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Abstract 17 

Barley protein concentrate (BPC) was tested as a protein source in the diets of Atlantic 18 

salmon post-smolts. Fish were fed one of four experimental diets consisting of a 19 

fishmeal/soya protein concentrate control (CT) along with 2 feeds supplemented with 20 

increasing levels of BPC replacing the more costly SPC. A fourth diet partially replaced 21 

FM in the high BPC diet with a liquid fish protein concentrate (FPC) made from fish 22 

trimmings. No significant differences were observed in terms of growth at the end of the 23 

12–week feeding period, although the protein efficiency ratio (g gain/g protein 24 

consumed) was significantly lower for the control compared to fish fed diets containing 25 

either BPC only or FPC and BPC. This suggests that diets containing BPC had a 26 

beneficial effect when compared to the control diet. Furthermore, the lack of any 27 

detriment to fish growth in diets containing BPC suggests there are no significant issues 28 

regarding any negative effects of potential anti-nutritional factors which can otherwise 29 

be the case with other plant origin products. The data presented in this study indicate 30 

that BPC and FPC are products which could be of benefit to salmon culture, and related 31 

species, in providing a valuable new raw material to the industry. 32 

 33 
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Introduction 38 

Aquafeeds represent a significant part (30-70%) of the overall costs with respect to 39 

fish production (Cheng et al., 2003; FAO, 2010). The traditional marine-based protein 40 

sources derived from fishmeal (FM) are no longer available in quantities that meet the 41 

increased demands of modern intensive fish farm production and, as such, the future 42 

growth of aquaculture relies upon the development of a range of sustainable protein 43 

sources to replace FM (Gatlin et al., 2007). Numerous products have already been tested 44 

as potential FM replacements in aquafeeds, including animal by-products (Suigura et 45 

al., 2000; Yamamoto et al., 2002), single cell proteins (Lunger et al., 2007) and lupin 46 

seed meal (Gomes et al., 1995) among others. However, some proteins are less 47 

favoured, such as soybean meal, which can cause intestinal enteritis although this varies 48 

with both fish species and size and may be related to the presence of anti-nutritional 49 

factors (Olli et al., 1994). Soya protein concentrates (SPC) can provide a product of 50 

high protein content, good amino acid profile as well as good nutrient digestibility and 51 

palatability but are often less favoured due to cost fluctuations (Gatlin et al., 2007). 52 

Recent studies where concentrated plant proteins were fed to rainbow trout 53 

(Oncorhynchus mykiss) provide good evidence that such products can replace FM with 54 

no or only minor reductions in growth (Gaylord et al., 2006; Barrows et al., 2009; 55 

Gaylord and Barrows, 2009). With FM prices continuing to rise, the aquaculture 56 

industry will need to test and validate a range of alternative protein ingredients to 57 

maintain high quality products acceptable to both fish producers and consumers alike.  58 

Salmonids, such as Atlantic salmon (Salmo salar), have a high demand for protein 59 

in the region of 40-50% to maintain optimum performance (Hardy, 1996). In a recent 60 

study, Bell et al. (2010) successfully grew salmon smolts from 85 g to 3 kg over a 13 61 

month period using a blend of plant proteins including extracted soybean meal, wheat, 62 
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SPC and corn gluten totalling 45% of the formulation and only 25% FM inclusion. 63 

Several plant proteins have been used for a range of salmonid species including rainbow 64 

trout, Arctic charr (Salvelinus alpinus) and Atlantic salmon (Reftsie et al., 2006; 65 

Overland et al., 2009; Davidson et al., 2013; Wolters et al., 2013) and digestibility 66 

studies in Atlantic salmon have shown a range of plant-based proteins to be similar to 67 

FM with exceptions for bacterial protein meal, extracted soybean meal, oats, canola and 68 

sunflower (Glencross et al., 2004; Reftsie et al., 2006; Denstaldi et al., 2007; Kraugerud 69 

et al., 2007). Furthermore, when the plant feeds were further processed to provide 70 

protein concentrates the digestibility remained unaffected (Glencross et al., 2004; 71 

Denstaldi et al., 2007). Barley Protein Concentrate (BPC) is a relatively new product, 72 

with production on a pilot scale level. However, current investigations suggest that the 73 

cost of BPC will be lower than for SPC while providing a similar protein content. 74 

Furthermore, BPC production uses a process that produces an ethanol co-product, 75 

improving the commercial viability of the process. Unlike the traditional distillers dried 76 

grains, this process is designed to protect the protein from heat damage as well as 77 

removing fibre and it is predicted that BPC will be priced competitively to the 78 

fermented SPC products. Replacing SPC with BPC should reduce the overall feed costs 79 

and provide an additional high quality ingredient to allow feed formulators to manage 80 

fluctuating ingredient prices. This new process produces a BPC product containing 81 

around 50-60% protein on a dry matter basis. However, limited studies using BPC have 82 

been performed in Atlantic salmon although results appear promising up to inclusion 83 

levels of 22% (Burr et al., 2013).  84 

Fish protein concentrate (FPC) is a co-product of fishery processing, where the 85 

unused portion is processed into a high quality liquid product. FPC contains many of the 86 
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flavour compounds from the trimmings and may have beneficial effects with respect to 87 

feed intake when added to a high plant protein diet. 88 

The primary aim of the present study was to test the BPC in combination with low 89 

levels of FM inclusion (15%) as a replacement for the more costly SPC in the diets of 90 

Atlantic salmon post-smolts to assess fish performance. In addition, FPC was tested as a 91 

partial replacement for FM together with BPC. 92 

 93 

Materials and Methods 94 

Fish populations and experimental set-up 95 

Atlantic salmon post-smolts were sourced from the University of Stirling’s 96 

ongrowing facility at the Niall Bromage Freshwater Research Unit (Buckieburn, 97 

Stirling) and transferred to the Marine Environmental Research Laboratory (MERL) at 98 

Machrihanish, Campbeltown, on the west coast of Scotland on the 6
th

 May 2013. A total 99 

of 336 fish (90.5 ± 3.5 g, mean ± SD) were equally stocked into 12 circular 1 m 100 

diameter (500 L water volume) glass-reinforced plastic tanks (28 fish per tank), with 101 

conical bottoms, with seawater supplied by flow-through at a minimum rate of 1 L.min
-1

 102 

per kg fish. Each diet was fed to triplicate tanks of fish. Fish were reared under natural 103 

photoperiod and temperature (range 13-14
o
C) and at constant salinity (33 ppt). Fish 104 

were fed in excess of recommended feeding rates by hand with 3-4 meals per day. 105 

Uneaten feed was collected and recorded approximately 30 min after each meal. Fish 106 

were acclimated to tanks for a period of 6 days prior to the commencement of feeding 107 

the test feeds on the 13
th

 May 2013. 108 

 109 

 110 

 111 
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Experimental diets 112 

Four experimental diets utilising either SPC, BPC and FPC were formulated so that 113 

the three most limiting amino acids, lysine, methionine and threonine were 114 

supplemented to match the amino acid profile of salmon muscle at 3.3%, 1.2% and 115 

1.7% of the diet respectively (see Table 1 for characterisation of test ingredients). All 116 

diets were formulated to be to be isonitrogenous (42% crude protein) and iso-lipidic 117 

20% crude fat (Table 2) with poultry meal, corn protein concentrate and wheat gluten 118 

content held constant in all four diets. The commercial type diet (CT) contained 14.8% 119 

sardine meal and 20% SPC. For the next 2 diets the sardine meal content remained the 120 

same but BPC replaced half the SPC content in diet 2 (BPC50) and all SPC inclusion in 121 

diet 3 (BPC100) so that similar ingredients replaced each other. The BPC had 531 g.kg
-1

 122 

crude protein compared to 693 g.kg
-1

 crude protein so slightly more BPC was required 123 

to replace the SPC. The fourth experimental diet contained the higher level of BPC 124 

(21.5%), no SPC and replaced part of the sardine meal with a liquid fish protein 125 

concentrate on an equal dry protein basis (BPC/FPC). All diets were supplemented with 126 

mono-dicalcium phosphate to maintain a dietary phosphorus content of 1.2%. 127 

Diets were processed using a twin-screw cooking (DNDL-44, Buhler AG, Uzwil, 128 

Switzerland) with an 18 s exposure to 127
o
C average across the 6 extruder barrel 129 

sections. The die plate was water cooled to an average temperature of 60
o
C. Pressure at 130 

the die head varied from 27 to 31 bar depending on diet. Pellets were dried in a pulse 131 

bed drier (Buhler AG, Uzwil, Switzerland) for 25 min at 102
o
C with a 10 min cooling 132 

period to provide a final moisture level of less than 10%. A top coating of fish oil was 133 

added to all feeds using a vacuum-assisted top-coater (A.J. Mixing, Ontario, Canada). 134 

The diets contained carotenoid pigment (Carophyll Pink; DSM Nutritional Products, 135 

Heerlen, Netherlands) at a concentration of 100 mg.kg
-1

 diet (11% active product). Diets 136 
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(3 mm pellet size) were stored in plastic lined paper bags at room temperature until fed 137 

and used within 6 months from manufacture. All diets were formulated to satisfy the 138 

nutritional requirements of salmonid fish (NRC, 2011). 139 

 140 

Sampling procedures 141 

At the end of the trial all remaining fish were killed by an overdose of metacaine 142 

(MS-222) anaesthetic, length-weighed and the viscera removed and the carcass re-143 

weighed to determine head-on dressed weight. The carcass and viscera from 5 fish per 144 

tank (15 per dietary treatment) were collected, frozen on dry ice and stored at -20
o
C 145 

until proximate analysis was conducted. In addition, the fillet from the left side was 146 

removed from four fish per tank (12 per dietary treatment), frozen on dry ice and stored 147 

at -20
o
C until analysed for pigment concentration. The specific growth rate (SGR) was 148 

calculated as: SGR (%bw.day
-1

) = 100[ln(WF/WI)/d], where WF and WI are the final 149 

and initial weights (g) respectively, and d is the number of days. The Thermal Growth 150 

Coefficient (TGC) was also calculated as TGC = (WF
1/3

 – WI
1/3

)  (1000/DD), where 151 

WF and WI are as previously addressed for SGR and DD is the cumulative daily water 152 

temperature (
o
C) in SW. Net protein utilisation (NPU) was determined as NPU (%) = 153 

100[(PF-PI)/TPF], where PF and PI are final and initial body protein levels (g) and 154 

TPF is total protein fed (g).  155 

 156 

Proximate compositions of diets and whole fish 157 

Samples of diets were analysed using standard methods to determine crude lipid by 158 

acid hydrolysis of soxhlet samples (Tecator Soxtec method); moisture content by drying 159 

at 105
o
C until constant weight (AOAC, 2000); crude protein (Kjeldahl, calculated as 160 
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N6.25); and ash content by combustion in a muffle muffle furnace at 600
o
C (AOAC, 161 

2000). 162 

Whole fish were analysed by first determining the moisture content of individual 163 

samples (AOAC, 2000) before samples were homogenized and analysed as described 164 

above for diets, with exception to crude lipid which was analysed by soxhlet without 165 

acid-hydrolysis. Moisture content was then used to convert results on a wet weight 166 

basis.   167 

 168 

Pigment analysis 169 

   Flesh astaxanthin levels were determined using a modified method of Barua et al. 170 

(1993). Briefly, tissue samples (~1 g) were homogenised in 10 ml of absolute 171 

ethanol/ethyl acetate (1:1 vol) using an Ultra-Turrax tissue disrupter (Fisher Scientific, 172 

Loughborough, UK) with the homogenate centrifuged (1000 x g, 5 min) and the 173 

supernatant removed to a clean glass tube. The pellet was re-homogenised and 174 

centrifuged a further two times, first in 5 ml ethyl acetate followed by 5 ml isohexane, 175 

with the removal and combination of supernatants. The combined supernatant was dried 176 

under a nitrogen stream at room temperature and desiccated overnight in vacuo before 177 

resuspending in 2 ml isohexane prior to HPLC analysis. Samples were injected on a 178 

Thermo Scientific Ultimate 300 UHPLC system equipped with a 50 x 3 mm 1.7 µ 179 

Synchronis Silica Column (Thermo Scientific, UK) with detection at a wavelength of 180 

470 nm. An isocratic solvent system was used consisting of 181 

isohexane/acetone/isopropanol (82:16:2 v/v/v) at a flow rate of 0.5 ml.min
-1

. 182 

Astaxanthin and lutein were quantified using an external standard of astaxanthin 183 

obtained from DSM (Heerlen, Netherlands). 184 

 185 
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Statistical analysis  186 

Statistical analyses were performed using Graphpad Prism™ (version 4.0) 187 

statistical package (Graphpad Software, San Diego, CA, USA). Data were assessed for 188 

normality with the Kolmogorov-Smirnov test and, where necessary, transformed using 189 

the natural logarithm or arcsine transformation. Data were compared by a one-way 190 

analysis of variance (ANOVA), with replicate tanks nested within their dietary 191 

treatments. Post hoc comparisons using Tukey’s test. A significance of P<0.05 was 192 

applied to all tests performed. 193 

 194 

Results  195 

Diets 196 

The analysed values for the proximate compositions of the experimental feeds used 197 

during the study are presented in Table 2. Moisture contents were 6.1, 5.5, 5.4 and 4.3% 198 

for (CT), BPC50, BPC100 and BPC/FPC respectively. Dietary lipid value  content was 199 

16.9% for CT, 19.3% for BPC50, 19.3% for BPC100, and 20.1% for BPC/FPC  The 200 

protein contents were 42.8, 41.7, 42.8 and 43.2% and ash content values 7.0, 6.7, 6.4 201 

and 6.3% for CT, BPC50, BPC100 and BPC/FPC  respectively. Diets were close to the 202 

formulated values for crude protein and three of the diets were close for crude lipid, but 203 

the commercial type diet was approximately 2% lower in lipid compared to the other 204 

test diets. 205 

 206 

Growth and fish quality parameters 207 

At the end of the 12-week feeding period no significant differences were observed 208 

between the 4 dietary treatments for either final weight, length, head on dressed weight, 209 

or viscera weights (Table 3). Similarly, no significant differences were seen in total feed 210 
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consumption or FCR values, although diets containing BPC showed the lowest FCR 211 

values (1.00 ± 0.05, 1.01 ± 0.03 and 1.03 ± 0.01, BPC/FPC, BPC50 and BPC100 212 

respectively) relative to CT (1.17 ± 0.14). The SGR of fish ranged from 0.77 in BPC100 213 

to 0.81% bw.day
-1

 in BPC50, although no significant differences were found between 214 

treatments. There were no significant differences between other growth parameters 215 

namely the average daily weight gain, protein intake and net protein utilization. 216 

However, the protein efficiency ratio of CT fed fish was significantly lower than the 217 

other dietary treatments containing BPC. 218 

Data for moisture and crude lipid on whole fish analysis showed no significant 219 

(P>0.05) differences between dietary treatments (Table 5). However, the ash content for 220 

BPC50 fish was significantly lower than the ash content of fish from the other 3 221 

treatments. Similarly, the protein content of BPC50 was also found to be lower than fish 222 

fed CT, 17.54 ± 0.63 compared to 18.21 ± 0.48% respectively.  223 

Mortality losses were generally low throughout the 12-week study (Table 3). 224 

However, an outbreak of amoebic gill disease (AGD) on the 17
th

 July 2013 affected one 225 

of the tanks from the BPC100 treatment, resulting in a loss of 8 fish. The AGD problem 226 

was quickly rectified by flushing tanks with freshwater for two hours, on a monthly 227 

basis, and no further AGD related mortalities occurred thereafter. Despite the AGD 228 

event affecting one tank from the BPC100 dietary treatment no statistical differences 229 

between replicate tanks were recorded, thus all tanks from this treatment were included 230 

for all statistical parameters measured.  231 

 232 

Carotenoid pigment levels 233 

Total carotenoid pigment levels, astaxanthin (Ax) and lutein from flesh fillets of 234 

fish fed the experimental diets are provided in Table 4. Results for both total pigment 235 
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and Ax were highly variable within treatments and, as such, no significant differences 236 

were observed between treatments.  237 

 238 

Discussion 239 

The continued expansion and development of aquaculture production worldwide 240 

requires that sustainable alternatives for FM and fish oil (FO) are investigated, 241 

developed and introduced for use in feed formulations as a matter of urgency, due to the 242 

increasing global demand for farmed fish production (FAO, 2010). The results from this 243 

study indicate that BPC has the potential to replace the more costly SPC as a protein 244 

source in fish feeds without affecting the growth of Atlantic salmon. In addition, FPC 245 

could replace some of the FM to save costs and perhaps improve feed consumption. 246 

Since FM and FO are currently exploited to the maximum levels, and no 247 

comparable marine-based alternatives are available, the industry has turned to plant-248 

based products to fill the void left by declining FM availability. However, there are an 249 

increasing number of plant-based products on the market, which can contribute to the 250 

replacement of FM in feed formulations and can provide valuable sources of both 251 

protein and energy. These include grain products; principally corn and wheat glutens, 252 

and oilseeds including canola, cottonseed, soybean, and palm and sunflower meals. 253 

Additional products have included those derived from legumes such as lupins, beans, 254 

peas and peanuts, among others (NRC, 2011).  255 

Nutrient profiles provided by FM products are largely devoid of anti-nutritional 256 

factors and are also endowed with high levels of essential amino acids that promote 257 

growth and development. By comparison plant-based feeds generally contain some anti-258 

nutritional factors, although these can be reduced by appropriate pre-treatment 259 

processing methodologies as well as supplementation with appropriate amino acid 260 
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packages (de Francesco et al., 2004; NRC, 1993). One advantage of barley is that the 261 

only known anti-nutrient it contains is phytate, which is relatively benign and readily 262 

removed during the concentration process. 263 

   In this study, the BPC protein replacement product (Montana Microbial Products) 264 

contained a high level of crude protein (53%) which has been shown to give 96% 265 

protein digestibility in Atlantic salmon (Burr et al., 2011). The diets formulated 266 

contained an equal amount of sardine meal (14.8%), with exception to the BPC/FPC 267 

diet, which had a mixture of sardine meal and FPC (Table 1). Given that the main 268 

nutritional components were similar among the 4 diets, with the exception of BPC 269 

inclusion level, which increased from 0% in CT to 10.75% in BPC50 and 21.5% in 270 

BPC100 and BPC/FPC diets, it is not surprising that there were no significant 271 

differences between the 4 dietary treatments at the end of the 12-week study period. The 272 

goal was to formulate practical type diets that would produce good growth if the 273 

nutrients in BPC were readily available and it did not contain anti-nutrients.   274 

Growth rates were not significantly different for the fish fed the four dietary 275 

treatments at the end of the trial (Table 3). Under normal circumstances we would have 276 

expected the smolts to double their weight over the 12-week trial period and at the end 277 

of the study the smolts were just short of this target, although values were within normal 278 

ranges expected for salmon grown under similar conditions within the same tank culture 279 

systems (W. Roy, pers. comm).  Numerically, the highest final growth was seen in fish 280 

fed BPC50 closely followed by diets BPC100 and BPC/FPC respectively, with the 281 

lowest growth in fish fed CT, which had no BPC supplement. This could be due to an 282 

apparent mixing error resulting in the CT diet containing approximately 2% less lipid. 283 

Similarly, the higher amount of wheat flour used in the CT diet (23.2%) compared to 284 

BPC50 (21.9%) and BPC100 and BPC/FPC (20.7%) may have interfered with the 285 
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uptake of minerals and nutrients. This possibility is supported by the slightly higher 286 

FCR (P = 0.08) and the slightly lower NPU and PER values for the fish fed CT diet 287 

compared to all other diets. Including such levels of wheat flour provided adequate 288 

water stability (min. 6 hour) in order to collect intact uneaten feed as well as allowing 289 

for expansion of the feed to absorb the top-coated fish oil (~11%). This was achieved by 290 

including 4% wheat gluten which has 778 g/kg crude protein compared to 693 for SPC 291 

and 531 for BPC. Thus, diets with lower protein BPC had 20% wheat flour and diets 292 

with SPC had 23%, within range of wheat flour levels of 20-30% that have been used 293 

effectively in other studies (e.g. Barrows et al., 2007; Burr et al., 2013). Furthermore, 294 

diets containing BPC exhibited a lower FCR value than fish fed the CT diet, suggesting 295 

that diets containing BPC give better performance than the control. However, the higher 296 

levels of BPC in the BPC100 and BPC/FPC diets did not significantly improve growth 297 

compared to the lower BPC ration given in the BPC50 diet. It might be the case that no 298 

improvement in fish growth was seen in the BPC100 and BPC/FPC fed fish because 299 

there was no additional impact of anti-nutritional factors in these 2 diets which had 300 

twice the amount of BPC compared to the BPC50 diet. The data collected from diets 301 

containing BPC suggest that BPC was a useful addition to the total diet formulation and 302 

indicates that BPC, at levels up to 22%, could provide benefits for the culture of 303 

Atlantic salmon and related salmonid species (Burr et al., 2013), particularly with 304 

respect to replacing the more costly SPC alternative ingredient currently favoured by the 305 

industry. The other replacement product chosen for this study, FPC (Scanbio AS), is a 306 

co-product of fishery processing, used with the intent to further reduce the inclusion of 307 

fishmeal and enhance feed intake of fish fed the high BPC diet. The addition of FPC, 308 

while reducing fishmeal in the high BPC diet (BPC/FPC), did not affect the 309 

performance of the salmon post smolts during the 12-week study.  Including FPC 310 
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improves the sustainability of the diet compared to the other three experimental diets. 311 

As Fishery processing products are not considered by many environmental groups as a 312 

“wild fish” input, there is positive effect of lowering the Fish-in Fish-out ratio when 313 

FPC is included in the formulation.  314 

The 3 diets based on BPC inclusion represent a significant potential benefit in terms 315 

of future salmon feed formulations which is a requirement for the on-going 316 

development of new aquafeeds to ensure aquaculture food security in the 21
st
 century. 317 

All four diets used in this study had the majority of their protein components presented 318 

in the form of plant-based alternatives with 54.7, 54.2, 53.7 and 53.7% (CT, BPC/50, 319 

BPC/100 and BPC/FPC respectively) of protein provided by plant products and 28% of 320 

protein provided by FM, poultry meal and FPC. These diets are comparable with other 321 

sustainable feeds including those developed for salmonids by Kaushik et al. (1995) and 322 

Espe et al. (2006) where the latter showed lower growth performance when fed fish 323 

meal-free diets, containing corn and wheat glutens, fish solubles plus a package of 324 

crystalline amino acids. While early attempts to replace FM with plant proteins resulted 325 

in reduced fish growth this was generally related to reduced feed intake and effects 326 

related to gut integrity which left protein and amino acid digestibility’s unaffected 327 

(Kaushik et al., 2004; Espe et al., 2006; Aslaksen et al., 2007; Glencross et al., 2005). 328 

More recent studies using plant protein and plant oils included a range of components 329 

including extracted soybean meal, wheat, wheat gluten and soya concentrate. This 330 

provided total plant protein levels of 45% in a 6mm pellet and 39.9% in a 9mm pellet 331 

(Bell, et al., 2010), which is lower than the plant protein level in the current study and 332 

reflects the advances made in feed formulations over recent years. At the same time, 333 

fish oil was partially replaced with rapeseed, palm and Camelina oils. In a related study 334 

with Atlantic salmon, a maximum plant based diet was tested, where 80% of FM was 335 
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replaced with a mixture of plant protein products including wheat, wheat gluten, corn 336 

gluten, extracted soybean meal and krill meal plus a mixture of vegetable oils (linseed, 337 

rapeseed & palm oils). In addition, two intermediate replacement diets contained either 338 

half this amount of FM replacement and maximum fish oil replacement or one half 339 

replacement of fish oil and maximum FM replacement (Torstensen et al., 2008). SGR’s 340 

were significantly reduced in the combined high replacement group compared to the 341 

intermediate experimental groups such that fish weights were 17% lower in the high 342 

replacement group but only 9% lower in the high plant protein group compared to a 343 

marine control and intermediate plant protein group (Torstensen et al., 2008). In 344 

addition, the maximum FM and fish oil replacement diet provided a net production of 345 

fish protein with 2 kg of salmon protein produced per kg of FM protein fed.  346 

The results of the current study are in agreement with Burr et al., (2013) where 347 

BPC was found to be a nutritious ingredient that supported growth performance 348 

equivalent to Atlantic salmon fed a practical type fishmeal based diet.  In that study, as 349 

the inclusion rate for BPC increased from 0 to 11% to 22% the inclusion rate of 350 

fishmeal, poultry meal, soy protein concentrate and corn protein concentrate were 351 

reduced equally. 352 

The levels of measured carotenoid pigment astaxanthin and lutein showed a high 353 

degree of variability between individual fish within treatments resulting in no 354 

significant differences between dietary treatments (Table 4). Generally, Atlantic salmon 355 

start depositing carotenoids at around 200 g, with retention around 10-15% of the 356 

ingested carotenoid (Ytrestøyl et al., 2006). In the present study, the post smolts 357 

weighed only 90.5 g at the onset of the trial reaching around 200 g at final sampling. 358 

Thus, carotenoid deposition would have been limited and, as such, fish would only have 359 

begun to start laying down significant levels of pigment towards the end of the trial as 360 
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body weights reached 200 g. Nevertheless, if a longer scale trial with BPC is conducted 361 

in the future then it is likely that better levels of pigment deposition would be expected 362 

with an increase in fish size.  363 

Although there were no significant differences in most growth parameters the 364 

slightly improved feed utilisation efficiency, in terms of FCR, PER and NPU, shown 365 

by fish fed with BPC or BPC/FPC diets compared to CT fed fish provide good 366 

evidence that BPC can be a valuable new ingredient for use in aquaculture 367 

applications. Provided sufficient volumes of BPC and FPC can be made available to 368 

the industry, we are hopeful that BPC will prove to be a useful new aquafeed product in 369 

the near future.  370 

It is essential for the future development of global fed aquaculture that we continue 371 

to develop new formulated feed products that are ethical, economical and sustainable. 372 

As FM-based feeds become more expensive, due to price increases, then the protein 373 

demand will need to be met using largely plant-based alternatives, and processing co-374 

products from other industries. This study demonstrated that a newly developed protein 375 

concentrate from barley can effectively replace 20% SPC in a low fish meal, 376 

commercial type diet. While there were no significant differences between the four 377 

dietary treatments in terms of fish growth, the BPC product and the combination of BPC 378 

and FPC, clearly showed potential for further testing and development in salmonids and 379 

other species. Currently, salmonid feeds are using lower levels of FM, with levels of 380 

30% in post-smolts reducing to 5% or even lower in larger fish in seawater. The 381 

application of BPC and other plant proteins as FM replacers should be tested in larger 382 

fish to investigate the potential for growth in low FM diets.  383 

 384 
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Table 1. Analysed composition of the different test ingredients. 514 

 515 
g.100 g

-1
 SPC

a
 BPC

b
 FPC

c
 

    

Dry matter 95.19 94.01 100.00 

Crude protein 69.30 53.10 70.10 

Crude fat 0.53 0.53 8.01 

Phosphorus 0.89 0.67 1.60 

Arginine 5.50 3.12 4.20 

Histidine 1.95 1.11 1.80 

Isoleucine 3.54 1.77 2.80 

Leucine 5.52 3.47 4.60 

Lysine 4.68 1.88 4.81 

Methionine 1.01 0.84 2.00 

Threonine 3.04 1.77 2.82 

Valine 3.77 2.50 3.42 

    
a 

Solae, Pro-Fine VF, St. Louis, Missouri, USA, expressed on an as-is basis 516 
b 
Montana Microbial Products, Missoula, Montana, USA, expressed on an as-is basis 517 

c 
Scanbio AS, Bjugn, Norway, this was applied as a wet product with approximately 50% moisture but 518 

data presented on a dry matter basis. 519 
 520 

  521 
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Table 2. Ingredient and nutrient composition of the experimental diets fed to Atlantic 522 

salmon post-smolts. 523 

 524 
Ingredient 

g.kg
-1

 

Experimental Diet 

Commercial 

Type 

BPC50 BPC100 BPC/FPC 

     

Sardine meal
a
 148.0 148.0 148.0 98.0 

Soya protein concentrate
b
 200.0 100.0 0.0 0.0 

Barley protein concentrate
c
 0.0 107.5 215.0 215.0 

Fish protein concentrate
d
 0.0 0.0 0.0 50.0

e
 

Poultry meal
f
 132.0 132.0 132.0 132.0 

Corn protein concentrate
g
 75.0 75.0 75.0 75.0 

Wheat gluten meal
h
 40.0 40.0 40.0 40.0 

Wheat flour
i
 231.8 219.3 206.8 206.8 

Fish oil
j
 113.0 115.0 118.0 118.0 

L-Lysine HCl 11.1 12.6 14.6 14.6 

DL-Methionine 3.2 3.0 3.0 3.0 

L-Threonine 1.1 1.8 1.8 1.8 

Mono-dicalcium phosphate 24.8 25.8 25.8 25.8 

Choline chloride 6.0 6.0 6.0 6.0 

Vitamin premix
k
 10.0 10.0 10.0 10.0 

Stay-C 35%
l
 2.0 2.0 2.0 2.0 

Trace mineral premix
m

 1.0 1.0 1.0 1.0 

Astaxanthin
n
 1.0 1.0 1.0 1.0 

     

Analyzed Nutrient Composition
o
 (as-is) 

Moisture (%) 6.08 5.45 5.41 4.31 

Crude protein 42.82 41.67 42.87 43.22 

Crude lipid 16.89 19.33 19.26 20.14 

Ash 6.97 6.71 6.36 6.33 

Energy (MJ.kg
-1

) 20.71 21.67 21.90 22.01 

     
a
Sardine meal, Peruvian prime, 668.8 g.kg

-1
 crude protein 525 

b
Solae, Pro-Fine VF, 693 g.kg

-1
 crude protein 526 

c
Montana Microbial Products, 531 g.kg

-1
 crude protein 527 

d
Scanbio, 701 g.kg

-1
 crude protein dry matter basis 528 

e
Product contains 50% moisture, addition performed on dry matter basis 529 

f
IDF Inc., 832 g.kg

-1
 protein 530 

g
Cargill, Empyreal 75, 756 g.kg

-1
 crude protein 531 

h
Manildra Milling 778 g.kg

-1
 protein 532 

i
Manildra Milling, 120 g.kg

-1
 protein 533 

j
Omega Proteins Inc., Virginia Prime menhaden oil 534 

k
ARS 702; contributed per kg diet; vitamin A 9650 IU; vitamin D 6600 IU; vitamin E 132IU; vitamin K3 535 

1.1 mg; thiamine mononitrate 9.1 mg; riboflavin 9.6 mg; cyancobalamin 0.03 mg; nicotinic acid 21.8 mg; 536 
biotin 0.34 mg; folic acid 2.5 mg; inostitol 600 mg 537 
l
DSM Nutritional Products 538 

m
Contributed in mg.kg

-1
 of diet: manganese 13; iodine 5; copper 9; zinc 40 539 

n
Carophyll Pink 10, DSM Nutritional Products 540 

o
Values are of triplicate analyses 541 

 542 

  543 
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Table 3. Growth and quality data of Atlantic salmon post-smolts fed one of four 544 

experimental diets for the 12-week study period. Means (± sd) bearing different 545 

superscript lettering are significantly different (P<0.05). 546 

 547 

Parameter 

Experimental Diet One-way ANOVA 

(P value) Commercial 

Type 

BPC50 BPC100 BPC/FPC 

      

Initial weight (g) 90.9 ± 4.9 90.4 ± 2.8 90.7 ± 4.9 90.2 ± 3.5 0.997 

Midpoint weight (g) 124.5 ± 10.0  122.3 ± 1.9 124.3 ± 10.4 127.0 ± 8.4 0.920 

Final weight (g) 171.3 ± 7.2 177.6 ± 1.1 173.0 ± 11.4 176.5 ± 8.6 0.753 

Final length (cm) 25.2 ± 0.3 25.7 ± 0.1 25.6 ± 0.7 25.6 ± 0.4 0.545 

Dressed weight (g) 158.0 ± 38.7 164.5 ± 35.9 160.3 ± 38.2 163.1 ± 36.9 0.752 

Viscera weight (g) 12.9 ± 2.9 13.1 ± 2.8 13.2 ± 3.3 13.3 ± 3.1 0.803 

Total Feed Consumption (g) 2557.8 ± 209.1 2403.7 ± 164.6 2354.9 ± 282.4 2431.4 ± 103.8 0.658 

FCR 1.17 ± 0.14 1.01 ± 0.03 1.03 ± 0.01 1.00 ± 0.05 0.081 

SGR (%bw.day
-1

) 0.78 ± 0.06 0.81 ± 0.03 0.77 ± 0.06 0.80 ± 0.03 0.533 

TGC 1.11 ± 0.08 1.19 ± 0.04 1.13 ± 0.09 1.18 ± 0.05 0.493 

Av. Daily wt gain (g.day
-1

) 1.00 ± 0.07 1.00 ± 0.02 1.00 ± 0.11 1.00 ± 0.07 1.000 

Protein efficiency ratio 

(g fish.g dietary protein
-1

) 
2.0 ± 0.25

a
 2.4 ± 0.06

b
 2.3 ± 0.02

ab
 2.3 ± 0.12

ab
 0.040 

Protein intake (g.fish
-1

) 40.1 ± 3.68 36.8 ± 0.72 36.3 ± 4.04 37.1 ± 2.17 0.439 

Survival (%) 94.4 ± 0.00 94.0 ± 7.43 90.5 ± 16.5 97.6 ± 4.12 0.829 

Net protein utilization (%) 29.1 ± 1.93 34.4 ± 1.98 32.9 ± 4.24 33.6 ± 4.72 0.317 

      

 548 

 549 

550 
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Table 4. Carotenoid pigment concentrations (mg.kg
-1

; mean ± sd) from the fillet flesh 551 

of Atlantic salmon post-smolts fed one of four experimental diets.  552 

 553 

Carotenoid 

Pigment Source 

Experimental Diet One-way ANOVA 

(P value) Commercial 

Type 

BPC50 BPC100 BPC/FPC 

      

Total Carotenoid 0.93 ± 0.73 1.06 ± 0.67 0.55 ± 0.47 0.55 ± 0.50 0.093 

Astaxanthin 0.87 ± 0.73 1.01 ± 0.67 0.50 ± 0.47 0.52 ± 0.50 0.108 

Lutein 0.06 ± 0.04 0.06 ± 0.04 0.05 ± 0.02 0.04 ± 0.01 0.325 

      

 554 

                555 

556 
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Table 5. Proximate compositions of whole fish fed one of four experimental diets over 557 

the 12-week study period. Means (± sd) bearing different superscript lettering are 558 

significantly different (P<0.05).                              559 

                                                                                                                                                          560 

Parameter 

Experimental Diet One-way ANOVA 

(P value) Commercial 

Type 

BPC50 BPC100 BPC/FPC 

      

Moisture 70.42 ± 1.25 70.84 ± 0.77 70.64 ± 0.98 70.27 ± 0.99 0.440 

Lipid 7.83 ± 0.99 8.26 ± 0.88 8.64 ± 0.76 8.50 ± 0.76 0.052 

Protein 18.21 ± 0.48
a
 17.98 ± 0.32

a
 17.54 ± 0.63

b
 17.88 ± 0.34

a
 0.003 

Ash 2.39 ± 0.09
a
 2.40 ± 0.10

a
 2.32 ± 0.13

b
 2.43 ± 0.09

a
 0.037 

      

 561 

 562 

 563 

 564 
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