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The effects of different feeding regimes on survival, growth and morphogenesis of the digestive system in butter
catfish, Ompok bimaculatus (Bloch) larvaewere investigated in the present study. Eight different feeding regimes
varying on the type of food (Artemia nauplii, zooplankton or microdiet) and the time after hatching at which
those different food items were offered to larvae were evaluated in order to find the most convenient weaning
strategy for butter catfish larvae. The results indicated that the larvae weaned after 7 days post hatch (dph)
showed similar survival rates with those fed just live prey (Artemia nauplii or zooplankton), whereas early
weaning (before 7 dph) resulted in poor survival. In terms of growth performance, larvae fed solely on Artemia
nauplii, showed the best results followed by those fed with zooplankton and those fed on a combination of
Artemia nauplii and zooplankton. In contrast, the larvae fed under the other feeding regimes including the
microdiet showed similar final growth values. With regard to the effect of different weaning strategies on the
morphogenesis of the digestive system, the results indicated that early weaning delayed the development of
the stomach, intestine and pancreas. However, at the end of the trial at 17 dph, no differences in the level of de-
velopmentwere observed among treatments regardless of theweaning protocol tested,which indicated the high
plasticity of butter catfish to different nutritional conditions once their digestive system was completely devel-
oped and larvae were adapted to the microdiet. Hence, it was concluded that it is feasible to rear butter catfish
larvae with zooplankton without dependence upon Artemia nauplii, and also that larvae may be weaned onto
microdiets after a short period of co-feeding when weaning takes place after 7 dph. These findings would be
very useful to improve the actual larval rearing techniques for this promising catfish species from the Indian
sub-continent.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Butter catfish (Ompok bimaculatus), a fish species belonging to the
family of Siluridae, has a very high consumer preference in the North
Eastern and Eastern states and also in the mainlands of India. The spe-
cies is a delicacy in those areas and it is considered as one of the highly
priced food fish (US$ 8–12/kg). In addition, this species is categorized as
endangered by the IUCN and it faces a high risk of extinction (CAMP,
1997), which raises the issue of the sustainable exploitation of this bio-
logical resource. Consequently, the aquaculture of this catfish species
has a double interest. Firstly, the culture of butter catfish may be of
interest for diversifying the freshwater aquaculture in India and other
neighboring countries; secondly, its culture may also be used for
conservational purposes and restocking programs (NBFGR, 2011).
Independently of the final purpose of this activity, there is an urgent
need for reliable, effective and efficient larval rearing techniques to
ensure consistent production of good quality fry.
91 522 2442403.
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Larviculture of butter catfish is an extremely seasonal activity, since
it mainly relies on the wild available zooplankton usually growing in
ponds nearby indoor larval rearing facilities. These ponds are regularly
harvested and the live preys transferred into the indoor larval rearing
facilities. In addition to limitations in the regular supply of live prey
produced in ponds, their biochemical composition is quite variable
(Mitra et al., 2007), depending on pond's primary production (van der
Meeren and Jørstad, 2001). These limitations may be overcome with
the use of Artemia as a food source, since the supply and regular produc-
tion of this type of live prey is assured year-round and its biochemical
profile can be manipulated by means of the use of commercial or
tailor-made emulsions (Øie et al., 2011). However, the large demand
for Artemia cysts and their shortage has resulted in an important in-
crease in price of this type of live prey, which is really a problem for
their massive use in developing third-world countries. Thus, the use of
microdiets could partially alleviate such problems by substituting live
food; but their use soon after hatching often leads to low survival and
poor growth performance due to improper larval digestive capabilities,
unbalanced composition, palatability or physical characteristics of the
dry feed or to the low attractiveness of the non-mobile particle for the
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Fig. 1. Eight different feeding regimes varying on the type of food (Artemia nauplii,
zooplankton or microdiet) and the age at which those different food items were offered
to butter catfish larvae.
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fish larva (Cahu and Zambonino-Infante, 2001; Liu et al., 2012; Person-
Le Ruyet et al., 1993). Combined feeding of fish larvaewith live prey and
manufactured microdiets (referred to as co-feeding) has been reported
to alleviate problems related with the low acceptance and digestibility
of microdiets in marine and freshwater fish larvae and also increases
the success of early weaning to these type of diets (Alves et al., 2006;
Curnow et al., 2006a,b; Holt et al., 2011; Liu et al., 2012, among others).
Although live food has been successfully substituted by microdiets in a
reduced number of marine and freshwater species; milkfish Chanos
chanos (Santiago et al., 1983); African catfish Clarias gariepinus
(Appelbaum and Van Damme, 1988); lake whitefish Coregonus
clupeaformis (Harris and Hulsman, 1991); Atlantic cod Gadus morhua
(Baskerville-Bridges and Kling, 2000); European sea bass Dicentrarchus
labrax (Cahu and Zambonino-Infante, 2001), Siberian sturgeon
Acipenser baerii (Gisbert and Williot, 2002); pike-perch Sander
lucioperca (Ostaszewska et al., 2005) and/or yellowtail kingfish
(Kolkovski et al., 2010), there is not a universal weaning strategy for
fish larvae, since this may be considered as a species-specific process
that is primarily related to the development and maturation of the
digestive function (Cahu and Zambonino-Infante, 2001; Lazo et al.,
2011). Consequently, the timing of organ development and its associat-
ed physiological functions are affected by the general life history and re-
productive guild of each species, as well as by a variety of abiotic and
biotic factors. Among them, temperature, water quality, food availability
and composition have been generally considered as some of the most
important (Zambonino Infante and Cahu, 2007). This study aims to
contribute to reduce the massive mortality in the culture of this catfish
species, associated with the dietary transition from live food (Artemia
nauplii and zooplankton) to a compound feed. In particular, we have in-
vestigated under controlled laboratory conditions howdifferent feeding
regimes, using mono-specific diet or combinations of live food and
microdiets through various weaning regimes, influenced the survival,
growth performance and development of digestive system in butter
catfish larvae. This new information is expected to be very useful for
improving actual larval rearing practices for butter catfish, one of the
most interesting and promising fish species for diversification in fresh-
water aquaculture in the Indian sub-continent.

2. Materials and methods

2.1. Source of larvae

This trial took place at the College of Fisheries, Central Agricultural
University in Agartala, Tripura (India) under natural photoperiod condi-
tions according to the rainy season of the year (25°53′N, 91°55′ E). Eggs
were obtained by artificial breeding. Thus, butter catfish females
(44–49 g; n = 3) were injected with Ovaprim® at 1.0 ml kg−1 body
weight (BW) andmale butter catfish (44–46 g; n = 3) with Ovaprim®
at 0.5 ml kg−1 BW. After 9–10 h of hormonal injection, females were
stripped individually into dry enamel trays, whereas milt was obtained
from the males individually by surgically removing the testes, which
were macerated to produce a suspension to be mixed with the eggs
for fertilization. Eggs were subsequently washed thoroughly with
clean water and total volume of eggs were determined and hatched in
3 × 1 × 0.60 m3 cement incubators at 27.0 ± 1.1 °Cwithmild aeration
as described by Pradhan et al. (2012). Newly hatched larvaewere left in
the incubators until the age of 1 day post hatch (dph)when 1600 larvae
were randomly selected for the trial.

2.2. Experimental procedures and feeding regimes

One hundred larvae (1 dph, 0.4 mg in wet weight) were stocked in
sixteen glass aquaria (60 × 30 × 30 cm3) containing 25-l water each at
a density of 4 larva l−1 and the experiment started at 2 dph. Two air
stones were used in each aquarium to provide aeration and promote a
homogeneous distribution of feed in the water column. During the
rearing period, water temperature, dissolved oxygen and pH values
were maintained at 27.0–28.1 °C, 6–8 mg l−1 (87% saturation) and
6.8–7.6, respectively. Water quality was maintained in all aquaria by
daily renewal of 30% of their total volume.

Eight different dietary treatments or feeding regimes (two replicates
each) varying on the type of food (Artemia nauplii, zooplankton or
microdiet) and the age at which those different food itemswere offered
to larvae, were designed in order to set up themost convenient feeding
regime and weaning strategy for butter catfish larvae (Fig. 1). Thus, lar-
vae were reared under the following feeding regimes (FR) from the
onset of the exogenous feeding at 2 dph until 17 dph: FR-A, larvae fed
with non-enriched Artemia nauplii (OSI PRO 80™, Ocean Star Interna-
tional, Inc., USA) from 2 to 17 dph; FR-B, larvae fed with zooplankton
(Cyclopoidea) collected from a nearby pond from 2 to 17 dph; FR-C, lar-
vae fed with a commercial microdiet (Frippak Fresh CAR #1, INVE®,
Belgium) from 2 to 17 dph; FR-D, larvae fed with non-enriched Artemia
nauplii from2 to 8 dph, zooplankton from6 to12 dph and themicrodiet
from 10 to 17 dph; FR-E, larvae fed with zooplankton from 2 to 7 dph
and the microdiet from 5 to 17 dph; FR-F, larvae fed with zooplankton
from 2 to 9 dph and the microdiet from 7 to 17 dph; FR-G, larvae fed
with zooplankton from 2 to 11 dph and the microdiet between 9 and
17 dph; FR-H, larvae fed with zooplankton from 2 to 13 dph and the
microdiet from 11 to 17 dph. In all cases, larvae were fed with different
diets to apparent satiation four times per day (08:00, 12:00, 16:00 and
20:00 h) as described byMollah and Tan (1982). They were considered
satiated when their foraging behavior ceased and larvae assembled in
the corners and/or at the bottom of the aquaria. Theweaning procedure
in feeding regimes D-H consisted of decreasing the frequency of live
prey (Artemia nauplii and zooplankton) and increasing the frequency
of microdiet feeding (4/0, 3/1, 2/2, 1/3, 0/4) within 2 consecutive days.
All the uneaten food and fecal residues were siphoned out every morn-
ing before first feed distribution at 08:00 h.
2.3. Larval sampling, growth measurements and histological procedures

The effect of different feeding regimes on butter catfish larval perfor-
mance was assessed at 7, 12 and 17 dph. At these sampling dates, 10 lar-
vae fromeach experimental aquariumwere randomly selected, sacrificed
with an overdose of anesthetic (tricaine methanesulphonate, MS-222;
Sigma), rinsed in distilled water, and individually measured in total
length (TL) and body weight (BW) as described in Pradhan et al.
(2012). The specific growth rate (SGR) inBWandTL of larvae for different
experimental periods (2–7, 7–12, 12–17 and 2–17 dph) was determined
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by using the following formula: SGR (% day−1) = [(ln FBW, TL–

ln IBW, TL) t−1] × 100; where F is the final BW or TL value at a given
time, I is the initial BW or TL value, and t is the duration in days of the
considered period. Final survivalwas evaluated by counting the animals
surviving at the end of the experiment and calculated according to
Buckley et al. (1984), which considers the number of sampled individ-
uals during the experiment.

In order to evaluate the effects of different FR on the morpho-
anatomical development of the digestive system, the same larvae that
were used for body size measurements, were fixed in 4% buffered for-
malin (pH = 7.0) at 7, 12 and 17 dph. Then, larvae were dehydrated
in a graded series of ethanol, embedded in paraffin, cut into serial sagit-
tal sections (2–3 μm thick) and mounted with Eukit® in gelatinized
slides . Sections were stained by Harris' Hematoxylin and Eosin (HE)
procedure for general histomorphological observations, while periodic
acid-Schiff (PAS) was used to detect neutral glycoconjugates in intesti-
nal mucous cells and glycogen deposits in the liver (Pearse, 1985). The
development of the digestive system in butter catfish larvae was com-
pared among different FR according to Pradhan et al. (2012). The level
of fat deposits (spherical unstained vacuoles corresponding to lipids dis-
solved during the embedding process of the larva in paraffin) was eval-
uated in the liver and intestine. These organs are considered reliable
nutritional and physiological biomarkers because their histological or-
ganization is very sensitive to dietary changes (Gisbert et al., 2008). His-
tological images were obtained by light microscopy (Nikon SMZ800
coupled to a digital cameraOlympusDP70) and analyzed by using a dig-
ital image analysis software package (ANALYSIS™; Soft Imaging Sys-
tems GmbH, Münster, Germany). The areas covered by fat deposits
(ACFD) in the tissue sections of liver and posterior intestine were mea-
sured according to Boglino et al. (2012) and Treviño et al. (2011), re-
spectively. In addition, the percentage of hepatocytes with fat deposits
was quantified by counting the proportion of cells with fat inclusions
with regard to the total of hepatocytes within the image field. For
each histological parameter, we analyzed between three and five
image fields from each of the five specimens examined by experimental
replicate.

2.4. Statistical analyses

Data fromgrowth performance and survival from each experimental
group were compared by one-way analysis of variance (ANOVA)
followed by Tukey's Honestly Significant Difference (HSD) method for
post hocmultiple comparisons, as differences that are significant accord-
ing to HSD are judged real significant. The values of ACFD and percent of
hepatocytes with fat deposits were also subjected to two-way ANOVA
analysis to compare the interactive effects of larval age and different
feeding regimes. In all cases, the assumptions of normality adjustment
and homogeneity of variance were checked by using Kolmogorov–
Smirnov's and Levene's tests, respectively (Zar, 1999). Variables that
were expressed as percentage were arcsin square root transformed.
The accepted level for statistical significance was P b 0.05. The mean
values of SGR and survival are expressed as mean ± standard error of
the mean (SEM), since they could not be calculated for individual
larva, whereas the rest of the data are expressed as mean ± standard
deviation (SD). Statistical analyses were conducted with SPSS (version
17.0, USA).

3. Results

3.1. Larval survival

Data on final survival and growth performance of butter catfish lar-
vae reared under different feeding regimes are summarized in Table 1.
Diets and weaning strategy significantly affected larval survival at
17 dph (P b 0.05). Larval survival in groups weaned after 7 dph (FR-D,
F, G and H) was similar to those groups fed solely on live prey, Artemia
nauplii (FR-A) or zooplankton (FR-B) with values ranging from 65.0 to
78.7% (P N 0.05). In contrast, larvae reared under the FR-C (microdiet
offered from first feeding) and FR-E (early weaning at 5 dph) showed
the lowest survival rates (48.8 ± 6.2% and 58.7 ± 3.8%, respectively;
P b 0.001).

3.2. Larval growth

At 7 dph, the maximum growth in terms of both TL and BW
(10.8 ± 0.1 mm; 8.6 ± 1.0 mg) was found in larvae fed with FR-D,
while those fed with FR-C showed the poorest growth performance
(6.7 ± 0.04 mm; 2.4 ± 0.3 mg; P b 0.05; Fig. 2). In this sense, larvae
fed FR-C were a 38.0% shorter and 72.0% lighter than those recorded
in larvae from the FR-D. The rest of dietary treatments (A, B, E–H)
showed intermediate values with regard to FR-C and D. Data on SGR
in terms of TL and BW followed the same pattern (Table 1). At 12 dph,
the maximum growth in terms of both TL and BW was recorded in
larvae FR-A (21.2 ± 0.1 mm; 59.5 ± 4.9 mg). Similarly to 7 dph, larvae
fed FR-C showed theminimum growth in terms of TL (9.4 ± 0.02 mm)
andBW(7.8 ± 0.5 mg; P b 0.05; Fig. 2),whichwere 56% and 87% lower
than those recorded in larvae fed FR-A. The rest of dietary treatments (B
and D–H) showed intermediate values with regard to FR-A and C. SGR
values in terms of BW and TL recorded between 7 and 12 dph followed
the similar trend than those of BW and TL.

At the end of the trial (17 dph), final larval mean growth in terms of
BWwas the highest in larvae FR-A (339.8 ± 0.6 mg), followed by those
larvae fed FR-B (229.4 ± 3.1 mg; P b 0.05). Although, larvae fed FR-D
had the third highest growth (151.2 ± 35.4 mg), it was not significant-
ly different from the rest of the treatment groups with the exception
from that recorded in larvae fed FR-A. Butter catfish larvae from FR-C
showed the minimum growth in BW (81.3 ± 22.76 mg), which was a
76%, 64.5% and 46.2% lower than those recorded in larvae from the FR-
A, B and D, respectively. No significant differences were observed in
the mean BW values between larvae from FR-C, E–H (P N 0.05).
Between 12 and 17 dph, SGR values in terms of BW of larvae from FR-
C and B treatments were significantly higher than the larvae fed FR-D,
E, F and G (P b 0.05). Between 2 and 17 dph, larvae from FR-A, B and
D showed themaximumSGR values in terms of BWwith values ranging
from45.0 to 39.5%day−1 (P N 0.05). SGR values from larvae fed FR-C, E–
Hwere similar (P N 0.05), but significantly lower than those recorded in
larvae from FR-A (P b 0.05). SGR in terms of TL followed a similar trend
with the SGR values based on BW.

3.3. Effects of weaning strategy on digestive system morphogenesis

The histological description of the development of the digestive
system in butter catfish larvae under standard rearing conditions was
already described in Pradhan et al. (2012); thus, this kind of information
is not presented in this study. In particular, feeding regimes and
weaning strategies tested in this study affected the histological differen-
tiation of different regions of the digestive system in butter catfish lar-
vae. In most feeding regimes, the stomach, composed by its glandular
and non-glandular regions (Fig. 3A, E), was already differentiated at
7 dph, with the exception of larvae fed FR-C (Fig. 3B), which did not
showa developed stomach at this point. Although stomachmorphogen-
esiswasmore advanced at 12 dphwith regard to the previous sampling
interval, larvae fed FR-C still showed retardation in the level of develop-
ment of this digestive organ, as larvae showed a reduced number of gas-
tric glands and thinner gastric mucosa layer (95.8 ± 15.5 μm in depth;
Fig. 3C, F), with regard to the other treatments (370.2 ± 155.0 μm in
depth). At the end of the study, no differences in stomach development
could be detected among all feeding regimes (Fig. 3D, G, H).

At 7 dph, the pattern of lipid accumulation in the intestine of butter
catfish larvae along larval development followed that already described
by Pradhan et al. (2012), regardless of the feeding regime considered. At
7 dph, the intestine in butter catfish was coiled and the pre-valvular
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Fig. 2.Growth performance (bodyweight and total length) of butter catfish larvae at 7, 12
and 17 days post hatch reared under different feeding regimes. Different letters indicate
the existence of statistical differences among groups (ANOVA, P b 0.05).
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(anterior) and post-valvular (posterior) intestine were clearly distin-
guishable. In all feeding regimens with the exception of larvae fed FR-
C, the intestinal mucosa was deeply convoluted, and the anterior and
posterior intestine differed in the size of transversal mucosal folds that
were larger in the anterior than in the posterior intestine (Fig. 4A, B,
D). Larvae fed FR-A andD contained large number of intra- and intercel-
lular lipid vacuoles (502.7 ± 43.9 μm2) between the enterocytes lining
the intestinal epithelium whereas intra- and intercellular lipid deposi-
tion in the intestinal mucosa of larvae fed the rest of feeding regimes
were significantly (P b 0.05) lower (80.2–100.5 μm2). At 12 dph, larvae
from FR-A and D showed a considerable decrease in the number of large
lipid vacuoles, whereas some few small lipid inclusions were present in
intercellular spaces (Fig. 4C). However, the intestinal mucosa in larvae
fed FR-C showed a large deposition of lipids, showing symptoms of
steatosis (Fig. 4E). At the end of the study, the level of intestinal fat de-
posits decreased in all groups, including larvae from FR-C that showed
the highest fat accumulation at earlier ages (Fig. 4F).

At 7 dph, the exocrine pancreas of larvae from all feeding regimes
contained eosinophilic zymogen granules inside polyhedral basophilic
pancreocytes, although the size of the pancreocytes were larger in
butter cattish larvae fed FR-A and D (65.3 ± 12.9 μm in diameter).
The exocrine pancreas in larvae fed FR-C had smaller pancreocytes in
comparison to the rest of dietary treatments (27.1 ± 5.6 μm) (Fig. 5A,
B), and these differences were also observed at 12 dph. At 17 dph,
larvae from all tested feeding regimes, including FR-C, had abundant zy-
mogen granules within pancreocytes and no differences were observed
between larvae of different feeding regimes (Fig. 5C, D).

The liver was already well differentiated at 7 dph in larvae from all
feeding regimes, although therewere differences in the level of fat accu-
mulation among them measured in terms of ACFD values. The effects
of different feeding regimes on the level of fat deposition in the liver
of butter catfish larvae are presented in Figs. 6 and 7. The two-way
ANOVA result showed that the percentage of hepatocytes with fat
deposits, as well as the ACFD values in the butter catfish larvae were
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Fig. 3.Histological sections of the stomach of butter catfish larvae at different ages (days post hatch, dph). A, general view of the glandular and non-glandular regions of stomach of a larva
from the feeding regime (FR) E at 7 dph. B, general view of the gut of a larva from FR-C; note development of the intestine, liver and pancreas, but the absence of the stomach. C, longi-
tudinal section of the stomach of a larva from FR-C at 12 dph showing a thinner gastric mucosal layer. D, stomach of a larva from FR-C at 17 dph showing awell developed stomachwith a
thick mucosal layer. E, detail of the glandular and non-glandular regions of the stomach of a larva from FR-B at 7 dph. F, detail of the gut of a larva from FR-C at 12 dph showing the
development of the glandular and non-glandular stomach regions of the stomach. G, H, detail of the gastric mucosal layer from FR-C and FR-D at 17 dph, respectively. Note the absence
ofmajor histological differences among both digestive organs. Abbreviations: AI, anterior intestine;GG, gastric gland; GS, glandular stomach;GME, gastric mucosal epithelium; I, intestine;
L, liver; NGS, non-glandular stomach; OE, esophageal epithelium; P, pancreas; PI, posterior intestine. Staining: hematoxylin–eosin (A–D), Periodic acid-Schiff (E–H).
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significantly (P b 0.001) influenced by the interactive effects of both age
and feeding regimes (Fig. 7). From an ontogenic point of view, the com-
parison of the level of fat deposition in the liver sampled between differ-
ent ages indicated that larvae from FR-A and D showed a decrease, in
areas covered by fat deposits values at 17 dph compared to their
respective lower age group of larvae (P b 0.05) (Fig. 6A, B). In contrast,
larvae from FR-C showed an increase in the level of hepatic fat deposits
in terms of areas covered by fat deposits in the liver between 7 and
12 dph (91.3 ± 10.0 μm2), whereas they remained stable until the
endof the study (98.2 ± 7.2 μm2) (Fig. 6C, D). No significant differences
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Fig. 4. Histological sections of the intestine of butter catfish larvae at different ages (days post hatch, dph). A, enterocytes with large lipid vacuoles of a larva from FR-A at 7 dph.
B, enterocytes of a larva from FR-B showing no lipid inclusions. C, intestinal mucosa of a larva from FR-A at 12 dph showing smaller sized lipid vacuoles compared to larvae of 7 dph.
D, detail of anterior intestine of a larva from FR-C with lipid vacuoles and smaller mucosal folds. E, intestinal mucosa of a larva from FR-C at 12 dph showing symptoms of steatosis.
F, intestinal mucosa of a larva from FR-C at 17 dph showing well developed mucosal folds and no lipid inclusions. Abbreviations: LV, lipid vacuoles;ME, mucosal epithelium; ST, steatosis
Staining: hematoxylin–eosin.
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(P N 0.05) were observed in the level of fat accumulation in the hepatic
tissue along larval age in the rest of feeding regimes (Fig. 6E, F). The
percentage of hepatocytes containing fat deposits in their cytoplasm
increased with larval age in all dietary groups (P b 0.05), with the
exception of larvae from FR-E where remained constant along larval
development (P N 0.05).

The comparison of hepatic fat deposits (Fig. 7), between different
feeding regimens at particular ages revealed that at 7 dph larvae from
FR-A showed the maximum level of ACFD values (171.0 ± 31.8 μm2)
(Fig. 6G) followed by FR-D (112.5 ± 7.6 μm2) with regard to the rest
of experimental groups (P b 0.05). No hepatic fat deposits were detect-
ed in butter catfish larvae from FR-C, whereas fat accumulation (ACFD)
in larvae from the other feeding regimens ranged between 32.8 and
56.0 μm2. The percentage of hepatocytes containing fat deposits in
their cytoplasm was similar in larvae from FR-A, D and E with values
ranging between 30.9 ± 2.1% and 47.4 ± 3.1% (P N 0.05), but they
were significantly higher than the rest of dietary treatments
(P b 0.05). At 12 dph, the level of hepatic fat accumulation in larvae
fed FR-A was higher (203.4 ± 36.43 μm2) with regard to the other
feeding regimes with ACFD values that ranged between 25.4 to
91.3 μm2 (P b 0.05). At this age, the percentage of hepatocytes with
fat deposits was highest in the larvae of FR-G (52.8 ± 3.3%), whereas
it was lowest in the FR-D (28.2 ± 11.22%). In the rest of the feeding re-
gimes the values were similar (P N 0.05). At 17 dph, larvae fed FR-C
showed the maximum level of fat deposits in the hepatic tissue
(ACFD = 98.2 ± 7.3 μm2) (Fig. 6H) in comparison to the rest of dietary
treatments (P b 0.05), which showed ACFD values ranging between
41.7 and 72.3 μm2. The percentage of hepatocytes with fat deposits in
the larvae from FR-E was the lowest (21.5 ± 4.1%) followed by larvae
from FR-C (32.7 ± 7.0%) and FR-A (42.0 ± 3.8%; P b 0.05), whereas
larvae from FR-B, C and F-H had the values ranging from 51.1 ± 7.9%
to 66.0 ± 8.9% (P N 0.05).

4. Discussion

Larval survival is one of the most important parameters to consider
when evaluating the success of any weaning process. In this sense, it is
generally accepted that the adaptation of fish larvae to microdiets re-
quires protocols to adapt them to a period of drastic morphological,
physiological, and behavioral changes and to their nutritional and
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Fig. 5.Histological sections of the pancreas of butter catfish larvae at different times (days post hatch, dph). A, general viewof the exocrine pancreas of a larva from FR-A at 7 dph showing
pancreocytes arranged in acini containing zymogen granules. B, exocrine pancreas of a larva from FR-C; note smaller size of pancreocytes compared to FR-A. C, D, the exocrine pancreas of
larvae from FR-C and E, respectively showing no difference in size of pancreocytes at 17 dph. Abbreviations: P, pancreocytes; Z, zymogen granules. Staining: hematoxylin–eosin.
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environmental requirements (Rao, 2003), whereas the stage of devel-
opment is the most important independent variable affecting growth
performance and nutritional condition of larvae (Andrade et al., 2012).
Under the present experimental conditions, butter catfish larvae
weaned after 7 dph in the feeding regimes F–H showed similar survival
rateswith larvae that only on live prey (Artemia nauplii or zooplankton)
with values ranging from 65.0 to 78.7%. However, early weaning of but-
ter catfish larvae resulted in poor survivalwith values ranging from48.8
to 58.7%, as it was previously reported in other catfish species such as
C. gariepinus (Hogendoorn, 1980) and the sampa Heterobranchus
longifilis (Kerdchuen and Legendre, 1994), although results are not
directly comparable in terms of the effects of different microdiets on
weaning success due to different dietary composition of feeds among
studies and recent advances inmicrodiet formulations andmanufactur-
ing processes (Holt et al., 2011; Langdon and Barrows, 2011).

The effect of theweaning strategy on larval growth is also an impor-
tant parameter to consider when hatchery managers evaluate different
larval rearing protocols, although this parameter may not be as critical
as survival, since differences in larval size may be compensated at fur-
ther stages of the rearing process (Ali et al., 2003; Valente et al., 2013).
In the present trial, butter catfish larvae fed Artemia nauplii (solely,
FR-A) showed the best results in terms of growth performance
(339.8 ± 53.0 mg and 3.8 ± 0.1 cm) followed by larvae fed with
zooplankton (FR-B; 229.4 ± 81.2 mg and 3.3 ± 0 .4 cm) and combina-
tion of both (FR-D; 151.2 ± 43.1 mg and 3.2 ± 0.2 cm). In contrast, all
larvae offered the microdiet showed similar final growth values in
terms of BW and TL with values ranging from 81 to 125 mg and 2.6 to
2.9 cm, respectively. Similar observations were made on other catfish
species such as African catfish C. gariepinus (van Damme et al., 1990),
Japanese catfish Silurus asotus (Hirakawa et al., 1997), redtail catfish
Mystus nemurus (Kamarudin et al., 2011) fed Artemia nauplii in compar-
ison to microdiets, as well as in many other freshwater and marine fish
species (Holt et al., 2011). Under present experimental conditions, the
lower performance of butter catfish larvae weaned early in comparison
to those fed Artemia nauplii may be attributed to the fact that gastric
glands were not completely functional regardless of their level of devel-
opment identified by means of histological procedures. A progressive
shift in activity from alkaline to acid proteases has been reported for
this species between 15 and 21 dphwhen animals exhibited fully func-
tional digestive system (Pradhan et al., 2013). Thus, the absence of a
functional stomach and its associated acid-pepsin-mediated digestion
could be a limiting influence on the digestibility of dietary compounds
in earlyweaned butter catfish larvae. Live prey is a highly digestible pro-
tein source for fish larvae, while other protein sources such as fishmeal
have a low digestibility (Rønnestad et al., 2013). In this sense, several
authors have reported that African catfish fed microdiets showed
growth rates comparable to those fed live food only after the complete
development of the stomach (Verreth and Tongeren, 1989; Verreth
et al., 1992). In addition, other studies have suggested that other than
providing some essential micronutrients, Artemia might contribute
to the activation of zymogens or digestive hormones (Petkam and
Moodie, 2001) or might trigger the secretion of endogenous enzymes
with regard to microdiets (Pedersen and Hjelmeland, 1988). Addition-
ally, higher tryptic activities were observed in larvae fed Artemia com-
pared with the weaned larvae in pikeperch Sander lucioperca (Hamza
et al., 2007). These observationsmight be in agreementwith our results,
which indicated that the pancreocytes' size at 7 dphwas comparatively
larger (65.3 ± 12.9 μm) in larvae from FR-A and FR-D in which Artemia
nauplii were offered to larvae in comparison to the rest of dietary treat-
ments (27.1 ± 5.6 μm).

One unexpected result from our experiment was that larvae fed
Artemia nauplii grew better (339.8 ± 53.0 mg and 3.8 ± 0.1 cm) than
those fed wild zooplankton (cyclopoid copepods) (229.4 ± 81.2 mg
and 3.3 ± 0.4 cm), which generally is the contrary when dealing with
marinefish larvae fed these two types of live preys (Øie et al., 2011). Co-
pepods have generally lower total lipid and neutral lipid contents as
compared with Artemia, but have a higher proportion of phospholipids
and n-3/n-6, as well as higher total and free amino acid contents (see
reviews in Ahlgren et al., 2009; Øie et al., 2011). Thus, differences in
growth performance between both groups of butter catfish larvae may
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Fig. 6. Histological sections of the liver of butter catfish larvae at different times (days post hatch, dph). A, detail of the liver of a larva from FR-A at 7 dph showing large numbers of fat
deposits. B, liver of a larva from FR-A at 17 dph showing decrease in size and increase in numbers of fat deposits. C, liver of a larva from FR-C at 7 dph showing no fat deposits. D, liver
of a larva from FR-C at 17 dph showing large numbers of fat deposits. E, F, liver of larvae of FR-E at 7 and 17 dph, respectively, showing no change size and number of fat deposits.
G, H, liver of larvae fromFR-A and FR-C at 7 and 17 dph, respectively stainedwith Periodic acid-Schiff (PAS) showing large numbers of fat deposits. Abbreviations: FD, fat deposits. Staining:
hematoxylin–eosin (A–F), Periodic acid-Schiff (PAS) (G–H).
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be linked to different nutritional value of both live preys. In this sense,
freshwater copepods have a lower specific P content in comparison to
theirmarine counterparts, whereas theN:P ratio ofmarine zooplankton
is typically higher than that of freshwater zooplankton (Sterner and
Hessen, 1994). In addition, the lower growth performance of larvae
fed copepods may be hypothesized due to the presence of numerous
diapause eggs in this type of prey, since diapause eggs are resistant to
digestion in many fish species and they might represent a considerable
indigestible female copepod biomass (Bartholmé et al., 2005; Conway
et al., 1994; Flinkman et al., 1995), although this hypothesis could
not be validated under the present experimental conditions. The
above-mentioned differences as well as other nutritional variations be-
tween both types of live preys might explain the differences in growth
performance observed between larvae fed Artemia nauplii and
cyclopoid copepods (FR-A and FR-B, respectively) or different require-
ments by this species which are covered better by Artemia. However,
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ANOVA two-way
Variation source
Age P<0.001
Feeding regime          p<0.001 
Age*Feeding regime P<0.001  

Fig. 7. Effects of different feeding regimes and ages on the level of fat deposition (ACFD) in
the liver of butter catfish larvae. Different letters a, b, c, d correspond to significant differ-
ences (P b 0.05) in the level of fat deposition among feeding regimes (one-way ANOVA)
and the letters x, y, z denote age wise significant differences (P b 0.001) in the level of
fat deposition in the same feeding regime. P value for their interaction effect (P b 0.001)
(two-way ANOVA).
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further researchon thenutritional value ofwild freshwater zooplankton
is needed in order to characterize and optimize its nutritional properties
in terms of its suitability for fish larval feeding purposes.

How lipid content and composition in the diet is utilized by the var-
ious organs and tissues of fish is reflected in their structure (Gisbert
et al., 2008). As the different digestive organs employed different cellu-
lar mechanisms in response to qualitative and quantitative changes of
the diet, their use as nutritional and physiological biomarkers is well
established in fish larvae. In this sense, changes in the histological orga-
nization of the liver, the exocrine pancreas, the intestine and muscular
fibers have been used on a regular basis as histological targets to analyze
the nutritional condition of fish larvae and elucidate the effects of differ-
ent dietary regimes or nutrients on larval physiology, nutrition and
early development. These tissues and organs are especially sensitive
to non-optimal feeding conditions or nutritional stress during larval
development, because they are under progressive and intensive mor-
phogenesis, and consequently, they respond rapidly and sensitively to
nutritional disorders (see reviews in Gisbert et al., 2008; Cahu et al.,
2009). In the present study, butter catfish larvae fed Artemia nauplii at
7 and 12 dph had higher values of ACFD in the liver and intestine with
regard to the rest of dietary treatments, whereas it decreased by
17 dph. The same trendwith regard to the positive correlation between
the levels of intestinal and liver fat accumulationwas reported by sever-
al authors (Boglino et al., 2012; Papadakis et al., 2009), confirming that
this organ responds sensitively to changes in the diet in butter catfish
larvae. This trend is consistent with existing data on the process of
maturation of the digestive tract in butter catfish (Pradhan et al.,
2012) and the acquisition of an adult mode of digestion at the end of
the larval period (Pradhan et al., 2013). In contrast, larvae fed wild zoo-
plankton showed a lower degree of hepatic and intestinal fat deposits,
whichmight be due to the lower total lipid content a higher proportion
of phospholipids and n-3/n-6 in comparison to Artemia nauplii (Ahlgren
et al., 2009; Øie et al., 2011). Dietary phospholipids have been found to
greatly affect lipid digestion, absorption and transport in cultured fish,
as it is generally accepted that they have a beneficial effect on lipid
emulsification in the intestinal lumen (Tso, 1994), whereas their ab-
sence in the diet may lead to morphological alterations in the epithelial
gut (Liu et al., 2012). Thus, the higher accumulation of fat deposits in the
intestine of Artemia-fed butter catfish larvae with regard to larvae fed
zooplanktonmay indicate that although larvaewere able to satisfactori-
ly digest and absorb dietary lipids, they displayed a reduced lipid trans-
port capacity (Cahu et al., 2009; Gisbert et al., 2005). In this sense, this
accumulation pattern has led to the suggestion that intestinal lipid
inclusions may be considered as a temporary storage form of re-
esterified fatty acids when the rate of lipid absorption exceeds the rate
of lipoprotein synthesis, or because of an inability to metabolize lipids
(Kjørsvik et al., 1991; Segner et al., 1993). At the end of the trial, larvae
fed microdiet showed a higher degree of fat accumulation that both
groups fed exclusively live prey whichmight be attributed to the differ-
ent lipid total content and profile of diets. In any case, the accumulation
of lipids in the intestine or liver resulted in a potential pathological
situation that might have affected cell functionality and ultimately the
larval performance, since no signs of epithelial abrasion, cellular necro-
sis, and/or inflammatory reactions along the intestinal mucosa were
detected as a consequence of large lipid deposits (Gisbert et al., 2008).

The physiology andmorphogenesis of larval digestive tract might be
stimulated or impaired, depending on how co-feeding is performed
(Cahu and Zambonino-Infante, 2001). In fact, depending on the type
of microdiet and feeding regime the development and maturation of
the digestive system might be delayed or promoted (Vega-Orellana
et al., 2006; Engrola et al., 2007, 2010; Kamarudin et al., 2011; Liu
et al., 2012 among others). Under the present experimental conditions,
the exocrine pancreas of butter catfish larvae fed exclusively with live
preys (Artemia nauplii and zooplankton) or co-fed with live prey and
a microdiet for different periods of time had a normal histological orga-
nization with a large pancreocytes (65.3 ± 12.9 μm) arranged in acini
and a high amount of zymogen granules, whereas that of larvae fed
only the microdiet was characterized by smaller pancreocytes
(27.1 ± 5.6 μm) and a lesser quantity of zymogen granules between 7
and 12 dph. These results indicated impairment in the degree of matu-
ration and functionality of the exocrine pancreas, as well as that of the
glandular stomach (Gisbert et al., 2008). In this sense, some authors
have reported that an improper or abrupt weaning schedule might
delay the development of the stomach (Hamza et al., 2007; Liu et al.,
2012). In butter catfish larvae, early weaning did not only affect the
morphogenesis of digestive glands, but also the development of the
intestine, as larvae fed exclusively a microdiet showed a reduction in
number and size of intestinal folds, which might also have affected
larval performance since the intestine is the major site for nutrient di-
gestion and absorption (Gisbert et al., 2008). Regardless of the weaning
schedule tested, no differences in the level of cellular organization and
development was observed among treatments at the end of the study,
which indicated high plasticity of butter catfish larvae to different nutri-
tional conditions once their digestive systemwas completely developed
and larvae were adapted to the microdiet (Pittman et al., 2013;
Rønnestad et al., 2013).

5. Conclusions

Early larval feeding has been one of the main limiting factors that
have compromised the development of catfish farming in Indian rural
areas, since Artemia is a really expensive food item and its production
as live feed requires specialized facilities to produce (Chepkirui-Boit
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et al., 2011). Therefore, feeding protocols or diets that reduce depen-
dence on this type of live prey are of technical and economic interest
(González et al., 2008). Feeding regimes where butter catfish larvae
were fed exclusivelywith amicrodiet from the onset of exogenous feed-
ing or fed during a short period of time (3 days) with live feed and then
switched to microdiet lead to growth arrest and poor survival. The re-
sults from this study indicated that it is feasible to rear butter catfish lar-
vae with zooplankton without dependence upon Artemia nauplii, and
also that larvae may be weaned onto microdiets after a short period of
co-feedingwhenweaning takes place after 7 dph. However, present re-
sults were obtained under small experimental conditions and need to
be further verified at a commercial scale.
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