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1  |  INTRODUC TION

Pikeperch (Sander lucioperca) has been selected by several pro-
grammes looking for diversification within European aquaculture 
(Policar et al.,  2019). This fresh and brackish water species, com-
monly found in central, eastern and northern Europe (FAO, 2013), 
has a high demand and value (Kestemont & Henrotte, 2015). Its high 
market value and fast growth rate (Blecha et al.,  2016; Dalsgaard 
et al.,  2013; Policar et al.,  2013; Schäfer,  2016) have boosted its 
interest in the aquaculture industry. Most of the production for 

pikeperch comes from wild fisheries, but its production in recirculat-
ing aquaculture systems (RAS) is on the rise (FAO, 2013).

Currently, research is focused on improving larval culture since 
nutritional requirements of juvenile pikeperch are well known 
(Kestemont et al.,  2007; Nyina-wamwiza et al.,  2005). In this sense, 
great progress has been made in improving the efficiency and reducing 
the high costs of pikeperch culture in RAS as it is widely accepted that 
the commercial development of this species relies on the optimization 
of recirculation culture techniques (FAO, 2016; Steffens et al., 1996). In 
an effort to meet such an objective, the introduction of rotifers during 
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Abstract
Pikeperch (Sander lucioperca) intensive aquaculture development has been slowed 
down by high mortality rates (>70%) during larval rearing. The use of taurine during 
larval development in other species has been reported to improve survival as well 
as growth. This trial aims to find out whether supplementation of taurine during the 
larval stage will benefit pikeperch larval performance and if digestive enzyme pro-
duction can be promoted. A 21-day trial was carried out, in which taurine live feed 
enrichment for pikeperch larvae was tested. Overall, growth parameters, such as total 
length (TL), myomere height (MH) and eye diameter (ED), were significantly higher, 
whereas survival between treatments remained equal. Specific activities of digestive 
enzymes in the control group were low compared to the taurine group during the first 
7 days post hatching (dph) but reached the peak values for alkaline proteases, lipase 
and pepsin at 14 dph. Taurine supplementation increased specific pepsin, alkaline pro-
teases and lipase activities in early larval stages where larvae presented enhanced 
levels of alkaline proteases and pepsin activities at 7 dph, while that of lipase tended 
to be higher although not significantly. Such enhancement of enzyme activity can 
improve nutrient availability, which has had a direct effect in improving pikeperch lar-
vae growth and development. However, these differences in digestive activity were 
compensated at the end of the experimental period (21 dph).
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first feeding has contributed to improved larval quality, survival and 
growth (Imentai et al.,  2019, 2020; Yanes-Roca et al.,  2018; Yanes-
Roca, Leclercq, et al., 2020; Yanes-Roca, Mráz, et al., 2020).

Traditionally, poor fish larval survival under controlled culture 
conditions has been difficult to understand, but there are many 
factors that might be involved including water quality, nutrition, 
cannibalism, genetic factors and poor egg quality (Holt et al., 2007; 
Kestemont & Henrotte, 2015). Nutrition plays an important role in 
larval development due to its influence on growth, survival and the 
physiological control of such process (Cahu & Infante, 2001; Péres 
et al., 1998; Yúfera & Darias, 2007).

During the ontogeny of fish larvae, numerous morphologic and 
functional changes take place in the digestive system before being 
fully functional (Gisbert et al., 2018; Papadakis et al., 2009, 2013; 
Pérez et al.,  2020; Rønnestad et al.,  2013). Over this period, fac-
tors, such as feed, water temperature and feeding regime, have a 
direct effect on the specific activity of the digestive enzymes and 
their total production (Alarcón et al., 1997; Koven et al., 2019; Pérez 
et al., 2020). Therefore, adjusting feeding protocols to meet the lar-
val dietary needs during first feeding is key for digestive enzyme 
development (Alarcón et al., 1997; Campoverde et al., 2017; Teles 
et al., 2019; Zambonino-Infante et al., 2008).

One amino acid derivative that has the ability to improve diges-
tive enzyme development and that has been tested with several spe-
cies is taurine (Kim et al., 2005; Li et al., 2009; Martínez et al., 2004; 
Matsunari et al., 2005; Salze et al., 2011, 2012; Takahashi et al., 2005). 
Taurine plays many roles in mammals, including lipid's digestion, 
health, immunity, the formation of bile salts and the regulation of body 
fluids. It is also important for stabilizing cell membranes and fighting 
oxidative stress (Bouckenooghe et al., 2006; Huxtable, 1992; Salze & 
Davis, 2015). Such an amino acid derivative has been successfully sup-
plemented in the diet of several species meeting quantitative require-
ments for both larvae and broodstock (Salze et al., 2017).

The current state of knowledge on taurine concerns mostly 
marine carnivorous species; however, evidence shows that sev-
eral omnivorous and/or freshwater species also benefit from feeds 
supplemented with taurine (Rotman et al., 2017; Salze et al., 2017). 
Currently, no work has been carried out on the potential benefits, 
if any, that taurine supplementation might have on pikeperch larval 
rearing (Rotman et al., 2017).

The aim of this study is to assess the potential effect of taurine 
supplementation on pikeperch larvae during the first 21 days post 
hatching (dph).

2  |  MATERIAL S AND METHODS

2.1  |  Larval rearing

Experimental larvae were obtained from pikeperch broodstock 
(3 pairs) reared in ponds at the aquaculture facilities from the 
University of South Bohemia located in Vodňany, Czech Republic. 

Spawning and fertilization techniques followed protocols by Blecha 
et al.  (2016) and Malinovskyi et al.  (2018, 2019). Ninety-five per-
cent of hatching took place after 7 days from fertilization at a water 
temperature of 17 ± 0.2°C and under a 15:9 L:D photoperiod in 
one 400-litre tank connected to an RAS. After 3 dph, one hundred 
larvae per litre were stocked in the experimental rearing tanks (6-
litre cuboidal tanks, four tanks per group) which were part of RAS. 
Rearing conditions were set at 17 ± 0.4°C, salinity of 4 ± 0.4 ppt and 
following the same photoperiod as the incubation period (15:9) 
and at a light intensity of 300 LUX. Dissolved oxygen was kept 
over 7.0 mg/L. Ammonia, nitrite and nitrate levels were monitored 
every 3 days and were kept within the following range respectively 
(NH3  =  0.19 ± 0.05, NO2  =  0.02 ± 0.01, NO3  =  0.09 ± 0.02 mg/L). 
Daily cleaning and maintenance were done in order to keep clean 
conditions within the experimental tanks.

Two groups were tested. The control Group A, where larvae 
for the first 11 days (15 dph) were fed rotifers (Brachionus pli-
catilis, ≃280 μm) fed with Nannochloropsis oculata (Nanno 3600, 
Reed Mariculture) and unenriched Artemia nauplii (Micro Artemia 
cysts, Ocean Nutritiontm) until day 21 post hatching. Larvae from 
Group B were fed the same live feed and followed the same 
feeding regime as Group A, with the only difference that live 
feed was enriched with taurine (2-aminoethanesulphonic acid, 
Sigma-Aldrich).

Live feed was supplied three times per day from the end of 
the endogenous feeding (4 dph) until 21 dph. Rotifers and Artemia 
from Group B were enriched with only taurine through the addi-
tion of 1 g of powered taurine per litre to 15-L enrichment tanks in 
which rotifers and Artemia were placed for 14 h and held at 15°C 
prior to feeding. Non-enriched live feed was exposed to the pro-
cess but without taurine (blank treatment). Rotifers and Artemia 
densities at both enrichment and blank tanks were 500 and 250 
individuals per ml respectively. Artemia nauplii's average size was 
430 μm.

Daily feeding amounts were calculated after residual counts from 
the day before. Detailed description from the feeding regime and sys-
tem water flows are displayed in Table 1. Prior to each feeding, flow was 
stopped and re-started 2 h after, to improve larval feeding efficiency.

2.2  |  Sampling procedure

Throughout the experimental period, pooled samples of one hun-
dred 4 dph larvae (initial) and 21 dph were sampled. At day 7 and 
14, another two sets of 40 larvae (10 per tank) were collected. 
Growth parameters (total length [TL], myomere height [MH] 
and eye diameter [ED]) were measured to the nearest mm and 
recorded (Olympus BX41 connected to a Canon-72 digital cam-
era and Olympus cellSens imaging software, version 1.3 [Tokyo, 
Japan]).

For the study of digestive enzyme activities, larvae were taken 
from each experimental tank (4 tanks per treatment) and pooled 
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according to their age and at different ontogenic periods: one hun-
dred 4 dph larvae (25 per tank), twenty 7 dph larvae (5 per tank), 
twenty 14 dph larvae (5 per tank), and four 21 dph larvae (1 per tank). 
After collection, larvae were shock frozen and immediately stored at 
−80°C until analysis.

In addition, 36 larvae per treatment (9 pooled larvae per rep-
licate) were collected for RNA–DNA ratio analysis and fixed in 
RNAlater®.

2.3  |  Digestive enzyme activities

Pancreatic (α-amylase, bile salt-activated lipase, total alkaline pro-
teases) and gastric (pepsin) enzyme activities were determined ac-
cording to Solovyev and Gisbert (2016) in order to prevent sample 
deterioration. Pooled samples of whole-body pikeperch larvae at 4, 
7 and 14 dph, and free of heads and tails at 21 dph, were homog-
enized in quadruplicate by using an Ultra-Turrax T8 (IKA©-Werke) 
in 10 volumes (v/w) of ice-cold Milli-Q water and centrifuged at 
3300×g for 3 min at 4°C. Finally, 1-ml aliquots of supernatant were 
kept at −80°C until their analysis for enzyme quantification.

Alkaline protease activity was determined following García-
Carreño and Haard (1993) using azocasein as substrate. After centrifu-
gation, absorbance of the supernatant was read at 366 nm. One unit of 
activity was defined as 1 μmol of azo dye released per min and per ml.

Using 0.3% soluble starch as substrate, alpha-amylase (E.C. 
3.2.1.1) activity was quantified (Métais & Bieth, 1968). The absor-
bance was measured at 580 nm. Alpha-amylase activity was defined 
as the mg of starch hydrolysed at 37°C per 30 min per ml.

Bile salt-activated lipase (BAL, E.C. 3.1.1) activity was deter-
mined by incubation with p-nitrophenyl myristate, and the increase 
in absorbance of the supernatant determined at 405 nm (Iijima 
et al., 1998). BAL activity corresponded to the μmol of myristate hy-
drolysed per min per ml.

Finally, pepsin (E.C. 3.4.23.1) activity was measured by incu-
bating the extracts with 2% haemoglobin solution. The absorbance 
of the supernatant was read at 280 nm (Worthington Biochemical 
Corporation, 1972). One unit of activity was defined as the μmol of 
tyrosine released per min per ml.

Soluble protein of extracts was quantified as described by 
Bradford  (1976), using bovine serum albumin as the standard. 
Absorbance was read using a spectrophotometer (Beckman Coulter 
DU800, Fullerton, CA). All the enzymatic assays were made in qua-
druplicate from each pool of larvae, and specific activity expressed 
as U/mg protein.

2.4  |  RNA/DNA ratio

The All-Prep RNA/DNA Mini Kit (Qiagen) was used to extract the 
DNA and RNA from seven larvae per group. Assessment of concen-
trations, quality and purity (260/280 and 260/230 ratios) of DNA 
and RNA was done using NanoDrop™ (ND-ONE-W, ThermoFisher 
Scientific).

2.5  |  Statistical analysis

Statistical analyses were conducted in R Statistical software (V2.1.2; 
R Development Core Team,  2014) and statistical significance was 
set at α = 0.05.

Linear mixed models (LMM, package lme4, version 1.1–7; [Bates 
et al., 2014]) were run to analysed morphometric data, enzymatic ac-
tivity variability and concentration between the two treatments (at 7, 
14 and 21 dph). With regard to treatment effect evaluation, response 
variables (TL, MH, ED and tank) were incorporated as random effect. 
Power estimate for the response variables were done by Box-Cox 
transformations (package car, version 2.1.2; [Fox & Weisberg, 2011]).

Tukey's all-pair comparisons with a Bonferroni correction to ad-
just the p-values were applied to run multiple pairwise comparisons 
package multcomp, version 1.3–3 (Hothorn et al., 2008).

Generalized Linear Mixed Model (GLMM) was applied to com-
pare the groups’ treatment effect on survival (alive fish after 21 days 
as the response variable). Treatment was the fixed effect and tank as 
random, all under a binomial error structure. Tukey's all-pair compar-
ison test with a Bonferroni correction was applied after the GLMM.

TA B L E  1  Pikeperch larval daily feeding regime (Dph, Days post 
hatching) and flow rates for 18 days. Daily feed (rotifers-artemia/ml) 
shows the density of rotifers and/or artemia fed at each day per ml

Dph Daily feed: Rots-art/ml Flow (ml/min)

3 No feeding 100

4 10–0 100

5 10–0 100

6 10–0 100

7 10–0 100

8 14–0 160

9 14–0 160

10 14–0 160

11 14–0 160

12 14–2 200

13 10–3 200

14 8–4 200

15 0–7 250

16 0–7 250

17 0–8 250

18 0–8 250

19 0–8 250

20 0–8 250

21 End of trial 250
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RNA/DNA ratios were analysed using Box-Cox transformations 
and compared using a LMM, where treatment was the random ef-
fect. Pairwise comparisons were done using Tukey's all pair test and 
corrected by running Bonferroni to adjust p-values.

This trial was part of project # NAZVQK1710310 and was run 
following the national animal protection welfare guidelines (Animal 
Cruelty, No. 246/1992 and EU-harmonized Animal Welfare Act 
of the Czech Republic; Licence # 2293/2015-MZE-17214 and No. 
55187/2016-MZE-17214).

3  |  RESULTS

3.1  |  Larval growth and survival

Initial pikeperch larval TL at 4 dph was 5.18 ± 0.50 mm. After 7 and 
14 days, larvae from the taurine treatment (B) (Figure 1) were sig-
nificantly larger in terms of TL (5.58 ± 0.51 mm; 8.12 ± 0.41 mm), 
MH (0.68 ± 0.06 mm; 1.42 ± 0.11 mm) and ED (0.37 ± 0.05 mm; 
0.53 ± 0.05 mm) (p < 0.05). By the end of the trial (21 dph), average 

F I G U R E  1  Growth parameters (Total lengtha, survivalb and eye diameterc myomere height) differences from pikeperch larvae between 
treatments (control and taurine) at days 7, 16 and 21 post hatching (dph). Treatment larval average survivald percentage after 21 days post 
hatching (control and taurine). Statistically significant differences (p < 0.05) between treatments are marked with an asterisk.
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TL was significantly greater (p < 0.05) in the taurine treatment (B) 
(11.10 ± 1.00 mm) than in the control one (A) (Figure 1), as well as MH 
(1.98 ± 0.22 mm) and ED (0.75 ± 0.10 mm).

Survival rates did not significantly vary between treatments 
(p > 0.05), although larvae provided with taurine (B) tended to 
present higher survival (61%) than those fed without taurine (57%) 
(Figure 1).

3.2  |  Digestive enzymes

In the control fish, both alkaline proteases and bile salt-activated 
lipase (BAL)-specific activities fluctuated similarly throughout 
larval development. Thus, a high level of activity from both en-
zymes was registered at 4 dph (7.43 ± 1.25 and 5.80 ± 2.45 mU/
mg protein respectively), followed by a tendency to decrease at 
7  dph, and a later peak of activity at 14 dph (18.09 ± 0.01 and 
9.06 ± 1.47 mU/mg protein respectively) which slightly tended to 
decrease to the initial values at the end of the experimental pe-
riod (Table 2).

The activity of α-amylase tended to increase slightly at 7–14 
dph compared to the initial value (0.90 ± 0.48 U/mg protein), 
reaching its maximum of activity at 21 dph (1.89 ± 0.41 U/mg pro-
tein) (Table  2). Pepsin activity was firstly detected at the onset 
of exogenous feeding (4 dph), and tended to increase with larval 
age, being two-fold higher at 14 dph than at 7 dph in control lar-
vae (2.24 ± 0.65 vs. 1.07 ± 0.10 mU/mg protein respectively). The 
limited sample quantity prevented the determination of pepsin 
activity at 14 dph in the taurine group, and at 21 dph in the control 
group.

Alkaline proteases and pepsin activities were higher at 7 dph in 
taurine-enriched larvae compared to the control fish (14.68 ± 4.67 vs. 
2.13 ± 0.83, and 3.75 ± 1.00 vs. 1.07 ± 0.10 mU/mg protein respec-
tively; p < 0.05) (Table 2). Additionally, both α-amylase and BAL also 
tended to present higher levels of activity in larvae receiving taurine 
at 7 and 14 dph, although these differences were not statistically 
significant. It is remarkable that lipase activity was two-fold higher 
in taurine-enriched larvae at 14 dph than at 7 dph (12.58 ± 2.83 and 
6.11 ± 1.88 mU/mg protein respectively; p < 0.05).

3.3  |  RNA/DNA ratio

The RNA/DNA ratio analysis showed significant differences (LMM, 
p < 0.05) between treatments, yet a clear pattern was observed 
where taurine-enriched larvae (B) had a 1.75-time higher RNA/DNA 
ratio than the Group A respectively. Group B showed the highest 
variability of RNA/DNA ratios (Figure 2).

4  |  DISCUSSION

Pikeperch larvae did significantly improve in TL, MH and ED, when 
supplemented with taurine, such results matched recent findings 
from Salze et al.  (2011, 2012) in cobia. The overall average larval 
survival was 60% after 21 days of experiment, with no significant 
differences found among treatments. In contrast, treatment B had 
the highest growth parameters. Such differences could lie on the 
positive effects that supplementation of taurine had on the devel-
opment of digestive enzymes (protease and pepsin at day 7), and 
consequently, on feed conversion efficiency and growth (Chatzifotis 
et al., 2008; Enterria et al., 2011; Kim et al., 2003) matching most 
conclusions reached by other studies (Lunger et al., 2007) in which 
taurine deficiency stunts growth and increases mortality (Salze & 
Davis, 2015).

As reported by several recent studies (Imentai et al., 2019; Yanes-
Roca et al., 2018; Yanes-Roca, Leclercq, et al., 2020), pikeperch is 
a species that has a high dependence on rotifers and may have a 
high susceptibility for taurine deficiency since rotifers have very 
low taurine concentrations when compared to Artemia and cope-
pods, as described in California yellow tail (Seriola lalandi) (Hawkyard 
et al., 2014, 2015, 2016).

Although the ontogenetic development of the digestive sys-
tem follows a similar pattern in fish, some inter-specific differences 
linked to their phylogenetic position and reproductive strategies 
(Kumar et al., 2019) or even intra-specific variations related to nu-
tritional and environmental rearing conditions (Pérez et al.,  2020; 
Zambonino-Infante & Cahu, 1994) have been described. During the 
first stages of larval development, the growth and survival of fish 
larvae is greatly dependent upon their successful feeding which 

TA B L E  2  Specific activity (U/mg protein for α-amylase and mU/mg protein for alkaline proteases, lipase and pepsin) of digestive enzymes 
of 4, 7, 14 and 21 dph pikeperch larvae with or without taurine enrichment (control, TAU)

4 dph 7 dph 14 dph 21 dph

Control Control TAU Control TAU Control TAU

Alkaline 
proteases

7.43 ± 1.25xy 2.13 ± 0.83x 14.68 ± 4.67* 18.09 ± 0.01y 11.78 ± 7.22 12.78 ± 8.21xy 15.23 ± 2.84

α-amylase 0.90 ± 0.48x 1.29 ± 0.21xy 1.75 ± 0.43 1.20 ± 0.20xy 2.14 ± 1.04 1.89 ± 0.41y 1.86 ± 0.43

Lipase 5.80 ± 2.45xy 3.95 ± 1.48x 6.11 ± 1.88x 9.06 ± 1.47y 12.58 ± 2.83y 5.39 ± 1.89xy 7.12 ± 2.75xy

Pepsin 1.37 ± 1.04 1.07 ± 0.10 3.75 ± 1.00* 2.24 ± 0.65 — — 5.87

Note: Results are presented as means ± SD (n = 4) except for pepsin in TAU-21dph, where n = 1. x,y indicate significant differences between larval 
ages for the same digestive enzyme and dietary treatment (p < 0.05). * indicate significant differences with control for the same digestive enzyme and 
larval age (p < 0.05).
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is directly related to the ontogeny of digestive enzymes (O'Brien-
MacDonald et al.,  2006). In this type of studies, changes in the 
time of first appearance of digestive enzyme activities, variations 
throughout development and differences among detection tech-
niques are frequently reported (Teles et al.,  2019). At the end of 
endogenous feeding and the shift to exogenous input, the diges-
tive capacity of fish larvae depends on the production of digestive 
enzymes by the exocrine pancreas. In the present study, all major 
pancreatic enzymes involved in the hydrolysis of the main nutrients, 
alkaline proteases, bile-salt activated lipase and ɑ-amylase, were al-
ready detected at the onset of exogenous feeding (4 dph), probably 
related with the fact that pancreas starts its differentiation at this 
age. The activity of pancreatic enzymes tended to increase with lar-
val development in parallel to the morphogenesis of the exocrine 
pancreas (Pérez et al., 2020; Rønnestad et al., 2013). In particular, 
the main pancreatic alkaline proteolytic enzymes, especially trypsin 
and chymotrypsin, are particularly relevant in the early life stages 
of fish larvae before the development of a functional stomach, due 
to the absence of pepsin secretion, the acid protease (Rønnestad 
et al., 2013). In our work, alkaline proteases activity tended to de-
crease in 21 dph pikeperch larvae, possibly coinciding with increasing 
stomach functionality and acid digestion. However, pepsin activity 
was already detected at 4 dph, although to a very reduced level, in 
theory related to the appearance of gastric glands. This result con-
trasts with the morphological feature described by Ostaszewska 
et al. (2005) who reported that gastric glands in pikeperch larvae had 

not been yet formed at this age, appearing about 15–20 dph. Thus, 
the activity registered might not be gastric pepsin but rather some 
other acid pepsin-like protease enzymes present in the body, such 
as cathepsins, which are aspartic lysosomal proteolytic enzymes 
(Martínez-Lagos et al., 2014).

The high activity of α-amylase detected in pikeperch larvae at 
the onset of exogenous feeding, matches Cahu et al.'s (2004) re-
sults in sea bass and suggest that dietary carbohydrates may fill 
the energy gap between endogenous and exogenous protein re-
quirements in larvae as proposed by Tanaka (1973). In addition, the 
relatively high carbohydrate content of live preys used for feeding 
larvae might stimulate α-amylase activity as previously stated by 
Ma et al. (2005). The BAL pike of activity observed at 14 dph might 
be associated with the transition from rotifer to Artemia nauplii, 
the latter containing higher lipid contents, as previously reported 
in certain marine carnivorous teleosts like greater amberjack 
(Seriola dumerili), yellowtail amberjack (S. lalandi) and meagre 
(Argyrosomus regius) (Pérez et al., 2020; Solovyev & Gisbert, 2016; 
Teles et al., 2019).

The present study suggests a possible improvement in the 
functional development of the digestive system in taurine-
enriched pikeperch larvae around the first 10 days of development 
based on the significantly higher alkaline proteases and pepsin ac-
tivities at 7 dph as well as by a trend to present higher lipase and 
α-amylase activities. Such results might be explained by the pos-
itive effects that taurine has on increasing the enzyme activities 

F I G U R E  2  Larval RNA/DNA ratio from 
two treatments (21 dph), whiskers indicate 
the maximum and minimum values 
excluding out layers, the line in the middle 
of box is the median value and upper 
and lower quartiles are the ends of the 
box. Statistically significant differences 
between treatments are marked with an 
asterisk.
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of the digestive system, improving prey digestibility and nutrient 
availability (Espe et al.,  2012; Qi et al.,  2012; Salze et al.,  2012; 
Salze et al., 2017; Salze & Davis, 2015; Yun et al., 2012). Therefore, 
better decomposition of dietary macronutrients, such as carbo-
hydrate, lipids and proteins, better feed utilization, nutrient ab-
sorption and larval performance takes place (Abdel-Tawwab & 
Monier,  2017; Salze et al.,  2012; Yan et al.,  2019). However, in 
our study this effect was only seen during the first 2 weeks after 
hatching which also matches the previous result reported by Salze 
et al.  (2012), probably related to the normal increase in tissue 
proteins in rapid-growing larval tissues (Hamza et al., 2016; Pérez 
et al., 2020). Hence, we hypothesize here an enhancement of the 
digestive system maturation in pikeperch larvae fed taurine at 
least during the first 2 weeks of life.

Due to the carnivorous nature of pikeperch and the results ob-
tained during this study, we can hypothesize that the digestive ca-
pacity of the pikeperch larvae has been enhanced followed by the 
increase in enzyme activity. That hypothesis is confirmed by the 
higher activity of pancreatic enzymes responsible for nutrient hy-
drolysis, prior to a fully functional stomach. At the same time, pepsin 
activity at 7 dph has been significantly increased, improving digest-
ibility at an earlier stage. The direct results of such an improvement 
can be observed as the significant differences in growth across all 
documented parameters, which are also supported by RNA/DNA 
analysis results.

The observed results show that pikeperch larvae does not seem 
to autoregulate and biosynthesize taurine unlike other carnivo-
rous freshwater species. Atlantic salmon (Salmo salar) and rainbow 
trout (Oncorhynchus mykiss) have been reported to have such ability 
mostly by regulating taurine homeostatically and biosynthesizing 
taurine from methionine or cysteine (Boonyoung et al., 2012; Espe 
et al., 2012; Page, 1978; Yokoyama & Nakazoe, 1992). Yet, a number 
of recent studies (Gaylord et al., 2006, 2007) indicated that fresh-
water fish may require exogenous taurine for optimum growth per-
formance, feed consumption, digestion and assimilation and other 
physiological functions at the beginning of the exogenous feeding. 
This requirement depends on fish species, size and feed composition. 
Therefore, even though pikeperch larvae require taurine supple-
mentation, adult pikeperch might not require such supplementation 
as it might acquire the biosynthesis capabilities mentioned above to 
obtain taurine through the trans-sulphuration of dietary methionine 
or cysteine. Our results show a significant effect of dietary taurine 
on activities of digestive enzymes, yet the precise mechanisms mod-
ulating the actions of taurine remain to be elucidated in pikeperch. 
Just like human liver cells (Park et al., 2006), fish might have a sim-
ilar mechanism where taurine is a signalling molecule and signify 
nutrient wealth, thus accelerating growth and development as that 
observed in the present trial. Alternatively, another possibility re-
sides in the potential role of taurine in meeting the high energetic 
demands of developing organisms. Further research will be needed 
to unveil such specific mechanisms. The novelty of the results does 
not rely so much on the well-known effects of taurine over some fish 
species but rather on the effect that has over a freshwater species 

such pikeperch and the improvements in growth during a critical de-
veloping stage.

5  |  CONCLUSIONS

The digestive enzyme activities studied showed a general enhance-
ment trend in 7  dph pikeperch larvae by the addition of taurine. 
At the same time, an improvement on growth has been observed 
and confirmed by RNA/DNA ratio as well as other morphometric 
measurements. Rotifers and Artemia enriched with taurine are sup-
plying the larvae with what seems to be more adequate taurine 
levels than in the control treatment. Future work is necessary to 
establish pikeperch taurine base requirements, and to optimize 
standard dosage.

ACKNOWLEDG EMENTS
The study was financed by the Ministry of Agriculture of the 
Czech Republic, project NAZV QK22020144 and by the Ministry 
of Education, Youth and Sports of the Czech Republic, project 
Biodiversity (CZ.02.1.01. /0.0/0.0/16_025/0007370). A. Galindo is 
supported by a PhD grant by Cajasiete and Ministerio de Ciencia, 
Innovación y Universidades.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Carlos Yanes-Roca   https://orcid.org/0000-0001-8918-5571 
Ana Galindo   https://orcid.org/0000-0003-3582-2242 
Astrid S. Holzer   https://orcid.org/0000-0002-4916-3172 
Covadonga Rodríguez   https://orcid.org/0000-0002-2805-0048 
Jose Antonio Pérez   https://orcid.org/0000-0002-5662-7246 

R E FE R E N C E S
Abdel-Tawwab, M., & Monier, M. N. (2017). Stimulatory effect of dietary 

taurine on growth performance, digestive enzymes activity, antiox-
idant capacity, and tolerance of common carp, Cyprinus carpio L., fry 
to salinity stress. Fish Physiology and Biochemistry, 44(2), 639–649. 
https://doi.org/10.1007/S1069​5-017-0459-8

Alarcón, F. J., Díaz, M., & Moyano, F. J. (1997). Studies on digestive en-
zymes in fish: Characterization and practical applications. Cahiers 
Options Méditerranéennes, 22, 113–121.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2014). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://doi.org/10.18637/​jss.v067.i01

Blecha, M., Samarin, A. M., Křišťan, J., & Policar, T. (2016). Benefits of 
hormone treatment of both sexes in semi-artificial reproduction 
of pikeperch (Sander lucioperca L.). Czech Journal of Animal Science, 
61(5), 203–208. https://doi.org/10.17221/​60/2015-CJAS

Boonyoung, S., Haga, Y., & Satoh, S. (2012). Preliminary study on ef-
fects of methionine hydroxyl analog and taurine supplementation 
in a soy protein concentrate-based diet on the biological perfor-
mance and amino acid composition of rainbow trout (Oncorhynchus 
mykiss [Walbaum]). Aquaculture Research, 44(3), 1339–1347 
10.111/j.1365-2109.2012.03138.x.

https://orcid.org/0000-0001-8918-5571
https://orcid.org/0000-0001-8918-5571
https://orcid.org/0000-0003-3582-2242
https://orcid.org/0000-0003-3582-2242
https://orcid.org/0000-0002-4916-3172
https://orcid.org/0000-0002-4916-3172
https://orcid.org/0000-0002-2805-0048
https://orcid.org/0000-0002-2805-0048
https://orcid.org/0000-0002-5662-7246
https://orcid.org/0000-0002-5662-7246
https://doi.org/10.1007/S10695-017-0459-8
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.17221/60/2015-CJAS


5112  |    YANES-­ROCA et al.

Bouckenooghe, T., Remacle, C., & Reusens, B. (2006). Is taurine a func-
tional nutrient? Current Opinion in Clinical Nutrition and Metabolic 
Care, 9(6), 728–733. https://doi.org/10.1097/01.MCO.00002​
47469.26414.55

Bradford, M. (1976). A rapid and sensitive method for the quantitation 
of microgram quantities of protein utilizing the principle of protein-
dye binding. Analytical Biochemistry, 72(1–2), 248–254. https://doi.
org/10.1006/ABIO.1976.9999

Cahu, C., & Infante, J. Z. (2001). Substitution of live food by formulated 
diets in marine fish larvae. Aquaculture, 200(1–2), 161–180. https://
doi.org/10.1016/S0044​-8486(01)00699​-8

Cahu, C. L., Ronnestad, I., Grangier, V., & Zambonino Infante, J. L. (2004). 
Expression and activities of pancreatic enzymes in developing sea 
bass larvae Dicentrachus labrax in relation to intact and hydrolysed 
dietary protein; involvement of cholecystokinin. Aquaculture, 238, 
295–308.

Campoverde, C., Rodriguez, C., Perez, J., Gisbert, E., & Estévez, A. (2017). 
Early weaning in meagre Argyrosomus regius: Effects on growth, 
survival, digestion, and skeletal deformities. Aquaculture Research, 
48(10), 5289–5299.

Chatzifotis, S., Kokou, F., Ampatzis, K., Papadakis, I. E., Divanach, 
P., & Dermon, C. R. (2008). Effects of dietary caffeine on 
growth, body composition, somatic indexes, and cerebral dis-
tribution of acetyl-cholinesterase and nitric oxide synthase 
in gilthead sea bream (Sparus aurata), reared in winter tem-
perature. Aquaculture Nutrition, 14(5), 405–415. https://doi.
org/10.1111/J.1365-2095.2007.00541.X

Dalsgaard, J., Lund, I., Thorarinsdottir, R., Drengstig, A., & Arvonen, 
K. (2013). Farming different species in RAS in Nordic countries: 
Current status and future perspectives. Aquacultural Engineering, 
53, 2–13. https://doi.org/10.1016/J.AQUAE​NG.2012.11.008

Enterria, A., Slocum, M., Bengtson, D. A., Karayannakidis, P. D., & Lee, 
C. M. (2011). Partial replacement of fish meal with plant protein 
sources singly and in combination in diets for summer flounder, 
Paralichthys dentatus. Journal of the World Aquaculture Society, 42(6), 
753–765. https://doi.org/10.1111/J.1749-7345.2011.00533.X

Espe, M., Ruohonen, K., & El-Mowafi, A. (2012). Effect of taurine sup-
plementation on the metabolism and body lipid-to-protein ratio in 
juvenile Atlantic salmon (Salmo salar). Aquaculture Research, 43(3), 
349–360. https://doi.org/10.1111/J.1365-2109.2011.02837.X

FAO, The State of World Fisheries and Aquaculture. (2013). (SOFIA): 
Contributing to food security and nutrition for all. Food and Agriculture 
Organization http://www.fao.org/docre​p/018/i3301​e/i3301e.pdf

FAO, The State of World Fisheries and Aquaculture. (2016). (SOFIA): 
Contributing to food security and nutrition for all (p. 200). Food and 
Agriculture Organization.

Fox, J., & Weisberg, S. (2011). An R companion to applied regression (2nd 
ed.). Sage ISBN 978–1–4129-7514-8, xxii+449. https://socia​lscie​
nces.mcmas​ter.ca/j

García-Carreño, F., & Haard, N. F. (1993). Substrate-gel electrophoresis 
for composition and molecular weight of proteinases or protein-
aceous proteinase inhibitors. Analytical Biochemistry, 214(1), 65–69. 
https://doi.org/10.1006/ABIO.1993.1457

Gaylord, T. G., Barrows, F. T., Teague, A. M., Johansen, K. A., Overturf, 
K. E., & Shepherd, B. (2007). Supplementation of taurine and me-
thionine to all-plant protein diets for rainbow trout (Oncorhynchus 
mykiss). Aquaculture, 269(1–4), 514–524. https://doi.org/10.1016/j.
aquac​ulture.2007.04.011

Gaylord, T. G., Teague, A. M., & Barrows, F. T. (2006). Taurine supplemen-
tation of all-plant protein diets for rainbow trout (Oncorhynchus my-
kiss). Journal of the World Aquaculture Society, 37(4), 509–517.

Gisbert, E., Nolasco, H., & Solovyev, M. (2018). Towards the standardiza-
tion of brush border purification and intestinal alkaline phospha-
tase quantification in fish with notes on other digestive enzymes. 
Aquaculture, 487(2018), 102–108.

Hamza, A., Fdhila, K., Zouiten, D., & Masmoudi, A. S. (2016). Virgibacillus 
proomii and Bacillus mojavensis as probiotics in sea bass 
(Dicentrarchus labrax) larvae: Effects on growth performance and 
digestive enzyme activities. Fish Physiology and Biochemistry, 42(2), 
495–507. https://doi.org/10.1007/s1069​5-015-0154-6

Hawkyard, M., Laurel, B., Barr, Y., Hamre, K., & Langdon, C. (2015). 
Evaluation of liposomes for the enrichment of rotifers (Brachionus 
sp.) with taurine and their subsequent effects on the growth and 
development of northern rock sole (Lepidopsetta polyxystra) lar-
vae. Aquaculture, 441, 118–125. https://doi.org/10.1016/J.AQUAC​
ULTURE.2015.02.012

Hawkyard, M., Laurel, B., & Langdon, C. (2014). Rotifers enriched with 
taurine by microparticulate, and dissolved enrichment methods 
influence the growth and metamorphic development of northern 
rock sole (Lepidopsetta polyxystra) larvae. Aquaculture, 424–425, 
151–157. https://doi.org/10.1016/J.AQUAC​ULTURE.2013.12.035

Hawkyard, M., Stuart, K., Langdon, C., & Drawbridge, M. (2016). The 
enrichment of rotifers (Brachionus plicatilis) and Artemia franciscana 
with taurine liposomes and their subsequent effects on the larval 
development of California yellowtail (Seriola lalandi). Aquaculture 
Nutrition, 22(4), 911–922. https://doi.org/10.1111/ANU.12317

Holt, G. J., Faulk, C. K., & Schwarz, M. H. (2007). A review of the larvi-
culture of cobia Rachycentron canadum, a warm water marine fish. 
Aquaculture, 268(1–4), 181–187. https://doi.org/10.1016/J.AQUAC​
ULTURE.2007.04.039

Hothorn, T., Bretz, F., & Westfall, P. (2008). Simultaneous inference in 
general parametric models. Biometrical Journal, 50(3), 346–363. 
https://doi.org/10.1002/bimj.20081​0425

Huxtable, R. J. (1992). Physiological actions of taurine. Physiological 
Reviews, 72(1), 101–164. https://doi.org/10.1152/PHYSR​
EV.1992.72.1.101

Iijima, N., Tanaka, S., & Ota, Y. (1998). Purification and characterization of 
bile salt-activated lipase from the hepatopancreas of red sea bream, 
Pagrus major. Fish Physiology and Biochemistry, 18, 59–69. https://
doi.org/10.1023/A:10077​25513389

Imentai, A., Rašković, B., Steinbach, C., Rahimnejad, S., Yanes-Roca, C., & 
Policar, T. (2020). Effects of first feeding regime on growth perfor-
mance, survival rate and development of digestive system in pike-
perch (Sander lucioperca) larvae. Aquaculture, 529, 735636. https://
doi.org/10.1016/j.aquac​ulture.2020.735636

Imentai, A., Yanes-Roca, C., Steinbach, C., & Policar, T. (2019). Optimized 
application of rotifers Brachionus plicatilis for rearing pikeperch 
Sander lucioperca L. larvae. Aquaculture International, 27(4), 1137–
1149. https://doi.org/10.1007/s1049​9-019-00420​-3

Kestemont, P., & Henrotte, E. (2015). Nutritional requirements and feeding 
of broodstock and early life stages of eurasian perch and pikeperch. 
In Biology and culture of percid fishes: Principles and practices (pp. 539–
564). Springer. https://doi.org/10.1007/978-94-017-7227-3_20

Kestemont, P., Xueliang, X., Hamza, N., Maboudou, J., & Imorou Toko, I. 
(2007). Effect of weaning age and diet on pikeperch larviculture. 
Aquaculture, 264(1–4), 197–204. https://doi.org/10.1016/J.AQUAC​
ULTURE.2006.12.034

Kim, J. H., Park, K. C., Chung, S. S., Bang, O., & Chung, C. H. (2003). 
Deubiquitinating enzymes as cellular regulators. The Journal of 
Biochemistry, 134(1), 9–18. https://doi.org/10.1093/JB/MVG107

Kim, S. K., Takeuchi, T., Yokoyama, M., Murata, Y., Kaneniwa, M., & 
Sakakura, Y. (2005). Effect of dietary taurine levels on growth and 
feeding behavior of juvenile Japanese flounder Paralichthys oliva-
ceus. Aquaculture, 250(3–4), 765–774. https://doi.org/10.1016/J.
AQUAC​ULTURE.2005.04.073

Koven, W., Gisbert, E., Nixon, O., Solovyev, M. M., Gaon, A., Allon, G., & 
Rosenfeld, H. (2019). The effect of algal turbidity on larval perfor-
mance and the ontogeny of digestive enzymes in the grey mullet 
(Mugil cephalus). Comparative Biochemistry and Physiology Part A: 
Molecular & Integrative Physiology, 228, 71–80.

https://doi.org/10.1097/01.MCO.0000247469.26414.55
https://doi.org/10.1097/01.MCO.0000247469.26414.55
https://doi.org/10.1006/ABIO.1976.9999
https://doi.org/10.1006/ABIO.1976.9999
https://doi.org/10.1016/S0044-8486(01)00699-8
https://doi.org/10.1016/S0044-8486(01)00699-8
https://doi.org/10.1111/J.1365-2095.2007.00541.X
https://doi.org/10.1111/J.1365-2095.2007.00541.X
https://doi.org/10.1016/J.AQUAENG.2012.11.008
https://doi.org/10.1111/J.1749-7345.2011.00533.X
https://doi.org/10.1111/J.1365-2109.2011.02837.X
http://www.fao.org/docrep/018/i3301e/i3301e.pdf
https://socialsciences.mcmaster.ca/j
https://socialsciences.mcmaster.ca/j
https://doi.org/10.1006/ABIO.1993.1457
https://doi.org/10.1016/j.aquaculture.2007.04.011
https://doi.org/10.1016/j.aquaculture.2007.04.011
https://doi.org/10.1007/s10695-015-0154-6
https://doi.org/10.1016/J.AQUACULTURE.2015.02.012
https://doi.org/10.1016/J.AQUACULTURE.2015.02.012
https://doi.org/10.1016/J.AQUACULTURE.2013.12.035
https://doi.org/10.1111/ANU.12317
https://doi.org/10.1016/J.AQUACULTURE.2007.04.039
https://doi.org/10.1016/J.AQUACULTURE.2007.04.039
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1152/PHYSREV.1992.72.1.101
https://doi.org/10.1152/PHYSREV.1992.72.1.101
https://doi.org/10.1023/A:1007725513389
https://doi.org/10.1023/A:1007725513389
https://doi.org/10.1016/j.aquaculture.2020.735636
https://doi.org/10.1016/j.aquaculture.2020.735636
https://doi.org/10.1007/s10499-019-00420-3
https://doi.org/10.1007/978-94-017-7227-3_20
https://doi.org/10.1016/J.AQUACULTURE.2006.12.034
https://doi.org/10.1016/J.AQUACULTURE.2006.12.034
https://doi.org/10.1093/JB/MVG107
https://doi.org/10.1016/J.AQUACULTURE.2005.04.073
https://doi.org/10.1016/J.AQUACULTURE.2005.04.073


    |  5113YANES-­ROCA et al.

Kumar, S., Chera, J. S., Vats, A., & De, S. (2019). Nature of selection varies 
on different domains of IFI16-like PYHIN genes in ruminants. BMC 
Evolutionary Biology, 19(1), 1–11.

Li, C. Y., Deng, Y. L., & Sun, B. H. (2009). Taurine protected kidney 
from oxidative injury through mitochondrial-linked pathway in a 
rat model of nephrolithiasis. Urological Research, 37(4), 211–220. 
https://doi.org/10.1007/S0024​0-009-0197-1

Lunger, A. N., McLean, E., Gaylord, T. G., Kuhn, D., & Craig, S. R. 
(2007). Taurine supplementation to alternative dietary proteins 
used in fish meal replacement enhances growth of juvenile cobia 
(Rachycentron canadum). Aquaculture, 271(1–4), 401–410. https://
doi.org/10.1016/J.AQUAC​ULTURE.2007.07.006

Ma, H., Cahu, C., Zambonino, J., Yu, H., Duan, Q., Le Gall, M. M., & Mai, K. 
(2005). Activities of selected digestive enzymes during larval devel-
opment of large yellow croaker (Pseudosciaena crocea). Aquaculture, 
245(1–4), 239–248.

Malinovskyi, O., Kolářová, J., Blecha, M., Stará, A., Velíšek, J., Křišťan, 
J., & Policar, T. (2019). Behavior and physiological status of pond-
cultured pikeperch (Sander lucioperca) broodstock effected by 
sexual interactions throughout semi-artificial reproduction. 
Aquaculture International, 27, 1093–1107. https://doi.org/10.1007/
s1049​9-019-00401​-6

Malinovskyi, O., Veselý, L., Blecha, M., Křišťan, J., & Policar, T. (2018). 
The substrate selection and spawning behaviour of pikeperch 
Sander lucioperca L. broodstock under pond conditions. Aquaculture 
Research, 49, 3541–3547. https://doi.org/10.1111/are.13819

Martínez, J. B., Chatzifotis, S., Divanach, P., & Takeuchi, T. (2004). 
Effect of dietary taurine supplementation on growth perfor-
mance and feed selection of sea bass Dicentrarchus labrax fry fed 
with demand-feeders. Fisheries Science, 70(1), 74–79. https://doi.
org/10.1111/J.1444-2906.2003.00773.X

Martínez-Lagos, R., Tovar-Ramírez, D., Gracia-López, V., & Lazo, J. P. 
(2014). Changes in digestive enzyme activities during larval devel-
opment of leopard grouper (Mycteroperca rosacea). Fish Physiology 
and Biochemistry, 40(3), 773–785.

Matsunari, H., Takeuchi, T., Takahashi, M., & Mushiake, K. (2005). Effect 
of dietary taurine supplementation on growth performance of 
yellowtail juveniles Seriola quinqueradiata. Fisheries Science, 71(5), 
1131–1135. https://doi.org/10.1111/J.1444-2906.2005.01072.X

Métais, P., & Bieth, J. (1968). Determination of alpha-amylase by a micro-
technic. Annales de Biologie Clinique, 26(1), 133–142.

Nyina-wamwiza, L., Xu, X. L., Blanchard, G., & Kestemont, P. (2005). 
Effect of dietary protein, lipid and carbohydrate ratio on growth, 
feed efficiency and body composition of pikeperch Sander lu-
cioperca fingerlings. Aquaculture Research, 36, 486–492. https://
doi.org/10.1111/j.1365-2109.2005.01233.x

O'Brien-MacDonald, K., Brown, J. A., & Parrish, C. C. (2006). Growth, be-
haviour, and digestive enzyme activity in larval Atlantic cod (Gadus 
morhua) in relation to rotifer lipid. ICES Journal of Marine Science, 
63(2), 275–284.

Ostaszewska, T., Dabrowski, K., Czumińska, K., Olech, W., & Olejniczak, 
M. (2005). Rearing of pike-perch larvae using formulated diets – 
First success with starter feeds. Aquaculture Research, 36, 1167–
1176. https://doi.org/10.1111/j.1365-2109.2005.01332.x

Page, J. W. (1978). Dietary sulfur requirements of fish: Nutritional and 
pathological criteria. PhD dissertation. Cornell University.

Papadakis, I. E., Kentouri, M., Divanach, P., & Mylonas, C. C. (2013). 
Ontogeny of the digestive system of meagre (Argyrosomus regius) 
reared in a mesocosm, and quantitative changes of lipids in the liver 
from hatching to juvenile. Aquaculture, 388, 76–88. https://doi.
org/10.1016/j.aquac​ulture.2013.01.012

Papadakis, I. E., Zaiss, M. M., Kyriakou, Y., Georgiou, G., Divanach, P., & 
Mylonas, C. C. (2009). Histological evaluation of the elimination of 
Artemia nauplii from larval rearing protocols on the digestive sys-
tem ontogeny of shi drum (Umbrina cirrosa L). Aquaculture, 286(1), 
45–52.

Park, S. H., Lee, H., Park, K. K., Kim, H. W., Lee, D. H., & Park, T. (2006). 
Taurine-induced changes in transcription profiling of metabolism-
related genes in human hepatoma cells HepG2. In Taurine 6. 
Advances in experimental medicine and biology (Vol. 583). Springer. 
https://doi.org/10.1007/978-0-387-33504​-9_12

Péres, A., Zambonino-Infante, J. L., & Cahu, C. (1998). Dietary regulation 
of activities and mRNA levels of trypsin and amylase in sea bass 
(Dicentrarchus labrax) larvae. Fish Physiology and Biochemistry, 19(2), 
145–152. https://doi.org/10.1023/A:10077​75501340

Pérez, J. A., Papadakis, I. E., Papandroulakis, N., Cruces, L., Cotou, E., 
Gisbert, E., Lorenzo, A., Mylonas, C. C., & Rodríguez, C. (2020). The 
ontogeny of greater amberjack digestive and antioxidant defence 
systems under different rearing conditions: A histological and en-
zymatic approach. Aquaculture Nutrition, 26(6), 1908–1925. https://
doi.org/10.1111/ANU.13128

Policar, T., Schaefer, F. J., Panana, E., Meyer, S., Teerlinck, S., Toner, D., 
& Żarski, D. (2019). Recent progress in European percid fish cul-
ture production technology—Tackling bottlenecks. In Aquaculture 
international (vol. 27, issue 5, pp. 1151–1174). Springer international 
publishing. https://doi.org/10.1007/s1049​9-019-00433​-y

Policar, T., Stejskal, V., Kristan, J., Podhorec, P., Svinger, V., & Blaha, M. 
(2013). The effect of fish size and stocking density on the weaning 
success of pond-cultured pikeperch Sander lucioperca L. juveniles. 
Aquaculture International, 21(4), 869–882. https://doi.org/10.1007/
s1049​9-012-9563-z

Qi, G., Ai, Q., Mai, K., Xu, W., Liufu, Z., Yun, B., & Zhou, H. (2012). Effects 
of dietary taurine supplementation to a casein-based diet on growth 
performance and taurine distribution in two sizes of juvenile turbot 
(Scophthalmus maximus L.). Aquaculture, 358–359, 122–128. https://
doi.org/10.1016/J.AQUAC​ULTURE.2012.06.018

R Development Core Team. (2014). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing https://
www.R-proje​ct.org

Rønnestad, I., Yúfera, M., Ueberschär, B., Ribeiro, L., Sæle, Ø., & Boglione, 
C. (2013). Feeding behaviour and digestive physiology in larval fish: 
Current knowledge, and gaps and bottlenecks in research. Reviews 
in Aquaculture, 5, S59–S98.

Rotman, F., Stuart, K., & Drawbridge, M. (2017). Effects of taurine supple-
mentation in live feeds on larval rearing performance of California 
yellowtail Seriola lalandi and white seabass Atractoscion nobilis. 
Aquaculture Research, 48, 1232–1239. https://doi.org/10.1111/
are.12964

Salze, G., Craig, S. R., Gaylord, G., Davis, D. (2017). Taurine as an ad-
ditive to aquaculture feeds - a petition for the amendment of 
the U.S. AAFCO taurine definition. https://doi.org/10.13140/​
RG.2.2.29025.71523.

Salze, G., Craig, S. R., Smith, B. H., Smith, E. P., & McLean, E. (2011). 
Morphological development of larval cobia Rachycentron 
canadum and the influence of dietary taurine supplementa-
tion. Journal of Fish Biology, 78(5), 1470–1491. https://doi.
org/10.1111/J.1095-8649.2011.02954.X

Salze, G., & Davis, D. (2015). Taurine: A critical nutrient for future fish 
feeds. Aquaculture, 437, 215–229. https://doi.org/10.1016/J.
AQUAC​ULTURE.2014.12.006

Salze, G., McLean, E., & Craig, S. R. (2012). Dietary taurine en-
hances growth and digestive enzyme activities in larval cobia. 
Aquaculture, 362–363, 44–49. https://doi.org/10.1016/J.AQUAC​
ULTURE.2012.07.021

Schäfer, F. J. (2016). Reproductive management and gamete quality in 
pikeperch (Sander lucioperca). https://edoc.hu-berlin.de/bitst​
ream/handl​e/18452/​18288/​schae​fer.pdf?seque​nce=1

Solovyev, M., & Gisbert, E. (2016). Influence of time, storage tem-
perature and freeze/thaw cycles on the activity of digestive en-
zymes from gilthead sea bream (Sparus aurata). Fish Physiology and 
Biochemistry, 42(5), 1383–1394. https://doi.org/10.1007/S1069​
5-016-0226-2

https://doi.org/10.1007/S00240-009-0197-1
https://doi.org/10.1016/J.AQUACULTURE.2007.07.006
https://doi.org/10.1016/J.AQUACULTURE.2007.07.006
https://doi.org/10.1007/s10499-019-00401-6
https://doi.org/10.1007/s10499-019-00401-6
https://doi.org/10.1111/are.13819
https://doi.org/10.1111/J.1444-2906.2003.00773.X
https://doi.org/10.1111/J.1444-2906.2003.00773.X
https://doi.org/10.1111/J.1444-2906.2005.01072.X
https://doi.org/10.1111/j.1365-2109.2005.01233.x
https://doi.org/10.1111/j.1365-2109.2005.01233.x
https://doi.org/10.1111/j.1365-2109.2005.01332.x
https://doi.org/10.1016/j.aquaculture.2013.01.012
https://doi.org/10.1016/j.aquaculture.2013.01.012
https://doi.org/10.1007/978-0-387-33504-9_12
https://doi.org/10.1023/A:1007775501340
https://doi.org/10.1111/ANU.13128
https://doi.org/10.1111/ANU.13128
https://doi.org/10.1007/s10499-019-00433-y
https://doi.org/10.1007/s10499-012-9563-z
https://doi.org/10.1007/s10499-012-9563-z
https://doi.org/10.1016/J.AQUACULTURE.2012.06.018
https://doi.org/10.1016/J.AQUACULTURE.2012.06.018
https://www.r-project.org
https://www.r-project.org
https://doi.org/10.1111/are.12964
https://doi.org/10.1111/are.12964
https://doi.org/10.13140/RG.2.2.29025.71523
https://doi.org/10.13140/RG.2.2.29025.71523
https://doi.org/10.1111/J.1095-8649.2011.02954.X
https://doi.org/10.1111/J.1095-8649.2011.02954.X
https://doi.org/10.1016/J.AQUACULTURE.2014.12.006
https://doi.org/10.1016/J.AQUACULTURE.2014.12.006
https://doi.org/10.1016/J.AQUACULTURE.2012.07.021
https://doi.org/10.1016/J.AQUACULTURE.2012.07.021
https://edoc.hu-berlin.de/bitstream/handle/18452/18288/schaefer.pdf?sequence=1
https://edoc.hu-berlin.de/bitstream/handle/18452/18288/schaefer.pdf?sequence=1
https://doi.org/10.1007/S10695-016-0226-2
https://doi.org/10.1007/S10695-016-0226-2


5114  |    YANES-­ROCA et al.

Steffens, W., Geldhauser, F., Gerstner, P., & Hilge, V. (1996). German ex-
periences in the propagation and rearing of fingerling pikeperch 
(Sander lucioperca). Annales Zoologici Fennici, 33, 627–634 http://
www.sekj.org/PDF/anzf3​3/anzf3​3-627p.pdf

Takahashi, T., Amano, T., & Takeuchi, T. (2005). Establishment of direct 
enrichment method of taurine to rotifer. Aquaculture Science, 53(2), 
121–126. https://doi.org/10.11233/​AQUAC​ULTUR​ESCI1​953.53.121

Tanaka, M. (1973) Studies on the structure and function of the digestive 
system of teleost larvae. Ph.D. Thesis. Kyoto University, 136 pp.

Teles, A., Salas-Leiva, J., Alvarez-González, C. A., & Tovar-Ramírez, D. 
(2019). Changes in digestive enzyme activities during early ontogeny 
of Seriola rivoliana. Fish Physiology and Biochemistry, 45(2), 733–742.

Worthington Biochemical Corporation. (1972). Worthington enzyme man-
ual: Enzymes, enzyme reagents, related biochemicals. Worthington 
Biochemical Coorporation.

Yan, L.-C., Feng, L., Jiang, W.-D., Wu, P., Liu, Y., Jiang, J., Tang, L., Tang, 
W.-N., Zhang, Y.-A., Yang, J., Zhou, X.-Q., & Kuang, S.-Y. (2019). 
Dietary taurine supplementation to a plant protein source-based 
diet improved the growth and intestinal immune function of young 
grass carp (Ctenopharyngodon idella). Aquaculture Nutrition, 25(4), 
873–896. https://doi.org/10.1111/ANU.12907

Yanes-Roca, C., Leclercq, E., Vesely, L., Malinovskyi, O., & Policar, T. 
(2020). Use of lactic acid bacteria during pikeperch (Sander lu-
cioperca) larval rearing. Microorganisms, 8(2), 238. https://doi.
org/10.3390/micro​organ​isms8​020238

Yanes-Roca, C., Mráz, J., Born-Torrijos, A., Holzer, A. S., Imentai, A., & 
Policar, T. (2018). Introduction of rotifers (Brachionus plicatilis) 
during pikeperch first feeding. Aquaculture, 497, 260–268. https://
doi.org/10.1016/j.aquac​ulture.2018.08.004

Yanes-Roca, C., Mráz, J., Vesely, L., Malinovskyi, O., Holzer, A. S., & 
Policar, T. (2020). Live feed enrichment alternatives for pike-perch 
first feeding. Animals, 10(3), 401.

Yokoyama, M., & Nakazoe, J. (1992). Accumulation and excretion of tau-
rine in rainbow trout (Oncorhynchus mykiss) fed diets supplemented 
with methionine, cystine and taurine. Comparative Biochemistry 
and Physiology Part A: Physiology, 102(3), 565–568. https://doi.
org/10.1016/0300-9629(92)90210​-H

Yúfera, M., & Darias, M. J. (2007). The onset of exogenous feeding in 
marine fish larvae. Aquaculture, 268(1–4), 53–63. https://doi.
org/10.1016/J.Aquac​ulture.2007.04.050

Yun, B., Ai, Q., Mai, K., Xu, W., Qi, G., & Luo, Y. (2012). Synergistic effects 
of dietary cholesterol and taurine on growth performance and cho-
lesterol metabolism in juvenile turbot (Scophthalmus maximus L.) 
fed high plant protein diets. Aquaculture, 324–325, 85–91. https://
doi.org/10.1016/J.AQUAC​ULTURE.2011.10.012

Zambonino-Infante, J., & Cahu, C. L. (1994). Influence of diet on pep-
sin and some pancreatic enzymes in sea bass (Dicentrarchus labrax) 
larvae. Comparative Biochemistry and Physiology Part A: Physiology, 
109(2), 209–212.

Zambonino-Infante, J. L., Gisbert, E., Sarasquete, C., Navarro, I., 
Gutiérrez, J., & Cahu, C. L. (2008). Ontogeny and physiology of 
the digestive system of marine fish larvae. In Feeding and diges-
tive functions in fishes (pp. 281–348). Oxford & IBH Publishing Co. 
PVT. Ltd.

How to cite this article: Yanes-Roca, C., Galindo, A., Holzer, 
A. S., Veselý, L., Policar, T., Rodríguez, C., & Pérez, J. A. 
(2022). Taurine supplement improved growth performance 
and digestive capacity of pikeperch larvae. Aquaculture 
Research, 53, 5105–5114. https://doi.org/10.1111/are.15991

http://www.sekj.org/PDF/anzf33/anzf33-627p.pdf
http://www.sekj.org/PDF/anzf33/anzf33-627p.pdf
https://doi.org/10.11233/AQUACULTURESCI1953.53.121
https://doi.org/10.1111/ANU.12907
https://doi.org/10.3390/microorganisms8020238
https://doi.org/10.3390/microorganisms8020238
https://doi.org/10.1016/j.aquaculture.2018.08.004
https://doi.org/10.1016/j.aquaculture.2018.08.004
https://doi.org/10.1016/0300-9629(92)90210-H
https://doi.org/10.1016/0300-9629(92)90210-H
https://doi.org/10.1016/J.Aquaculture.2007.04.050
https://doi.org/10.1016/J.Aquaculture.2007.04.050
https://doi.org/10.1016/J.AQUACULTURE.2011.10.012
https://doi.org/10.1016/J.AQUACULTURE.2011.10.012
https://doi.org/10.1111/are.15991

	Taurine supplement improved growth performance and digestive capacity of pikeperch larvae
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Larval rearing
	2.2|Sampling procedure
	2.3|Digestive enzyme activities
	2.4|RNA/DNA ratio
	2.5|Statistical analysis

	3|RESULTS
	3.1|Larval growth and survival
	3.2|Digestive enzymes
	3.3|RNA/DNA ratio

	4|DISCUSSION
	5|CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


