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Abstract

Weaning glass eels with compound diets (36% proteins, 16% lipids) differing in their fishmeal (FM)
level (50, 75 and 100% FM replaced by a blend of plant proteins, PP) was compared to a group fed
cod roe. Weaning lasted for 20 days and then, eels were fed compound diets for 70 days, whereas
the other group was only fed cod roe (90 days). Diets were tested with four replicates and evaluated
in terms of growth, survival, glass eels metamorphosis into elvers, oxidative stress status and activity
of digestive enzymes. Although glass eels are fed with fish roe and progressively weaned onto

compound diets, results revealed that this strategy should not be prolonged for a long time, since
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feeding glass eels with cod roe for 90 days negatively affected their growth (2 times lower than fish
fed compound diets), delayed their metamorphosis, as well as the maturation of their digestive
function as the ratio of alkaline phosphatase and leucine-alanine peptidase indicated. Weaning glass
eels onto compound diets differing in their FM levels did not affect their growth, metamorphic stage
nor the activity of pancreatic enzymes (total alkaline proteases, trypsin, bile salt-activated lipase and
a-amylase), although 75% FM replacement by PP sources delayed the level of intestinal maturation
in eels. In comparison to glass eels fed the 100% FM diet, survival was negatively affected in groups
fed diets with 50 and 75% FM replacement by PP ingredients, which indicated that further

improvement is needed in diet formulation for this stage of development.

Keywords: weaning, digestive enzymes, oxidative stress, fishmeal replacement, glass eel, elver
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1. Introduction

European eel (Anguilla anguilla) farming has long been a worldwide industry based on raising
young specimens from the glass eel stage until their commercial size. Until the industry will be
capable of reproducing eels in captivity in a commercially viable way, this activity strictly depends
on the availability of wild glass eels (FAO, 2004-2018). This practice has been a success in eel
farming as glass eels accept readily the early food offered, and they are moderately easy to wean
to compound diets with associated high survival rates and easy to transport and keep in captivity.
However, the sustainability of this industry (production of 6,098 tonnes in 2016; FEAP, 2016) is
directly linked to the health of the European eel stocks, which have declined dramatically in the

last century (Jacoby et al., 2015).

Traditionally, some eel culturists recommended feeding Tubifex sp., invertebrates or raw
meat to the glass eels before giving them artificial diets, whereas this practice has been
substituted by the use of frozen fish roe as a first feed to get the eels to start feeding quickly in
farm conditions (Heisnbroek, 1991), after which they are successfully weaned onto compound
diets containing high fishmeal (FM) levels (46-58% FM; Heinsbroek, 1991; Rodriguez et al., 2005;
Hirt-Chabbert et al., 2012) and other high quality marine derived ingredients (FAO, 2004-2018).
However, considering that feeding represents up to 50 - 70% of total production costs in intensive
fish farms (Rana et al., 2009), and marine raw ingredients, including FM, are among the most
expensive ingredients used in aquafeed formulation (Tacon and Metian, 2008), there is a need to
find alternative raw materials for aquafeeds. The increasing demand, price, restricted availability
and fluctuations of FM supply have directed the most recent research into looking for alternative
protein and oil sources (Naylor et al., 2009; Han, 2018). Many studies have shown considerable
success in partial or total replacement of dietary FM with plant protein (PP) sources for various
marine fish species during the on-growing phase (Hernandez et al., 2007; Salze et al., 2010;

Moxley et al., 2014; Yaghoubi et al., 2016; Lazzarotto et al., 2018; Kotzamanis et al., 2018 among
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others). However, there exist few studies addressing this issue at younger stages of development
and how these feeding strategies affect their performance, digestive capacities and nutritional
condition (El-Saidy and Gaber, 2003; Enyidi and Mgbenka, 2015; Gisbert et al., 2016; Swanepoel

and Goosen, 2018).

The objective of this study was to evaluate the potential use of PP sources in weaning
diets for European glass eels and their impact on growth performance, survival, digestive

physiology and oxidative stress condition in this farmed species.

2. Materials and methods

2.1 Animals and experimental design

Experimental procedures were conducted in compliance with the Guidelines of the European
Union Council (86/609/EU) for the use of laboratory animal. As European eel is considered as a
critically endangered species (Jacoby et al., 2015), all surviving specimens and those not used for

analytical purposes (n = 1,820) were used for restocking purposes in the Ebro River.

Wild glass eels (n = 5,000; 180 + 51 mg in wet body weight, BW) were captured during their
onshore migration as described in Gisbert and Lépez (2008) and obtained from Pescados y Mariscos
Roset S.L. (Deltebre, Spain). Glass eels were acclimated to IRTA-SCR facilities for two weeks (water
temperature were progressively increased from 13.0 to 20.0 in a RAS unit—IRTAmar®) and then they
were distributed into 16 tanks (100 L) at an initial density of 200 glass eels (initial body weight (BW;)
= 190 = 60 mg) per tank connected to a recirculation system IRTAmar®. During their acclimation,
glass eels were fed Artemia nauplii (EG grade, INVE) and cod roe (mature ovaries of Gadus morhua)
ad libitum on alternating days. In addition, they were treated once with Mebendazole (1 mg L for
24 h) (Sigma-Aldrich, Alcobendas, Spain) and formalin (100 mg L™ for 5 h) as described in Mellergaard

(1990) and Andree et al. (2013). Treatments were conducted during the first week of acclimation in
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a three-day interval to avoid potential stress derived from anthelmintic and antibacterial treatments.
Mortality at the end of the acclimation period was ca. 8.4% (420 individuals). Water quality
conditions during the experimental period were as follows: temperature 20.0 + 0.1 oC (mean *
standard deviation, SD), dissolved oxygen 6.7 + 0.3 mg L (~96% saturation), salinity 1.3 + 0.3 %o;

NH;*0.15+0.1 mg L'}, NO,”0.18 £ 0.1 mg L, and the photoperiod was 10L:14D (light:darkness).

In this study, three isoproteic (36%) and isolipidic (16%) diets differing in their FM and PP
levels (Diet 1: 100% FM; Diet 2: 50% FM and 50% PP; Diet 3: 25% FM and 75% PP) were evaluated as
potential weaning diets for glass eels (Table 1). Experimental diets were compared to a control group
that was only fed with natural food (frozen cod roe; proximal composition: 19.4%, crude proteins,
9.2% crude lipids, 1.9% ashes, 69.5% water content). Feed on a dry weight basis was distributed at
5% of glass eel stocked biomass (apparent satiation). Weaning lasted for 20 days; cod roe was
progressively replaced by the compound diet (100/0, 75/0, 50/50, 25/75 %) every four days; thus,
glass eels were completely weaned into experimental diets at day 25. Each treatment had four
replicates, and the trial lasted for 90 days. Extruded diets (pellet size: 0.8 mm) were formulated and
manufactured by Sparos Lda. (Portugal). The FM dietary component was partially substituted at 50
and 75% by a blend of PP sources (corn gluten, wheat gluten soybean meal and soy protein
concentrate; Table 1), and supplemented with L-lysine and DL-methionine in order to balance their

respective amino acid profiles (NRC, 2011).

2.2 Growth performance and glass eel staging

At the end of the feeding trial, all fish in each tank were anesthetized (100 mg MS-222 L™, Sigma-
Aldrich, Spain) were individually counted in order to assess the impact of diet on their survival and
their final body weight (BWs) measured to the nearest 0.01 g. These values were used for calculating
the specific growth rate of eels in BW (SGRaw, % day?) = [(In BW; — In BW;) x 100]/time (days), where

BWrand BW; are the final and initial BW values, respectively.
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Skin pigmentation in eels fed different diets was used a proxy of their progress of the
metamorphosis from the glass eel to the elver stage. In particular, pigmentation stages were
determined under a binocular microscope (n = 40-60 per tank) and classified according to the extent
of skin pigmentation over the head, tail and body regions, through stages Vla (Vlao, Vla1, Va2, Viaz and
Vlaa) to Vg as described by Elie et al. (1982). In this study, authors used the term glass eel for all Vla

stages, whereas specimens at the stage Vlg were considered as elvers.

2.3 Analysis of digestive enzymes

At the end of the trial, a subsample (n = 10 fish per tank) was used for measuring the intestinal
maturity level (alkaline phosphatase and leucine-alanine peptidase ratio) and activity of the main
pancreatic digestive enzymes. In particular, elvers were sacrificed with an overdose of MS222 and
eels’ dissection (separation of the abdominal region containing the hepatopancreas and intestine)
was conducted on a prechilled glass plate maintained at 0°C and the abdominal region homogenized
in cold 50 mM mannitol, 2 mM Tris—HCl buffer (pH =7.0). Then, 1 ml of the supernatant was pipetted
and stored at —20°C for assaying pancreatic (total alkaline proteases, trypsin, chymotrypsin, a-
amylase, bile salt activated lipase), gastric (pepsin) and intestinal cytosolic (leucine—alanine
peptidase) enzymes. The rest of the homogenate was used for the purification of intestinal brush
border membranes (Gisbert et al.,, 2018), which served to quantify the activity of alkaline

phosphatase, aminopeptidase-N and maltase.

Pancreatic, gastric and intestinal digestive enzymes were analyzed as previously described
by Gisbert et al. (2009) and following the instructions provided by Solovyev and Gisbert (2016)
regarding the optimal time of samples’ storage before their analyses. All analyses were conducted at
25 2C using standard protocols for the following digestive enzymes: total alkaline proteases (Garcia-
Carefio and Haard, 1993), trypsin (Holm et al., 1988), a-amylase (Métais and Bieth, 1968), bile salt-

activated lipase (lijima et al., 1998), pepsin (Worthington, 1991), alkaline phosphatase (AP, Gisbert
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etal., 2018), aminopeptidase-N (Maroux et al., 1973), maltase (Dahkqvist, 1970) and leucine—alanine
peptidase (LAP, Nicholson and Kim, 1975). Soluble protein of extracts was quantified by means of
the Bradford’s method (Bradford, 1976). All the assays were made in triplicate from each pool of
elvers (biological replicate) and absorbance read using a spectrophotometer (Tecan™ Infinite M200,
Switzerland). The ratio AP/LAP activities was used as an index for measuring the impact of

experimental diets on intestinal maturation (Cahu and Zambonino-Infante, 2001).

2.4 Analysis of oxidative stress enzymes

Levels of lipid peroxidation and activity of oxidative stress enzymes in elvers were assayed in the
whole animal (n = 5 per tank) in order to evaluate their health condition. Quantification of lipid
peroxidation was conducted by means of the acid reactive substances (TBARs) method described in
Solé et al. (2004). The activity of oxidative stress enzymes was measured using the following
protocols: catalase (CAT, Aebi, 1974), glutathione reductase (GR, Carlberg and Mannervik, 1975),
superoxid dismutase (SOD, McCord and Fridovich, 1969) and glutathione peroxidase (GPX, Ginzler
and Flohé, 1985). Soluble protein of crude enzyme extracts was quantified by Bradford's method.
Enzymatic activities were expressed as specific enzyme activity, in nmol mg™ protein, with the
exception of SOD that was expressed as percentage of inhibitory activity. All assays were carried out

in triplicate at 25 °C, and the absorbance was read using a Tecan™ Infinite M200 spectrophotometer.

2.5 Proximate composition analysis

Elvers (n = 10 per tank) and diets (n = 2) were homogenized and aliquots dried at 120 °C for 24 h in
order to estimate gravimetrically their water content; total fat and protein levels that were

determined according to Folch et al. (1957) and Lowry et al. (1951), respectively; and ash determined
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by heating the sample at 500 to 600 °C for 24 h in a muffle furnace (AOAC, 1990). All analyses were

conducted in triplicate (methodological replicates).

2.5 Statistics

Data are presented as the mean * standard error of the mean. Values for different parameters were
compared between them by means of one-way ANOVA at a reliability level of 5%. Data expressed as
percentage were transformed (arc sine square root transformation). Data were checked for
normality (Kolmogorov—Smirnov test) and homogeneity of variances (Bartlett's test) prior to their
comparison. When statistical differences were found among data with the ANOVA, the Duncan's

Multiple Range test was applied in order to detect which groups differed among each other.

3. Results

3.1 Survival and growth performance

Elver survival was significantly affected by weaning and type of tested compound diet (Table 2; P <
0.05). The highest survival rates were observed in elvers fed cod roe (67.5 + 3.2%), but survival of
glass eels weaned onto Diet 1 (100% FM) was 45.8 + 5.3%. Glass eels weaned onto Diets 2 (50% FM
and 50% PP) and 3 (25% FM and 75% PP) showed the lowest survival rate values (31.1 + 7.4% and
27.8 +9.8%, respectively). Glass eels weaned onto compound diets achieved larger BW values than
those just fed on cod roe (Table 2; P < 0.05), whereas no differences in BW and SGR values were
found between glass eels weaned onto Diets 1, 2 and 3. Final size distribution in BW also differed
among dietary groups (Fig. 1). In particular, glass eels fed cod roe showed higher positive skewness
(1.71) and kurtosis (2.25) values than those weaned onto compound diets (skewness = 0.75 — 0.93;
kurtosis =-0.11 —-0.37). The above-mentioned results were due to a higher frequency (36.9 + 2.8%)

of smaller animals (201-400 mg) in glass eels fed cod roe than in the other groups (average values
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ranging from 17.3 to 20.5%) that were weaned onto compound diets. In addition, the feeding
strategy also affected glass eel metamorphosis (Table 2; P < 0.05). Eels fed cod roe were mainly at
the metamorphosis stage of VIA3. Meanwhile, eels weaned onto compound diets showed a higher
frequency of specimens at more advanced metamorphosis stages of VIA4 and VIB than eels fed cod

roe.

3.2 Proximate composition, lipid peroxidation values and activity of oxidative stress enzymes

There were not statistically significant differences in proximate composition of elvers from different
experimental groups (Table 3; P> 0.05). No differences in lipid peroxidation (TBARs) values, neither
in the activity of oxidative stress enzymes (CAT, GST, GPX, GR and SOD) were found among groups

(Table 3; P>0.05).

3.3 Activity of digestive enzymes

Results of the specific activity of digestive enzymes in glass eels fed cod roe and weaned onto
different experimental diets are shown in Table 4. Concerning pancreatic enzymes, the activity of
total alkaline proteases and trypsin differed among groups. In particular, the highest and lowest
activities in total alkaline proteases were found in glass eels weaned onto the compound diets and
cod roe, respectively, whereas glass eels fed Diet 2 showed intermediate values between the above-
mentioned ones (P < 0.05). Regarding trypsin, the highest activity values were found in eels fed the
compound diets that were significant lower to those found in eels fed cod roe (P < 0.05). No
differences in the specific activity of a-amylase and bile salt-activated lipase were found between
experimental groups (P > 0.05). Considering pepsin, the gastric digestive enzyme analysed, no
statistically differences were found among different treatments (P > 0.05). Regarding the activity of
brush border intestinal enzymes, AP activity was higher in glass eels weaned onto Diets 1 (100% FM)
and 2 (50% FM replaced by PP sources) in comparison to those fed Diet 3 (75% FM replaced by PP

sources) and those fed cod roe (P < 0.05). Aminopeptidase-N and maltase activities were higher in
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all fish weaned onto compound diets in comparison to those eels just fed on cod roe (P < 0.05). The
activity of leucine-alanine peptidase (LAP), a cytosolic enzyme, followed the inverse pattern in regard
to AP, being higher in glass eels weaned onto Diet 3 and those fed cod roe, but lower in glass eels
weaned onto Diet 1 and 2 (P < 0.05). When considered the index of intestinal maturation calculated
as the ratio between a brush border and cytosolic enzyme (AP/LAP), results revealed that glass eels
weaned onto Diets 1 and 2 had the highest index values, whereas the lowest ones were found in

glass eels weaned onto Diet 3 and those fed cod roe (P < 0.05).

4, Discussion

Initial feeding of glass eels in aquaculture facilities after being captured during their onshore
migration is the most difficult part of the on-growing process. Generally, there is moderate to high
mortality during the first three-month period following their capture and acclimation to farming
conditions (Degani et al., 1984; Hirt-Chabbert et al., 2012). During the acclimation process, some
glass eels do not learn or adapt to eat the offered food (i.e. fish roe, inert diets), and consequently,
they progressively lose weight and die, whereas some others that are used to feed tend to grow very
slowly and have no economic value. In contrast, the remainder, which are generally the majority
of captured glass eels, adapt well to new husbandry conditions and grow very rapidly in body
weight (Degani and Levanon, 1983; Degani et al., 1984; Heinsbroek, 1991; Gisbert et al., 2012).
Under current experimental conditions, authors found the same adaptive pattern to captive
conditions, even though results varied depending on the dietary treatment. In particular, glass
eels fed cod roe showed a lower growth performance and higher frequency of specimens at
earlier metamorphic stages (Vlao-3) than those weaned onto compound diets. These results may be
correlated to the higher survival observed in glass eels fed cod roe, as the inverse trend was found
in glass eels weaned onto compound diets. In this sense, weaning may have operated a selection
mechanism in rearing tanks, as those specimens not sufficiently adapted to the compound diet

would end up dying, meanwhile this would not have occurred in glass eels fed cod roe, as this group

10
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showed a higher frequency of slow growing and less metamorphic advanced specimens. In addition,
SGR values of glass eels fed cod roe (SGR = 1.19 % day) were similar to those reported in a
previous study, when glass eels were fed for 70 days with hake roe (Gisbert et al.,, 2011).
Furthermore, present data illustrated that glass eels could be weaned onto compound diets (36%
crude protein, 16% crude fat) with similar somatic growth performances (SGR =1.82 —1.75 %
day) than those fed a compound diet containing 50% crude protein and 22% crude lipids (SGR =
1.86 % day™?) (Hirt-Chabbert et al., 2012). The agreement of present results with previous similar
studies regardless of the type of diet used and origin of wild fish confirmed the validity of present

data.

In this study, authors showed that it was feasible to wean glass eels onto diets containing
different levels of FM with PP sources (Diet 2) when data on somatic growth performance and
size distribution in BW were considered. However, weaning success varied depending on the level
of dietary FM inclusion. In particular, there was a significant decrease in eel survival with
increasing FM substitution levels (50 and 75% FM replacement with PP sources) in comparison to
eels from the same cohort fed Diet 1 (100% FM), even though no differences in lipid peroxidation
nor activity of oxidative stress enzymes were found among groups. These results may indicate
that further improvement is needed in formulating compound diets for glass eels, if PP sources
want to be include in feed formulae (Hirt-Chabbert et al., 2012). The results of the present study
showed that glass eels weaned onto the three tested compound diets had lower survival rates
than those fed cod roe. However, these findings may not be strictly interpreted as negative, as
this feeding strategy served to remove slow-growing specimens and those that were not well

adapted to culture conditions.

The establishment of an efficient brush border membrane digestion represents a major step
in gut maturation (Henning et al., 1994). This process is characterized by an increase in the activity

of brush border enzymes such as alkaline phosphatase, aminopeptidase N and/or maltase,
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concomitantly with a decrease in the activity of the cytosolic enzymes like leucine-alanine peptidase.
Consequently, the ratio AP/LAP is generally considered as a good marker of intestinal maturation in
fish larvae and for assessing the acquisition of an adult mode of digestion in juvenile fish (Cahu and
Zambonino-Infante, 2001). Regarding anguillid species, there is few and fragmented knowledge on
the digestive physiology of this group of species (Kurokawa et al.,, 1995; Gisbert et al., 2011;
Murashita et al.,, 2013; Hsu et al., 2015). Several studies on Japanese eel (A. japonica) at the
leptocephalus stage revealed that exocrine pancreatic enzymes needed for proper protein, lipid and
carbohydrate digestion are present in leptocephali (Kurokawa et al., 2002; Murashita et al., 2013;
Hsu et al., 2015) and their activities substantially increased after the metamorphosis of leptocephali
into glass eels (Hsu et al., 2015). Regardless of the eel species considered, there is not available
information about gut development and its maturation process. Thus, changes in AP and LAP
activities reported in this study suggested the gut maturation in A. anguilla during the transition from
the glass eel to the elver stage, although transcriptomic (RNAseq) data from A. japonica suggested
this process may start to occur during the glass eel stage, which attributed with their active costal
migration beginnings (Hsu et al., 2015). The former authors postulated that during this period an
increase in the number of transcripts linked to amino acid absorption was found in A. japonica, an
increase that was linked to a higher protein demand to support the fast muscular growth needed for
inshore migration (Hsu et al., 2015). In addition to the biological interpretation of changes in gut
functionality along eel ontogeny, low activity values of maltase and aminopeptidase N coupled with
differences in the AP/LAP ratio indicated that the feeding strategy for glass eel had a direct impact
on their gut condition, as feeding glass eels with cod roe for 90 days resulted in a delay in the
intestinal maturation process that was associated to lower somatic growth and less advanced
metamorphic stage (Vlas). These results may be interpreted as this type of natural food does not
cover the nutritional needs of glass eels metamorphosing into elvers for such a long period of time
(90 days). Regarding gut maturation of glass eels weaned onto Diet 3 (75% FM replaced by PP

sources), the differences in AP/LAP values in those fish in comparison to glass eels weaned onto Diet

12



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

1(100% FM) and 2 (50% FM replaced by PP sources) may not be attributed to the above-mentioned
factors. In particular, there were no differences in somatic growth, size distribution in BW nor
metamorphic stage of eels weaned onto compound diets differing in their level of FM inclusion.
Consequently, such differences in AP/LAP were likely a consequence of the high content of
phoshoproteins generally found in FM compared to PP sources (Silva et al., 2010). However, the
higher activities found in glass eels weaned onto Diets 1 and 2 for the other brush border enzymes
(aminopeptidase N and maltase) could not be interpreted as a result of higher content in specific
substrates. Thus, this fact strongly suggested an intestinal villi and microvilli better developed in
these groups compared to those weaned onto Diet 3, even though no significant effect was noted
on growth. Similar results were reported in Atlantic salmon (Salmo salar), European sea bass
(Dicentrarchus labrax) and gilthead sea bream (Sparus aurata) fed diets with different FM levels

(Bakke-Mckellep et al., 2000; Tibaldi et al., 2006; Silva et al., 2010).

Regarding pancreatic proteolytic enzymes, total alkaline proteases and trypsin were affected
by the diet, whereas pepsin (acid protease produced in the stomach) was not affected. In particular,
glass eels fed cod roe showed lower activities of total alkaline proteases and trypsin, the main
proteolytic enzymes produced by the exocrine pancreas, in comparison to those fed compound
diets, whereas weaning glass eels onto compound diets with different FM levels did not affect the
activity of digestive pancreatic enzymes contrary to other studies in carnivorous species (Santigosa
et al., 2008). Trypsin cleaves protein at the carboxyl side of basic amino acids, lysine and arginine,
which show higher digestibility than other amino acids (NRC, 2011). Both lysine and arginine seem
to elevate plasma insulin levels. In salmonids, arginine is the most potent stimulator of insulin
secretion (Plisetskaya et al., 1991), whereas lysine has been reported to be more efficient than
arginine in stimulating the endocrine pancreas in A. anguilla (Ince, 1980). In this sense,
Rungruangsak-Torrissen et al. (2006) postulated that an increment in trypsin secretion accompanied
by increased plasma insulin levels resulted in growth enhancement in Atlantic salmon (Salmo salar).

In addition, as Péres et al. (1998) reported, differences in pancreatic proteolytic enzymes may be also
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attributed to the higher crude protein content of experimental compound diets in comparison to
cod roe (36.0 vs. 19.4%). Although there exists limited information about the digestive physiology of
eels at early stages of development, the above-mentioned hypotheses may explain how eels fed
compound diets exhibiting a higher somatic growth performance as a consequence of higher trypsin
activities than those fed cod roe. Concerning pepsin, different feed quality did not affect the activity
of this acid protease, since this enzyme is poorly regulated by dietary proteins (Zambonino-Infante
and Cahu, 2007); results that were in agreement to those found in other species (Rungruangsak and

Utne, 1981; Rungruangsak-Torrissen et al., 2006).

Regarding the activity of the other pancreatic enzymes assayed in the current study, the
activity of a-amylase and bile salt-activated lipase was not affected by the diet. In particular, the
absence of differences in a-amylase activity might be due to the similar content of carbohydrates
between both types of diets (Cahu and Zambonino-Infante, 2001; Yu et al.,, 2012), although the
determination of starch, the substrate for a-amylase, was not conducted in compound diets and cod
roe offered to glass eels. Considering lipase activity, regardless of differences in crude lipid content
between compound diets and cod roe, the activity of bile salt-activated lipase was similar between
both groups. Some studies have found a stimulating effect of dietary lipid content on lipolytic
enzymes in fish (Borlogan, 1990; Zambonino-Infante and Cahu, 1999). In European seabass larvae,
there exist a direct response of lipase to triglycerides, but evidence was shown by Zambonino-Infante
and Cahu (1999) that the maximal capacity of lipase synthesis was reached when diets contained
15% triglycerides. However, other authors have not found the above-mentioned effect (Hoehne-
Reitan et al., 2001; Morais et al., 2004). As the former authors suggested, differences in lipid levels
between compound diets and cod roe (16.0 vs. 9.2%) might not be as high as for differentially
stimulating lipase activity. According to HoehneReitan et al. (2001), the activity of bile salt-dependent
lipase in turbot (Scophthalmus maximus) larvae appeared to be a function of the ingestion rate rather
than dietary lipid levels. Unfortunately, this hypothesis could not be tested under current

experimental conditions, since feed intake in glass eels fed different diets was not measured in this
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study. Thus, there is a need for further studying and understanding of the underlying mechanisms
controlling lipid metabolism and dietary regulation of lipolytic enzymes at glass eel and elver stages
in anguillid species, which is reinforced by the recent findings of Gaillard et al. (2016) who found that
there existed differences in the regulation of lipid metabolism and lipolytic capacities between glass

eels from different geographical locations in American eel (A. rostrata).

5. Conclusions

Although traditionally glass eels are fed with cod roe and progressively weaned onto compound
diets, present results revealed that this strategy should not be prolonged for a long time, since
feeding glass eels with cod roe for 90 days negatively affected their somatic growth, delayed their
metamorphosis into elvers, as well as the maturation of their digestive function. Weaning glass eels
onto compound diets differing in their FM levels did not affect their growth performance nor
metamorphic stage, although 75% FM replacement by PP sources (corn gluten, wheat gluten, soy
bean meal and soy protein concentrate) delayed the level of intestinal maturation in eels as indicated
by the AP/LAP ratio. When compared to glass eels fed the 100% FM diet, survival was negatively
affected in groups fed diets with 50 and 75% FM replacement by PP ingredients, which suggested

that further improvement is needed in diet formulation for this stage of development.
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Table 1. Ingredient list and proximate chemical composition of experimental diets tested to evaluate
the effects on weaning and performance in glass eels (Angilla anguilla) fed experimental diets with
different levels of fish meal substitution (FM, no fish meal substitution; PP50, 50% substitution of fish

meal with plant protein sources; PP75, 75% substitution of fish meal with plant protein sources).

Experimental diets

Ingredient Diet 1 Diet 2 Diet 3
Fish meal 70 LT 32.0 16.0 8.0
CPSP90 5.0 5.0 5.0
Soy protein concentrate 0.0 5.0 7.0
Wheat gluten 0.0 6.9 10.5
Corn gluten 0.0 5.0 7.0
Soybean meal 48 6.0 6.0 6.0
Rapeseed meal 53 53 53
Sunflower meal 53 53 53
Wheat meal 16.5 12.6 11.0
Pea starch 12.5 12.5 12.5
Fish oil 11.3 12.5 13.1
Vitamin and Mineral premix PV01 15 15 1.5
Soy lecithin 1.0 1.0 1.0
Binder 1.5 1.5 1.5
Antioxidant 0.2 0.2 0.2
Dicalcium phosphate 1.7 3.0 4.0
L-Lysine 0.0 0.04 0.7
DL-methione 0.2 0.3 0.4
Total 100.0 100.0 100.0
Proximate composition

Crude protein (%) 36.0+0.2 35.8+0.1 359+0.2
Crude fat (%) 159+0.1 15.8+0.2 15.9+0.1
Fiber (%) 2.5 2.7 2.8
Starch (%) 14.8 14.2 13.8
Gross energy (J kg™)* 1771.7 1755.8 1757.3

* Gross energy content was estimated as: total carbohydrate x 17.2 J kg™%; fat x 39.5 J
kg™%; and protein x 23.5J kg™
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Table 2. Survival and somatic growth performance of European eel (Anguilla anguilla) at the elver

stage fed cod roe and experimental diets with different levels of fish meal substitution (Diet 1, no

fish meal substitution; Diet 2, 50% substitution of fish meal with plant protein sources; Diet 3, 75%

substitution of fish meal with plant protein sources). Different letters in the same row denote

statistically significant differences among experimental groups (P < 0.05). Values are expressed as

mean + standard error.

Diet 1 Diet 2 Diet 3 Cod roe
Survival (%) 458 +53° 311+74° 27.8+9.8° 67.5+32°
Body weight (mg) 892.4+39.9° 949.5+969° 832644162 479.5+22.0°
SGR (% BW day?) 1.82+0.21%  1.80+0.4° 1.75+0.1°  1.19+0.26°
Metamorphic stages (%) Diet 1 Diet 2 Diet 3 Cod roe
Vlao 0.0° 0.0° 0.0° 22+05°
Vla1 2.1+£0.5 1.6+0.3 19+04 25118
Vla2 7.210.9 9.1+21 93122 11.7+4.1
Vlas 17.8+25° 15.4+2.4° 19.1+2.1° 57.8+6.4°
Vlaa 22.2+40° 221+31° 20.1+1.8° 6.4+1.1°
Vlg 50.7+3.7° 51.8+4.1° 493+36° 19.4+3.2°
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Table 3. Proximate composition, lipid peroxidation values and activity of oxidative stress enzymes of

European eel (Anguilla anguilla) at the elver stage fed cod roe and experimental diets with different

levels of fish meal substitution (Diet 1, no fish meal substitution; Diet 2, 50% substitution of fish meal

with plant protein sources; Diet 3, 75% substitution of fish meal with plant protein sources). Values

are expressed as mean + standard error.

Proximate composition Diet 1 Diet 2 Diet 3 Cod roe
Crude protein (%) 56.3+3.96 54.8+1.01 55.7+2.32 59.6+2.11
Crude lipid (%) 23.9+1.06 24.4+0.89 247 £2.29 22.6+0.92
Carbohydrate (%) 3.1+0.06 29+0.14 3.1+0.10 3.2+0.12
Ash (%) 2.2+0.09 2.3+£0.08 2.1+0.04 2.2+0.2
Oxidative stress

TBARS (nmol MDA g-tissue) 1584 +36.4 12691226 111.2+6.0 1154+40
CAT (umol mg protein™) 1.84+0.13 1.83+0.08 1.90+0.12 2.03+0.09
GPX (umol mg protein?) 1.84+0.32 1.36+0.31 1.10+0.35 1.62+0.44
GST (umol mg protein) 8.38+0.62 8.29+0.59 8.05+0.30 8.40 £0.45
GR (umol mg protein) 0.81+0.05 0.76 £0.06 0.76 £0.03 0.82£0.02
SOD (% inhibition activity) 40.0 £4.65 50.7+3.23 43.7+1.34 492+1.71
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Table 4. Specific activity (mU mg protein™) of digestive enzymes in European eel (Anguilla anguilla)

at the elver stage fed cod roe and experimental diets with different levels of fish meal substitution

(Diet 1, no fish meal substitution; Diet 2, 50% substitution of fish meal with plant protein sources;

Diet 3, 75% substitution of fish meal with plant protein sources).

Pancreatic enzymes Diet 1 Diet 2 Diet 3 Cod roe
Total alkaline protesases 0.98+0.27° 0.86+0.15 % 1.57+0.29° 0.27+0.10°
Trypsin 0.081+0.011° 0.090+0.022° 0.110 +0.023 ® 0.023 +0.006 °
a-amylase 19.7+4.6 13.1+4.16 17.7+1.42 154+1.65
Bile-salt activated lipase 6.04 £0.74 5.70+1.55 6.01£0.92 5.57£0.64
Gastric enzyme

Pepsin 0.004 + 0.0004 0.003 + 0.0003 0.004 £0.0004  0.003 +0.0010
Intestinal enzymes

Alkaline phosphatase 2.81+0.43° 2.35+0.30° 1.48+0.17° 1.37+0.11°
Aminopeptidase- N 0.056 £0.011° 0.049 £ 0.008 @ 0.049+0.007*  0.028 +0.005°
Maltase 5249 +81.9°® 593.4+946° 560.6 + 68.5® 226.7+49.1°
Leucine-alanine peptidase 388.1+46.49°2 381.1+51.16* 506.98+36.99° 4135+51.28°
Intestinal maturation index

AP/LAP (*1000) 7.12+0.88° 6.3+0.89° 2.95+0.28° 3.34+0.26°
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Figure caption

Figure 1. Size dispersion in body weight (mg) of European eel (Anguilla anguilla) at the elver stage
fed cod roe and experimental diets with different levels of fish meal substitution (Diet 1, no fish meal
substitution; Diet 2, 50% substitution of fish meal with plant protein sources; Diet 3, 75% substitution
of fish meal with plant protein sources). Distribution skewness (S) and kurtosis (K) values for each of

the experimental groups are included. Frequency values are expressed as mean + standard error.
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