
1 

 

Comparative ontogeny of the digestive tract of Oncorhynchus mykiss ♀ x Salmo 1 

trutta caspius ♂ triploid hybrids to their parental species 2 

 3 

Babak Najafpour1+, Salar Dorafshan1*, Fatemeh Paykan Heyrati1, Adelino V. M. 4 

Canario 2 and Deborah M. Power 2 5 

1. Department of Natural Resources, Isfahan University of Technology, 84156-83111, 6 

Isfahan, Iran  7 

2. CCMAR - Centro de Ciências do Mar, Universidade do Algarve, Campus de 8 

Gambelas, 8005-139 Faro, Portugal 9 

 10 

+Present address: CCMAR, Universidade do Algarve, Campud de Gambelas, 8005-139 11 

Faro, Portugal. 12 

Running Title: Ontogeny of digestive tract 13 

*Corresponding Author 14 

Salar Dorafshan 15 

Associate professor, 16 

Department of Natural Resources, Isfahan University of Technology, 17 

Isfahan, 85156-83111, Iran 18 

sdorafshan@iut.ac.ir 19 

Tel: +98 913-315-1423 20 

Fax: +98 3391 2841 21 

 22 

mailto:sdorafshan@iut.ac.ir


2 

 

ABSTRACT 23 

The ontogeny of the gastrointestinal tract of the hybrid between female rainbow trout, 24 

RT (Oncorhynchus mykiss) and male Caspian brown trout, CBT (Salmo trutta caspius) 25 

was compared to the parental species. Larvae were collected for histology and 26 

enzymatic assays (amylase, lipase and trypsin) at 3, 6, 9, 12, 15, 18, 21, 26, 31, 35, 40 27 

and 45 days post hatch (dph). The development of the gastrointestinal tract (GI-tract) 28 

and the onset of digestive enzyme production was variable between groups. The GI-29 

tract post hatch was a relatively simple tubular structure and a rudimentary esophagus 30 

was differentiated from other regions at 3 dph in all studied groups. The pyloric caeca 31 

and the U-shaped stomach were clearly visible at 26, 35 and 40 dph in RT, triploid 32 

hybrid and CBT, respectively. An abrupt increase in trypsin activity at 31, 35 and 45 33 

dph, was identified in CBT, RT and the triploid hybrid, respectively. The increasing 34 

activity of trypsin and decreasing activity of lipase during larval development suggests 35 

that the CBT, RT and triploid hybrid rely more on dietary proteins than lipids with 36 

increasing age. The hybrid grew better and had a faster GI-tract development than CBT, 37 

while RT performed best overall. 38 

 39 

KEYWORDS: Gastrointestinal development; Digestive enzymes; Larval development; 40 

Salmonid; Hybridization 41 

 42 

 43 
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1. INTRODUCTION 45 

Hybridization or the crossing of individuals from the same species (crossbreeding) 46 

or different species (interspecific) offers the possibility of improving traits that benefit 47 

aquaculture. Hybridization in salmonids has been used to improve disease resistance, 48 

growth rates, manipulate sex ratios and to produce sterile fish (Bartley et al., 2000). For 49 

example, Salmo trutta x Salvelinus fontinalis hybrids are sterile (Scheerer & Thorgaard, 50 

1983). The hybrids of Salvelinus namaycush x S. fontinalis (maintained at low pH, 5.5-51 

7.2) and Salmo labrax x Oncorhynchus mykiss have increased growth rates relative to 52 

the parental species by day 200 post hatch (Akhan et al., 2011). While O. mykiss x 53 

Salvelinus sp. and S. trutta x S. salar hybrids have increased disease resistance 54 

(Maynard et al., 2016). Despite the potential advantages of the salmonid hybrids, their 55 

exploitation for aquaculture is uncommon due to high mortality during embryonic 56 

stages and up until external feeding (Bartley et al., 2000). Nonetheless, there are some 57 

reports that triploidization can increase the viability of salmonid hybrids (Scheerer & 58 

Thorgaard, 1983; Blanc et al., 2000; Blanc & Maunas, 2005). One potential reason for 59 

high mortalities during the larval stage may be abnormalities in digestive tract function 60 

and for this reason characterization of gastrointestinal tract development and the 61 

nutritional physiology of fish larvae can contribute to overcome such problems 62 

(Rønnestad et al., 2013).  63 

Caspian brown trout, CBT, Salmo trutta caspius is one of the native cold-water 64 

species with high potential for aquaculture in the Caspian basin countries (Najafpour et 65 

al., 2019). The fish belongs to Salmo trutta and has a greater size, weight and growth 66 
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rate than other subspecies of the brown trout (Sedgwick, 1995). Although rainbow trout, 67 

RT (Oncorhynchus mykiss) is one of the most important cultivated species worldwide 68 

and its production has grown exponentially, it suffers from diseases outbreak (Olsen et 69 

al., 2015). In contrast CBT is more resistant to disease but has a lower growth rate than 70 

the RT and a hybrid of these two species may be a means of taking advantage of their 71 

traits of interest for production. To the best of our knowledge there are no studies on 72 

digestive tract ontogeny in salmonid hybrids. Therefore, in the present study, histology 73 

and enzymatic assays (amylase, lipase and trypsin as indicators of carbohydrate, lipid 74 

and protein digestion, respectively) were used to evaluate and compare the ontogeny of 75 

the digestive tract in developing triploid hybrids (female RT and male CBT) and their 76 

parents. Evaluating the morphology of gastrointestinal tract (GI-tract) (Gisbert, et al., 77 

2004) and digestive enzyme secretion (Kolkovski, 2001; Furne et al., 2005) can give 78 

insight into when a fully functional GI-tract has developed and allow the adjustment of 79 

feeding practices so they are appropriate for the developmental stage of the larvae. 80 

Morever, characterizing the presence and levels of activity of the main digestive 81 

enzymes during larval development provides valuable information for designing diets 82 

with an appropriate composition (Mente et al., 2017). 83 

2. MATERIAL AND METHODS  84 

2.1 Experimental groups and breeding condition 85 

Overall, four experimental groups were produced: I, diploid RT, Oncorhynchus 86 

mykiss; II, diploid CBT, Salmo trutta caspius; III, triploid hybrids between female RT 87 

and male CBT (O. mykiss ♀ x S. t. caspius ♂), and IV diploid hybrids between female 88 
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RT and male CBT (O. mykiss♀ x S. t. caspius ♂). However, group IV of diploid 89 

hybrids (O. mykiss ♀ x S. t. caspius ♂) was excluded from further experimentation, due 90 

to high mortality during the embryonic and larval development. 91 

Male and female brooders (10 of each from each species) were handled according 92 

to standard hatchery protocols to obtain the hybrids (Sedgwick, 1995). Average total 93 

length and weight of brooders were: RT: male 40.5±4.4 cm and 1207.5 ± 103 g, female 94 

65.2 ± 5.7 cm and 3000.2 ± 150 g and CBT: male 40.2 ± 3.8 cm and 2100 ± 145 g, 95 

female 62.7 ± 3.3 cm 2818.6 ± 86 g. Ova and milt were collected by gently squeezing 96 

the abdomen of the fish anesthetized with clove powder (approx. 120-140 mg/l). In 97 

vitro fertilization was carried out using the dry method and adding 3–4 volumes of 98 

activating solution (125 mM NaCl, 30 mM Glycine, 20 mM Tris-HCl, pH=9) to the 99 

mix of milt and ova (Billard, 1983). Each population of eggs and milt for the respective 100 

crosses were generated from a pool of 500 grams of eggs and by adding sperm in a ratio 101 

of 1/100 (sperm volume/egg volume). The eggs were kept in plastic containers and 102 

underwent the water hardening process within 60 minutes post fertilization. Eggs were 103 

transferred to horizontal fiberglass incubator troughs (approx. volume = 200 liter; 104 

dimension (L×W×H) = 233×60×18 cm; tray capacity = 4 units; color = grey) and three 105 

replicate troughs were assigned to each experimental group (I, II, III, IV) using about 106 

160 grams of fertilized eggs for each replicate (Fig. 1).  107 

To incubate and culture fish eggs and larvae, a circulation system supplied with 108 

fresh water from a well, was used at the Isfahan university of Technology, Isfahan, Iran. 109 

Water (8 L/min) was supplied to the replicate treatment tanks by 3 header tanks of 2 m3 110 
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and entered the troughs by gravity. During incubation, at 10 ± 1 °C, the egg trays were 111 

covered with black plastic to prevent the effects of light, and any stress from 112 

manipulation and displacement, was prevented. The water quality in the fish tanks was 113 

monitored on a daily basis and maintained within the following limits: temperature, 9-114 

10 °C; dissolved oxygen, 8.9-9.5 mg/L; pH, 7.8‒8.2; electrical conductivity, 482.2‒115 

484.4 µs/cm; total hardness, 179‒182 mg/L CaCO3; total phosphate, 0.07‒0.09 mg/L; 116 

and dissolved organic carbon, 0.5‒0.6 mg/L. 117 

After incubation and hatching (RT and hybrid = 300 degree-day, CBT = 370 118 

degree-day), the egg support trays were removed from the three replicate troughs and 119 

the larvae were maintained under the conditions indicated above (Fig. 1). After 2/3 of 120 

the yolk sac was absorbed, the larvae were fed extruded pellets (Biomar, crude protein: 121 

60%; crude lipid: 10%; carbohydrates (NFE): 11.2%; Crude cellulose: 0.3%; ash: 122 

12.2%; total phosphorus (P): 2.0%; gross energy: 20.4MJ/kg; digestible energy: 123 

18.3MJ/kg; typical content of nitrogen (N): 9.6%, pellet size for 0.1-0.2g larvae = 0.4 124 

mm; pellet size for 0.2-0.4g larvae = 0.6 mm). Larvae were fed seven times per day 125 

before yolk sac absorption and twice a day after yolk sac absorption until 45 dph. Fish 126 

were fed by hand ad libitum in each feeding.  127 

2.2 Triploidy induction 128 

     Induction of triploids was carried following established procedures for RT and 129 

CBT on a single batch of fertilized eggs, 10 min post-fertilization, by holding the eggs 130 

at 30 ºC for 10 min (Arai & Wilkins, 1987; Dorafshan et al. 2008; Kalbassi et al., 2009). 131 

The effectiveness of thermal shock in our study was evaluated at more than 95%. The 132 
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ploidy level was characterized by flow cytometry. Briefly, blood samples were taken 133 

from at least 10 fish (average weight = 0.6 g) in 75-mm heparinized capillary tubes. 134 

The blood cells were stained with the fluorescent dye, 4′,6-Diamidino-2-phenylindole 135 

dihydrochloride (DAPI, Sigma: 28718-90-3) that were diluted 1:10000 in a solution 136 

containing 0.146 M NaCl, 0.1 M Tris (pH 7.4), 0.2% bovine serum albumin, 10 pg/ml 137 

(DAPI), 0.021 M MgCl and 0.6% NonidetP-40 (Thorgaard et al., 1982). Then, the 138 

stained nuclei of the red blood cells were detected using a FL2-H fluorescent detector 139 

and the fluorescent density, determined using the horizontal axis of the flow cytometer 140 

histogram, to establish the relative DNA content per cell nucleus.  141 

2.3 Sample collection  142 

      Larvae were collected from each replicate trough during the experiment at: 3, 6, 143 

9, 12, 15, 18, 21, 26, 31, 35, 40 and 45-days post hatch (dph). Sampling occurred before 144 

feeding at approximately the same time each day (17.00 h) in each of the experimental 145 

groups. A sample of 10 larvae was collected for GI-tract histology and another sample 146 

of 10 larvae was collected for enzyme activity from each of the replicate troughs (i.e. 6 147 

pools of 10 larvae/experimental group corresponding to 60 larvae) were collected per 148 

timepoint. Larvae for histology were anesthetized in ice-cold water, fixed in 10% 149 

neutral buffered formalin (pH=7.4) and stored at 4 ºC until analysed (3-6 were analyzed 150 

at each sampling time) (Fig. 1). For growth analysis, 10 larvae per experimental group 151 

were anesthetized and weighed (g) at each sampling times. Larvae for the enzyme 152 

assays, were anesthetized in ice-cold water, excess moisture was removed and then they 153 

were snap-frozen in liquid nitrogen and stored at -80 ºC. The enzyme assays were 154 
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performed at CCMAR, Portugal and so before sample shipping they were lyophilized 155 

at -60 ºC at Isfahan University of Technology, Iran to ensure sample stability.  156 

2.4 Growth performance and survival rate 157 

     Survival rates were evaluated at the eyed egg, hatching, and active swimming 158 

(swim bladder inflation) stages. The specific growth rate (SGR) was calculated 159 

according to the following formula: 160 

SGR % = 100 × (Ln (average terminal body weight)-Ln (average initial body weight)) 161 

/ number of test days.  162 

2.5 Histological analysis  163 

      Larvae between 3 and 18 dph were processed directly for histology. Larvae 164 

between 21 and 45 dph were decalcified before embedding in paraffin wax. Larvae 165 

were decalcified by washing them in sterile water 3 x 10 minutes followed by 166 

immersion in a solution of 0.5 M EDTA, pH 8.0. The decalcifying larvae were kept in 167 

the dark at room temperature with constant, gentle agitation and the EDTA solution was 168 

changed every 2 days over 5-7 days. After EDTA decalcification, samples were washed 169 

in sterile water for 3 x 30 minutes and stored in 70% ethanol. For paraffin embedding 170 

all larvae (3 – 45 dph) were dehydrated in a graded series of ethanol (70, 90 and 100%), 171 

saturated in xylene and impregnated with low melting point paraffin wax (58ºC, 172 

Histosec, Merck). Serial sagittal sections (5 μm thick) of wax embedded larvae were 173 

prepared using a manual rotary microtome (Leica RM 2135, Germany). Sections were 174 

mounted on 3-aminopropyltriethoxysilane (APES) coated glass slides, dried overnight 175 

at 37 °C and then stored until staining. At least 3 slides from 3 individuals of the same 176 
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stage were analyzed after staining with haematoxylin and eosin (H&E). The 177 

morphological characteristics of the gastrointestinal tract was analyzed using a 178 

microscope (Leica DM2000) coupled to a digital camera (Leica DFC480) linked to a 179 

computer for digital image analysis. 180 

2.6 Enzyme assays 181 

     Preliminary studies were carried out to optimize the extraction of protein from 182 

lyophilized larvae. The buffers tested for protein extraction were RIPA (150mM NaCl, 183 

50mM Tris HCl, 1% Triton x100, pH 8), phosphate buffer (50 mM, pH 8.4) and Tris 184 

buffer (50 mM, pH 8.4). The highest protein yield was obtained with Tris buffer (50 185 

mM, pH 8.4), which was adopted for all extracts. To standardize the extraction protocol, 186 

from a pool of 10 lyophilized larvae, 25 mg was taken for each crude extraction sample 187 

and solubilized in 500 µl ice-cold Tris buffer (50 mM, pH 8.4), vortexed and 188 

homogenized for 10 s (UltraTurrex, Spain), and maintained on ice for 10 minutes. 189 

Samples were centrifuged (10,000 rpm) at 4 °C for 10 minutes and the supernatant (300 190 

µl of larval extract) collected and stored at -80 °C until analysis.       191 

   Total protein was quantified in triplicate using a Bradford assay (Bio-Rad, USA) 192 

scaled down for a microplate. Briefly, 5 µl of the supernatant from the crude extract and 193 

250 µl of the dye reagent 1x were added to each microplate well. After 5 minutes of 194 

incubation in the dark, the absorption was read at 595 nm using a UV/Vis 195 

spectrophotometer (Thermo Fisher Scientific Oy, Ratastie 2, Fl-01620, Vantaa, Finland). 196 

The total protein of the crude extract was expressed as mg/g dry weight of larvae. 197 

Bovine Serum Albumin was used to prepare a standard curve (Quick Start BSA 198 
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Standard Set #5000207, Bio-Rad, USA) and the concentration of protein in samples 199 

was calculated and expressed as mg/g dry weight larvae. 200 

     Alpha-amylase activity was analyzed using the 3,5-dinitrosalicylic acid (DNS) 201 

method (Bernfeld, 1951; Worthington, 1991). A starch substrate (1% w/v) (Sigma-202 

Aldrich-33615) solution was prepared by mixing it in phosphate buffer (20 mM 203 

Na2HPO4, pH 6.9) and boiling for 15 minutes with constant mixing. The assay was 204 

optimized for a 96-well microplate, and each reaction contained 55 µl of the 1 % starch 205 

solution and 25 µl of the larval extract and was incubated at 37 °C for 10 min. Colour 206 

development was carried out by adding 50 µl of 1 % dinitrosalicylic acid (DNS) to each 207 

reaction and boiling for 5 mins at 100 °C. The reaction mixture was then cooled on ice 208 

for 5 minutes and 155 µl of distilled water was added to each well. Blank reactions were 209 

prepared in the same way but without adding the extracts containing the enzyme. The 210 

absorbance was read at 540 nm using a UV/Vis spectrophotometer (Thermo Fisher 211 

Scientific Oy, Ratastie 2, Fl-01620, Vantaa, Finland). A standard curve of monohydrate 212 

maltose (0.9-4.5 µM/ml) was prepared using the same procedure as for the samples but 213 

without adding starch. The specific activity of α-amylase is represented as µmol 214 

maltose /min /mg protein.  215 

     Lipase activity was determined using p-Nitrophenyl laurate as the substrate 216 

(Winkler & Stuckmann, 1979). One unit of lipase produces 1 µmol of p-nitrophenyl 217 

/min under the specified reaction condition. The assay was optimized for a 96-well 218 

microplate. Each reaction contained 25 µl of the substrate (420 µM p-Nitrophenyl 219 

containing SDS and Triton-X 1 %) and 25 µl of 0.1 M Tris-HCl buffer (pH 8.2) and 10 220 
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µl of larval extract and was incubated at 35 °C for 30 min. The change in absorbance 221 

of the reaction was continuously monitored over 10 minutes at 410 nm. A standard 222 

curve was generated using p-nitrophenol (range 5-60 µM) and following the same 223 

procedure as for the samples. 0.1 M Tris-HCl buffer (pH 8.2) was used as the blank. 224 

Lipase activity (U/ml) was determined using the following formula: 225 

Lipase activity (U/ml) = ΔA × Vf / Δt × Vs × e 226 

Where, ΔA is the difference in absorbance between the beginning and end of the assay, 227 

Vf is the final volume (ml), Δt is the duration of the assay, Vs is the volume of the 228 

sample (ml) and e is the slope of the standard curve. Lipase activity is expressed as mU/ 229 

mg protein. 230 

     Trypsin equivalent activity was determined using a modification of the method 231 

developed by (García-Carreño, 1992) for evaluation of total protease activity. Reactions 232 

contained 100 µl of larval extract and 100 µl azocasein (0.5% in 100 mM Tris buffer, 233 

pH 8). Reactions were incubated for 10 min at 25 °C and were stopped by adding 100 234 

µl of 10 % TCA and incubating at 25 °C for a further 15 min. The supernatant was 235 

collected by centrifugation (1200 relative centrifugal force for 5 min at 4 °C) and 100 236 

µl of the supernatant was added to 100 µl of 1 N NaOH in a 96-well microplate. 237 

Absorbance was recorded at 450 nm. For the standard curve, trypsin (Sigma T-7409, 238 

1000 – 2000 BAEE per mg solid) was diluted in physiological buffer (0.1 M Tris-HCl, 239 

0.02 M CaCl2, pH 7.9) and was subject to the same reaction conditions as outlined 240 

above but substituting the larval extracts for trypsin (range: 0.54-7 mg/ml). Trypsin 241 

equivalent activity is expressed as U/mg protein of larvae. One unit (U) of enzyme 242 

activity was defined as the amount of enzyme that hydrolyzes azocasein resulting in an 243 

increase in 0.001 units of absorbance/minute/ ml (Candiotto et al., 2018; Campos et al., 244 

2019).  245 

2.7 Statistical analysis 246 
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     To analyze growth and the activity of the digestive enzymes in each experimental 247 

group with time/age and also to compare different groups (RT, CBT and the triploid 248 

hybrid) at each age/sampling time two-way analysis of variance was applied using 249 

SigmaPlot (version 14; Systat Software GmbH, Erkrath, Germany) followed by a 250 

Holm-Sydak post-hoc test. Statistical significance was taken as p < 0.05. The results 251 

are reported as the means ± standard error of the mean, SEM. 252 

3. RESULTS 253 

3.1 Survival and growth performance  254 

     The survival rate at the eyed egg, hatching and active swimming or first feeding 255 

stages, was highest for RT and lowest for the triploid hybrid (Table 1). The growth 256 

performance of the larvae was evaluated across the 45 days of the study and the final 257 

average weight (g) and SGR was highest for RT and triploid hybrids and lowest for 258 

CBT (p < 0.05; Table 1, Fig. 2).  259 

3.2 Histology 260 

The main morphoanatomical changes of the GI-tract of RT, CBT and their hybrid 261 

were identified by histology up to 45 dph (Table 2). Yolk sac absorption was considered 262 

as a putative marker for the complete transition from endogenous to exogenous energy 263 

reserves. Apart from the timing of the development of the digestive organs, the general 264 

structure and the main ontogenetic steps of GI-tract development in the studied groups 265 

were similar and showed increasing complexity as the larvae grew (Fig. 3A, B, C). The 266 

yolk sac and vitelline syncytium were observed from 3 to 18 dph in RT, while in the 267 

triploid hybrid and CBT, they were visible until 31 dph (Fig. 3A, B, C). In all studied 268 
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groups, the GI-tract was a relatively simple tubular structure at hatching (Fig. 3A). A 269 

rudimentary esophagus was distinguishable from other regions at 3 dph and was well-270 

developed with a large diameter and many mucosal folds containing abundant goblet 271 

cells at older ages (e.g. 40 dph, Fig. 3C). 272 

At 3 dph, the stomach was distinguished as a sack-like swelling of the intestine and 273 

at the anterior and posterior regions, the forming valves created a constriction where it 274 

joined the esophagus and proximal intestine, respectively (Fig. 3A). The developing 275 

cardiac sphincter was evident at the junction of the esophagus and stomach and the 276 

pyloric sphincter at the junction of the stomach and anterior intestine. On day 6, the 277 

stomach appeared as a small swelling of the intestine but as it developed two main 278 

regions (cardiac and fundus) were evident and it gradually curved and assumed a 279 

characteristic U-shaped. The stage at which stomach flexion occurred was 15 dph in RT 280 

and 18 dph in the triploid hybrid and CBT (Fig. 3A, B). The triploid hybrid and CBT 281 

reached a similar developmental stage at 31 dph indicating they have a similar 282 

developmental rate (Fig. 3B, C). However, from 31 dph to 45 dph the formation of a 283 

well-developed U-shaped stomach and pyloric caeca occurred more rapidly in the 284 

triploid hybrid than in CBT (Fig. 3C). Pyloric caeca were evident at 26 dph in RT, at 35 285 

dph in the triploid hybrid and at 40 dph in CBT (Fig. 3B, C). The development of the 286 

pyloric caeca was the last detected morphoanatomical change in the GI-tract.  287 

At 3 dph, the folding of the absorptive surface of the intestine was not evident 288 

although signs of primitive folds were observed (Fig. 3A). As the larvae grew, the gut 289 

lengthened, and the intestinal lumen was occupied by undulating mucosal folds that 290 
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became more obvious at 6 dph. From 15 dph, abundant mucosal folds were evident in 291 

all groups indicating the digestive and absorptive surface was increased. In general, the 292 

morphoanatomy of the lumen of the GI-tract was similar between RT, triploid hybrid 293 

and CBT until 15 dph (Fig. 3A). After 15 dph, the rate of differentiation of the 294 

esophagus and intestine differed between the species, but the most notable difference 295 

was found in the timing of stomach formation and the development of the pyloric caeca. 296 

Overall, the developmental rate of the GI-tract in the hybrid and RT was more similar 297 

compared to CBT which had a slower developmental rate. Furthermore, the GI-tract 298 

development rate in larvae paralleled the whole-body growth rate for RT, CBT and the 299 

hybrid.  300 

3.3 Biochemical and enzyme assay 301 

 Total protein  302 

     The relative concentration of protein (mg/g dry weight of larvae) increased with 303 

increasing age in all experimental groups and reached a maximum (p<0.05) at 15 dph 304 

for RT (Fig. 4), 35 dph for the triploid hybrid (Fig. 4) and at 21 dph for CBT (Fig. 4). 305 

Once the relative protein content of larvae reached a maximum, no further rise in the 306 

protein content (mg/g dry weight of larvae) was observed in the RT, CBT or triploid 307 

hybrid (Fig. 4) 308 

Trypsin  309 

     Between 3 and 26 dph, trypsin activity (measured in trypsin equivalents) was low 310 

in the developing larvae of all studied groups. Trypsin activity then increased 311 

exponentially with a significant peak (p<0.05) at 35 dph for RT, at 45 dph for the triploid 312 
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hybrid and at 31 dph for CBT (Fig. 4). After the peak in trypsin activity a significant 313 

decrease (p<0.05) occurred at 35 and 40 dph in CBT and RT respectively (Fig. 4).  314 

Amylase  315 

     Higher levels of amylase activity were detected at 40 dph for RT in comparison 316 

to the other groups (p<0.05; Fig. 4). In the triploid hybrid, amylase activity was stable 317 

across the 45 days of the experiment and the average level of activity, 3.78 mU/mg 318 

protein, was mid-point between the levels of activity measured for RT (4.86 mU/mg 319 

protein) and CBT (3.58 mU/mg protein) (Fig. 4). The highest amylase activity occurred 320 

at 31 dph in the CBT (p<0.05; Fig. 4). In all studied groups, a sharp decline in the 321 

enzyme activity were measured immediately after the highest point (Fig. 4).   322 

Lipase  323 

    A continuous decrease in lipase activity levels were observed in RT from hatching 324 

until 35 dph (Fig. 4). The decreasing trend in lipase activity was also detected in the 325 

triploid hybrid where a minimum was recorded at 45 dph (Fig. 4). In CBT, the highest 326 

measurable level was observed at 18 dph and then it decreased to a minimum at 45 dph 327 

(Fig. 4).  328 

4. DISCUSSION 329 

    The survival rate and digestive tract ontogeny between RT, CBT and their triploid 330 

hybrids were analyzed. The mortality rate of triploid hybrid (RT ♀ x CBT ♂) was higher 331 

than the parental species during the incubation phase before and during hatching and 332 

this has previously been reported in salmonid hybrids (Blanc et al., 2000; Blanc & 333 

Maunas, 2005). Fujiwara et al. (1997) suggested that chromosome imbalance and/or 334 

https://link.springer.com/article/10.1007/s004120050223#article-info
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elimination could cause the lack of viability in some salmonid interspecific hybrids and 335 

could be improved by triploidy induction.  336 

    The histology results suggest obvious folding of the pharynx and esophagus and 337 

the presence of abundant goblet cells as indicators of a well-developed esophagus at 338 

older ages (e.g. 40 dph). Increasing longitudinal folds and goblet cells along the length 339 

of the esophagus with age have been observed in other studies (Yang et al., 2010) and 340 

have previously been linked with functional changes in the anterior part of the digestive 341 

tract (Hamlin et al., 2000). The early formation of a simple buccopharynx and 342 

esophagus a few days post hatch in all the larval fish studied (CBT, triploid hybrid and 343 

RT) corroborates the results of previous studies on RT (Sarieyyüpoğlu et al., 2000) and 344 

in other salmonid species e.g. Atlantic Salmon Salmo salar (Sahlmann et al., 2015). 345 

Observations from the present and previous studies suggest that during early larval 346 

development the increase in diameter of the esophagus and its degree of folding can be 347 

used as a morphological marker of GI-tract development in the post-feeding stages.  348 

 The developing stomach in triploid hybrids and their parental species was evident 349 

soon after hatching suggesting they are not altricial-gastric fish (Rønnestad et al., 2013; 350 

Gomes et al., 2014) since differentiation of the stomach occurred before the onset of 351 

first feeding. The histological observations of the GI-tract suggest that the stomach was 352 

most likely functional in all fish groups before the yolk sac was totally resorbed and 353 

exogenous feeding was initiated, even though it was not fully developed. This is in line 354 

with previous observations in S. salar, Oncorhynchus masou and Oncorhynchus keta 355 

(Sahlmann et al., 2015). The early appearance of a stomach in RT corroborates 356 
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observations from other studies (Sarieyyüpoğlu et al., 2000) but this is the first time 357 

that the ontogeny of the stomach has been reported and shown to be conserved in the 358 

CBT and the hybrid. Adult salmonids have a siphonal or U-shaped stomach that is 359 

common among the Osteichthyes and is linked to their feeding strategy (Wilson & 360 

Castro, 2010).  361 

 The results of the present study revealed that the time at which the GI-tract folded 362 

to the more efficient and functional U-shaped stomach differed between the studied 363 

groups. The differences in the timing of stomach formation may explain the significant 364 

differences in the growth rate of the larvae between the hybrids and non-hybrids. 365 

Moreover, the pyloric caeca, another indicator of digestive tract function, appeared at 366 

different time points in the older larvae of the hybrid and non-hybrid fish studied (Table 367 

2). The relevance of the pyloric caeca is their importance as possible structures for 368 

digestion and nutrient uptake (sugar, amino acid, and dipeptide) and their appearance 369 

gives an indication of digestive tract functionality as has been shown in previous studies 370 

(Blier et al., 2007). The obvious development of these structures in terms of 371 

morphology was well matched with a well-developed U-shaped stomach. This suggests 372 

the pyloric caeca may have an important role in the secretion of digestive enzymes such 373 

as trypsin while when the gastric glands become fully functional and secrete 374 

hydrochloric acid and pepsin into the stomach the role of trypsin in the stomach is 375 

limited. This idea is supported by studies of Atlantic cod in, which it was shown that 376 

the combined effect of trypsin activity and the size of pyloric caeca resulted in increased 377 

digestive capacity (Blier et al., 2007). 378 
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High mortality can occur at the transition to exogenous feeding and this is a critical 379 

stage in larval development and the timing of the changes in morphology of the mouth 380 

and digestive tract is decisive (Makrakis et al., 2005). The results of the present 381 

comparative study suggest that adaptation to dry food before complete resorption of the 382 

yolk sac may be a key factor in decreasing mortality at weaning as in RT with the fastest 383 

GI-tract development, the lowest mortality was observed. Although, the results could 384 

suggest that higher mortality of the triploid hybrid than CBT at the swimming stage 385 

was the results of hybridization rather than an underdeveloped digestive tract.  386 

     A short steady-state phase after hatching and then an exponential increase in 387 

trypsin activity linked to start-feeding seems a common event during fish larval 388 

development (Lemieux et al., 2003; Sahlmann et al., 2015; Teles et al., 2019). In general, 389 

from hatching to metamorphosis approximately four-phases have been proposed for 390 

trypsin activity development in fish larvae (reviewed by Rønnestad et al., 2013). In 391 

phase I, trypsin increases in the yolk-sac stage to the start of exogenous feeding; in 392 

phase II, trypsin activity decreases and this is a critical stage, which can lead to poor 393 

growth and high mortality rates; in phase III, trypsin production is in balance with the 394 

food supply and in the last phase (IV) trypsin activity drops at the beginning of 395 

metamorphosis. The results obtained in the present study did not comply with the 396 

proposed model for trypsin activity development in marine fish larvae probably due to 397 

their ontogenetic diferences (Rønnestad et al., 2013). The results suggest that phase II 398 

did not occur and that the highest level of trypsin activity and subsequent decrease 399 

(phase IV) may be associated with the first metamorphic transition to parr (after 400 
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absorption of the yolk sac) (Parkyn & Hawryshyn, 2000). The decrease in trypsin is 401 

proposed to be linked to the formation of the gastric glands and onset of pepsin activity 402 

(Chen et al., 2006; Ma et al., 2014; Teles et al., 2019).  403 

 Comparison of the histological sections and the trypsin enzyme activity obtained 404 

in the present study revealed that the morphoanatomical appearance indicative of a fully 405 

functional stomach coincided with the time that trypsin reached its lowest value in all 406 

the studied groups. In the Atlantic salmon it was also observed that the formation of a 407 

fully functional stomach was associated with the decline in trypsin activity, which 408 

reached a minimum at 80 dph when pepsinogen transcripts were high (Sahlmann et al., 409 

2015). Based on the results of the Atlantic salmon and the results from the present study 410 

we propose that the decrease in trypsin activity (which has been less considered in 411 

ontogeny studies) is linked with the formation of a fully functional stomach and 412 

possible ability to digest high-protein formulated diets. The peak in trypsin may signal 413 

the full development of the exocrine glands/secretory process of the trypsinogen 414 

producing pancreas. This is further supported by observations that pancreas zymogen 415 

granule abundance was correlated with trypsin activity in homogenized whole larvae 416 

of seabass (Dicentrarchus labrax L) (Beccaria et al., 1991) and that the gradual increase 417 

in trypsin expression and activity in the developing bullseye puffer fish Sphoeroides 418 

annulatus coincided with the development of the pancreas (Garcia-Gasca et al., 2006).  419 

     The gradual rise in the specific activity of amylase during development coincided 420 

with weaning to dry food in RT and CBT and corroborates observations in other fish 421 

larvae that the development of the digestive system is stimulated by food (Zouiten et 422 
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al., 2008). The reduction in amylase activity in RT and CBT with age may be linked to 423 

carnivorous feeding as previously reported for other carnivorous fish species such as 424 

seabream and other marine species (Khoa et al., 2019; Yúfera et al., 2018). No 425 

progressive increase in amylase was observed in the triploid hybrids during early 426 

development, suggesting a difference in the carbohydrate metabolism pattern in this 427 

particular group compared to RT and CBT. It seems amylase activity of the triploid 428 

hybrid is more influenced by the maternal genome (RT) as the average activity of 429 

amylase was higher than in CBT and this may explain the similar growth rate between 430 

the triploid hybrid and RT. The peak in amylase, another pancreatic enzyme, is similar 431 

to what was observed for trypsin in the RT and CBT and further substantiates the idea 432 

that the pancreas is fully functional. 433 

     In contrast to amylase, lipase activity was similar in all experimental groups. The 434 

high levels of lipase early in ontogeny was most likely extra-intestinal and this probably 435 

reflects the dependency of larvae on lipids mobilized from the yolk. A similar pattern 436 

of lipase activity was observed in the Asian sea bass (Srichanun et al., 2013), longfin 437 

yellowtail (Teles et al., 2019) and Persian sturgeon (Gilannejad et al., 2019) where the 438 

lipase activity was increased in the first few days post hatch and then decreased as age 439 

increased. The switch from dependency on the yolk to an external food source 440 

presumably explains the progressive reduction in lipase to a minimum at 441 

metamorphosis in RT, CBT and the hybrid.  442 

CONCLUSION 443 

 This study highlighted some histological indicators of a functional GI-tract in 444 



21 

 

salmonids such as the increase in folding and goblet cells in the pharynx and esophagus, 445 

U-shaped stomach and pyloric caeca. The GI-tract development and digestive enzyme 446 

(trypsin, lipase and amylase) activity in triploid hybrids was more similar to RT than 447 

CBT. This may be explained by the greater genetic contribution of the female since the 448 

offspring acquire an extra maternal chromosome set through retention of the polar body. 449 

In general, RT and CBT showed the highest and lowest growth rates, respectively. The 450 

data suggests that trypsin and amylase activities during ontogeny were induced by 451 

exogenous feeding and that the subsequent decrease in their activity may be linked to 452 

the complete transition to exogenous feeding and metamorphosis. There was also 453 

indication of species/hybrid specific enzymatic patterns and activity levels such as the 454 

amylase pattern in triploids. The differing patterns of morphoanatomical development 455 

and digestive enzyme activities in the GI-tract of the hybrid, RT and CBT may be useful 456 

to establish the most appropriate timing for exogenous feeding but also to optimize the 457 

composition of dry feeds.  458 

 Production relevant insights into the effect of triploidization on trait inheritance 459 

such as growth and digestive capacity in triploid hybrids of RT and CBT is reported for 460 

the first time. The results indicate that the future use of triploid hybrids in aquaculture 461 

is promising. However, the low survival of hybrids at the early stages is an explicit 462 

limitation. Therefore, more efforts will be required before the hybrids of these species 463 

can be fully exploited for aquaculture. 464 

ACKNOWLEDGEMENT 465 

The authors acknowledge comparative endocrinology and integrative biology group 466 



22 

 

members of CCMAR (Centro de Ciências do Mar, Universidade do Algarve Portugal) 467 

for their kind assistance. Work at CCMAR was funded by the Portuguese Foundation 468 

for Science and Technology (FCT) project UID/Multi/04326/2019. The Department of 469 

Natural Resources of Isfahan University of Technology provided fish breeding and 470 

culture facilities and support from Iran’s Ministry of Science, Research and Technology.  471 

 472 

CONFILICT OF INTEREST: The authors declare that they have no conflict of 473 

interest. 474 

 475 

REFERENCES   476 

Akhan, S., Delihasan Sonay, F., Okumus, I., Köse, Ö., & Yandi, I. (2011). Inter‐specific 477 

hybridization between Black Sea trout (Salmo labrax Pallas, 1814) and rainbow 478 

trout (Oncorhynchus mykiss Walbaum, 1792). Aquaculture Research, 42, 1632-479 

1638. 480 

Arai, K., & Wilkins, N. P. (1987). Triploidization of brown trout (Salmo trutta) by heat 481 

shocks. Aquaculture, 64, 97-103. 482 

Beccaria, C., Diaz, J. P., Connes, R., & Chatain, B. (1991). Organogenesis of the 483 

exocrine pancreas in the sea bass, Dicentrarchus labrax L., reared extensively and 484 

intensively. Aquaculture, 99, 339-354,  485 

Bartley, D., Rana, K., & Immink, A. (2000). The use of inter-specific hybrids in 486 

aquaculture and fisheries. Reviews in Fish Biology and Fisheries, 10, 325-337. 487 

Bernfeld, P. (1951). In Colonick and Kaplan. Methods in enzymology, 1, 149-157. 488 

Billard, R. (1983). Effects of coelomic and seminal fluids and various saline diluents 489 



23 

 

on the fertilizing ability of spermatozoa in the rainbow trout, Salmo gairdneri. 490 

Reproduction, 68, 77-84. 491 

Blanc, J., & Maunas, P. (2005). Farming evaluation of the brownbow triploid hybrid 492 

(Oncorhynchus mykiss Salmo trutta). Aquaculture international, 13, 271-281. 493 

Blanc, J., Vallée, F., & Dorson, M. (2000). Survival, growth and dressing traits of 494 

triploid hybrids between rainbow trout and three charr species. Aquaculture 495 

Research, 31, 349-358. 496 

Blier, P., Dutil, J. D., Lemieux, H., Belanger, F., & Bitetera, L. (2007). Phenotypic 497 

flexibility of digestive system in Atlantic cod (Gadus morhua). Comparative 498 

Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 146, 499 

174-179. 500 

Campos, D. A., Coscueta, E. R., Valetti, N. W., Pastrana-Castro, L. M., Teixeira, J. A., 501 

Picó, G. A., & Pintado, M. M. (2019). Optimization of bromelain isolation from 502 

pineapple byproducts by polysaccharide complex formation. Food Hydrocolloids, 503 

87:792-804. 504 

Chen, B. N., Qin, J. G., Kumar, M. S., Hutchinson, W. G., & Clarke, S. M. (2006). 505 

Ontogenetic development of digestive enzymes in yellowtail kingfish Seriola 506 

lalandi larvae. Aquaculture, 260, 264-271. 507 

Candiotto, F.B., Freitas-Júnior, A.C.V., Neri, R. C. A., Bezerra, R. S., Rodrigues, R. V., 508 

Sampaio, L. A., & Tesser, M. B. (2018). Characterization of digestive enzymes 509 

from captive Brazilian flounder paralichthys orbignyanus. Brazilian Journal of 510 

Biology 78, 281-288. 511 



24 

 

Dorafshan, S., Kalbassi, M. R., Pourkazemi, M., Amiri, B. M., & Karimi, S. S. (2008). 512 

Effects of triploidy on the Caspian salmon Salmo trutta caspius haematology. Fish 513 

Physiology and Biochemistry, 34, 195-200. 514 

Fujiwara, A., Abe, S., Yamaha, E., Yamazaki, F. & Yoshida M.C. (1997). Uniparental  515 

chromosome elimination in the early embryogenesis of the inviable salmonid 516 

hybrids between masu salmon female and rainbow trout male. Chromosoma, 106, 517 

pp. 44-52. 518 

Furne, M., Hidalgo, M., Lopez, A., Garcia-Gallego, M., Morales, A., Domezain, A., 519 

Domezaine, J., & Sanz, A. (2005). Digestive enzyme activities in Adriatic 520 

sturgeon Acipenser naccarii and rainbow trout Oncorhynchus mykiss. A 521 

comparative study. Aquaculture, 250, 391-398. 522 

García-Carreño, F. (1992). Protease inhibition in theory and practice. Biotechnol Ed, 3, 523 

145-150. 524 

García-Gasca A., Galaviz, M.A., Gutie´rrez, J.N., & Garcı´a-Ortega, A. (2006). 525 

Development of the digestive tract, trypsin activity and gene expression in eggs 526 

and larvae of the bullseye puffer fish Sphoeroides annulatus. Aquaculture, 251, 527 

366-376. 528 

Gilannejad, N., Paykan Heyrati, F., Dorafshan, S., Martos‑Sitcha, J.A., Yúfera, M., & 529 

Martinez‑Rodriguez, G. (2019). Molecular basis of the digestive functionality in 530 

developing Persian sturgeon (Acipenser persicus) larvae: additional clues for its 531 

phylogenetic status. Journal of Comparative Physiology, part B, 189, 367-383. 532 

Gisbert, E., Piedrahita, R. H., & Conklin, D. E. (2004). Ontogenetic development of the 533 



25 

 

digestive system in California halibut (Paralichthys californicus) with notes on 534 

feeding practices. Aquaculture, 232, 455-470 535 

Gomes, A. S., Kamisaka, Y., Harboe, T., Power, D. M., & Rønnestad, I. (2014). 536 

Functional modifications associated with gastrointestinal tract organogenesis 537 

during metamorphosis in Atlantic halibut (Hippoglossus hippoglossus). BMC 538 

Developmental Biology, 14, 11. 539 

Hamlin, H., Von Herbing, I. H., & Kling, L. (2000). Histological and morphological 540 

evaluations of the digestive tract and associated organs of haddock throughout 541 

post‐hatching ontogeny. Journal of Fish Biology, 57, 716-732. 542 

Kalbassi, M. R., Dorafshan, S., Pourkazemi, M., & Amiri, B. M. (2009). Triploidy 543 

induction in the Caspian salmon, Salmo trutta caspius, by heat shock. Journal of 544 

Applied Ichthyology, 25, 104-107. 545 

Khoa, T. N. D., Waqalevu, V., Honda, A., Shiozaki, K., & Kotani, T. (2019). Early 546 

ontogenetic development, digestive enzymatic activity and gene expression in red 547 

sea bream (Pagrus major). Aquaculture, 512, 734283. 548 

Kolkovski, S. (2001). Digestive enzymes in fish larvae and juveniles—implications and 549 

applications to formulated diets. Aquaculture, 200, 181-201. 550 

Lemieux, H., François, N. R. L., & Blier, P. U. (2003). The early ontogeny of digestive 551 

and metabolic enzyme activities in two commercial strains of Arctic charr 552 

(Salvelinus alpinus L.). Journal of Experimental Zoology Part A: Comparative 553 

Experimental Biology, 299, 151-160. 554 

Ma, Z., Guo, H., Zheng, P., Wang, L., Jiang, S., Qin, J. G., & Zhang, D. (2014). 555 



26 

 

Ontogenetic development of digestive functionality in golden pompano 556 

Trachinotus ovatus (Linnaeus 1758). Fish Physiology and Biochemistry, 40, 557 

1157-1167. 558 

Makrakis, M. C., Nakatani, K., Bialetzki, A., Sanches, P. V., Baumgartner, G., & Gomes, 559 

L. C. (2005). Ontogenetic shifts in digestive tract morphology and diet of fish 560 

larvae of the Itaipu Reservoir, Brazil. Environmental Biology of Fishes, 72, 99-561 

107. 562 

Maynard, B. T., Taylor, R. S., Kube, P. D., Cook, M. T., & Elliott, N. G. (2016). 563 

Salmonid heterosis for resistance to amoebic gill disease (AGD). Aquaculture, 564 

451, 106-112. 565 

Mente, E., Solovyev, M. M., Vlahos, N., Rotllant, G., & Gisbert, E. (2017). Digestive 566 

enzyme activity during initial ontogeny and after feeding diets with different 567 

protein sources in zebra cichlid, Archocentrus nigrofasciatus. Journal of the 568 

World Aquaculture Society, 48, 831-848. 569 

Najafpour, B., Dorafshan, S., Paykan Heyrati, F., & Power, D.M. (2019). Embryonic 570 

development of the endangered Caspian brown trout, Salmo trutta caspius 571 

(Kessler, 1877). Journal of Applied Ichthyology, 35, 473-479. 572 

Olsen, A. B., Hjortaas, M., Tengs, T., Hellberg, H., & Johansen, R. (2015). First 573 

description of a new disease in rainbow trout (Oncorhynchus mykiss (Walbaum)) 574 

similar to heart and skeletal muscle inflammation (HSMI) and detection of a gene 575 

sequence related to piscine orthoreovirus (PRV). PloS one, 10. 576 

Parkyn, D. C., & Hawryshyn, C. W. (2000). Spectral and ultraviolet-polarisation 577 



27 

 

sensitivity in juvenile salmonids: a comparative analysis using electrophysiology. 578 

Journal of Experimental Biology, 203, 1173-1191. 579 

Rønnestad, I., Yúfera, M., Ueberschär, B., Ribeiro, L., Sæle, Ø., & Boglione, C. (2013). 580 

Feeding behaviour and digestive physiology in larval fish: current knowledge, 581 

and gaps and bottlenecks in research. Reviews in Aquaculture, 5, S59-S98. 582 

Sahlmann, C., Gu, J., Kortner, T. M., Lein, I., Krogdahl, A., & Bakke, A. M. (2015).    583 

Ontogeny of the digestive system of Atlantic salmon (Salmo salar L.) and effects 584 

of Soybean meal from start-feeding. PLoS One, 10(4): e0124179. 585 

Sarieyyüpoğlu, M., Girgin, A., & Şimşek, S. (2000). Histological study in the digestive 586 

tract on larval development of rainbow trout (Oncorhynchus mykiss, Walbaum, 587 

1792). Turkish Journal of Zoology, 24, 199-206. 588 

Scheerer, P. D., & Thorgaard, G. H. (1983). Increased survival in salmonid hybrids by 589 

induced triploidy. Canadian Journal of Fisheries and Aquatic Sciences, 40, 2040-590 

2044. 591 

Sedgwick, S. D. (1995). Trout farming handbook, Fishing News Books Ltd. 592 

Srichanun, M., Tantikitti, C., Utarabhand, P., & Kortner, T. M. (2013). Gene expression 593 

and activity of digestive enzymes during the larval development of Asian seabass 594 

(Lates calcarifer). Comparative Biochemistry and Physiology Part B: 595 

Biochemistry and Molecular Biology, 165, 1-9. 596 

Teles, A., Salas-Leiva, J., Alvarez-González, C. A., & Tovar-Ramírez, D. (2019). 597 

Changes in digestive enzyme activities during early ontogeny of Seriola rivoliana. 598 

Fish Physiology and Biochemistry, 45, 733-742. 599 



28 

 

 Thorgaard, G. H., Rabinovitch, P. S., Shen, M. W., Gall, G. A.E., Propp, J., & Utters 600 

F. M. (1982). Ttiploid rainbow trout identified by flow cytometry. Aquaculture, 601 

29, 305-309. 602 

Wilson, J., & Castro, L. (2010). Morphological diversity of the gastrointestinal tract in 603 

fishes In Fish Physiology, Vol. 30, pp. 1-55. Elsevier. 604 

Winkler, U. K., & Stuckmann, M. (1979). Glycogen, hyaluronate, and some other 605 

polysaccharides greatly enhance the formation of exolipase by Serratia 606 

marcescens. Journal of bacteriology, 138, 663-670. 607 

Worthington, C. (1991). Worthington enzyme manual related Biochemical. Freehold, 608 

New Jersey, USA. 609 

Yang, R., Xie, C., Fan, Q., Gao, C., & Fang, L. (2010). Ontogeny of the digestive tract 610 

in yellow catfish Pelteobagrus fulvidraco larvae. Aquaculture, 302, 112-123. 611 

Yúfera, M., Moyano, F. J., & Martínez-Rodríguez, G. (2018). The digestive function in 612 

developing fish larvae and fry. From molecular gene expression to enzymatic 613 

activity In Emerging Issues in Fish Larvae Research, pp. 51-86. Springer. 614 

Zouiten, D., Khemis, I. B., Besbes, R., & Cahu, C. (2008). Ontogeny of the digestive 615 

tract of thick lipped grey mullet (Chelon labrosus) larvae reared in “mesocosms”. 616 

Aquaculture, 279, 166-172. 617 

DATA AVAILABILITY STATEMENT 618 

Data available on request from the authors: We declare that the data which support the 619 

findings of this study are available from the corresponding author upon reasonable 620 

request. 621 



29 

 

 622 

TABLE 1. Survival and growth rates of the rainbow trout, Oncorhynchus mykiss, 623 

triploid hybrid and Caspian brown trout, Salmo trutta caspius between hatching and 624 

45-days post hatching 625 

 Groups Rainbow 

trout 

Triploid hybrid Caspian 

brown trout 

Eyed egg survival (%) 93.21±1.05a 33.33±1.18b 90.12±1.08a 

Hatching survival (%) 96.13±1.01a 83.14±1.09b 95.26±1.04a 

Active swimming (%) 85.12±0.82a 55.18±1.21b 82.28±1.12a 

Initial average weight (g) 0.089±0.03b 0.084±0.05bc 0.103±0.01a 

Final average weight (g) 0.29±0.30a 0.20±0.01a 0.17±0.09b 

Specific growth rate (SGR) (%) 2.76±0.32a 2.08±0.21a 0.53±0.03b 

* Triploid hybrids: female rainbow trout x male Caspian brown trout 626 

 In each row, groups with different superscript are statistically different (p < .05). 627 

 Data are presented as means ± SEM. 628 

 629 

  630 
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TABLE 2. Timing of the gastrointestinal tract morphoanatomical changes in 631 

salmonids (present study compared to some previously published works) 632 

GI-tract 

Characteristic 

Rainbow trout†  Triploid 

hybrid† 

 

C. brown 

trout† 

Rainbow trout‡  

 

Atlantic 

salmon‡* 

 

   Mouth 

opening 

3 dph 3 dph 3 dph 3 dph 7 dph 

      Esophagus 

differentiation 

3 dph, obvious 

folding at later 

stage of 

hatching  

3 dph, obvious 

folding at later 

stage of 

hatching  

3 dph, 

obvious 

folding at 

later stage of 

hatching 

 3 dph, mucosal 

folds at 13 dph 

and fully formed 

at 17 dph 

7 dph 

       

Intestine 

folding                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Gentle fold at 3 

dph; developing 

at 6 dph; well-

formed 15 dph 

Gentle fold at 3 

dph; developing 

at 6 dph; well-

formed 15 dph 

Gentle fold 

at 3 dph; 

developing at 

6 dph; well-

formed 15 

dph 

 

 

- 

Forming at 7 

dph; simple, 

folded mucosa 

along the entire 

intestine at 27 

dph 

       

Pyloric caeca 

expansion 

Obvious 

expansion of 

intestine from 

26 dph, yolk sac 

absorbed 

Obvious 

expansion of 

intestine from 

35 dph, yolk sac 

absorbed 

Obvious 

expansion of 

intestine 

from 40 dph, 

yolk sac 

absorbed 

 

 

- 

Pyloric caeca 

buds at 27 dph; 

more developed 

at 46 dph (one 

week before 

yolk sac 

absorption) 

    

U-shaped 

stomach 

Begins to form 

at 15 dph; well-

shaped at 26 

dph 

Begins to form 

at 18 dph; well-

shaped at 35 

dph 

 Begins to 

form at 18 

dph; well-

shaped at 40 

dph 

 

        - 

Well-shaped at 

46 dph, 

† Rainbow trout, Oncorhynchus mykiss, triploid hybrid (O. mykiss ♀ x S. t. caspius ♂), and Caspian 633 

brown trout, Salmo trutta caspius in the present study. ‡ Rainbow trout (Sarieyyüpoglu et al., 2000) and 634 

Atlantic salmon, Salmo salar (Sahlmann et al., 2015). * First sample taken at 7 dph, eggs and alevins at 635 

7–8°C, from start-feeding at 11–12°C. 636 

 637 

  638 
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639 
Figure 1. A schematic of the experimental design. The crosses (X) performed between 640 

Oncorhynchus mykiss (O. mykiss) and Salmo trutta caspius (S. t. caspius) to generate 641 

the three main experimental groups is indicated. The triploid hybrid was produced by 642 

thermal shock (TS) at 30 ºC for 10 min and was applied 10 min post-fertilization. The 643 

egg incubation period is expressed in degree days (dd) for each group. Triplicate 644 

horizontal troughs represent the replicates of each experimental group: Rainbow trout 645 

(R1, R2, R3); Triploid hybrid (H1, H2, H3); Caspian brown trout (C1, C2, C3). The 646 

number of larvae sampled for histology (His) and enzymes assays (Enz) per replicate 647 

/trough are indicated in the table for each sampling timepoint 3, 6, 9, 12, 15, 18, 21, 26, 648 

31, 35, 40 and 45 dph (days post hatch). 649 
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 650 

Figure 2. Weight of rainbow trout, triploid hybrid (rainbow trout ♀ x Caspian brown 651 

trout ♂) and Caspian brown trout (mean ± SEM) from 3 to 45 days post hatch at 10 ± 652 

1 °C. Different letters indicate significant difference (p<0.05, two-way ANOVA, Holm-653 

Sidak a posteriori test, n = 8 -10 per group). 654 

 655 
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 656 

 Figure 3. Sagittal sections of rainbow trout, triploid hybrid (rainbow trout ♀ x Caspian 657 

brown trout ♂) and Caspian brown trout at 3-15 post hatch (dph) (3A), 18-31 dph (3B) 658 

and 35-40 dph (3C) stained with haemotoxylin and eosin. The developing 659 

gastrointestinal tract is clearly visible (3-6 larvae per time point were analyzed). 660 

Abbreviations: bc, buccopharyngeal cavity; es, esophagus; i, intestine; pi, anterior 661 

intestine; mi, mid-intestine; di, posterior intestine; L, liver; pc, pyloric caeca; st, 662 

stomach; vs, vitelline syncytium; y, yolk; k, kidney; g, gill; b, brain; h, heart; r, rectum. 663 

Scale bar: 300 μm.  664 

 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 
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673 

Figure 4. A - Total protein (mg/g dry weight); B – Trypsin equivalent (U/mg protein); 674 

C – Amylase (mU/mg protein); and D - Lipase (mU/mg protein) (mean ± SEM) of 675 

rainbow trout, triploid hybrid (rainbow trout ♀ x Caspian brown trout), and Caspian 676 

brown trout between 3 to 45 days post hatch. At each time point, 3 pools of 10 larvae 677 

each were used in enzymes assays. For each group of fish, values with different letters 678 

indicate significant difference (p<0.05, two-way ANOVA, Holm-Sidak a posteriori test, 679 
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n = 3). 680 
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