsEm
Protein utilisation
Protein intake* (g/kg®® per d) 1.48 2.05 2.26 2.18 2.23 2.39 2.26 2.64 2.37 0-06
Protein gaint (g/kg®® per d) 0-32 0-61 0-87 0-72 0-84 0-96 1.0 1.0 1.0 0-05
Protein retentiont 219 299 397 33-3 384 39-6 45.2 39-9 44.2 1
(% of protein intake)
Lysine utilisation
Lysine intake* (mg/kg®® per d) 33-3 57.2 751 64-4 68 86-8 93.2 101 92.2 4
Lysine gaint (mg/kg®® per d) 10-0 24-6 41-8 35-6 40-9 53-4 60-2 56-8 60-9 3
Lysine retentionf 30-5 42.9 55.7 55-3 60-1 61-4 64-4 56 64-4 2
(% of lysine intake)
Energy utilisation
Gross energy intake* (kJ/kg®® per d) 56-3 797 89-8 83.8 85.5 94.7 91.0 103 91.9 2
Gross energy gaint (kJ/kg®® per d) 18-3 266 36-1 329 35.2 369 33.9 465 41.0 2
Gross energy retention} 329 334 40-2 39-2 411 38-9 37-3 45.2 44.5 1

(% of energy intake)

*Nutrient intake (g/kg®® per d) = (daily feed intake x nutrient content of the diet)/metabolic body weight (MBW)/experimental days.
t Gross nutrient or gross energy gain (g/kg®® per d) = nutrient/energy gain in body tissue/MBW/experimental days.
1 Gross nutrient or energy retention efficiency based on nutrient intake (% of gross nutrient/energy intake) = ((% of final body nutrient concentration X final weight) — (% of

initial body nutrient concentration X initial weight))/nutrient intake x 100.

ssaud Ais1anun abplguied Aq auluo payslignd XL8E00v LS L L£000S/210L°0L/B10"10p//:sdny


https://doi.org/10.1017/S000711451400381X

oF

British Journal of Nutrition

Bioavailability of lysine sources in turbot 723

25

Lysine retention (mg/kg®8 per d)

0 L L L L L J
0 25 50 75 100 125 150

Lysine intake (mg/kg?8 per d)

Fig. 1. Lysine utilisation efficiency (kiys) of juvenile turbot fed increasing
amounts of dietary lysine and its relationship to lysine retention (mg/kg®® per d)
over a period of 56d. m, Basal diet; -i3-, casein; -e-, fishmeal; , L-lysine
HCI. Casein: y=0-833 = 0-05x — 0-020 *+ 0-004; r? 0-94; L-lysine HCI:
y=0-857 + 0-07x — 0-018 = 0-01; r? 0.94; fish meal: y = 0-684 + 0-06x —
0-011 = 0-01; r? 0-95. The slopes were significantly different from zero
(P<0-01). The y-intercepts were not significantly different from zero (P=0-3).

In this case, free AA are used to meet or exceed dietary AA
requirements and the efficiency of the utilisation of an AA
cannot be estimated clearly due to the diminishing effects
above the marginal intake®*3%3%,

There is a linear relationship between intake and res-
ponse (e.g. feed efficiency, AA retention) under limited
conditions®**» | which can be used to determine maintenance
requirements (x-intercept). The slopes of the regression
represent the efficiency of the utilisation of an EAA (kgaa).
At a higher concentration of an EAA (above the marginal
requirement), this linear relationship will change to a non-
response portion and reach an asymptote (plateau) above
which no further performance improvements can be
recorded®®. The efficiency of the utilisation of an AA will,
therefore, decrease at the point of transition or at a point
where other nutrients or energy become the first-limiting
nutrient. The present study had two lysine levels repeated
for each lysine source (3-1 and 39% of the diet). Due
to slight differences in the lysine content and the feeding

regimen (until apparent satiation), the ingested amount of
lysine might have influenced growth parameters, as has
been observed by other authors®>2®. Single AA deficiencies
might lead to decreased feed intake, as has been shown in
studies with European sea bass®” and rainbow trout®®.
Indeed, feed intake (DFI and Flypy) was affected by dietary
lysine concentration rather than by lysine source, which is in
line with earlier findings. Likewise, growth parameters
observed in the present study (SGR and FCR) were not signifi-
cantly affected by dietary lysine source (P>0-05).

The growth performance of juvenile turbot is comparable to
that reported in earlier studies"'*** =% with juvenile turbot of
the same weight class fed with FM-based diets supplemented
with maize gluten, wheat gluten, rapeseed isolate or insect-
based protein sources. In a dose—response study, lower
growth performance was found to be lower in juvenile
turbot (initial weight 18-1g) fed graded levels of lysine at
admittedly low protein content (480—491 g/kg feed)'”. As
with other flatfish species, turbot require a high amount of
CP in their diet depending on body weight, with requirements
ranging between 698 g/kg feed for 10g fish (initial weight)
and 494g/kg feed for 90g fish (initial weight)'#4%%3,
Likewise, it has been reported that in trout, the efficiency of
lysine utilisation was affected by dietary protein content, and
lysine utilisation was higher at higher protein content“*¥. At
the marginal intake of one nutrient (e.g. lysine used in the
present study), other nutrients must be provided in excess
to ensure that the nutrient of interest is the first-limiting nutri-
ent. In the present study, protein content of all diets was
=550g/kg feed and, therefore, did not affect growth
performance or nutrient utilisation. Since lysine was the first-
limiting nutrient, the response of lysine retention and protein
retention can be exclusively attributed to lysine intake. Lysine
and protein deposition rates were affected by the dietary
amount of lysine rather than by lysine source. The linear
regression of the dose—response study resulted in a similar
efficiency of the utilisation of either free lysine or protein-
bound lysine. However, feeding diets containing graded
levels of FM resulted in a slightly lower ki (0-68) than
those supplemented with r-lysine HCI (0-86) and Cas (0-83).
This slight reduction in utilisation efficiency recorded for FM
diets could be explained by the limitation in dietary energy
content as reported earlier®*>. Therefore, the ratio of dietary

Table 7. Regression coefficients* for lysine intake in turbot fed the experimental diets (casein (Cas), fishmeal (FM) and L-lysine HCI (Lys)) over a

period of 56 dt
(Regression coefficients with their standard errors)

m (slope) b (y-intercept)t P (slope)§
Regression coefficient SEM Regression coefficient r? Maintenance|| Bioavailability Cas FM Lys
Cas 0-833 0-06 —0-020 0-004 0-94 234 (100) 0-11 0-09
FM 0-684 0-06 —0-011 0-004 0-95 16-7 821 0-11 0.78
Lys 0-857 0-07 —0-018 0-005 0-94 21-0 103 0-09 0-78

*y = mx + b, describing the efficiency of lysine utilisation as a function of intake (g/kg®® per d).

1 Slopes of regression were significantly different from zero (P<0-01).

1 The y-intercepts were not significantly different from zero (P=0-3).

§ Significant at P<0-05.

|| Maintenance requirement (x-intercept, mg/kg®® per d) was calculated as: —b/m.

9 Bioavailability of lysine from FM and Lys (relative to Cas) calculated as: (miest/Mcas) X 100.
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resulted in lower growth rates in fish, including juvenile
turbot, and has been explained by leaching losses"'*>* or a
faster absorption of free AA compared with protein-bound
AA®P However, several authors have demonstrated an effi-
in practical and semi-purified

diets @7 15445560 1 the present study, a maximum amount

cient use of free AA
of 142¢g free AA/kg feed were incorporated into the feed,
corresponding to a maximum 28% of free AA in total CP
content (Basal 2:3: 140 g free AA/kg feed; Lys 3-1: 140 g free
AA/kg feed; Lys 3:9: 142 g free AA/kg feed). Leaching losses
are unlikely to have had a significant influence on the present
results, since growth performance and protein retention
increased progressively in the treatments Basal 2:3, Lys 3-1
and Lys 39, although having the same inclusion level of
total free AA (Table 1). This is in line with earlier observations,
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Fig. 2. Linear relationship between lysine intake and protein retention
(mg/kg®® per d) of juvenile turbot fed increasing amounts of dietary lysine
from three dietary sources (O, casein; @, fishmeal; 4, L-lysine HCI) and the
basal diet (m) over a period of 56d. Casein: y= 117 = 0-6x — 0-050 * 0-04;
r? 0.96; L-lysine HCl: y=12.2+1.0x— 0-062 + 0-07, r? 0.94; FM:
y=10-7 + 0-7x — 0-012 * 0-05; r2 0-97. The slopes were significantly differ-
ent from zero (P<0-01). The y-intercepts were not significantly different from
zero (P=0-3).

energy for lysine utilisation was calculated for each tank.
Digestible energy contents of the experimental diets were cal-
culated based on earlier ﬁndings(46’47) . By calculating 20-9kJ/g
energy as protein, 35-1kJ/g energy as fat and 11-0kJ/g energy
as catbohydrate™®
our experimental diets was 1890 (sp 0-20)kJ/g feed, which
was, therefore, above the known requirements for digestible
energy in turbot feed””. However, real digestibility between
the diets might also differ due to the different feed ingredients
used, which was not evaluated in the present study. Data
expressed in the present study are based on metabolic body
weight with the exponent of —0-8. With this approach, data
become independent of, for example, body weight and are

, the resulting digestible energy content of

comparable between fish species as well as within fish
species™”, which has been applied earlier for another flatfish
species®® and for turbot®?.

Maintenance requirements for lysine intake were calculated
and ranged between 16:7 and 23-4mg/kg”® per d (Table 7).
Comparable values were found for Atlantic salmon of different

age groups and weight classes (16—18-5mg/kg®® per d,
)(20,5D)

(50)

recalculated data . Maintenance requirement data for
lysine based on intake and body weight at similar feeding
strategies or diet composition are not available for turbot.
Lower maintenance requirement values have been found
(6:5mg/kg”® per d) in one earlier study with the same species
and comparable body weight when provided a restricted feed-
ing regimen and dietary lysine supply above the requirements
known for this species®®. A restricted feeding regimen might
not be the optimal strategy to determine the requirements as
long as the nutrient (e.g. lysine) is not marginal.

The findings of many studies and explanations for
differences in growth rates in relation to free AA inclusion
are subject to controversy. Incorporation of free AA has

where the incorporation of 106g free AA/kg feed into plant
protein-based diets (representing 22 % of free AA in total CP
content) resulted in the same growth performance and high
utilisation efficiency compared with only protein-bound
AA®Y Incorporation of 314 g free AA/kg feed (representing
78% of free AA in total CP content) in diets of rainbow fry
has recently been shown to have no impact on feed intake
or growth rate, whereas protein deposition has already been
shown to be significantly decreased at a free AA content of
209 g/kg (representing 52 % of free AA in total CP content)®?.
The maximum percentage of free AA in total CP content was
found to be 27% in the present study and, therefore, lower
compared with what has been observed to influence feed
intake, growth rate and protein retention in rainbow trout
juveniles(éz). Moreover, some studies have determined that
leaching losses of free AA are negligible and might, therefore,
not affect efficiency 1419,

The estimation of the bioavailability of single nutrients
provides a method to rank AA sources according to their
utilisation. In the present study, Cas was chosen as the
reference lysine source, with four increasing concentrations,
and the other lysine sources where tested in relation to Cas
in a slope-ratio model. The reciprocal of & of FM and
L-lysine HCI to Cas, therefore, represents the bioavailability
of lysine from its source and must not be influenced by any
other parameter than the tested AA®Y®® The advantage of
the linear regression is its capacity to estimate a maintenance
requirement for lysine intake. The advantage of using a slope-
ratio design is the estimation of the bioavailability of a lysine
source in relation to another one®®”. In rainbow trout, the
bioavailability of lysine from r-lysine HCI or L-lysine sulphate
has been found to be 68%“?. In relation to the reference
AA source (Cas used in the present study), the bioavailability
of lysine from FM and L-lysine HCl was 82:1 and 103 %,
respectively (Table 7). Such high values for the availability
of free lysine from L-lysine HCI have already been reported
in roosters®”
of this lysine source (L-lysine HCD in turbot nutrition.

3D

and swine?®. This underlines the effectiveness

Conclusion

The application of the linear regression and the slope-ratio
model provides for the first time data for the efficiency and
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bioavailability of different lysine sources in turbot nutrition.
The results show that the incorporation of Cas, FM or free
lysine increases lysine intake under marginal conditions and
results in similar growth rates and retention efficiencies. It
can be concluded that the efficiency of free lysine utilisation
from 1-lysine HCl at marginal lysine intake is similar to that
of protein-bound lysine. The inclusion of a maximum 28%
of free AA in total CP content did not affect feed intake,
growth performance or protein retention.
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