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Abstract  

 

Ingestion of carbohydrates in the diet of many teleosts results in protracted postprandial hyperglycemia and an 

increase in the deposition of glycogen and lipids (1-3). The goal of several current studies was to further refine our 

understanding of the metabolic use and adaptation to exogenous dietary carbohydrate in cultured rainbow trout.   

In one experiment, we assessed growth performance over a 10 week feeding trial along with post-prandial plasma 

glucose profiles, gene expression and enzyme activities to determine whether acclimation to a carbohydrate-rich diet 

is a consequence of size/age, or a result of transcriptional modulation or glucose sensing.   

 

Two age groups of trout with a starting weight of 14 g ± 0.2 g or 118 g ± 0.2 g were either fed a low carbohydrate diet 

(LC) containing 15% gelatinized wheat starch or a high carbohydrate diet (HC) containing 38% gelatinized wheat 

starch. Both diets were isolipidic and isonitrogenous. 

 

Results indicate dietary carbohydrate has varying effects on rainbow trout growth, metabolism and gene expression 

depending on size/age. The HC diet affected growth in small fish but not lipid composition. Likewise, in large fish 

the HC diet had a significant effect on whole body lipid composition but growth between both diets remained 

similar. Gene expression was also highly variable, dependent on age and length of time on the diet and showed 

inducible genes such glucokinase (Fig. 1) correlated to protracted post-prandial hyperglycemia in the HC diet. 
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Figure 1. Glucokinase expression after two weeks on experimental diets in small fish (A) and larger fish (B). 

 

In this study, qPCR showed the gene expression can vary significantly due to the size of fish examined.  The length 

of the study and sample period can also have significant effects and interaction with other factors.  Although the 

expanding use of molecular techniques such as qPCR provide tremendous insight for nutrition studies, care must be 

taken when studies are designed. Gene expression, may exhibit significant interaction with a number of variables 

which are often not considered.  
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Carbohydrates (CHO) are not a primary dietary component for most fish species, which tend to 

be omnivorous or carnivorous (Polakof et al., 2011; Dabrowski and Guderley, 2002).  Thus, 

there are no specific requirements for dietary carbohydrate inclusion in the diet of cultured fish 

(NRC, 2011).  Ingestion of carbohydrates by many species of teleosts results in protracted 

postprandial hyperglycemia indicative of glucose intolerance (Wilson, 1994; Legate et al. 2001; 

Moon, 2001; Stone, 2003) and can be accompanied by elevated deposition of hepatic glycogen, 

deposition of hepatic lipid and increased liver size over time (Brauge et al. 1994).  Poor glucose 

homeostasis in salmonid fishes has been attributed to a number of explanations including an 

imbalance between hepatic glucose uptake and catabolism via glycolysis, versus unregulated 

gluconeogenesis (Panserat et al., 2001).  Transcriptional analysis of rate-limiting enzymes 

involved in glycolysis, gluconeogenesis, and glycogen synthesis have been extensively examined 

in rainbow trout (Panserat et al. 2000b; 2001a; 2001b; 2001c; Krogdahl et al. 2005; Polakof et 

al. 2008a; 2008b) and provide a significant body of work to form a basis for further research.  

 

Recently, increased automation in the laboratory and further advances in molecular biology have 

given rise to high throughput genetic data generation enabling more individuals to be sampled in 

a given experiment in addition to single end-point analyses.  Additional gene sequences are also 

becoming available for examination with quantitative PCR, quantitative nuclease protection 

assays and/or microarrays.  Furthermore, increased throughput in laboratory analyses allows 

additional experimental designs to be considered.  In this case, the objective of current studies 

were to investigate how plastic transcriptional activity is among genes involved in glucose 

metabolism over time and further refine our understanding of the use and adaptation to 

exogenous dietary carbohydrate in cultured rainbow trout.  Our null hypothesis was that 

inducibility of liver enzyme expression in intermediary metabolism will not vary over time/age 

of fish such that these variables can be effectively “blocked” in statistical analyses of data.  

Alternatively, gene expression would vary significantly depending on sampling time and fish 

age/size.  Moreover, these variables would then need to be considered as factors when 

developing experimental protocols and in subsequent statistical tests.   
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Overall, we examined transcriptional plasticity using two well characterized hepatic genes 

involved in intermediary metabolism; glucokinase (GK) and glycogen synthase (GS).  In one 

experiment, we assessed transcriptional variation in hepatic GK over a 10 week feeding trial to 

determine whether acclimation to a carbohydrate-rich diet is a consequence of size/age.  In a 

second experiment, a cross-over study was designed to examine the expression of GK and GS in 

juvenile rainbow trout and how rapidly those genes can be up or down-regulated in response to a 

change in the level of carbohydrate in the diet.   

 

A commercial strain of rainbow trout was cultured from eggs (Troutlodge, Sumner, WA).  Fry 

were fed from swim up with a commercial starter diet (Sliver Cup, Tooele, UT) consisting of 

52% protein, 16% lipid, 13.5% carbohydrate.  A low carbohydrate (<1.0%) basal diet (Robison 

et al. 2008) was used to formulate two experimental diets; a high carbohydrate diet (HC) 

containing 38% dietary carbohydrate and a low carbohydrate diet (LC) containing 15% CHO.  

Diets were otherwise isolipidic (15% digestible fat) and isonitrogenous (40% digestible protein).    

For the first feeding trial, the fish were grouped randomly at an average weight of 14±0.2 g or 

118±0.2 g into six, 140 L fiberglass tanks (75 fish/tank) located at the Hagerman Fish Culture 

Experiment Station, University of Idaho.  Each tank received 6 L/min of 14.5°C, spring water 

under constant day length (12 h light: 12 h dark).  Fish were fed twice daily to satiation, six days 

a week for 10 weeks.  Liver tissues (n=5/tank) were sampled from fish after 2 weeks and 10 

weeks at 3, 7, and 24 h post-prandially on the non-feeding day.   For the second feeding trial 

(crossover trial), fish at an average weight of 10±0.2 g were randomly assigned to six, 140 L 

fiberglass tanks (75 fish/tank).  Tanks were randomly assigned to either the LC or HC diet and 

fish were fed for four weeks under the same regime as above.  After four weeks, diet assignment 

was switched so that fish in tanks receiving the HC diet now received the LC diet and vice versa.  

Liver tissues were sampled at 24 h post-prandially from fish (n=5/tank) after four weeks of 

feeding on the initial diet, then after one week of feeding on the alternate diet. 

 

Total RNA was isolated from liver tissue samples stored in Trizol reagent according to the 

manufacturer’s protocol (Invitrogen, Rockville, MD). Total RNA was quantified and further 
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purified using Amplification Grade, DNase I from Invitrogen.  Following DNase treatment 

samples were pooled by tank (5 fish/pool), quantified again, then reverse transcribed using the 

Superscript III First-Strand Synthesis System from Invitrogen, To identify the level of gene 

expression for each diet, quantitative qPCR was carried out using TaqMan Universal Fast PCR 

Master Mix Reagents (Applied Biosystems, Foster City, CA) with an AB 7500 Fast Real Time 

PCR System.  Primers and probes used for liver specific glucokinase (GK: forward; 

ACGAGGAGCTGCTGTTTAACG, reverse; CAAAGCTGCCGCGAGTCT, probe; 

AGCTTCTGACCTGCTG-MGB), and glycogen synthase (GS: forward; 

GCGCGCCAGGATCATC, reverse; TCTCCAGTCCAGAAGGTCACTCA, probe; 

TTCCGCACCGAGCG-MGB) were designed using Primer Express (Applied Biosystems, Foster 

City, CA).  Annealing temperature for both probe/primer sets was 50
o
C.   Relative mRNA 

quantities were extrapolated from standard curves using the absolute relative method (Bustin and 

Nolan, 2006) and normalized against the acidic ribosomal protein gene (Purcell et al., 2004) as a 

reference.   

 

Data were evaluated for normality, equality of variances and outliers.  For the first trial, ANOVA 

(with diet, time, expression and fish size evaluated separately and as a factorial design) 

employing PROC GLM was used to assess significant interactions followed by post hoc tests to 

assess significant differences among experimental treatments (SAS Institute Inc., Cary, NC).  A 

critical value of α ≤ 0.05 was used, and tank mean values were considered units of observation 

for statistical analysis and values reported as pooled replicate tank means ± S.E.M.  For the 

second trial, Grizzle’s Model for the analysis of 2x2 cross-over designs was used in PROC 

Mixed GLM (SAS Institute Inc., Cary, NC) to assess significant differences in gene expression 

between dietary treatments.  Again, tank mean values were considered units of observation for 

statistical analysis and values reported as pooled replicate tank means ± S.E.M.   
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Figure 1.  Gene expression of hepatic Glucokinase (Hexokinase IV) from small fish (14 g 

starting weight) at 2 weeks (Panel A) and at 10 weeks (Panel B) and from large fish (118 g 

starting weight) at 2 weeks (Panel C) and at 10 weeks (Panel D).  Samples were taken at 3, 7, 

and 24 h post-prandially. 

 

Previous work has demonstrated expression in hepatic genes can be highly induced with dietary 

CHO (Panserat et al., 2000; 2001a).  However, transcription of GK has not been compared over 

several times points immediately after feeding and after several weeks on a diet.  In Figure 1, 

significant variation in GK expression among sampling times (hours post-prandially) and 

between sampling periods (weeks) is dramatic.  Small fish after two weeks on the diets (Fig. 1A) 

show increasing transcription of GK post-prandially with the HC diet inducing higher expression 
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at 3 and 7 h post-prandially and maximal expression observed at 24 h.  After 10 weeks on the 

diets (Fig.1B), GK expression is highest at 3 h and decreases over time with GK expression in 

small fish receiving the HC diet remaining higher than small fish receiving the LC diet at 24 h 

post-prandially.  Large fish after 2 weeks (Fig. 1C) show a different pattern of GK transcription.  

Large fish receiving the LC diet maximally express GK at 7 h post-prandially whereas GK 

expression in large fish receiving the HC diet is similar in response to small fish at two weeks 

(Fig. 1A).  After 10 weeks on the diets, large fish show a pattern decreasing GK transcription 

over time post-prandially (Fig. 1D) similar to small fish.  However, large fish on the HC diet for 

10 weeks show higher initial induction of GK transcription and a faster decline in expression 

over time compared to large fish receiving the LC diet.  Interactions between diet x expression, 

size x time, size x diet, expression x time were all significant (p < 0.001).  
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Figure 2.  Gene expression of hepatic Glucokinase  (Panel A) and Glycogen synthase (Panel B) 

and from rainbow trout after 4 weeks on the initial dietary CHO regime (T1) and after 1 week on 

the alternate dietary CHO regime (T2). Different superscripts in 

 

Data that show changes in gene expression of glycolytic and glycogenic genes in juvenile 

rainbow trout when dietary CHO is changed during the course of a feeding trial are lacking.  

However, there are data that suggest rainbow trout exposed to high dietary CHO as juveniles 

may affect, via nutritional programming, tolerance for high CHO diets as adults (Guerden et al., 

2007).  In the second trial, a cross-over design was employed to assess changes in GK and GS 

expression with changes in diet.  We hypothesize that changes in diet will result in concomitant, 



244 
 

Powell, M.  2011.  Recent Molecular Advances in Dietary Carbohydrate Utilization in Rainbow Trout. En: Cruz-Suárez, L.E.,  Ricque-Marie, D., Tapia-Salazar, M., 

Nieto-López, M.G.,  Villarreal-Cavazos, D. A., Gamboa-Delgado, J., Hernández-Hernández, L. (Eds),  Avances en Nutrición Acuícola XI - Memorias del Décimo 

Primer Simposio Internacional de Nutrición Acuícola, 23-25 de Noviembre, San Nicolás de los Garza, N. L., México. ISBN 978-607-433-775-4. Universidad 

Autónoma de Nuevo León,  Monterrey, México, pp. 236-246. 

 

 
 

induced transcriptional changes in GK and GS.  Alternatively, expression profiles of GK and GS 

following a change in diet may be significantly influenced by the initial dietary regime.   

Cross-over experimental designs are robust methodologies to show changes in treatment groups 

since each group in the design serves as its own control.  However, in cross-over designs “carry-

over” or interference from the initial treatment, is assumed to be small or inconsequential.  In this 

study, carry-over of gene expression following the change in diet could be interpreted to indicate 

some evidence of influence from the initial diet or “residual effect” (Montgomery, 2009).  High 

standard deviation among individual samples is considered an indication of carry-over.  In Figure 

2, both GK and GS show significant, concomitant changes in their expression in relation to 

change in dietary assignment.  However, individual variation was much higher in the expression 

of GK after diets were switched suggesting that carry-over may be a factor or that there was a 

weak residual effect.  The expression of GK in both groups after the change in diet was not 

significantly different.  Additional time on the second diet may result in less individual variation 

among treatments.   The transcription of GS changed significantly in both groups with fish 

initially fed the LC diet expressing the highest levels of GS once diets were switched.  

Overall, these two studies provide evidence that regulation of transcription among intermediary 

metabolism genes in a “glucose-intolerant” model can vary greatly with post-prandial sampling 

time, size of fish and length of exposure on the diet.  Further research should take into account 

the potential changes in transcriptional responsiveness when designing studies to examine 

inducible genes, determining sampling points and considering statistical factors.  With increased 

automation and throughput in many laboratories, additional sampling points and larger sample 

numbers should become more common and less of the constraint they were once considered. 
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