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Abstract 

Decreasing fishmeal availability and increasing prices promote the usage of plant-derived 

feedstuff as a substitution for fishmeal in commercial salmonid diets. However, little is known 

about the impact of plant-derived feedstuff on juvenile brown trout (Salmo trutta), a species 

that exhibits strong phenotypic plasticity with various genetic sub-structures and high overall 

genetic diversity. Thus, the production of brown trout for restocking purposes preferentially 

uses wild fish as broodstock to avoid loss of genetic variability. Because of nutritional 

programming, the strictly carnivorous feeding habit of wild brown trout broodfish could 

nevertheless have a negative impact on the digestive physiology of fry and fingerlings that 

are fed with commercial trout diets. The present study, therefore, investigated whether the 

feeding of plant-based diets from first feeding onwards induced a permanent improvement in 

the utilisation of plant-derived protein sources in wild brown trout juveniles. Any plastic 

responses to the experimental diets resulting in a long-term physiological effect were 

hypothesised to be not only observed in growth performance, but also in altered amylase and 

pepsin activities. We demonstrated that (i) the feeding of wild brown trout fry with dietary 

plant proteins is beneficial during the first weeks of life and (ii) continuous feeding of at least 

50% plant-derived dietary protein resulted in the same rate of growth when compared to the 

growth resulting from fishmeal as the exclusive dietary protein source. Pepsin and amylase 

activities were only partly affected by diet-type and it can be concluded that intestinal 

amylase and pepsin activities in juvenile brown trout are primarily regulated by intrinsic 

mechanisms. In the present experiment, we were not able to induce a permanent nutritional 

programming effect of the first feeding diet; instead, a cross-over diet change applied 89 

days post first feeding demonstrated that wild brown trout fry exhibit highly plastic responses 

to different feeding strategies during the first months of life. 

Key words: Amylase; Brown trout; Digestion; Digestive enzymes; Nutritional programming; 
Pepsin; Plant proteins; Proteases 

  









18  Chapter 1 

 

combustion oven at 550°C for 4 hours (P300, Nabertherm, Germany). Methods after Kjeldahl 

(InKjel 1225 M, WD 30, Behr, Germany) and Soxhlet (Soxtherm, C. Gerhardt GmbH & Co. 

KG, Germany) were applied to determine the crude protein and crude lipid content of all 

samples. Gross energy was determined in a bomb calorimeter (C200; IKA, Germany). Fatty 

acid analysis and amino acid analysis of diets were performed by Skretting ARC. 

2.4 Experimental Design 

6000 eyed trout eggs were randomly distributed among three commercial hatching troughs 

(2000 eggs each) that were integrated into a recirculating waterbody. Average water 

temperature was 11.2 ± 0.3°C until hatching day and 12.4 ± 1.3°C for the remainder of the 

experiment. Average pH was 8.1 throughout the entire feeding trial. Feed was provided for 

the first time on day 20 post hatch (dph), but active first feeding of trout fry was observed on 

dph 28. The fish in each hatching trough were fed with one of the experimental diets, 

resulting in the 1st Feeding Diet groups X, Y and Z (see Fig 1-1). Each group was fed ad 

libitum by automatic feeders. Experimental animals were fed once per hour until dph 71, 

which was then gradually reduced until fish were fed four times per day until dph 89. The 

light regime was 15h light / 9h dark, starting at 06:00 am. On day 89 post hatch, the second 

feeding period started. 1440 trout fry of each 1st Feeding Diet group were transferred into 

50 L aquaria that were integrated in the same water body. All diets were changed in a cross-

over design for the second feeding period, resulting in 9 final treatment groups that were fed 

in triplicates, i.e. 27 aquaria with 160 fish each (Fig 1-1). Until day 137 post hatch, each of 

the experimental 2nd Feeding Diets was applied four times per day - in total 2.2% of the total 

biomass per day. 

 

Fig 1-1. Experimental design of the feeding trial. The 1st Feeding Diets have been fed from 
first feeding until dph 89 in three separate hatching troughs without replication. After the diet-change, 
the 2nd Feeding Diets have been fed from dph 89 until dph 137 in aquaria. The cross-wise combination 
of 1st and 2nd Feeding Diets resulted in nine different dietary treatments that were fed in triplicates. 
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Table 1-1. Composition of experimental diets. 

Ingredients (in % of dry matter) Diet X Diet Y Diet Z 
Fishmeal 77.56 33.50 11.00 
Corn gluten  10.00 16.66 
Sunflower meal  4.46 3.12 
Soy protein concentrate  15.00 20.00 
Wheat gluten  14.19 25.00 
Faba bean meal  4.50 2.00 
Wheat starch 12.97 5.00 5.00 
Vitamin & Mineral Premixtures 0.72 1.04 3.11 
Fish oil 8.72 12.32 14.11 
Proximate composition (in % of dry matter)     
Dry matter (in % of diet) 93.43 94.69 92.93 
Crude protein 57.31 58.34 57.63 
Crude fat 18.04 18.74 18.84 
Crude ash 9.49 6.23 4.57 
Gross energy (MJ kg-1) 23.09 23.96 24.30 
Total starch content (calculated) 11.40 8.43 8.71 
Amino acid composition (in % of diet)    
Arginine  2.41 3.21 2.94 
Histidine  1.03 1.16 1.16 
Isoleucine  1.95 2.12 2.09 
Leucine  4.43 3.86 4.33 
Lysine  2.49 3.63 2.66 
Methionine  0.92 1.43 1.12 
Cystine  0.77 0.53 0.68 
Phenylalanine  2.48 2.03 2.42 
Tyrosine  1.02 1.26 1.40 
Threonine  1.61 2.15 1.90 
Valine  2.09 2.49 2.35 
Alanine  2.38 3.02 2.70 
Aspartic acid  3.48 4.50 4.15 
Glutamic acid  12.15 7.94 10.60 
Glycine  1.87 2.96 2.38 
Proline  3.96 2.51 3.38 
Serine  2.40 2.33 2.47 
Fatty acid composition (in % of total fatty acids)     
n-6 / n-3 ratio 0.52 0.17 0.35 
Total n-6 10.10 3.99 7.55 
Total n-3 19.46 23.68 21.61 
ALA / LA ratio 0.17 0.35 0.18 
Total C18:2n-6 (LA) 9.09 2.80 6.40 
Total C18:3n-3 (ALA) 1.58 0.99 1.18 
EPA / DHA ratio 0.88 0.69 0.79 
Total C20:5n-3 (EPA) 6.46 7.63 7.18 
Total C22:6n-3 (DHA) 7.32 11.06 9.05 
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2.5 Sampling 

2.5.1 Growth data 

Ten fish from one hatching trough were sampled for determining dry body weights on 

hatching day and on four additional dates during the yolk sac stage. Ten fish per hatching 

trough were further sampled for dry body weights on dph 20 (feed provision), 23, 25 and 28 

(first feeding). After first feeding, dry body weights of ten fish per hatching trough were 

measured on seven additional dates until dph 89 (start of second feeding period). 

Furthermore, on dph 89 and 137 individual body masses were measured and samples for 

total body composition analysis were taken (in total ~100g fish per treatment). Specific 

growth rates (SGR) for the first feeding period and for three intermediate periods were 

calculated according to [29] with mean dry body weights of ten individual fish obtained 

separately for every sampling day based on the formula 

SGR = [ ln(mf) - ln(mi) ] / t * 100, 

with mf = dry body weight at dph f, mi = dry body weight at dph i, t = f-i, f >i. 

2.5.2 Digestive enzyme analysis 

Ten eggs from one hatching trough were sampled for amylase and pepsin activity assays 

(five eggs each) five days before hatching and on hatching day. Five fish from one hatching 

trough were sampled for digestive enzyme analysis on hatching day and on three additional 

dates during the yolk sac stage. After feed provision on dph 20, five fish per hatching trough 

were sampled on seven dates until dph 35. Additional samples for digestive enzyme analysis 

were taken on dph 89 (five fish per hatching trough) and dph 137 (five fish per aquarium, 

three aquaria per treatment). 

2.6 Sample preparation 

Prior to sampling, experimental animals were narcotized with MS222 (Tricaine 

methanesulfonate, E10521, Sigma-Aldrich Co. LLC.) and immediately killed by cutting the gill 

vein. Smaller fry were narcotised and killed with an overdose of MS222. Samples for 

measuring dry body weight were immediately frozen at -20°C and freeze-dried for 72 hours 

prior to weighing. The assessment of dry body weight is more appropriate than wet body 

weight, particularly for the comparatively small yolk-sac fry, because of increased 

measurement error caused by remaining water droplets. Due to size limitations, whole egg 

homogenates were used for digestive enzyme analysis before hatching and whole body 

homogenates were used after hatching, before first feeding and for the first seven days after 

first feeding (until dph 35). All samples were frozen at -80°C until analysis. On dph 89 and 
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2.8 Statistical analysis 

The statistical software R (2014) was used to evaluate the data. Data collected during the 

first feeding period, when fish were reared in the hatching troughs, were described by a 

statistical model based on generalised least squares [30]. The data were assumed to be 

approximately normally distributed and to be heteroscedastic. These assumptions were 

based on a graphical residual analysis. The statistical model included diet as a fixed factor. 

Based on this model, an analysis of variance (ANOVA) was conducted, followed by multiple 

contrast tests according to [31], using the R package SimComp [32], in order to compare 

individual treatments. For data collected in the aquaria during the second feeding period, an 

appropriate statistical mixed model ([33]; [34]) was established. The data were assumed to 

be approximately normally distributed and to be heteroscedastic. The statistical model 

included the different diets as a fixed factor and the aquaria were regarded as a random 

factor. Based on this model, an ANOVA was conducted, followed by multiple contrast tests 

(e.g. [35]), using the R package multcomp [36], in order to compare the several levels of the 

influence factor. Significant interactions between the first and the second feeding diet were 

interpreted as being reflective of a nutritional programming effect. In case of a non-significant 

interaction, data were pooled for the first feeding diet and multiple contrast tests were rerun 

to compare only the three second feeding diets (X, Y and Z). Statistical differences of growth 

data and enzymatic activities between the end of the first feeding period and the end of the 

second feeding period were evaluated for continuously fed fish (treatments X, XX, Y, YY, Z 

and ZZ). A statistical mixed model was established with sampling day as a fixed factor and 

the hatching troughs and aquaria as a random factor. An ANOVA was conducted, followed 

by multiple contrast tests to compare the two sampling days as described before [35, 36]. 

3 Results 

3.1 Growth performance and body composition 

Average dry body weights of individual fish were used for polynomial curve fitting of growth 

curves for the first feeding period (Fig 1-2). Fish fed with the two diets X (0% derived from 

plant proteins) and Z (10% derived from plant proteins) exhibited similar dry body weights at 

the end of the first feeding period, but dry body weights of fish fed with diet Y (50% derived 

from plant proteins)  were significantly higher. Specific growth rates (Table 1-2), determined 

for the entire first feeding period and for three intermediate periods, supported these findings 

with higher growth rates for fish fed with diet Y, compared to diets X and Z. Separation of the 

three growth curves (Fig 1-2) became evident approximately between dph 45 and dph 55. In 

contrast, wet body weights obtained on day 89 post hatch were statistically not significantly 





24  Chapter 1 

 

after the diet change had significantly higher wet body weights when compared to the second 

feeding diets Y and Z (p<0.05). The statistical model revealed no significant interaction 

between the first and the second feeding diet. Nevertheless, there was a significant influence 

of the first feeding diet on wet body weight of fish on day 137 post hatch (p<0.01): the first 

feeding diet Y promoted significantly higher wet body weights when compared to those 

achieved on diet X when fish were fed with the second feeding diets X and Y. Highest overall 

wet body weights were observed for fish in treatments YX and ZX, followed by XX and YY. 

Fish that were continuously fed with diet Z (treatment ZZ) had significantly reduced wet body 

weights compared to treatments XX and YY.  

 
Fig 1-3. Wet body weights of individual fish at the end of the first and the second 
feeding period. Boxplots of wet body weights in g of individual fish per treatment; box-range: 25th to 
75th percentiles; whiskers: 1.5 SD; open rectangles: means, solid lines: medians; diamonds: values 
above and below 1.5 SD. End of first feeding period: 25 fish were sampled for each of the dietary 
groups X, Y and Z (N=1). End of the second feeding period: 75 individuals per treatment were 
sampled in total; 25 individuals per aquarium, 3 aquaria per treatment (N=3). Different lower case 
letters indicate statistically significant differences between treatments separate for each first feeding 
diet. Different upper case letters indicate statistically significant differences between continuously fed 
diets (treatments XX, YY and ZZ). Statistically significant differences between treatments of the 
second feeding period are represented by asterisks; p<0.05 (*) <0.01 (**) <0.001 (***). 
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The chemical analysis of nutrients of whole-fish body homogenates indicated slightly 

decreased water contents in fish homogenates of all treatments at the end of the second 

feeding period, compared to the end of the first feeding period (Table 1-3), except for fish of 

treatments Z and ZZ. In contrast, crude fat contents increased from dph 89 to dph 137 in fish 

of all treatments. The diet change at the end of the first feeding period, however, had no 

significant effect on crude protein or crude fat of whole-fish homogenates. The ash content 

was nevertheless significantly reduced in fish of treatments XY and YY compared to fish of 

treatments XX and YX, respectively. 

Table 1-3. Proximate body composition of pooled fish.  

 
in [%] Moisture Crude Protein Crude Fat Ash 

1st Feeding Period 

X 79.5 14.4 3.8 2.3 

Y 78.3 14.6 5.0 2.1 

Z 78.2 14.8 4.7 2.3 

2nd Feeding Period 

XX 76.5 ± 0.4 15.2 ± 0.4 5.2 ± 0.0 3.1 ± 0.1 

XY 76.9 ± 0.5 14.8 ± 0.3 5.8 ± 0.2 2.6 ± 0.1 

XZ 77.4 ± 1.0 14.9 ± 0.6 5.4 ± 0.2 2.3 ± 0.2 

YX 75.7 ± 0.4 15.4 ± 0.0 5.9 ± 0.3 2.9 ± 0.1 

YY 76.6 ± 1.2 14.9 ± 0.9 6.2 ± 0.2 2.3 ± 0.1 

YZ 76.7 ± 0.2 15.0 ± 0.2 5.8 ± 0.3 2.5 ± 0.3 

ZX 76.4 ± 0.4 15.2 ± 0.2 5.7 ± 0.2 2.8 ± 0.3 

ZY 76.1 ± 0.2 15.1 ± 0.2 6.5 ± 0.2 2.4 ± 0.1 

ZZ 77.5 ± 0.5 14.4 ± 0.2 5.7 ± 0.4 2.4 ± 0.1 

Average percentage of moisture, crude protein, crude fat and ash of pooled whole fish homogenates 
in relation to the dietary treatment; approximately 100g pooled fresh fish per tank were used for 
chemical nutrient analysis; first feeding period: one tank per treatment, second feeding period: three 
tanks per treatment; presented are means ± SD of the triplicate tanks for the second feeding period. 

3.2 Digestive enzyme activities 

Amylase activities measured in egg homogenates five days prior to hatching were 

0.65 ± 0.26 mU*mg-1 and 0.40 ± 0.29 mU*mg-1 on hatching day (data not shown). Pepsin 

activities measured in egg homogenates were 7.89 ± 4.58 mU*mg-1 five days prior to 

hatching and 7.22 ± 2.53 mU*mg-1 on hatching day (data not shown). Amylase activities, 

obtained in whole fish homogenates, indicated no differences between treatments during the 
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first 35 days after hatching (Fig 1-4). Furthermore, amylase activities of first feeding fry were 

similar to amylase activities measured in yolk sac fry. Pepsin activities, in contrast, strongly 

increased with feed provision 20 days post hatch (Fig 1-5). At the end of the first and the 

second feeding periods, amylase and pepsin activities were estimated from homogenates of 

the complete GI tract. On dph 89, the different first feeding diets had no influence on 

individual pepsin activities, except for fish fed with diet Y that exhibited significantly higher 

pepsin activities compared to fish fed with diet Z (p<0.05). Amylase activities obtained on dph 

89 did not differ between the three first feeding diets. At the end of the second feeding 

period, amylase activities of all fish were significantly higher (p<0.001) compared to amylase 

activities of sampled fish at the end of the first feeding period (Fig 1-6). However, none of the 

dietary treatments after the diet change had a significant effect on amylase and pepsin 

activities and the ANOVA revealed no significant interaction between the first and the second 

feeding diets. However, as can be observed from Fig 1-7, inter-individual variabilities in 

pepsin activities were very high and could, therefore, mask possibly significant differences. 

 

Fig 1-4. Average amylase activities of individual fish until dph 35. Presented are means ± 
SD of amylase activities of five fish per treatment and per sampling day (one tank per treatment; N=1). 
Amylase activities are presented as mU per mg whole fish homogenate. Yolk sac fry are indicated by 
solid rectangles; Diets X, Y and Z are indicated by stars, solid circles and solid triangles, respectively. 
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Fig 1-5. Average pepsin activities of individual fish until dph 35. Presented are means ± 
SD of pepsin activities of five fish per treatment and per sampling day (one tank per treatment; N=1). 
Pepsin activities are presented as mU per mg whole fish homogenate. Yolk sac fry are indicated by 
solid rectangles; Diets X, Y and Z are indicated by stars, solid circles and solid triangles, respectively. 



28  Chapter 1 

 

 
Fig 1-6. Amylase activities of individual fish at the end of the first and the second 
feeding period. Boxplots of amylase activities in mU per mg whole digestive tract homogenates of 
individual fish per treatment; box-range: 25th to 75th percentiles; whiskers: 1.5 SD; open rectangles: 
means; solid lines: medians; diamonds: values above and below 1.5 SD. End of first feeding period: 5 
fish were sampled for each of the dietary groups X, Y and Z (N=1). End of second feeding period: 15 
individuals per treatment were sampled in total; 5 individuals per aquarium, 3 aquaria per treatment 
(N=3). Different lower case letters indicate statistically significant differences between treatments 
separate for each first feeding diet.  
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Fig 1-7. Pepsin activities of individual fish at the end of the first and the second 
feeding period. Boxplots of pepsin activities in mU per mg whole digestive tract homogenates of 
individual fish per treatment; box-range: 25th to 75th percentiles; whiskers: 1.5 SD; open rectangles: 
means; solid lines: medians; diamonds: values above and below 1.5 SD. End of first feeding period:  5 
fish were sampled for each of the dietary groups X, Y and Z (N=1). End of second feeding period: 15 
individuals per treatment were sampled in total; 5 individuals per aquarium, 3 aquaria per treatment 
(N=3). Statistically significant differences between treatments of the first feeding period are indicated 
by asterisks. 

4 Discussion 

4.1 Digestive enzyme activities in relation to dietary plant proteins 

Digestive enzymes are one of the most important factors involved in the nutrient digestion in 

fish and are believed to be highly susceptible to external influences during early development 

[37, 38]. Salmonids have already a well differentiated digestive system with stomach, pyloric 

caeca and intestine at the onset of first feeding [39], and gastric glands are developed about 

twenty days post hatch [40]. Although it has been assumed that stomach pre-digestion brings 

only minor advantages for overall digestion [41], the acid digestion in salmonids is still the 

first step in the breakdown of large proteins into smaller polypeptides. We detected amylase 

and pepsin activities already five days prior to hatching. The presence of these two enzymes 

prior to feed provision could reflect intrinsic determinations within the enzymatic toolbox in 
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developing fish, as discussed previously [42]. Increasing pepsin-like enzymatic activities 

have already been detected shortly before hatching [40]. Amylase also displayed alternating 

activity patterns during the first days of feeding, a finding similar to that previously reported 

for red porgy (Pagrus pagrus) [19]. Nevertheless, amylase activities remained relatively 

stable from hatching day until 35 days post hatch and were not affected by the three first 

feeding diets, although the total dietary starch content in the present study was slightly 

increased for diet X compared to diets Y and Z, which was necessary for feed production.  

It has been shown that amylase activity decreases with increasing starch levels [43]. 

However, experimental feeds have been extruded and extrusion is known for positively 

affecting carbohydrate digestibility in fish [44] because it increases the accessibility of starch 

molecules to amylase [45]. The different levels of plant-derived protein sources used as 

fishmeal replacement in the diets of the current study did not affect amylase activities, a 

finding similar to that already reported [46]. A significant increase of amylase activities was 

detected from the end of the first feeding period to the end of the second feeding period in all 

dietary treatments. In contrast, an extreme increase of pepsin activities already within the 

first ten days after first feeding reflects the digestive enzyme activities of typical carnivores 

with high protease and low carbohydrase levels [47] and the effect of feed provision on 

digestive enzyme activities. A strong increase of pepsin activities in fry of the Caspian brown 

trout (Salmo caspius) has been observed shortly before the yolk-sac was fully absorbed and 

exogenous feeding started [48]. In the present study, pepsin activities remained relatively 

constant from dph 89 to dph 137 without significant differences between treatments, which 

aligns well with previous findings [40]. In their study, rainbow trout fry exhibited 60 days post 

hatch similar pepsin and trypsin activities as juvenile trout with 70g. An in vitro study, using a 

gastrointestinal model of rainbow trout extracts, demonstrated that the efficiency of 

proteolytic hydrolysis in the intestine was significantly dependent on a prior peptic digestion 

of proteins in the stomach [26]. Furthermore, it was shown that soluble peptides from 

soybean meal were less efficiently absorbed compared to fishmeal and resulted in a 

significantly lower net release of amino acids after hydrolysis. Thus, it is possible that the 

equal pepsin activities of the present study resulted in a reduced digestibility of the plant-

based diets Y and Z, which could have directly affected growth performance during the 

second feeding period. Furthermore, the significant reduction of average pepsin activities at 

the end of the first feeding period of fish fed diet Z compared to fish fed diet Y, could reflect a 

negative effect of plant proteins on the hormonal control of pepsin secretion during digestion 

as has been observed in humans [28]. Nevertheless, this effect could not be observed during 

the second feeding period.   
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4.2 Growth performance and nutritional programming effects 

The growth performance of individual fish during the first feeding period was comparable 

between the fishmeal diet X and the plant-based diet Z. Dry body weights and wet body 

weights of fish fed the intermediate diet Y were slightly higher on day 89 post hatch 

compared to fish fed with diet X and Z, however, the differences between wet body weights 

were not statistically significant. Specific growth rates calculated for the entire first feeding 

period were also higher for fish fed with diet Y when compared to those fed with diets X and 

Z.  It was demonstrated that it is possible to raise rainbow trout from first feeding on with 

diets completely free of marine resources (fishmeal and fish oil), however with a significant 

reduction in growth performance [49]. The inclusion of fish oil as lipid resource in 

experimental diets of the present study might therefore substantially contribute to the positive 

growth performance observed.  

Specific growth rates were overall similar to those obtained in a study with farmed brown 

trout fry during the first 14 weeks after first feeding, although the used diet (raw liver) makes 

a direct comparison difficult [50]. That study compared wild and sea ranched brown trout fry 

in flow-through stream tanks for studying the effects of selection for rapid growth on agonistic 

behaviour. In their study, specific (weight) growth rates were obtained for fish at low (3 

fry/tank) and high (50 fry/tank) stocking densities and low (1.5% BM/day) and high (3.0% 

BM/day) food ratios with an initial weight of about 0.17 g. In order to compare the SGRs 

calculated in the present study, SGRs obtained by [51] needed to be recalculated. The SGRs 

calculated for the entire period of the current experiment, as well as the SGRs of the 

intermediate periods, were consistently higher than the growth rates of both wild and sea-

ranched trout in the compared study by Hedenskog et al. (2002). However, a direct 

comparison is again difficult because the latter fish were fed only once per day and SGRs 

were calculated on a feeding period of four days. In contrast, specific growth rates of about 

3.18% per day were observed for farmed juvenile brown trout in a 155 day-long feeding trial 

[3], which is also comparable to SGRs calculated in the present study. Thus, our results 

indicate that feeding wild brown trout fry with plant-derived protein sources is beneficial for 

growth performance during the first weeks of life and that fishmeal is not necessarily needed 

in high dietary inclusion levels. 

A cross-over diet change was applied in order to evaluate possible permanent effects of the 

first feeding diet, but the statistical analysis revealed no nutritional programming effect. 

Nutritional programming is usually defined as a response to environmental stimuli during an 

early developmental window with permanent physiological effects on later life-stages [15]. A 

significant, systematic interaction of the first and the second feeding diet affecting growth 

performance would have indicated such nutritional programming effects. Instead, no 
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interaction was detected and the second feeding diet had a significant impact on growth 

performance in all treatments. The best growth promoting combination of first and second 

feeding diet was YX, directly followed by ZX, YY and XX. Feeding diet X as second feeding 

diet significantly enhanced growth performance in all treatments; however, it was beneficial if 

plant-derived proteins were included into the first feeding diet.  

It is possible that the observed differences in growth performance could originate from 

differences in voluntary feed intake, which could not be determined for such small fry. In a 

previous study with juvenile rainbow trout, voluntary feed intake was related to the nutritional 

state and was concluded to fit the optimal protein to energy ratio [52]. However, differences 

in feed intake were not expected since the different diets used in the present study have 

equivalent energy and protein levels. Nevertheless, the substitution of fishmeal by plant 

proteins has been shown to induce a reduction in voluntary feed intake of rainbow trout [7, 

53] and of Atlantic salmon [54]. Thus, voluntary feed intake of fish fed the fishmeal diet 

during the second feeding period of the present study could have been increased, 

presumably because of better taste, independently of the first feeding diet and therefore 

provoked enhanced growth. 

Nevertheless, the continuous feeding of the mixed diet Y resulted in better growth of small 

brown trout than the continuous feeding of the fishmeal diet X. Under natural conditions, yolk 

sac larvae stay in the interstitial gravel after hatching until the start of exogenous feeding. An 

early start of exogenous feeding before complete yolk sac depletion is crucial for the survival 

of the fry. Natural feed for brown trout fry mainly consists of chironomid larvae [55], which in 

turn feed on algae, fungi, pollen, plant particles, animal remains, detritus and silt [56], and 

cladocerans, copepods, as well as plecopteran larvae. The general diet composition for 

Plecopteran larvae includes algae, detritus, fungi and bacteria, as well as dead fish eggs or 

animal material [57]. Cladocerans, in addition, can be made from 28% carbohydrates, and 

zooplankton in general contains a lot of chitin (N-acetylglucosamine polymer) which might 

thus be the first carbohydrate ingested by most of the carnivorous fish in the wild [58]. The 

digestive capabilities (functional stomach and early activity of digestive enzymes) of trout fry 

seem to fit the variety of nutrients occurring in their natural diet. Although the prey is 

zooplankton, it is accompanied by plant particles or algae and it is beneficial if as much of the 

ingested feed can be digested. Larvae of herbivorous fish are strictly carnivorous during the 

first weeks of feeding until they undergo a trophic shift (what is also associated to a change 

in the intestinal microbiome [59]). They lack a stomach, as well as pharyngeal teeth, and 

need high amounts of nitrogen for fast growth, which can be more easily gained by animal 

protein [60]. For brown trout, it could be possible that a mixed diet with animal and plant-
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Abstract 

In modern salmonid feeds, fishmeal has been significantly substituted by plant-derived 

proteins and, despite an increasing knowledge about the importance of the intestinal 

bacterial community for fish health and digestion, little is known about the effects of plant-

based feedstuffs on the microbiome of juvenile brown trout (Salmo trutta). The aim of the 

present study was to investigate the impact of plant-derived dietary proteins on the gut 

microbiome of first-feeding brown trout originating from wild stocks and to evaluate whether 

the initial microbiome of early fry can be permanently manipulated by the first-feeding diet 

type due to nutritional programming. The results of this study demonstrate a strong influence 

of the plant protein inclusion levels on the trout bacterial gut community. Proteobacteria and 

Fusobacteria were significantly enhanced when fishmeal was integrated into the 

experimental diet. Firmicutes and Bacteroidetes, in contrast, were significantly promoted by 

plant-derived protein sources. However, no permanent effect on the intestinal microbiome of 

the first-feeding diet could be detected, although the microbiome of first-feeding trout was 

significantly shaped by the diet type. It was furthermore shown that the composition of the 

brown trout microbiome aligns well with the bacterial communities found in other salmonid 

species, supporting the concept of a salmonid core microbiome.  

Key words: Brown trout; First Feeding; Intestinal Microbiome; Nutritional Programming; 
Plant proteins 
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Fig 2-2. A
lpha diversity indices in relation to dietary treatm

ent and sam
pling poi nt. P

resented are (a) the num
ber of observed O

TU
s, (b) 

the C
hao1 richness estim

ator, (c) the S
im

pson evenness m
easure and (d) the S

hannon di versity index as m
eans ± sd of individual fish per treatm

ent 
and sam

pling day (data w
as obtained from

 one tank per treatm
ent on day 61 pff and three tan ks per treatm

ent on day 109 pff; please see Table 2 for 
exact sam

ple size). S
ignificant differences betw

een treatm
ents are indicated by asterisks: p<0.05 (*), p<0. 01 (**). 

 







Chapter 2 53 

 

3.3 Shaping the gut microbiome 

The bacterial gut communities were explored on order level via NMDS and as it can be seen 

in Fig 2-4 the bacterial communities are grouping by treatment. The stress levels of all four 

NMDS plots are below 0.13, indicating a good representation of the original data. Fig 2-4a 

reveals that the microbiomes after the first-feeding period of fish fed with diet X and Y are 

very similar, but the microbiome of fish fed with diet Z is quite different. It can be seen in Figs 

4b-d that after the diet change the microbiomes of fish clearly group by the second feeding 

diet. In general, those data points representing fish fed with the second feeding diet Z are 

more diffuse, compared to the diets X and Y. The microbiomes of fish continuously fed with 

diet X or Y (Figs 2-4a and 2-4b) are very similar between day 61 pff and day 109 pff. 

However, the microbiomes of fish continuously fed with diet Z alter from the first to the 

second feeding period (Fig 2-4d).  

3.4 Influence of diets on specific bacterial orders 

The observed alterations in the microbial gut community were further explored via Principal 

Component Analysis (PCA) and multivariate ANOVA. The results demonstrated a significant 

influence of the diet fed at the point of sampling on the general bacterial community and on 

individual bacterial orders. In addition, no permanent effect on the intestinal microbiome of 

the first-feeding diet could be detected. It can be clearly seen in all panels of Fig 2-5 that the 

bacterial communities strongly group by the second feeding diet and that the first-feeding diet 

in contrast has no influence on the community structure at the end of the second feeding 

period. The second feeding diet X was significantly separated from the other two diets by 

PC2 and the second feeding diet Z was separated from X and Y by PC1. A multivariate 

analysis of the bacterial orders significantly contributing to the principal components 

indicated a strong influence of Vibrionales, Alteromonadales, Lactobacillales and 

Bifidobacteriales to PC2. PC1 in contrast, is significantly influenced by the abundances of 

Vibrionales, Lactobacillales, Alteromonadales, Clostridiales, Fusobacteriales and 

Saprospirales (amongst others). The relative abundances of Vibrionales, Lactobacillales, 

Clostridiales and Bifidobacteriales of individual fish are exemplarily indicated by the size of 

points in Figs 2-5a to d and demonstrate the strong effect of individual bacterial orders on the 

separation and grouping of the intestinal microbiome. 

  



54  Chapter 2 

 

 

Fig 2-4. N
onm

etric m
ultidim

ensional scaling (N
M

D
S

) of the bacterial com
m

unit ies. P
resented are ordination plots based on B

ray-C
urtis-

distances betw
een sam

ples (calculated w
ith relative abundances of bacterial orders). E

ac h point in the tw
o-dim

ensional space represents an individual 
fish and the distance betw

een points represents the dissim
ilarity of the respectiv e m

icrobiom
es. P

anel (a) show
s the bacterial com

m
unity structure of 

dietary treatm
ents X

, Y
 and Z on day 61 pff. P

anels (b), (c) and (d) present the bacteria l com
m

unity structure of the first-feeding diets on day 61 pff in 
relation to the corresponding second feeding diets on day 109 pff after the diet chang e. The stress level is a qualitative indicator of the original data 
representation. The shape of points refers to the first-feeding diet; the different shades of grey indicate the second feeding diet. C

rossed points are 
sam

ples obtained on day 61 pff.  

 





56  Chapter 2 

 

4 Discussion 

4.1 Diversity of the intestinal microbiome 

The diversity indices calculated for individual fish were investigated for dietary effects. From 

the results presented in Fig 2-2 it is obvious that within a treatment the individual variance of 

diversity indices is very high and thus statistically significant differences difficult to measure. 

This high inter-individual variance could reflect the various genetic backgrounds and the 

unknown gender of brown trout fry reproduced from wild fish. It has been demonstrated for 

chicken that, under identical feeding and husbandry conditions, host genotype as well as 

host gender significantly influence the bacterial gut community [37]. Significant associations 

between the microbial community and the genetic variation of individuals have also been 

found in humans [38]. In general, the number of observed OTUs at the end of the first-

feeding period (61 dpff) is comparable to those at the end of the second feeding period 

(109 dpff), when the same diet was continuously fed. This could indicate an already formed 

intestinal microbiome on day 61 pff, especially because these observations are independent 

of the dietary treatment. Ingerslev et al. [10] observed only a slight increase in the amount of 

bacteria present until 26 days pff and concluded that the bacterial population is already well 

established at the onset of first feeding. The evenness measures were all relatively low with 

an average E of below 0.15, which indicates a high dominance of individual bacterial groups 

within the bacterial community. This is comparable to previous findings [39]. In this study the 

microbiomes of pen-raised salmon from Scotland and from Norway with wildly caught 

Scottish salmon were compared and very high abundances of single genera were found. 

Mycoplasma, for example, accounted for about 96% of all bacteria identified from wild 

salmon and Acinetobacter for about 55% of the bacteria found in salmon of the Norwegian 

facility. As can be concluded from the Chao1 richness estimator (Fig 2-2b), species richness 

actually decreased with time and with the amount of fishmeal used in the second feeding 

diets. This decrease is, however, not statistically significant. Similar results have been found 

for two Antarctic fish species with different feeding strategies that indicated a greater gut 

microbial diversity of the omnivorous individual than of the carnivorous [40]. Additionally, the 

analysis of pooled data after the second feeding period of the current experiment revealed 

that significantly more OTUs were found in gut samples of fish fed the plant-based diet and 

that Shannon diversity was also significantly increased compared to gut samples from 

individuals fed the fishmeal diet. Ley et al. [41] studied the co-evolution of mammals and their 

indigenous microbial communities and found an increasing bacterial diversity from carnivory 

to herbivory, which indicated a co-diversification of the intestinal microbiome with its host.  
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Abstract 

Commercial diets for rainbow trout are increasingly based on plant-derived protein sources. 

Within the last few decades it has been widely demonstrated that plant-based feed 

ingredients can be a good substitution for fishmeal, if feedstuffs are adequately processed. 

Several purification steps, pre-treatments with digestive enzymes or the addition of artificial 

amino acids are necessary to manufacture plant-based aquafeeds with high nutritional value 

and low anti-nutritive effects. The present study aimed to investigate whether negative 

effects of plant-derived raw materials in diets for rainbow trout (Oncorhynchus mykiss) can 

be anticipated if those feedstuffs represent the initial feed fed to first-feeding fry. This concept 

of nutritional programming was evaluated in a cross-over feeding design with special focus 

on activity levels of the digestive enzymes amylase and pepsin. Three experimental diets 

with several plant-protein inclusion levels (0%, 50% and 97%) were applied from first feeding 

onward and crosswise exchanged after a first feeding period of more than two months. 

Amylase and pepsin activities, measured several times during the feeding trial, were not 

affected by the several inclusion levels of plant-based feed ingredients. Instead, we observed 

a strong positive relation between dietary starch levels and amylase activity. Growth of fish 

was accordingly determined via dry and wet body weight, but no nutritional programming 

effects on growth performance data were detected. In contrast, growth performance of fish 

from all feeding regimes at the end of the experiment was independent of the diet-type 

provided at first feeding. Moreover, rainbow trout fed diets with 50% plant-derived protein 

sources demonstrated enhanced growth throughout the experiment when compared to fish 

fed fishmeal as the exclusive protein source. The present study indicates that a certain 

percentage of plant-derived feedstuff might be beneficial for the growth of juvenile rainbow 

trout and suggests further reduction of fishmeal use in first-feeding diets. 

Key words: Amylase; Rainbow trout; Digestion; Digestive enzymes; Nutritional 

programming; Pepsin; Plant proteins; Proteases 
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diets were determined by following the protocols of Kjeldahl (InKjel 1225 M, WD 30, Behr, 

Germany) and Soxhlet (Soxtherm, C. Gerhardt GmbH & Co. KG, Germany). Gross energy 

was measured, using a bomb calorimeter (C200; IKA, Germany). Analysis of dietary fatty 

acids, amino acids and mineral composition were performed by Skretting ARC (Table 3-1b). 

Table 3-1b. Composition of experimental diets. 

Minerals (in % of diet) Diet A Diet B Diet C 
Total phosphorous 1.89 1.09 0.73 
Calcium 4.20 2.50 0.83 
Zinc 6.43 5.88 6.17 
Amino acid composition (in % of diet)     
Arginine 3.06 3.47 4.27 
Histidine 1.32 1.18 1.27 
Isoleucine 1.91 2.18 2.45 
Leucine 3.91 4.03 4.49 
Lysine 3.85 3.23 3.46 
Methionine 1.30 1.05 0.78 
Cystine 0.43 0.59 0.63 
Phenylalanine 2.22 2.48 2.84 
Tyrosine 1.01 1.48 1.58 
Threonine 2.14 2.01 2.13 
Valine 2.75 2.56 2.72 
Alanine 3.36 2.74 2.57 
Aspartic acid 4.93 4.94 5.99 
Glutamic acid 6.57 9.66 9.92 
Glycine 3.84 3.19 2.78 
Proline 2.46 3.16 2.95 
Serine 2.23 2.49 2.78 
Fatty acid composition (in % of total fatty acids)     
n-6 / n-3 ratio  0.28  0.64  0.97 
Total n-6  6.59  15.60  19.81 
Total n-3  23.86  24.2  20.32 
ALA / LA ratio 1.78 0.97 0.63 
Total C18:2n-6 (LA) 5.38 14.79 19.12 
Total C18:3n-3 (ALA) 9.57 14.34 12.10 
EPA / DHA ratio 0.76 0.88 1.04 
Total C20:5n-3 (EPA) 4.90 3.72 3.21 
Total C22:6n-3 (DHA) 6.47 4.22 3.10 
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2.3 Experimental design and sampling 

In total, 7500 eyed rainbow trout eggs were randomly distributed among three commercial 

hatching troughs that were integrated into a recirculating waterbody (2500 eggs each). 

Rainbow trout were reared for a total of 122 days. Until hatching, average water temperature 

was 9.0 ± 0.2°C and, by increasing water temperature to 11.0°C, hatching was induced. The 

mean temperature remained at 11.6 ± 1.1°C until the end of the experiment. The three 

experimental diets were supplied at 20 days post hatch (dph) for the first time and active first 

feeding was observed on dph 21. Each of the three experimental groups for the first feeding 

period was reared in one hatching trough. Trout fry were fed one of the three first feeding 

diets (A, B or C) ad libitum using automatic feeders. For 19 days, feed was supplied once per 

hour, but subsequently reduced and, for the remainder of the experiment, feed was supplied 

four times per day. In order to make feed particles visible to the fish, dimmed light was 

provided from 06:00 am to 09:00 pm. A cross-over diet change (Fig 3-1) was applied at dph 

75 (end of the first feeding period) and the second feeding period lasted until dph 114. Six 

hundred trout fry from each hatching trough were randomly distributed among 27 aquaria 

(50 L) that were integrated into the established recirculating system. Until dph 114, each 

experimental group was fed 3.8% of the total biomass. 

Fig 3-1. Experimental design scheme. 
Presented are the different feeding regimes 
of the experiment. Until 75 days post hatch 
the fishmeal diet A, the intermediate diet B 
and the plant-based diet C were fed as 1st 
Feeding Diet without replication. On dph 75, 
fish of each dietary treatment were randomly 
distributed among nine new dietary 
treatment groups and fed the three 
experimental diets in triplicates as 2nd 
Feeding Diet in a cross-over design until 114 
days post hatch. The resulting final 
treatments indicate the nine possible 
combinations of the three 1st and 2nd 
Feeding Diets. 
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only), which indicated a strong quenching effect by unknown biological compounds in the 

tissue extract. Activity assays performed with feed extracts showed neither an inhibiting 

effect on B. subtilis amylase nor amylolytic activity of the experimental diets themselves nor 

quenching effects of the substrate. 

 

Fig 3-3. Final wet body weights of fish on dph 75 and dph 114. Presented are boxplots of 
wet body weights in g of individual fish per treatment; boxes represent values between the 25 and 75 
percentiles, whiskers indicate 1.5 SD; means are indicated by open rectangles, medians by solid lines; 
solid diamonds represent values above and below 1.5 SD. At the end of the first feeding period, 25 
individual fish have been sampled for each of the dietary groups A, B and C (N=1). At the end of the 
second feeding period, 75 individuals per treatment have been sampled in total; 25 individuals per 
aquarium, 3 aquaria per treatment (N=3). Different lower case letters indicate statistically significant 
differences between treatments of the first feeding period. Different upper case letters indicate 
statistically significant differences between different feeding regimes, separate for each respective first 
feeding diet. Statistically significant differences between feeding regimes with regard to the respective 
first feeding diet are indicated by different symbols (#, $). 

At the end of the first feeding period, amylase activities of fish fed the three experimental 

diets were significantly different (Fig 3-5). Amylase levels of fish from treatment A were 

significantly higher than those of fish from treatment B (p<0.001) and from treatment C 

(p<0.001). Activities of fish from treatments B and C were, however, equal on dph 75 

(p=0.42). Only 3 out of 5 samples from treatment C showed again sufficient results in the 



76  Chapter 3 

 

activity assay. After the diet change, amylase activities were measured at the end of the 

second feeding period, 114 days post hatch (Fig 3-5). When these digestive tract samples 

were analysed, most of the activity assays were again unsuccessful for fish that were fed diet 

B as second feeding diet. For the feeding regime AB, only 4 of 15 samples could be 

analysed as well as for the feeding regime BB, and only 9 samples from feeding regime CB 

showed appropriate assay results. Therefore, the statistical evaluation of amylase activities 

obtained on dph 114 for fish fed the second feeding diet B should be interpreted with caution. 

Nevertheless, a comparison of activities in fish from the feeding regimes AA, BA and CA 

indicated a significant reduction of activity levels with an increase of plant protein inclusion 

levels in first feeding diets, which aligns with activity levels measured on dph 75. When the 

feeding regimes AC, BC and CC were compared, no significant differences in amylolytic 

activities were found. However, the feeding regimes AC and BC significantly reduced 

amylase activities compared to the feeding regimes AA (p<0.001) and BA (p<0.01), 

respectively, but remained equal when CA was compared to CC. The statistical analysis 

furthermore indicated significantly reduced activities in fish from feeding regime BB 

compared to those from feeding regime BA (p<0.05), and likewise significantly increased 

activities in feeding regime CB, when compared to the feeding regimes CA (p<0.05) and CC 

(p<0.05). 
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Fig 3-4. Amylase activities during the first feeding period until dph 31. Presented are 
means ± SD of amylase activities of five fish per treatment and per sampling day (one tank per 
treatment; N=1). Amylase activities are presented as mU per mg whole fish homogenate. Yolk sac fry 
are indicated by solid rectangles; Diets A, B and C are indicated by stars, solid circles and solid 
triangles, respectively. 

3.4 Pepsin activities 

Pepsin activity levels measured in yolk sac fry during the first 15 days after hatching were 

relatively stable, albeit with high inter-individual variability (Fig 3-6). With the start of feed 

provision and the onset of first feeding, activity levels increased until dph 31 for fish fed diets 

A and B. After a short increase during the first four days following first feeding, pepsin 

activities of fish fed diet C remained at the same level as that measured during the yolk sac 

stage. Likely because of high data variability, none of the activity differences was statistically 

significant. 
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Fig 3-5. Amylase activities of fish on dph 75 and dph 114. Boxplots of amylase activities in 
mU per mg whole digestive tract homogenates of individual fish per treatment; box-range: 25th and 
75th percentiles; whiskers: SD; solid rectangles: means; solid lines: medians; open rectangles 
represent each data point for the statistical analysis. End of the first feeding period: five fish were 
sampled for each of the dietary groups A, B and C (N=1). End of the second feeding period: 15 
individuals per treatment were sampled in total; five individuals per aquarium, three aquaria per 
treatment (N=3). Statistically significant differences between treatments are explained within the text to 
avoid an increase of complexity. 

On dph 75, pepsin activities in whole digestive tract homogenates were measured for three 

dietary treatments and mean activity levels of fish fed diet B were higher when compared to 

fish fed diets A and C (Fig 3-7). However, these differences were not statistically significant 

due to the high standard deviations. At the end of the second feeding period, mean pepsin 

activities of fish from all feeding regimes were not significantly different, except for those on 

feeding regime CC (Fig 3-7). Fish that were fed continuously with diet C exhibited highest 

overall mean pepsin activities and were significantly different from the feeding regimes CB, 

AC, BC and BA. Comparisons of means with the feeding regimes AA, AB and BB revealed p-

values of 0.067, 0.070 and 0.050, respectively. The ANOVA revealed no influence of the 

second feeding diet on pepsin activity. However, there was a significant interaction of the first 

and the second feeding diets, which probably resulted from the strong effects caused by 

pepsin activities of fish from the feeding regime CC. 
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Fig 3-6. Pepsin activities of fish during the first feeding period. Presented are means ± SD 
of pepsin activities of five fish per treatment and per sampling day (one tank per treatment; N=1). 
Pepsin activities are presented as mU per mg whole fish homogenate. Yolk sac fry are indicated by 
solid rectangles; Diets A, B and C are indicated by stars, solid circles and solid triangles, respectively. 
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Fig 3-7. Pepsin activities on dph 75 and dph 114. Boxplots of pepsin activities in mU per mg 
whole digestive tract homogenate of individual fish per treatment; box-range: 25th to 75th percentiles, 
whiskers: 1.5 sd; open rectangles: means; solid lines: medians; solid diamonds: values above and 
below 1.5 sd. End of first feeding period: 5 fish were sampled for each of the dietary groups A, B and 
C (N=1). End of second feeding period: 25 individuals per treatment were sampled in total; five 
individuals per aquarium, three aquaria per treatment (N=3). Statistically significant differences 
between treatments are explained within the text to avoid an increase of complexity. 

4 Discussion 

4.1 Growth of fish in relation to plant-based dietary proteins 

Fish initially fed a diet of 97% plant-derived protein sources negatively affects growth during 

the fry stage. This finding aligns well with those observed in previous trials with rainbow trout 

fed either a fishmeal- and fish oil-based diet or a totally plant-based diet from first feeding on, 

exhibiting significantly reduced growth after feeding the plant-based diet [11, 27]. It has, 

however, also been demonstrated that growth and utilisation of plant-based diets significantly 

depends on family background [28]. In larger rainbow trout, it has been shown as well that a 

total substitution of fishmeal with plant proteins results in suppressed growth compared to a 

fishmeal-based diet [29]. In contrast, the feeding of 50% plant-derived protein sources 

enhanced growth of fish in the present study throughout the entire experiment, as evident 

from the wet body weights and specific growth rates.  
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demonstrated, that the dietary treatment significantly separates the intestinal microbiome of 

individual fish and it is well known that several bacteria contain colour pigments, such as 

carotenoids with absorption maxima around 500 nm [40]. However, it can be speculated 

whether the amount of pigments found in intestinal bacteria is high enough to disturb the 

spectrophotometric assay. Probably the most obvious reason for the unsuccessful assay is 

the likely presence of free amino acids from the extracted digestive tract. It has been 

demonstrated that the fluorescence of BODIPY®FL is quenched by tryptophan, tyrosine and 

phenylalanine [41]; thus an increased release of these amino acids during homogenisation 

could result in unsuccessful activity assays.  

Nonetheless, before hatching and during the yolk sac phase, amylase activity levels were 

rather stable, indicating that amylase is a basic component of the digestive enzymes present 

in carnivorous fish already in early developmental stages [42]. The same is true for pepsin, 

which is already present before first feeding, displaying the early functional stomach of 

salmonids [43]. With the onset of first feeding, inter-individual variation of amylase and 

pepsin activities increases without significant influence of the experimental diets. Feeding of 

diet A slightly enhanced amylase activities of juvenile trout after first feeding. The dietary 

starch content of diet A was about 6.4%, twice as high as in diets B and C, and it is known 

that increasing dietary carbohydrates can result in increasing amylase activities [5], although 

it has also been observed in rainbow trout that dietary starch can inhibit amylase molecules 

[44]. Pepsin activities increased with the onset of first feeding in all dietary treatment groups 

about 20 days post hatching, which aligns well with previous studies about pepsin activities 

in Caspian brown trout (Salmo caspius) and rainbow trout [45, 46]. At the end of the first 

feeding period, amylase activities of fish fed diet A were significantly higher when compared 

to fish fed diets B and C, and treatment B slightly enhanced amylase activity levels in 

comparison to treatment C, which reflects the composition of experimental diets: amylase 

activities are increasing with increasing dietary starch contents and with decreasing plant 

protein inclusion levels. Pepsin activities in contrast were not significantly different between 

dietary treatments, however, inter-individual variabilities, especially for fish fed diet B, were 

high. 

At the end of the second feeding period, highest amylase activities could be observed in fish 

from the feeding regime AA. A comparison of the feeding regimes AA, BA and CA showed 

that, although the three feeding regimes received the same second feeding diet A, amylase 

activity levels were dependent on the first feeding diet-type and were significantly higher if 

dietary starch levels had been high as well. Similar effects have been demonstrated in 

rainbow trout: feeding a hyperglucidic diet as an early nutritional stimulus to first feeding fry, 
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resulted in significantly increased amylase expression when the same diet was fed again 

later in life [47]. A comparison of the feeding regimes AC, BC and CC, in contrast, 

demonstrated no significant differences of amylase activities between treatments, which 

could be a sign of additional inhibitory effects [48]. The comparisons of feeding regimes 

separate for the specific first feeding diets reveal very similar results. Amylase activity levels 

significantly decreased from feeding regime AA to AB and to AC. The same results can be 

found for the first feeding diet B: Amylase activity levels decreased from feeding regime BA 

to BB and to BC. Only the comparison of CA to CC and of CA to CB showed no significant 

differences, due to the high standard deviations. All these results indicate that the dietary 

starch level has potentially a higher influence on intestinal amylase activities of trout than the 

dietary inclusion levels of plant-derived proteins. In contrast to amylase, pepsin activities 

showed no significant differences between dietary treatments on dph 114, except for the 

strong differences when compared to the feeding regime CC.  

5 Conclusion 

The aim of the present study was to evaluate the potential of nutritional programming through 

plant-based feedstuff in first-feeding rainbow trout. Although earlier studies have reported 

positive effects from similar experiments, it was not possible to induce a permanent and 

general improvement in the utilisation of plant-based diets in the current experimental setup. 

The analysis of digestive enzyme activities indicated that amylase activities can be 

permanently influenced by the starch content of the first feeding diet. Nevertheless, the 

results suggest that rainbow trout at the same time exhibit a high potential of nutritional 

programming for dietary starch levels. In contrast, none of these effects could be detected in 

growth data. The non-, but almost, significant statistical interaction of the first and the second 

feeding diet is only based on the significantly reduced growth of fish from all feeding regimes 

with the first feeding diet C. Moreover, the feeding of 50% plant-derived protein sources as 

second feeding diet resulted in significantly improved growth performance, indicating that the 

inclusion of plant-based feedstuff is generally beneficial for the growth of juvenile rainbow 

trout, which could be an effect of already well-established breeding strains. 
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Abstract 

Plant-derived protein sources are the most relevant substitutes for fishmeal in aquafeeds. 

Nevertheless, the effects of plant based diets on the intestinal microbiome especially of 

juvenile rainbow trout are yet to be fully investigated, although it is well known that health and 

digestive capacity of trout can be strongly connected to the intestinal microbiome. This study 

demonstrates, based on 16S rDNA bacterial community profiling, that the intestinal 

microbiome of juvenile rainbow trout is strongly related to dietary plant protein inclusion 

levels. After the first feeding of juveniles on diets in which 0%,  50% and 97% of total dietary 

protein were derived from plants, statistically significant differences of the bacterial gut 

community for the three diet-types were detected both at the phylum and order level. The 

microbiome of juvenile fish consisted mainly of the phyla Proteobacteria, Firmicutes, 

Bacteroidetes, Fusobacteria and Actinobacteria. Dietary plant proteins significantly enhanced 

the relative abundance of the orders Lactobacillales, Bacillales and Pseudomonadales. 

Animal proteins in contrast significantly promoted Bacteroidales, Clostridiales, Vibrionales, 

Fusobacteriales and Alteromonadales. The overall alpha diversity significantly decreased 

with increasing plant protein inclusion levels and with age of experimental animals. In order 

to investigate nutritional programming effects of the first feeding diet type on the 

development of the microbiome, a diet change was included in the study after 54 days. No 

such programming effect could be detected. Instead, the microbiome of juvenile trout fry was 

highly dependent on the actual diet fed at the time of sampling. 

Key words: First feeding; Gut microbiome; Nutritional programming; Plant proteins; Rainbow 

trout 
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2.3 Experimental Setup 

7500 eyed rainbow trout eggs were randomly distributed into three commercial hatching 

troughs that were integrated into a recirculating waterbody. Average water temperature was 

9.0 ± 0.2°C until hatching day. Hatching was induced by an increase in water temperature to 

11.0°C and remained at 11.6 ± 1.1°C until the end of the experiment. First feeding was 

initiated on day 21 post hatch. Each hatching trough represented one of the three 

experimental groups for the first feeding period. Trout fry were fed with the first feeding diets 

A, B or C ad libitum with automatic feeders. Feeding frequency was once per hour for 19 

days and subsequently reduced to a frequency of four times per day until 54 days post first 

feeding (pff). Dimmed light was provided from 06:00 am to 09:00 pm in order to make feed 

particles visible to the fish. On day 54 pff 600 trout fry from each hatching trough were 

randomly transferred as triplicates into 50 L aquaria integrated in the established 

recirculating system. All diets were changed in a cross-over design (Fig 4-1) and until day 93 

pff each experimental group was fed four times per day with their second feeding diet - in 

total 3.8% of the total biomass. On days 54 and 93 pff, samples for microbiome analysis 

were taken and bodymass of experimental fish were determined. 

 

Fig 4-1. Scheme of the experimental design used in this study. The fishmeal diet A, the 
intermediate diet B and the plant-based diet C were fed as first feeding diet until day 54 post first 
feeding, which was the first sampling day for microbiome analysis. Afterwards fish of each dietary 
group were divided into three subgroups and the same three diets were fed as second feeding diet in 
a cross-over design until day 93 post first feeding, which was the second sampling day. The 
treatments reveal the nine resulting combinations of first and second feeding diet. 

2.4 Sample preparation 

In total, 150 fish were sampled for microbiome analysis. Fish were fed two hours before 

sample collection. Five animals were collected from each tank (one hatching trough per 

treatment on day 54 pff and three tanks per treatment on day 93 pff) and individual body 

weight was measured. Prior to sampling, experimental animals were narcotized with MS222 

(Tricaine methanesulfonate, E10521, Sigma-Aldrich Co. LLC.) and immediately killed by 

cutting the gill vein. The whole gastrointestinal tract was dissected on ice using sterile razor 

blades and instantly frozen at -80°C. 
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Finally, a correlation analysis based on Spearman ranks was conducted in order to evaluate 

a possible relation between bodymass and one of the principal components. The correlation 

analysis was repeated for each of the second feeding diets. The top ten orders with the 

highest loadings on PC2 were used again in a Spearman ranks correlation analysis to test 

possible relations of a specific bacterial order to bodymass. 

3 Results 

3.1 Growth performance 

Fig 4-2 shows the final bodymass of fish at the end of the second feeding period. The body 

mass of fish continuously fed with diet C is significantly reduced in comparison to the other 

treatments. Interestingly, the second feeding diet B also promoted better growth than the 

second feeding diet A. 

 
Fig 4-2. Final bodymasses of experimental animals in relation to the corresponding 
treatment. Data is presented as boxplots with median (solid line), mean (open rectangles), 25- and 
75-percentiles and standard deviation as whiskers. Sample size is 25 individuals per treatment at the 
end of the first feeding period and 75 individuals at the end of the second feeding period (25 fish per 
tank, 3 tanks per treatment). 
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3.2 Alpha diversity of the GI tract microbiome 

Alpha diversity indices were calculated for data of both sampling days (Fig 4-3). At the end of 

the first feeding period, only the Shannon diversity index differed significantly between the 

three diets. The index was significantly higher (p<0.05) for fish fed with diet C than for fish 

fed with diet A or diet B. All calculated indices increased significantly from day 54 to day 93 

pff for individuals of the treatments AA and BB. In contrast, diversity indices remained 

constant between the two sampling points for fish of treatment CC. The statistical model 

neither revealed a significant effect of the first feeding diet on any of the calculated indices, 

nor a significant interaction between the first and the second feeding diet; however, the 

second feeding diet was significantly influencing all alpha diversity indices. Multiple contrast 

tests revealed a significant decrease of all indices in fish of the second feeding diet C 

compared to the second feeding diets A and B. 

3.3 Relative Abundance of phyla 

Fig 4-4 presents the relative mean abundance of all phyla accounting for at least 1% of all 

observed OTUs and present in at least 10% of all samples. The top five most abundant phyla 

were Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria and Actinobacteria (Table 4-2). 

On average they represented 98% of all sequences obtained. At the end of the first feeding 

period the abundance of individual phyla differed. Diet C promoted significantly higher 

abundances of Proteobacteria (p<0.05) in comparison to diet B and diet A, in which 

Firmicutes dominated instead (p<0.05). Abundances of Actinobacteria were significantly 

increased (p<0.05) in fish of diet group A compared to fish of the diet groups B and C. The 

relative abundances of the phyla Bacteroidetes and Fusobacteria however did not differ 

between diets at the end of the first feeding period. 

After the diet change, no significant interaction of the top five phyla between the first feeding 

diet and the second feeding diet was detected. Instead, the mean abundance of several 

phyla was again significantly influenced by the second feeding diet. In individuals of the 

treatments AA and BB, Proteobacteria, Bacteroidetes and Fusobacteria significantly 

(p<0.001) increased in relative abundance from day 54 pff to day 93 pff. Firmicutes in 

contrast significantly decreased in both treatments, but Actinobacteria decreased only for fish 

of treatment AA. No differences were found between sampling days for fish of treatment CC. 

The relative abundance of Proteobacteria did not differ significantly between most of the 

second feeding diets, even though Proteobacteria were generally less abundant in fish fed 

with diet A as second feeding diet. Similar effects could be observed for the phylum 

Firmicutes: the relative abundance significantly increased (p<0.05) when diet C was used as 











Chapter 4 105 

 

 

Fi
g 

4-
5.

 N
on

m
et

ri
c 

M
ul

tid
im

en
si

on
al

 S
ca

lin
g 

(N
M

D
S

) 
pl

ot
s 

of
 t

he
 m

ic
ro

bi
om

es
 o

f 
in

di
vi

du
al

 i
nt

es
tin

al
 s

am
pl

es
 i

n 
re

la
tio

n 
to

 
tr

ea
tm

en
t 

an
d 

sa
m

pl
in

g 
da

y.
 M

D
S

1 
an

d 
M

D
S

2 
re

pr
es

en
t 

th
e 

tw
o 

ax
es

 o
f 

th
e 

tw
o-

di
m

en
si

on
al

 o
rd

in
at

io
n 

sp
ac

e.
 E

ac
h 

po
in

t 
re

pr
es

en
ts

 t
he

 
m

ic
ro

bi
om

e 
of

 o
ne

 in
di

vi
du

al
 fi

sh
. T

he
 p

lo
ts

 r
es

ul
t f

ro
m

 a
 B

ra
y-

C
ur

tis
 d

is
si

m
ila

rit
y 

m
at

rix
 b

as
ed

 o
n 

H
el

lin
ge

r-
tra

ns
fo

rm
ed

 b
ac

te
ria

l a
bu

nd
an

ce
 d

at
a 

on
 

or
de

r 
le

ve
l. 

Th
e 

st
re

ss
-le

ve
l s

ho
w

n 
in

 e
ac

h 
pl

ot
 in

di
ca

te
s 

ho
w

 w
el

l t
he

 in
di

vi
du

al
 d

is
ta

nc
es

 b
et

w
ee

n 
ob

je
ct

s 
ar

e 
re

pr
es

en
te

d 
(b

et
w

ee
n 

0 
an

d 
1;

 t
he

 
cl

os
er

 to
 0

, t
he

 b
et

te
r)

. P
lo

t (
a)

 s
ho

w
s 

a 
co

m
pa

ris
on

 o
f s

am
pl

es
 b

y 
fir

st
 fe

ed
in

g 
di

et
 o

n 
da

y 
54

 p
ff.

 P
lo

ts
 (b

), 
(c

) a
nd

 (d
) c

om
pa

re
 th

e 
sa

m
pl

es
 b

y 
se

co
nd

 
fe

ed
in

g 
di

et
 o

n 
da

y 
93

 p
ff 

an
d 

co
nt

in
uo

us
ly

 fe
d 

fis
h 

fo
r b

ot
h 

sa
m

pl
in

g 
da

ys
. T

he
 p

ro
xi

m
ity

 b
et

w
ee

n 
po

in
ts

 re
pr

es
en

ts
 th

e 
si

m
ila

rit
y 

of
 th

ei
r m

ic
ro

bi
om

es
.  



106  Chapter 4 

 

 

 

Fig 4-6. Graphical visualisation of the Principal Component Analysis (PCA) in relation 
to the second feeding diet and the individual bodymass. The first two principal components 
PC1 and PC2 (together representing 63% of the variance explained) are presented as axes of the 
ordination space. Each point represents the intestinal microbiome of one individual fish. Data were 
pooled for the first feeding diet according to the results of the multivariate model. Colour and shape of 
the points indicate the three second feeding diets A, B and C. The size of the points represents the 
final bodymass of each fish categorized as 0 (i.e. between 0.0g and 2.0g), 2 (i.e. between 2.1g and 
4.0g), 4 (i.e. between 2.1g and 4.0g) and 6 (i.e. >6.0g). 

4 Discussion 

4.1 Alpha diversity values 

In this study different dietary plant protein inclusion levels were hypothesized to affect the 

intestinal environment of fish and thus alter the conditions for bacterial communities present 

in the gastro-intestinal tract. As a consequence, not only the bacterial community structure in 

general is strongly affected by the level of plant proteins used, but also the species diversity 

of this community. The number of observed OTUs was statistically not influenced by the type 

of diet at the end of the first feeding period, which might however be due to the reduced 

sample size for diet C. The diet change and the following second feeding period however 
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General Discussion 

This thesis aimed to investigate if nutritional programming can be a potential approach for 

the improvement of utilising plant-based diets by carnivorous fish species. Farmed rainbow 

trout and wild brown trout were used to study the mechanistic relationships and the degree of 

plasticity responding to an early nutritional stimulus. Although the inclusion levels of fishmeal 

into salmonid diets rapidly declined within the last years, other marine species and shrimps 

are still highly dependent on fishmeal and fish oil. The aquaculture sector accounted for 68% 

of global fishmeal and for 74% of global fish oil use in 2012 [1]. Average inclusion levels of 

marine protein and oil sources are about 30% for marine and carnivorous fish species and 

about 19% for penaeid shrimp species [1]. Plant proteins are, for various reasons, the most 

interesting substitutes for fishmeal, however, their use in aquafeeds is facing several 

constraints regarding nutrient digestibility and fish health [2]. 

The physiological effects of food, that exceed the basic nutrient utilisation for metabolism and 

growth, have primarily been observed in humans. One example is the strong increase of 

obesity already in young children that has been linked to nutrition and the hormonal status of 

their mothers during pregnancy, although exact mechanisms still remain poorly understood 

[3]. The potential of a permanent and directed alteration of physiological responses of fish 

towards a certain diet-type has already been discussed as approach in aquaculture research 

[4]. The effects of high dietary carbohydrate levels during early development on subsequent 

glucose metabolism have been investigated for zebrafish [5, 6], as well as for rainbow trout 

[7] and for Siberian sturgeon [8]. The feeding of rainbow trout fry with plant-based diets 

induced a permanent improvement of feed intake later in life [9], which was linked to 

alterations in metabolic pathways involved in feed acceptance [10]. Influencing the fatty acid 

metabolism of juvenile fish via stimuli during the larval stage was investigated in European 

sea bass [11] and in Senegalese sole via broodstock diets [12]. Broodstock diets for gilthead 

sea bream that were based on plant-derived protein sources and plant oils also improved the 

utilisation of such diets by juveniles [13]. Albeit the positive effects of previous studies, the 

experimental setups used in this thesis did not provoke nutritional programming effects 

comparable to those observed in earlier investigations. 

Phenotypic plasticity as response to the early feeding of plant-

derived protein sources 

The aim of this thesis was to explore the several physiological impacts of an early feeding 

with plant-derived proteins on trout and to evaluate whether these impacts contribute to a 
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nutritional programming effects and indicates a very high degree of phenotypic plasticity of 

the bacterial community which allows no persistent impact of the diet, but rather 

demonstrates the ability of the intestinal microbiome to quickly respond to environmental 

changes.  

The early development of digestion in trout 

Salmonid embryos need about three weeks of development inside the egg from fertilisation 

to hatching, although this timeframe varies strongly with surrounding water temperatures 

[17]. Shortly after fertilisation, the gastro-intestinal tract of fish is a rudimentary tube, which 

slowly develops into its functional compartments [18]. After hatching, in contrast to several 

other fish larvae, a large yolk sac ensures high survival rates of salmonid fry until the onset of 

exogenous feeding [19]. Moreover, salmonids not only have a fully developed intestine and 

pancreas but possess a functional gastric digestion at first feeding which favours higher 

protein assimilation rates [20]. An essential component of gastric digestion is the digestive 

enzyme pepsin. Feed entering the stomach triggers the release of pepsinogen (the precursor 

enzyme of pepsin) and of hydrochloric acid (HCl) by the oxynticopeptic cells of the gastric 

glands in the stomach [21] via the myenteric reflex and an acetylcholine induced cascade 

[22]. The hydrochloric acid contributes to the conversion of pepsinogen to the active form of 

pepsin. In this thesis, pepsin activities were detected in both species already before 

exogenous feeding started (Chapters 1 and 3). When pepsin activity levels of the two 

experiments were compared to each other (Fig GD-1b) they were not significantly different, 

however, brown trout tend to show higher pepsin activities than rainbow trout. This could 

reflect the carnivorous characteristics of wild brown trout, because typical carnivores exhibit 

higher protease and lower carbohydrase levels [23]. Moreover, activity assays were 

performed in presence of an acidic buffer solution (pH 2.0) and thus pepsinogen from the 

gastric glands could have also been converted to pepsin. Therefore, the relatively stable 

pepsin activities from hatching to first feeding in both trout species (Fig GD-1b) could also 

indicate a basal amount of pepsinogen that is present in the gastric glands of early trout fry. 

This hypothesis is supported by similar pepsin activities found in wild brown trout eggs 

already 5 days prior to hatching (Chapter 1, this thesis) and could be verified by studying the 

expression of pepsinogen in trout eggs and newly hatched fry. 

The average activity of amylase from hatching until first feeding is significantly higher 

(p=0.03) in rainbow trout than in brown trout (Fig GD-1a) and the presence of amylase 

activity without feed provision again reflects a fundamental enzymatic composition of 

developing fish [18]. The secretion of amylase is located in the exocrine glands of the 

pancreas (alike all pancreatic digestive enzymes). Via ducts, amylase is transported from the 
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exocrine glands to the gut lumen and the secretion of pancreatic enzymes can be stimulated 

by nutrients in the gut lumen [24]. The pancreas furthermore consists of endocrine cells that 

produce hormones (mainly glucagon, insulin, somatostatin or peptide YY). Those hormones 

can modulate the activity of the exocrine glands and thus influence the production and 

secretion of pancreatic digestive enzymes [24]. The hormone and digestive enzyme 

secretion of the pancreas is mainly controlled by sympathetic and parasympathetic nerves, 

and in rainbow trout the endocrine cells are distributed in the adipose tissue surrounding the 

pyloric caeca and the spleen [24]. 

 

Fig GD-1. Amylase (a) and pepsin (b) activities of rainbow trout and brown trout yolk 
sac fry before first feeding. Activities are presented in mU per mg whole body homogenate. Data 
is shown as mean ± SD for N=5 individuals per specimen and per sampling day. 

Digestive enzymes are one of the most important factors involved in the nutrient digestion in 

fish and are believed to be highly susceptible to external influences during early development 

[25, 26]. Thus, the application of an early nutritional stimulus in form of plant-derived 

feedstuffs that are fed from first feeding onwards was hypothesised to permanently alter 

digestive enzyme activities, for example by targeting the endocrine control mechanisms of 

digestive enzyme secretion. In Chapter 1 of this thesis, on the contrary, it has been 

demonstrated for brown trout that the early feeding of plant-based diets neither affected 

amylase nor pepsin activities later in life and that activity levels of amylase and pepsin during 

the different life-stages are not influenced by the diet-type. Acute changes of enzymatic 

activity at the onset of first feeding were rather related to the presence of feed and to active 

ingestion than to the experimental diets. In contrast, a small programming effect in the 

rainbow trout experiment presented in Chapter 3 was observed, because amylase activities 

that were measured during the second feeding period were significantly dependent on the 

first feeding diet type. This dependency, however, was strongly related to the dietary starch 
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content rather than to the inclusion levels of plant-derived proteins. Alike the results of the 

brown trout experiment, no nutritional programming effects were detected for pepsin activity 

levels.  

Important to consider is that a direct comparison of the two species after first feeding started 

needs to be taken with care due to the large differences between dietary ingredients and 

feed manufacturing. A meta-analysis about the impact of plant proteins on salmonid growth 

additionally revealed that the results of such studies strongly depend on the specific 

ingredients and that fishmeal quality, for example, can have a severe effect on the outcome 

of experiments [27]. 

Plant-based diets for carnivorous fish 

The results of the feeding trial with brown trout presented in Chapter 1 and the results of the 

feeding trial with rainbow trout presented in Chapter 3, both demonstrate that the inclusion of 

plant-derived proteins into first feeding diets for salmonids not necessarily results in poor 

growth performance. Especially during the first feeding period, the substitution of 50% dietary 

fishmeal content by plant-derived protein sources significantly enhanced growth performance 

of trout in both experiments. Furthermore, growth of wild brown trout fry fed with 90% plant-

derived dietary protein from first feeding onwards was equal to that of fish fed with fishmeal 

as exclusive protein source (Chapter 1). Although the fishmeal reduction in modern salmonid 

feeds for growing fish has been reduced to less than 15%, the diets for first feeding fry still 

contain 68% fishmeal and diets for fingerlings contain about 46% fishmeal [28]. With regard 

to the results of Chapter 1, the amount of fishmeal used in diets for early fry and juveniles 

could be further reduced. Important, however, is again the need for feed ingredients that are 

very low in antinutritive factors, since they seem to account for the poor growth of rainbow 

trout fed with totally plant-based diets (Chapter 3). For example, a reduced bioavailability of 

phosphorous because of phytic acid has been proposed to severely affect growth 

performance of salmonids [29, 30]. Phytic acid not only binds phosphorous but also calcium, 

and dietary deficiencies of both minerals can affect skeletal development and mineral 

deposition in rainbow trout fry [31]. 

Differences in growth performance can also originate from differences in voluntary feed 

intake. Due to the small size of experimental diets and the automatic feeding during the first 

feeding period of both experiments presented in this thesis, it was very difficult to determine 

voluntary feed intake of fish. However, in a previous study with juvenile rainbow trout it was 

concluded that voluntary feed intake is related to the nutritional state and thus adapted to 

ingest the optimal protein to energy ratio [32]. However, differences in feed intake were not 
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expected since the different diets used in the present thesis have equivalent energy and 

protein levels. Nevertheless, the substitution of fishmeal by plant proteins has been shown to 

induce a reduction in voluntary feed intake of rainbow trout [33, 34] and of Atlantic salmon 

[35], although an increase in protein to energy ratio increased feed intake of rainbow trout 

[34]. Furthermore, feed intake of Atlantic salmon was negatively related to dietary phytic acid 

contents [29]. The hypothalamus is the central controlling system of feed intake, but strongly 

connected to other physiological signals, such as the secretion of hormones. In a study on 

rainbow trout, aiming to induce nutritional programming via early feeding of plant-based 

diets, it was also observed that plant-based diets induce a significant reduction in feed intake 

of juvenile fish, although this reduction is smaller, if fish had experienced plant-based diets 

during early development [9]. This is contrasting the present results of the rainbow trout 

experiment (Chapter 3), in which fish from the feeding regime AB showed the same growth 

as fish from the feeding regime BB. No differences in growth performance were also 

observed between trout of the feeding regimes AA and AC, and thus nutritional programming 

effects on subsequent feed intake through the olfactory system as described previously [9] 

had presumably no impact on growth performance of rainbow trout. In contrast, wild brown 

trout (Chapter 1) exhibited enhanced growth performance when the diet changed to the 

fishmeal-based diet and reduced growth performance when the diet changed to the plant-

based diet. This could indicate an influence of voluntary feed intake (which is presumably 

higher for the fishmeal-based diet) on growth performance of wild brown trout. 

However, why is the feeding with a certain percentage of plant-based proteins beneficial for 

small trout fry? After hatching, yolk sac larvae stay in the interstitial gravel until the start of 

exogenous feeding. An early start of exogenous feeding before complete yolk sac depletion 

is crucial for the survival of the fry. Natural feed for brown trout fry mainly consists of 

chironomid larvae [36], which in turn feed on algae, fungi, pollen, plant particles, animal 

remains, detritus and silt [37]. Furthermore, cladocerans and copepods, as well as 

plecopteran larvae are part of the feed for brown trout fry and plecopteran larvae were found 

to represent about a fourth of the total stomach content volume due to their large size [36]. 

Plecopteran larvae can either stem from a herbivorous or a carnivorous family [38]. The 

general diet composition for Plecopteran larvae includes algae, detritus, fungi and bacteria, 

as well as dead fish eggs or animal material [38]. Cladocerans, in addition, can be made 

from 28% carbohydrates, and zooplankton in general contains a lot of chitin (N-

acetylglucosamine polymer) which might thus be the first carbohydrate ingested by most of 

the carnivorous fish in the wild [19]. The digestive capabilities (functional stomach and wide 

range of digestive enzymes) of trout fry seem to fit the variety of nutrients occurring in their 

natural diet. Although the prey is zooplankton, it is accompanied by plant particles or algae. A 
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comparison of hatchery-reared and wild brown trout also demonstrated a higher amount of 

plant particles in the stomachs of hatchery-reared fish, which was related to a lack of 

experience in catching the right prey [39]. Nevertheless, it is beneficial if as much of the 

ingested feed can also be digested. Larvae of herbivorous fish are strictly carnivorous during 

the first weeks of feeding until they undergo a trophic shift (what is also associated to a 

change in the intestinal microbiome [40]). They lack a stomach, as well as pharyngeal teeth, 

and need high amounts of nitrogen for fast growth, which can be more easily gained by 

animal protein [41]. For salmonids, it could be possible that a mixed diet with animal and 

plant-protein sources reflects the nutrient composition of natural food and is thus beneficial 

for growth during the first weeks of live. This hypothesis could be addressed, for example, by 

expression studies of digestive enzymes in wild salmonid fry feeding on natural food.  

The growth (in terms of dry body weight) of fish from the different dietary treatments in the 

experiments of Chapter 1 and 3 started to develop apart about two months after hatching. In 

a study with two strains of Arctic charr (Salvelinus alpinus), differing in their growth potential, 

the differences in growth performance with identical rearing and feeding conditions became 

obvious around the same point in time [42]. In their study the authors linked growth 

performance to a specific ratio of digestive to catabolic enzyme activities, before fry is able to 

increase its bodymass. Thus, further research should also include the determination of key 

enzymatic activities involved in nutrient metabolism, in order to investigate the reasons for 

the positive effects of plant-derived dietary protein sources on growth of trout fry. 

The formation of the intestinal microbiome 

With increasing knowledge about the effects of the gut microbiome on human health and 

nutritional status [43], the interest for studying the effects of the fish microbiome strongly 

increased as well [44]. After fertilisation the egg chorion is colonised by bacteria that are 

present in the surrounding water and soil, and are hypothesised to already interact with the 

egg via precursors of the innate immune system [45]. At the moment of hatching, the fish 

larva is exposed to the bacteria that have already colonised the egg. The formation of the 

intestinal bacterial community in fish is not yet fully understood. It has been shown that the 

fish microbiome is very similar to the bacterial community found in the surrounding 

environment [46]. However, it has also been shown in zebrafish that some bacteria are 

present in both, wild and farmed fish, promoting the idea of a core gut microbiome for a 

specific fish species [47]. In addition to this, some bacterial groups were found to be 

significantly associated with a certain trout family and dietary effects on the gut microbiome 

were dependent on the trout family as well [48]. In general, the microbes of a gut community 

compete for nutrients, however, they can also live in symbiosis by using the metabolites of 
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another microbe [49]. The intestinal microbiome is usually classified into autochthonous and 

allochthonous bacteria. Autochthonous bacteria are attached to the microvilli of the gut 

epithelial surface and allochthonous bacteria are part of the ingested food, passage the 

intestinal tract or remain in the gut lumen [50]. It is obvious that feed can have a tremendous 

effect on the intestinal microbiome. The results from Chapter 2 and Chapter 4 clearly 

demonstrate that the bacterial gut community of fish is separated by the diet-type. However, 

Fig GD-2 addresses the idea of a core microbiome by comparing the rainbow trout and the 

brown trout microbiome. The experiments with the two species were too different for a direct 

comparison of the dietary influence, but as can be seen in the plot of a Principle Coordiante 

Analysis (PCoA; a very similar procedure to NMDS, see Appendix A) the microbiomes of the 

two experiments separate along one axis in space, however are very alike along another. A 

change in diet is not only affecting the metabolism of fish, but it also changes the substrate 

for the intestinal microbiome.  

 

Fig GD-1. PCoA (Principal Coordinate Analysis) plot of the rainbow trout and the 
brown trout microbiomes. Each globe represents the microbiome of an individual fish placed as 
object in a 3-dimensional space. The two panels represent the same dataset, but were rotated around 
PC2. The red globes are fish from the brown trout experiment (Chapter 2), the blue globes from the 
rainbow trout experiment (Chapter 4). The percentage next to each axis (the coordinate axis) is the 
percentage of total variance that can be explained by each specific principal coordinate (PC). The 
PCoA was based on a weighted UniFrac distance matrix [51] and visualised with Emperor [52]. 

Discussing the concept of a core microbiome leads to at least two possibilities. First, if the 

main bacterial community present in the gut is autochthonous, then diet would act as 

environmental pressure, with specific ingredients promoting the growth of a specific bacterial 

taxon, while other ingredients promote the growth of a different taxon. Thus the bacterial gut 

community of one trout species comprises specific bacterial taxa, but the relative abundance 
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several functions, for example inhibitory effects against colonising pathogens [61], but also 

the secretion of digestive enzymes such as amylase, cellulases, proteases, lipases, 

chitinases or proteases [59]. The experimental setups used in this thesis are not appropriate 

to describe the metabolic contribution of the present microbiome, nevertheless specific 

bacterial groups significantly associated with a certain diet-type (Chapters 2 and 4) usually 

exhibit characteristic properties that could contribute to the growth performance of rainbow 

trout and brown trout. For example, the pre-treatment of soybean meal with lactic acid 

bacteria reduced anti-nutritive factors and improved overall digestibility in Atlantic salmon 

[62]. It is known that Bacteroidetes ferment oligosaccharides from plant material [63], 

although this is mainly the case for carp. Nevertheless, the relative abundance of 

Bacteroidetes increased in brown trout with increasing plant-protein inclusion levels (Chapter 

2). In rainbow trout (Chapter 4), Bacteroidetes were decreasing with increasing plant-protein 

inclusion levels, however, Firmicutes were significantly enhanced, which also incorporate 

several groups of lactic acid bacteria and fermentative processes. Nevertheless, it is 

important to discuss the influence of diets also on a deeper taxonomic level. The relative 

abundance of Lactobacillales, for example, significantly separated the microbiomes of both, 

rainbow trout and brown trout that were fed a diet including plant-based proteins from those 

of fish fed exclusively animal protein sources (Chapters 2 and 4). Clostridiales, an order of 

the phylum Firmicutes as well, in contrast contributed stronger to the microbiome of brown 

trout and rainbow trout that were fed diets with animal protein. It is known from humans that 

Bifidobacteria, belonging to the order Bifidobacteriales, can have several physiological 

effects, such as an additional source of vitamins which positively affects the immune system 

or the production of lipopolysaccharides which can induce inflammation [60]. 

Bifidobacteriales were found to be significantly enhanced in brown trout fed diets with plant-

based ingredients. The specific contribution of the intestinal microbiome to growth of fish 

presented in this thesis remains speculative; however, the importance of investigating such 

contributions is obvious. The growth of rainbow trout and of brown trout was significantly 

enhanced during the first weeks of life when plant-proteins were included in the diet. 

Furthermore, at least for rainbow trout the feeding of a mixed diet was also enhancing growth 

later in life (Chapter 3). In brown trout, the feeding of a plant-based diet during the early 

development was beneficial for subsequent growth, although the feeding of a fishmeal diet 

during the second feeding period lead to a significantly better growth performance (Chapter 

1). Relating the intestinal microbiome to growth performance is extremely difficult due to the 

high complexity of interactions and functions of the bacterial gut community. Nevertheless, 

what is known from the literature and from the results of this thesis a certain microbial 

composition might be beneficial at a certain age or developmental status. If lactic acid 

bacteria are enhanced by plant-based diets during the first weeks of feeding and if these 
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bacteria are positively impacting the immune system or the carbohydrate-energy-

metabolism, this might result in enhanced growth. Thus, further research should strongly 

focus on the physiological functions of the microbiome present in fish, for example via 

metagenome studies, to understand in what way the microbiome influences digestion and 

utilisation of plant-derived protein sources. Moreover, with regard to the strong impact of feed 

ingredients on the intestinal microbiome, there is need for an accurate synchronisation of 

available pre- and probiotics with feed ingredients to increase effectiveness of such additives 

and to avoid unwanted interferences. 

Conclusion 

This thesis provided new insight into the physiological responses of first-feeding trout fry 

towards an early nutrition with plant-based diets and contributed to a better understanding of 

nutritional programming effects in fish. Nutritional programming by an early nutritional 

stimulus has been proposed as being beneficial for an improvement in utilising plant-derived 

feedstuffs, however, this hypothesis could not be corroborated with the experiments 

presented in this thesis. Nevertheless, it was demonstrated that wild brown trout and farmed 

rainbow trout responded similarly positive to dietary plant-based proteins during early life 

stages.  

When wild brown trout fry (Chapter 1) were fed diets with either 0%, 50% or 90% plant-

proteins, no differences in body weights of fish between the three experimental diets could 

be observed at the end of the first feeding period, indicating an equal utilisation of the 

different protein sources. After the diet change, however, wild brown trout of all feeding 

regimes exhibited enhanced growth when fed the 0% plant-protein diet, which could be a 

relic of the parental feeding history. However, the continuous feeding of 0% plant-protein 

diets resulted in the same body weight as the continuous feeding of 50% plant-protein diets. 

Furthermore, despite being hypothesised, amylase and pepsin activities of wild brown trout 

were only slightly affected by the different protein sources. 

The intestinal microbiome of wild brown trout (Chapter 2) has been examined for the impact 

of an early feeding with plant-based diets and it was observed that the bacterial community is 

significantly influenced by the inclusion level of plant-derived proteins. However, this 

influence induced no permanent shape of the microbiome. After the diet-change, the 

bacterial community formation proceeded again according to the fed diet-type, indicating a 

high plasticity of the microbiome towards environmental change. Alpha diversity was not 

significantly affected by the inclusion of plant-derived proteins, but the general evenness was 

relatively low, indicating a high contribution of a few individual bacterial groups to the 
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microbial community. It was also observed that certain bacterial groups associated with a 

specific teleost feeding strategy were significantly promoted by the diet-type and might thus 

contribute to a better utilisation of this diet. Nevertheless, all bacterial groups observed align 

well with those observed in previous studies on the intestinal microbiome of salmonids. 

Rainbow trout originating from a well-established breeding strain (Chapter 3) exhibited 

significantly reduced growth when fed a diet almost entirely based on plant-proteins during 

the first feeding period, probably because of anti-nutritive effects. In contrast, no differences 

were observed between fish fed a 50% plant-protein diet and fish fed a 0% plant-protein diet. 

Best growth was also observed for rainbow trout fed the 50% plant-protein diet after the diet 

change, independent of the first feeding diet-type, and a continuous feeding of 50% plant-

derived proteins promoted significantly higher body weights when compared to a continuous 

feeding of 0% plant-derived proteins. Amylase activities of rainbow trout were significantly 

enhanced with increasing dietary starch levels, however not with increasing inclusion levels 

of plant-based protein sources. Pepsin activities were not influenced by the diet-type either.  

The feeding with either 0%, 50% or 97% plant-derived dietary proteins (Chapter 4) also 

significantly affected the intestinal microbiome of rainbow trout. The bacterial community 

structure was significantly different according to the diet-type and it was observed that alpha-

diversity decreased with increasing plant-protein inclusion levels, but increased with age of 

the experimental animals. The intestinal microbiome of rainbow trout could furthermore not 

be programmed for the first feeding diet. Nevertheless, the bacterial community exhibited a 

significant relation to the individual bodymass of fish, which could be an indicator for inter-

individual stress during the feeding trial.  

From the results of this thesis it can be concluded that trout fry exhibit a high phenotypic 

plasticity of physiological components towards nutritive stimuli during the first months of life. 

However, this plasticity has not reached the next level of developmental plasticity, which is 

required for nutritional programming. In contrast, trout fry have the potential to quickly 

respond towards different diet-types, which could underline the growth-advantage of 

salmonid fry in contrast to other fish larvae during early development. The high plasticity of 

the intestinal microbiome is, however, comprehensible, because an organism that is strictly 

specialized to a specific environment experiences strong disadvantage with environmental 

change, according to the match-mismatch paradigm. Aquaculture would, thus, significantly 

profit from future research, studying in greater detail the intrinsic mechanisms that control the 

digestive physiology of aquaculture species and the intestinal microbiome formation. 

Furthermore, on the basis of the present results, feed formulations that are aligned with the 

intestinal microbiome of fish will positively contribute to future aquafeeds. 
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Summary 

Aquaculture is one of the fastest growing agricultural sectors in the world. Within the last 20 

years, global aquaculture production has doubled and is still growing by 7% each year. 

Global capture fisheries, in contrast, is stagnating at about 80 million tonnes of annual 

production since the 1980s, partly because of a significant overfishing of marine stocks. With 

an annual production of about 90 million tonnes, aquaculture has by now outnumbered 

capture fisheries. Although during the last decades increasing costs for, and simultaneously 

decreasing availability of fishmeal and fish oil, generated huge research effort to investigate 

suitable substitutes, aquaculture is still highly dependent upon wild fish stocks due to its fast 

growth. In the 1990s, commercial Norwegian salmon feed contained about 90% marine 

ingredients that are usually produced from wild stocks, such as anchovies, mackerels, sand 

eels, herring, etc. Especially in feeds for carnivorous species fishmeal is used as highly 

digestible protein source. The most promising substitutes for fishmeal and fish oil are derived 

from plants, such as wheat, soya, corn, pea, rapeseed or bean products. In several studies it 

has been demonstrated that fishmeal and fish oil can be successfully substituted by plant-

derived feedstuffs, although some constraints remain. Most plant-derived resources are not 

generally suitable for their use in aquafeeds. For example, some plant-derived protein 

sources lack a sufficient amount of specific amino acids and thus the addition of artificial 

amino acids is needed. Moreover, the crude protein content of most plant meals is rather 

low, compared to fishmeal, which requires further processing, for example to protein 

concentrates. In addition, most land-based plants produce secondary compounds as defence 

mechanism against pathogens. Those secondary plant compounds are associated with 

health benefits in human nutrition; however, in fish secondary plant compounds can 

negatively affect fish health and nutrient digestion. It was observed that such anti-nutritive 

factors from plant ingredients induced enteritis in Atlantic salmon, reduced overall protein 

digestibility in fish or inhibited the availability of dietary minerals, such as phosphorous or 

calcium. Modern commercial feedstuff is highly processed to avoid anti-nutritive effects, 

which is, however, costly. 

A concept that could counteract these problems is nutritional programming and was 

examined in this thesis. Nutritional programming is currently of high interest in human 

medicine as one potential cause for the strong increase of diabetes and obesity, already 

observed in young children. Nutritional programming is based on an early external stimulus, 

which induces a permanent physiological effect and thus affects the long-term physiological 

responses of an organism to precisely that stimulus. In animal nutrition, the knowledge about 

the impacts of such early stimuli becomes of increasing importance. Little is known about the 
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effects of nutritional programming in fish. However, it has already been shown that 

components of trout carbohydrate metabolism could be positively influenced when certain 

carbohydrates were already present in first-feeding diets. The ability to digest especially 

long-chain carbohydrates, such as fibres, is strongly reduced in most carnivorous fish 

species. However, such long-chain carbohydrates are a natural constituent of many plants 

and therefore also found in plant-based feedstuff. The exact mode of nutritional programming 

and the physiological impact on fish remains unknown. The aim of this thesis was, therefore, 

to investigate the potential of nutritional programming during the early developmental phase 

of carnivorous fish to improve the utilisation of plant-based feedstuff. For this purpose one 

experiment was carried out with rainbow trout and one with wild brown trout. For each 

experiment, three diets were formulated differing in their percentage of plant-based raw 

materials. The experimental diets were subsequently administered from the onset of 

exogenous feeding and effects on the growth of animals, on the activity of the digestive 

enzymes amylase and pepsin, and on the composition of the gastrointestinal microbiome 

were investigated.  

The first two chapters of this dissertation describe the structure and results of the feeding 

experiment with wild brown trout. For this experiment, three experimental diets containing 

0%, 50% and 90% of plant-based raw materials were developed and produced together with 

the Skretting Aquaculture Research Centre in Stavanger, Norway. For protein supply, a 

mixture of different plant raw materials was used to ensure optimal nutrient composition of 

the diets. All experimental diets were produced in different grain sizes to meet the needs of 

growing trout. Chapter 1 focused on the growth of fish and on activity levels of the digestive 

enzymes amylase and pepsin. Amylase is a carbohydrate-cleaving enzyme which mainly 

degrades starch and is therefore an important enzyme for the digestion of plant raw 

materials. Pepsin is a protein-cleaving enzyme and secreted in the stomach. It digests 

dietary proteins to peptides, which are subsequently broken down to amino acids in the 

intestine by other proteases, such as trypsin. Since pepsin is the first enzyme in the gastro-

intestinal tract to break down plant proteins, it was of particular interest for this thesis. 

Digestive enzymes are very target specific and for this reason, it was hypothesised that the 

various forms of plant and animal proteins can have an effect on the activity of pepsin. 

However, the results of the first chapter clearly show that, although feed intake per se 

produced an increase in the amylase and pepsin activities, the nature of the feed and the 

associated percentage of plant or animal protein sources had no effect on the activity of the 

two digestive enzymes. Instead, the activities of these enzymes seem to be intrinsically 

controlled and dependent on the particular state of development of the animals. The aim of 

the experiment was to induce nutritional programming with respect to the protein source by a 
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cross-over feeding design. Thus, a total of nine feeding regimes resulted from the respective 

combinations of the three experimental diets. However, no nutritional programming effects on 

amylase or pepsin activities could be detected. The increase in body weight of individual fish 

was further monitored during the course of the feeding trial. It was shown that 50% plant-

based raw materials in experimental diets had a positive effect on growth performance during 

the early development stages of wild brown trout, compared to fishmeal-based feed. After the 

diet change, during the juvenile stage, the fishmeal-based diet, in contrast, promoted 

increased growth. However, the growth-enhancing effect from the previous feeding period 

was preserved and had a positive effect on final body weights. Nevertheless, as with the 

digestive enzymes, no nutritional programming effect could be observed. In contrast, 

individual fish exhibited a high plasticity with regard to the experimental diet.  

However, growth is only the result of various metabolic pathways. Besides digestive 

enzymes, the intestinal microbiome plays an important role in the digestion of nutrients, too. 

In several studies it has been shown that the fish microbiome is not only important for the 

immune system and the defence of pathogenic bacteria. It has also been observed that 

intestinal bacteria in fish can secrete digestive enzymes or provide metabolites that allow the 

fish to utilise otherwise indigestible feed ingredients. Chapter 2 of this dissertation, thus, 

discussed in detail the effects of plant-based raw materials on the bacterial community of 

brown trout. It was observed that the diet-type has a strong effect on the bacterial gut 

community. Further analysis demonstrated that the bacterial composition of the 

gastrointestinal tract has strongly adapted to the respective diet composition. Interestingly, it 

was observed that such bacteria are specifically established that were associated with the 

feeding strategy of fish. For example, the proportion of lactic acid bacteria strongly increased 

when juvenile trout were fed with a high proportion of plant protein sources. Lactic acid 

bacteria are especially associated with the fermentation of long-chain carbohydrates or plant 

fibres in herbivorous or omnivorous fish. Those findings clearly demonstrate that the nature 

of the diet has a great influence on the intestinal microbiome, however, as already observed 

with digestive enzyme activities and growth performance data, no nutritional programming of 

the bacterial community by the first feeding diet can be assumed. 

Similar research questions were addressed in the second experiment, which is presented in 

Chapters 3 and 4 of this thesis. In this experiment, rainbow trout from an established North 

American broodstock were used as experimental animals. The diets used in this experiment 

were produced manually and with rather un-processed raw materials. Again, three 

experimental diets were formulated, containing either 0%, 50% or nearly 100% plant-based 

protein sources. Those diets were produced in various sizes, correspondingly to the growth 
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of fish during the feeding trial. The aim of this experiment was again to establish nutritional 

programming effects by the means of an early stimulus in the form of first-feeding diets. 

Chapter 3 discusses the results of the analysis of growth data as well as the influence of feed 

on the two digestive enzymes amylase and pepsin. The results indicated that not only the fry 

but also the juvenile rainbow trout showed a significantly better growth performance if the 

feed contained at least 50% plant-based raw materials. In contrast, the diet consisting of 

almost exclusively plant-based raw materials induced a significant reduction in growth 

performance, presumably due to the known anti-nutritive effects. As already observed with 

brown trout, it was not possible to induce nutritional programming effects and the amylase 

and pepsin activities were again not correlated with the proportion of plant-based raw 

materials in the experimental diets. 

Interestingly, a clear positive relationship between amylase activity and dietary starch content 

was found. Starch is an important component in the production of fish feed because it 

provides stability for the feed pellet. Unlike extruded feed, which has been used in the first 

experiment, pelletized feed was used for the second experiment. Extruding (a process 

involving heat and pressure) has a positive effect on the digestibility of starch, because the 

pure form of starch - as is normally found in a feed pellet - is of low digestibility for salmonids. 

The positive relationship between amylase activity and dietary starch content during the first 

feeding period also had an effect on the amylase activities measured after the feed 

conversion. Here a clear nutritional programming effect was observed.  

Possible effects of experimental diets on the intestinal microbiome should also be 

investigated in this experiment. The results are presented in detail in Chapter 4 and are 

consistent with the results of the experiment presented in Chapter 2. Interestingly, strong 

differences between sampling at the end of the first feeding period and sampling at the end 

of the second feeding period were observed. For example, the number of observed 

taxonomic units (OTUs) and alpha diversity increased markedly with increasing age. The 

strict separation of the bacterial composition depending on the diet-type was observed as 

well.  

In summary, it can be stated that, with the present experimental parameters, no nutritional 

programming of trout fry could be induced - with the exception of amylase activities in the 

rainbow trout experiment. As a result, no positive effects on the subsequent utilisation of 

plant raw materials could be generated. Instead, it was observed that rainbow trout and wild 

brown trout respond highly plastic during the first months towards nutritive stimuli. This was 

observed especially in the composition of the intestinal microbiome. The positive effect of 

plant-based raw materials on growth performance of fish in both experiments during the early 
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stages of development should be addressed in future research. Generally said, aquaculture 

would strongly benefit from knowledge about the metabolic contribution of the intestinal 

microbiome to digestive physiology. With regard to the large number of commercially 

available pro- and prebiotics and the strong effect of feed on the intestinal microbiome, it 

would be advantageous to synchronise those products more closely with the respective feed. 

Thus, possible negative interactions could be avoided and positive interactions generated. 
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Zusammenfassung 

Die Aquakultur ist einer der am schnellsten wachsenden Sektoren der Agrarwirtschaft 

unserer Zeit. Innerhalb der letzten fünfzehn bis zwanzig Jahre hat sich die globale 

Produktion verdoppelt und wächst jedes Jahr um fast sieben Prozent weiter. Im Gegensatz 

dazu stagniert die weltweite Fischerei seit Jahrzehnten bei etwa 80 Millionen Tonnen 

Jahresertrag, vor allem aufgrund der starken Überfischung mariner Bestände. Die Aquakultur 

hingegen liegt derzeit bei einer Jahresproduktion von etwa 90 Millionen Tonnen und obwohl 

sie die Fangfischerei mittlerweile an Produktionsvolumen überholt hat, ist sie immer noch 

stark von ihr abhängig. Die stetig wachsende Aquakultur hatte immer einen hohen Bedarf an 

günstigen und hochwertigen Proteinquellen für die Futterproduktion, jedoch erzeugte der 

Kollaps vieler Fischbestände (und damit einhergehend steigende Preise für marine 

Rohstoffe) ein Umdenken. In den neunziger Jahren bestand beispielsweise das Futter für 

Norwegischen Lachs noch zu neunzig Prozent aus Fischmehl und Fischöl, hauptsächlich 

gewonnen aus marinen Fischbeständen. Allerdings werden bereits seit einigen Jahren 

alternative Rohstoffe zu fischbasierten Produkten erforscht. Am vielversprechendsten ist 

dabei der Einsatz pflanzlicher Protein- und Ölquellen. Vor allem Landpflanzen wurden auf 

ihre Eignung für den Einsatz in hochwertigen Futtermitteln hin untersucht und zahlreiche 

Studien konnten belegen, dass Fischmehl durch pflanzliche Proteinquellen ersetzt werden 

kann. Dabei werden hauptsächlich Produkte aus Weizen, Mais, Soja, Erbsen, Raps oder 

Bohnen genutzt. Allen Rohstoffen gemein ist, dass sie im Vergleich zum Fischmehl nicht per 

se optimal für die Fischernährung geeignet sind. So entspricht beispielsweise das 

Aminosäureprofil nicht dem Bedarf der Fischart oder der Rohproteinanteil ist zu niedrig, 

weshalb viele Pflanzenmehle zu Proteinkonzentraten weiterverarbeitet werden müssen. 

Außerdem haben fast alle Landpflanzen natürliche Abwehrmechanismen gegen Schädlinge 

entwickelt. Diese sogenannten sekundären Pflanzenstoffe werden in der Humanernährung 

häufig mit positiven Effekten auf die Gesundheit assoziiert, bei Fischen können sie sich 

jedoch negativ auswirken. So konnte man zum Beispiel zeigen, dass pflanzliche Substanzen 

Darmentzündungen bei Lachsen hervorrufen, die Verdaulichkeit von Proteinen herabsetzen 

oder Mineralstoffe und Spurenelemente binden, sodass sie für den Fisch nicht mehr 

verfügbar sind. Diese sogenannten anti-nutritiven Effekte treten durch modernes 

Hochleistungsfutter kaum mehr auf, weshalb der pflanzliche Anteil beispielsweise im Futter 

für Salmoniden nun auf siebzig bis achtzig Prozent angestiegen ist. Pflanzenbasierte 

Futterkomponenten werden dafür allerdings stark prozessiert; fehlende Aminosäuren, 

Mineralstoffe oder Vitamine müssen zugesetzt oder sekundäre Pflanzenstoffe entfernt 

werden. Diese Verfahren sind aufwändig und teuer, und mit steigender Aquakulturproduktion 

steigt deshalb auch langfristig die Nachfrage nach effizienteren Lösungen. 
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Ein Konzept, welches diesen Problemen entgegenwirken könnte, ist metabolische 

Programmierung und bildet die Grundlage für diese Dissertation. Metabolische 

Programmierung wird vor allem in der Humanmedizin als eine Ursache für immer weiter 

ansteigende Zahlen an den an typischen Volkskrankheiten, wie Diabetes und Übergewicht, 

erkrankten Menschen angesehen. Das Prinzip beruht auf einem sehr früh gesetzten 

externen Reiz, welcher einen permanenten physiologischen Effekt induziert und damit 

langfristig physiologische Antworten eines Organismus auf eben jenen Reiz beeinflussen 

kann. Sowohl in der Human- als auch in der Tierernährung wird das Wissen um den Einfluss 

solch früher Reize von immer größerer Bedeutung. Es gibt nur wenige Untersuchungen über 

die Effekte metabolischer Programmierung bei Fischen. Allerdings konnte gezeigt werden, 

dass der Kohlenhydratstoffwechsel von Forellen beeinflusst werden konnte, wenn bestimmte 

Kohlenhydrate bereits im Brutfutter oder im Futter der Elterntiere enthalten waren. Dies ist 

insofern positiv zu bewerten, als dass die Verdauung vieler Kohlenhydrate gerade bei 

karnivoren Fischen stark herabgesetzt ist. Vor allem langkettige Kohlenhydrate sind jedoch 

ein natürlicher Bestandteil vieler Landpflanzen. Über die genaue Wirkungsweise 

metabolischer Programmierung ist noch sehr wenig bekannt und auch darüber, welche 

physiologischen Komponenten davon beeinflusst werden können. Das Ziel dieser 

Dissertation war es deshalb, die Möglichkeiten metabolischer Programmierung durch 

nutritive Reize während der frühen Entwicklungsphase für die Nutzung pflanzlicher Rohstoffe 

in der Ernährung karnivorer Fische zu untersuchen. Dazu wurde ein Versuch mit 

Regenbogenforellen und ein Versuch mit Nachzuchten wilder Bachforellen durchgeführt. Für 

jeden Versuch wurden Futtermittel konzipiert, die sich in ihrem Prozentsatz pflanzlicher 

Rohstoffe unterschieden. Diese Futtermittel wurden anschließend ab der ersten Aufnahme 

von exogenem Futter durch die Forellenbrut verabreicht und deren Auswirkungen auf das 

Wachstum der Tiere, die Aktivität der Verdauungsenzyme Amylase und Pepsin, und auf die 

Zusammensatzung des Magen-Darm-Mikrobioms untersucht.  

Die beiden ersten Kapitel dieser Dissertation beschreiben den Aufbau und die Ergebnisse 

des Fütterungsversuchs mit wilden Bachforellen. Für diesen Versuch wurden drei 

Futtermittel mit einem Anteil pflanzlicher Rohstoffe von 0%, 50% und 90% gemeinsam mit 

dem Aquakultur-Forschungszentrum des Futtermittelherstellers Skretting in Stavanger, 

Norwegen, entwickelt und produziert. Als Proteinlieferanten wurde eine Mischung aus 

verschiedenen pflanzlichen Rohstoffen genutzt, um im Futter eine optimale 

Nährstoffzusammensetzung zu gewährleisten. Diese drei Futtermittel wurden in 

verschiedenen Körnergrößen produziert, damit sie den Bedürfnissen der wachsenden 

Forellenbrut entsprechen. In Kapitel 1 stand das Wachstum der Tiere im Vordergrund, sowie 

die Aktivitätslevel der Verdauungsenzyme Amylase und Pepsin. Amylase ist ein 
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Darmgemeinschaft nicht nur essentiell für das Immunsystem und die Abwehr pathogener 

Bakterien ist. Man konnte auch beobachten, dass Darmbakterien in Fischen weitere 

Verdauungsenzyme sezernieren oder ganze Stoffwechselwege bereitstellen, die dem Fisch 

die Möglichkeit bieten ansonsten unverdauliche Futterbestandteile zu verwerten. Kapitel 2 

dieser Dissertation befasste sich ausführlich mit den Effekten pflanzlicher Rohstoffe auf das 

Darmmikrobiom der Bachforellen. So konnte beobachtet werden, dass der Futtertyp einen 

eklatanten Einfluss auf die bakterielle Gemeinschaft besitzt. Verschiedene Analysemethoden 

zeigten, dass sich die Bakterienzusammensetzung des Magen-Darm-Traktes stark an die 

jeweilige Futterzusammensetzung angepasst hat. Interessanterweise konnte dabei 

festgestellt werden, dass sich vor allem solche Bakterien etablieren, die auch bei anderen 

Fischarten mit einer bestimmten Nahrungsstrategie assoziiert sind. So stieg beispielsweise 

der Anteil an Milchsäurebakterien stark an, wenn die jungen Forellen mit einem hohen Anteil 

pflanzlicher Proteinquellen gefüttert wurden. Milchsäurebakterien werden in herbivoren oder 

omnivoren Fischen, wie dem Karpfen, vor allem mit der Fermentation langkettiger 

Kohlenhydrate oder Pflanzenfasern in Verbindung gebracht. Diese Ergebnisse zeigen also 

ganz deutlich, dass die Art des Futtermittels einen großen Einfluss auf das Darmmikrobiom 

hat. Die bakterielle Zusammensetzung wurde nach der ersten Fütterungsperiode zum 

Zeitpunkt der Futterumstellung erfasst und am Ende der zweiten Fütterungsperiode. Auch 

hier wurde wieder überprüft, ob das jeweilige Brutfutter einen permanenten und langfristigen 

Einfluss auf das sich formende Mikrobiom juveniler Forellen hatte. Doch wie bereits die 

Verdauungsenzyme und Wachstumsdaten, zeigte die bakterielle Zusammensetzung eine so 

hohe Plastizität gegenüber dem jeweiligen Futtermittel, sodass nicht von einer 

metabolischen Programmierung der bakteriellen Gemeinschaft ausgegangen werden kann.  

Ähnliche Fragestellungen sollten in einem zweiten Versuch beantwortet werden, welcher in 

den Kapiteln 3 und 4 dieser Dissertation vorgestellt wird. In diesem Versuch wurden 

Regenbogenforellen aus einem etablierten nordamerikanischen Elternbestand als 

Versuchstiere genutzt. Die Futtermittel für diesen Versuch wurden manuell und mit wenig 

prozessierten Rohstoffen hergestellt. Erneut wurden drei Futtermittel konzipiert, die entweder 

0%, 50% oder knapp 100% pflanzliche Proteinquellen beinhalten. Diese drei Futtermittel 

wurden in verschiedenen Größen hergestellt, die dem jeweiligen Wachstumsstand der Tiere 

während des 4-monatigen Versuches entsprachen. Auch in diesem Versuch war das Ziel 

eine metabolische Programmierung durch einen früh gesetzten Reiz in Form des ersten 

Brutfutters zu etablieren. In Kapitel 3 werden die Ergebnisse aus der Analyse der 

Wachstumsdaten, sowie der Einfluss der Futtermittel auf die beiden Verdauungsenzyme 

Amylase und Pepsin diskutiert. Die Ergebnisse zeigten, dass nicht nur die Forellenbrut, 

sondern auch die juvenilen Regenbogenforellen eine deutlich bessere Wachstumsleistung 
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gegenüber nutritiven Reizen reagieren. Dies war insbesondere bei der Zusammensetzung 

des Darmmikrobioms zu beobachten. Die Tatsache, dass sich pflanzliche Rohstoffe positiv 

auf das Wachstum beider Fischarten auch im frühen Entwicklungsstadium ausgewirkt hatten 

sollte weiter untersucht werden. Die Aquakultur würde dabei vor allem von Ergebnissen zum 

metabolischen Beitrag des Mikrobioms profitieren. In Hinsicht auf die große Anzahl 

verfügbarer Pro- und Präbiotika und dem starken Effekt des Futters auf das intestinale 

Mikrobiom, wäre es von Vorteil diese Produkte stärker mit dem jeweiligen Futtermittel 

abzustimmen. So können eventuelle negative Wechselwirkungen vermieden und positive 

Interaktionen erzeugt werden.  
























