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Abstract
Dietary fish oil supplementation provides n-3 long-chained polyunsaturated fatty acids for supporting fish growth and 
metabolism and enriching fillet with eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; c22:6n-3). Two 
experiments were performed as a 3 × 2 factorial arrangement of dietary treatments for 16 wk to determine effects and 
mechanisms of replacing 0%, 50%, and 100% fish oil with DHA-rich microalgae in combination with synthetic vs. microalgal 
source of astaxanthin in plant protein meal (PM)- or fishmeal (FM)- based diets for juvenile rainbow trout (Oncorhynchus 
mykiss). Fish (22 ± 0.26 g) were stocked at 17/tank and 3 tanks/diet. The 100% fish oil replacement impaired (P < 0.0001) 
growth performance, dietary protein and energy utilization, body indices, and tissue accumulation of DHA and EPA in both 
diet series. The impairments were associated (P < 0.05) with upregulation of hepatic gene expression related to growth 
(ghr1and igf1) and biosynthesis of DHA and EPA (fads6 and evol5) that was more dramatic in the FM than PM diet-fed fish, 
and more pronounced on tissue EPA than DHA concentrations. The source of astaxanthin exerted interaction effects with 
the fish oil replacement on several measures including muscle total cholesterol concentrations. In conclusion, replacing fish 
oil by the DHA-rich microalgae produced more negative metabolic responses than the substitution of synthetic astaxanthin 
by the microalgal source in juvenile rainbow trout fed 2 types of practical diets.
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Introduction
Aquaculture production is expanding 3% to 4% annually 
(OECD-FAO, 2019). While the expansion has enhanced the 
global per capita fish consumption to over 20 kg a year (FAO, 
2016), it leads to continuously increasing expense of fish oil 
as a highly demanded ingredient of aquafeeds (Olsen and 

Hasan, 2012). This is because fish oil is rich in omega-3 long-
chained polyunsaturated fatty acids (n-3 LC-PUFA) including 
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic 
acid (DHA; c22:6n-3; Turchini et  al., 2009; Perez-Velazquez 
et  al., 2019, Fukada et  al., 2020). These n-3 LC-PUFA in fish 
oil are essential nutrients for many fish species. They not 
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only promote fish growth and nutrient metabolism but also 
are accumulated in the fillet to offer cardioprotective health 
benefits to consumers (Burr et al., 1989; Kris-Etherton et al., 
2002; Raatz et  al., 2013). In contrast, conventional plant oils 
contain no EPA or DHA. Their use in aquaculture feed translates 
into low fillet n-3 PUFA enrichments and compromised health 
values of the product (Caballero et  al. 2002; Betiku et  al., 
2016; Cleveland et al., 2018). Likewise, fishmeal (FM) becomes 
increasingly expensive and plant-based protein is considered 
as a common replacement. Because protein sources in diets 
affect nutrient requirements of fish (García-Ortega et  al., 
2016), it is crucial to find appropriate fish oil substitutions 
under different dietary protein bases, without compromising 
fish growth performance and the fillet value for sustaining the 
world aquaculture production.

Microalgae have been explored as a DHA source in 
comparison with that of genetically modified plant oils (Amaro 
et al., 2011). Algal-based products can partially replace dietary 
fish oil or be used in combination with plant oils, without 
negatively affecting growth of Pacific white shrimp, Atlantic 
salmon, rainbow trout, and gilthead sea bream (Ju et al., 2012; 
Kiron, 2012; Vizcaíno et al., 2016; Santigosa et al., 2020). Those 
products also enhance the accumulation of DHA in the fillet and 
improve its ultimate health value (Peterson et al., 2019; Fukada 
et  al., 2020). Although these studies illustrate the potential 
for microalgae as a replacement for fish oil-derived DHA, it 
remains largely unclear how its efficacy varies with the main 
source of dietary protein (plant meal (PM) vs. FM). Meanwhile, 
little is known as how supplemental microalgal DHA affects 
biochemical and molecular mechanisms regulating fatty acid 
biosynthesis and lipid metabolism in the liver and white muscle 
of fish.

Astaxanthin (3,3′-dihydroxy-β,β-carotene-4,4′-dione) is a 
red-orange carotenoid. Whereas this compound is commonly 
supplemented in salmonid diets primarily for the pigmentation 
of the muscle tissue (Martínez et  al., 2019), it also exhibits 
antioxidant properties and may prevent the oxidation of 
unsaturated fatty acids including DHA (Torrissen et  al., 1989; 
Kobayashi et al., 1997). Effects of dietary astaxanthin on growth 
or reproductive performance were shown to be mixed: none 
in rainbow trout (Rehulka 2000; Yesilayer and Erdem 2011) but 
positive in the blood parrot fish (Li et al., 2018), golden pompano 
(Xie et al., 2017), and red swamp crayfish (Cheng and Wu, 2019). 
Although both synthetic and natural sources of astaxanthin are 
used as dietary supplements (Pan and Chien, 2009), the relative 

efficacy of synthetic and microalgal astaxanthin in diets for the 
rainbow trout and their interactions with the microalgal DHA 
replacement of fish oil have not been tested (Martínez et  al., 
2019). Because the aquafeed industry is interested in replacing 
fish oil and synthetic astaxanthin (SA) with microalgal sources at 
the same time, it is necessary to find out the relative potency or 
efficacy of these replacements and their collective or interactive 
impacts on fish growth performance and health status. Linking 
the growth performance and nutrient metabolism status to the 
related gene expression of fish in response to these replacements 
may help explore new strategies to overcome resultant adverse 
effects from the replacements.

Therefore, we performed 2 parallel experiments with 3 × 2 
factorial arrangement of dietary treatments in juvenile rainbow 
trout (Oncorhynchus mykiss). The 2 experiments were run on 2 
practical types of basal diets: FM-based protein source or PM/
soybean meal-based protein source. There were 3 levels (0%, 
50%, and 100%) of fish oil replacements by DHA-rich microalgae, 
and 2 sources of astaxanthin (synthetic: SA vs. algal-based: 
AA). Our objectives were to determine effects and mechanisms 
of these dietary treatments on growth performance, nutrient 
retention, lipid and fatty acid profiles, and gene expression-
related to growth and biosynthesis of n-3 LC-PUFA.

Material and Methods

Experimental design and diets

Two feeding trials were conducted for 16 weeks as a 3  × 2 
factorial arrangement of dietary treatments: 3 levels of fish oil 
substitutions (0%, 50%, and 100% of DHA basis) with increasing 
levels of DHA-rich Aurantiochytrium microalgal meal (Heliae 
Development, LLC, Gilbert, AZ) (Tolba et al., 2019) and 2 sources of 
astaxanthin as a synthetic form (SA; 4-ascorbyl polyphosphate 
Rovomix Stay-C 35; Carophyll pink, DSM Nutritional Products 
Ltd., Basel, Switzerland) or a microalgal form (AA; Haematococcus 
pluvialis, Heliae, Gilbert, AZ; Magnuson et  al., 2018; Sun et  al., 
2018) at 80  mg astaxanthin/kg. The factorial arrangement of 
dietary treatments was replicated in two diet series: (1) the PM 
diet series that contained only plant-based protein sources and 
(2) the FM diet series that contained both FM and plant-based 
protein sources. Diet formulations and proximate analyses are 
presented in Supplementary Table 1 (PM diet series) and Table 2 
(FM diet series). The analyzed fatty acid profiles of various 
ingredients and diets are presented in Supplemental Table 3 
(fish oil, DHA-rich microalgae, and soy oil), Supplementary 
Table 4 (PM diet series), and Supplemental Table 5 (FM diet 
series). The treatments were randomly assigned to 3 replicate 
tanks each, making tank the experimental unit. Experimental 
diets were formulated to contain 44% crude protein, 18% crude 
lipid, available lysine, methionine, and threonine at 3.8%, 1.30%, 
and 2.1%, and total phosphorus at 1.0%, respectively. The basal 
diets (0% substitution of fish oil) in both series were formulated 
to meet or exceed all nutrient requirements of rainbow trout 
(NRC, 2011). Diets were prepared by cooking extrusion (DNDL-
44, Buhler AG, Uzwil, Switzerland) as described by Cogliati et al 
(2019).

Fish culture, sampling, and index calculations

Experimental fish were raised in accordance with guidelines 
approved by the Cornell University Animal Care and Use 
Committee and the U.S. Fish and Wildlife Service. Rainbow trout 
from a single lot were obtained from a commercial producer 
(Troutlodge, Inc., Sumner, WA) and cultured at the Bozeman Fish 

Abbreviations

DHA docosahexaenoic acid (c22:6n-3)
EPA eicosapentaenoic acid (c20:5n-3)
FCR food conversion ratio
FR fillet ratio
HPLC high-performance liquid 

chromatography
HSI hepatosomatic index
MUFA monounsaturated fatty acid
n-3 LC-PUFA omega-3 long-chained 

polyunsaturated fatty acids
NEFA non-esterified fatty acid
PUFA polyunsaturated fatty acid
SFA saturated fatty acid
TC total cholesterol
TG triglyceride
VSI visceral somatic index
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Technology Center (Bozeman, MT). Fish were stocked at 17 fish/
tank (initial body weight = 22 ± 0.26 g). Lighting was maintained 
on a 13:11 hour diurnal cycle. Tanks (200 L) were configured in 
a partial recirculating system (14  °C) with biofiltration, solids 
removal and UV treatment of the water. Fish were fed to 
apparent satiation twice a day, 6 d a week for 16 wk, and feed 
intake was determined by weighing buckets before and after 
feeding.

Ten fish from the initial population were killed for 
determination of initial whole-body proximate composition. 
During the growth trial, fish were weighed every 4 wk for the 
determination of feed conversion ratio (FCR), feed intake, and 
weight gain. At the end of the study, 4 fish from each tank were 
randomly selected for whole body composition, and 3 additional 
fish were dissected for determinations of hepatosomatic index 
(HSI), visceral somatic index (VSI), and fillet ratio (FR).

Proximate analyses of diets, ingredients, and 
whole body

Dry matter was analyzed according to standard methods (Abu 
and Hamza, 1995). Crude protein was determined by the Dumas 
method (Abu and Hamza, 1995) on a Leco TruSpec N instrument 
(LECO Corporation, St. Joseph, MI). Total energy was determined 
by isoperibol bomb calorimetry (Parr 6300, Parr Instrument 
Company Inc., Moline, IL). Lipid was determined by petroleum 
ether extraction using an Ankom XT10 (Ankom Technologies, 
Macedon, NY).

Profiles of fatty acids and lipids in tissues 
and(or) diets

Lipids were extracted from diets, muscle (fish fillets), liver, 
and(or) heart tissues according to Folch et al (1957) as performed 
in previous studies (Magnuson et al., 2018; Sun et al., 2018; Liu 
et  al., 2019). After 200  mg of diets, 1  g of muscle, and 500  mg 
of liver and heart each were weighed, the tissue was cut into 
small pieces, frozen with liquid nitrogen, and powdered with 
tertiary butylhydroquinone (100  mg/500  mg tissue) to prevent 
lipid oxidation in a Waring blender for 2 min. As described by 
Christie (2010), the lipid was methylated using methanolic 
sulfuric acid (4%) in anhydrous methanol at 90  °C for 60 min. 
A  gas chromatograph (Agilent 6890N, Agilent Technologies, 
Santa Clara, CA) fitted with the internal standard of tridecanoic 
acid and external standard of methyl ester (Sigma-Aldrich Co., 
St. Louis MO) were used to determine peaks and concentrations 
of fatty acids. A fused-silica capillary column coated with CP-SIL 
88 (100 m Å–0.25  mm inner diameter, 0.2  mm film thickness) 
was used to separate fatty-acid methyl esters (Varian Inc., 
Lake Forest, CA). The oven temperature was programmed at 
140  °C and increased to 220  °C (4  °C/min). Concentrations of 
total cholesterol (TC), triglyceride (TG), and nonesterified fatty 
acid (NEFA) in the muscle and liver were determined using a 
Wako Chemicals kit (Richmond, VA), and concentrations of total 
phospholipid in the tissues were determined using a kit from 
Fujifilm Wako Diagnostics (Mountain View, CA).

Gene expression related to growth and biosynthesis 
of n-3 LC-PUFA in the liver

Hepatic gene expression of growth hormone receptor (ghr), 
insulin-like and growth factor (igf), fatty acid desaturases 2 
and 6 (fads2, 6), elongases 2 and 5 (elovl 2, 5), and acetyl-CoA 
oxidase (acox) were determined using elongation factor (elf) 
as a reference gene. The mRNA abundances of these genes 
were quantitated using conventional protocols as previously 

described (Cleveland and Evenhuis, 2010; Cleveland et al., 2020). 
Briefly, RNA was isolated using Tri Reagent (Millipore-Sigma, 
St. Louis, MO) and cDNA was produced using random primers 
and M-MLV reverse transcriptase. The PCR utilized SYBR Green 
Master Mix (Applied Biosystems, Foster City, CA) with an ABI7900 
Sequence Detection System (Applied Biosystems). Fold changes 
in gene expression were log2 transformed prior to regression 
analysis. Primer sequences are shown in Supplementary Table 6.

Statistical analysis

Data were analyzed using 2-way ANOVA (3  × 2 factorial 
arrangement of dietary treatments) with Software R Studio 
(version 1.1.463, R Foundation for Statistical Computing, Vienna, 
Austria). The tank was used as the experimental unit. Duncan’s 
multiple-range method was used to compare treatment means. 
Stepwise regressions were run using SPSS statistical software 
(Ver. 26.0 for Mac, SPSS, Inc., Chicago, IL). The significance level 
for differences was P < 0.05.

Results

Growth performance and body condition indices

The DHA-rich microalgae substitutions for fish oil in the PM diet 
series affected (P  <  0.05 or P  <  0.0001) all measures of growth 
performance and body indices except for survival or FR (Table 1). 
The 100% replacement of fish oil resulted in poorer (P  <  0.05) 
growth, FCR, protein retention efficiency (PRE), and energy 
retention efficiency (ERE) than the 0% or 50% replacement. 
In addition, the 50% and 100% replacements also enhanced 
(P < 0.05) VSI and HSI relative to the 0% fish oil replacement. In 
contrast, the astaxanthin source did not exert significant main 
effects on any measures of growth performance or body indices. 
However, there were interactions (P < 0.05) between the 3 levels 
of fish oil substitutions and 2 sources of astaxanthin on each 
of the 4 measures of growth performance and PRE. At the 100% 
replacement level, SA supplemented diets produced superior 
(P  <  0.05) responses in fish growth to those supplemented 
with AA.

The fish oil substitutions in the FM diet series also affected 
(P < 0.05 or P < 0.0001) all measures of growth performance and 
body indices except for survival (Table 2). In fact, the negative 
effects of the replacements on final body weights, percentage 
increase of body weights, and FCR were evident at the level of 
50% fish oil replacement and were further affected by the 100% 
replacement. Meanwhile, the 100% replacement group elevated 
(P < 0.05) relative feed intake, and decreased (P < 0.05) FR, HSI, 
PRE, and ERE when compared with the 0% and 50% replacement 
groups. In addition, VSI was elevated (P < 0.05) in the 50% and 
100% replacement groups compared with the 0% replacement. 
There were main effects (P < 0.05) of the astaxanthin source and 
interactions (P < 0.05) between the 3 levels of fish oil replacement 
and the source of astaxanthin on final body weight and percent 
increase of body weight. At the level of 50% replacement, 
SA produced better (P  <  0.05) responses of these 2 measures 
than AA.

The fish oil substitutions contributed to a reduction (P < 0.05) 
in total body moisture and(or) decreased (P  <  0.05) total body 
protein concentrations of fish fed both PM and FM diets 
(Supplemental Table 7). The 50% replacement in the PM diets 
elevated (P < 0.05) total body energy content compared with 0% 
or 100% replacement. Significant interactive effects indicate that 
SA led to higher (P < 0.05) total body moisture but lower (P < 0.05) 
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total body lipid content than AA in fish fed the PM diets with 
50% replacement of fish oil.

Fatty acid and lipid profiles in the tissues

The fish oil substitutions in the PM (Table 3) and FM (Table 4) diet 
series produced dose-dependent decreases (P < 0.05) of the EPA 
concentrations in the muscle and liver. That led to undetectable 
levels of EPA in both tissues at the 100% replacement. Similar 
dose-dependent decreases (P  <  0.05) in the muscle and(or) 
liver total n-3 fatty acid concentrations and(or) n-3/n-6 fatty 
acid ratios were also caused by the fish oil replacements. In 
comparison, only the 100% replacement caused ~30% to 45% 
decreases (P < 0.05) in the muscle and liver DHA concentrations. 
The replacements produced mixed or variable effects on 
total concentrations of n-6 fatty acids and(or) PUFA, and little 
effect on total concentrations of SFA (saturated fatty acid) or 
MUFA (monounsaturated fatty acid). Likewise, the source of 
astaxanthin showed neither main effects nor interactions with 
the fish oil replacements on any of the fatty acid profiles in the 
2 tissues with only 1 exception (muscle MUFA in the FM diet 
series).

The 100% fish oil replacement in the FM diet series decreased 
(P  <  0.05) liver TC and phospholipid concentrations compared 
with the 0% and(or) 50% replacements (Table  4). Compared 
with SA, AA in both diet series decreased (P < 0.05) the muscle 
TC and NEFA concentrations at 2 or all 3 levels of fish oil 
replacements than SA (Tables 3 and 4). However, AA in the PM 
diet series exerted tissue-specific and the fish oil replacement 
level-dependent effects (up, down, or no change) on the muscle 
and liver total TG concentrations. Furthermore, AA in the FM 
diet series produced lower (P < 0.05) concentrations of TG and 
NEFA in the liver compared with SA at the 0% and 50% fish oil 
replacements (Table 4). In the PM diet series, all heart fatty acid 
profiles were affected (P < 0.05) by the fish oil substitution level, 
but not at all by the astaxanthin source (Supplemental Table 8). 
In the FM diet series, more heart fatty acid profiles were affected 
(P  <  0.001 to 0.07) by the astaxanthin source than the fish oil 
replacement (Supplemental Table 9).

Responses of liver gene expression in the liver

In both, the PM (Figure 1) and FM (Figure 2) diet series, the 100% 
substitution of fish oil elevated expression of ghr1 (P < 0.001) in 
the liver by ~2-fold compared with the 0% and 50% replacement 
levels. However, AA attenuated (P  <  0.05) the upregulation of 
hepatic ghr1 mRNA by the 100% replacement in the PM diet 
series. Only in the PM diet series, the 100% fish oil replacement 
enhanced (P < 0.05) the hepatic igf1 expression compared with 
the 0% and 50% replacements.

While hepatic expressions of the fatty acid elongase genes 
(elovl2, elovl5) were similar among the FM series diets, the 50% 
and 100% replacements of fish oil in the PM diet series enhanced 
the expression of elovl5 (P  <  0.001) over the 0% replacement. 
Within each diet series, expression of at least one desaturase 
gene (fads2 and(or) fads6) was affected by both the fish oil 
replacement level and the astaxanthin source. In the FM diet 
series, hepatic mRNA abundances of fads2 and fads6 were 
elevated (P  <  0.05) by the 50% fish oil replacement compared 
with the other 2 replacement levels. Additionally, at the 0% 
replacement level, AA decreased (P < 0.05) the fads6 expression 
compared with SA. In the PM diet series, there was an interaction 
between fish oil replacement level and the astaxanthin type on 
the expressions of both fads2 and fads6. Compared with SA, AA 
upregulated (P < 0.05) hepatic fads2 expression at only the 100% 

fish oil replacement, but the fads6 expression at both the 50% 
and 100% fish oil replacements. Finally, hepatic acox1 expression 
was not altered by the fish oil replacement level in either diet 
series. However, in the FM diet series, AA decreased (P < 0.001) 
the acox1 expression compared with SA.

Stepwise regression analysis

When the fatty acid profiles in the diets, muscle, liver, and 
heart were used as the independent variables (Xs) for stepwise 
regression analyses, the remaining (significant) Xs for the growth 
performance as dependent variables (Y) of fish fed the PM diets 
were concentrations of diet n-6 fatty acids, muscle n-3 fatty 
acids, and heart PUFA (Supplemental Table 10). In comparison, 
concentrations of heart ALA were the only remaining X for 
the responses of growth performance of fish fed the FM diets 
(Supplemental Table 11).

When the fatty acid profiles in the diets and tissues and the 
gene expression in the liver were used as Xs for the stepwise 
regressions of muscle DHA and EPA concentrations (Y) in the 
PM diet series, each of the regressions came out 5 remaining Xs 
including three entries of various fatty acids (ALA, EPA, DHA, 
MUFA, and PUFA) in the heart, DHA or MUFA concentrations in 
the liver, n-3 fatty acid concentrations in the muscle, and n-6 
fatty acid concentrations in the diets (Supplemental Table 10). 
In the FM diet series, the remaining Xs for the muscle DHA 
concentrations was liver EPA and heart MUFA concentrations, 
and for the muscle EPA concentrations (Y) were the diet EPA 
and DHA, muscle DHA and ALA, and liver PUFA concentrations 
(Supplemental Table 11).

When only the liver gene expression profiles were used as Xs 
for the stepwise regression, ghr1 and(or) fads6 remained as the 
2 genes related to liver DHA and EPA concentrations (y), while 
igf1 was the remaining X for the liver NEFA concentrations in 
the fish fed the PM diets (Supplemental Table 10). In contrast, 
elvol5 and ghr1 were the only remaining gene for liver EPA and 
TC concentrations, respectively, while no gene expression was 
correlated with liver DHA concentration in fish fed the FM diets 
(Supplemental Table 11).

Discussion
Our study clearly demonstrates that the 100%, but not the 50%, 
substitution of fish oil by the DHA-rich microalgae produced 
consistent impairments in growth performance, dietary 
nutrient utilization (PRE and ERE), and body indices (VSI and 
HSI) of rainbow trout. Previous studies in salmonids showed 
similar effects of the substitution on growth (Sprague et  al., 
2015; Gong et  al., 2019; Peterson et  al., 2019; Santigosa et  al., 
2020; Sarker et al., 2020), nutrient digestibility and utilization 
(Gong et  al, 2019; Peterson et  al., 2019; Atalah et  al., 2007), 
and body indices (Perez-Velazquez, 2018; Jiang et  al., 2019). 
Comparatively, our findings add several new insights into 
the field.

Firstly, we have revealed that only the 100% replacement 
caused consistent negative responses in various measures in 
fish fed the PM diet series, whereas the 50% replacement was 
sufficient to produce the negative effects on several measures in 
fish fed the FM diet series. Seemingly, fish fed the FM diet series 
became more susceptible to the fish oil replacement than fish 
fed the PM diet. Although decreased palatability of microalgal 
diets was reported (Sarker et al., 2020), feed intakes were greater 
in the 100% replacement diets than the lower replacement diets 
in the present study. Secondly, the stepwise regression analyses 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa403#supplementary-data
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indicated that the remaining (significant) independent variables 
for the growth performance of fish fed the PM diets included 
concentrations of diet n-6 fatty acids, muscle n-3 fatty acids, and 
heart PUFA, instead of just heart ALA concentrations for that of 
fish fed the FM diets. Thirdly, SA appeared to perform better 
than AA for growth performance and FCR of fish fed the 100% 
fish oil replacement in PM diets and of 50% fish oil replacement 
in FM diets. A  possible explanation could be that high levels 
of algal meal (as both sources of DHA and astaxanthin) in the 
diets might lower growth performance and prevent astaxanthin 
absorption when algae oils and astaxanthin occurred in an 
encysted form (Choubert and Henrich, 1993). In addition, 
our study did not show consistent or any main effect of the 
astaxanthin source on growth performance of fish fed either 
diet series. Our findings are consistent with previous results 
that dietary astaxanthin in grow-out diets did not provide a 

growth benefit to rainbow trout (Rehulka, 2000; Choubert et al., 
2006; Yesilayer and Erdem, 2011).

It is novel to illustrate the up-regulation of hepatic 
expression of ghr1 in response to the consistent suppression 
of growth performance of fish fed both PM and FM diet series 
by the 100% replacement of fish oil. In addition, hepatic igf1 
expression was enhanced by the replacement in the fish fed 
the PM diets. Because the growth hormone (GH)/insulin-
like growth factor (IGF) axis is part of the endocrine system 
generally recognized for its positive effects on growth (Wood 
et  al. 2005), upregulations of their gene expression might 
represent a feedback response to the depressed growth. 
However, upregulation of GH and GH receptor is commonly 
reported during feed deprivation (Gabillard et  al., 2006, 
Cleveland et al., 2009; reviewed in Bergan-Roller and Sheridan, 
2018) which likely stimulates GH-induced lipolysis (Bergan 

Figure 1. Effects of fish oil substitutions (0%, 50%, and 100%) by DHA-rich microalgae and sources of astaxanthin (SA vs. AA) on hepatic gene expression in fish fed 

the PM diet series. Bars indicate means ± SEM. Lowercase letters indicate differences (P < 0.05) between means. Uppercase letters indicate differences (P < 0.05) due to 

astaxanthin source (SA vs. AA). Abbreviations: ghr, growth hormone receptor; igf, insulin-like growth factor; fads, fatty acid desaturase; elovl, elongation of very long 

fatty acids protein; acox, acetyl-CoA oxidase; elf, elongation factor.
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et  al., 2015). Although fish were not deprived of feed in the 
current study, growth rates were dramatically reduced with 
100% fish oil replacement, despite exhibiting significantly 
higher feed intake, suggesting a nutritional insufficiency and 
subsequent GH response akin to the feed deprived condition. 
Increased ghr1 expression might be directly linked to the fatty 
acid profiles of the diet; in goldfish DHA decreased while EPA 
increased ghr1 expression in the hepatopancreas (Bertucci 
et al. 2017). Therefore, low levels of dietary DHA in the 100% 
replacement group might be attenuating DHA-inhibition of 
ghr1 expression. Increased liver sensitivity to GH signaling 
might also contribute to higher igf1 expression in the PM 
series since GH induction of hepatic IGF is a well-established 
regulatory mechanism (Wood et  al., 2005). Plasma IGF 
concentrations also progressively increase with elevated feed 
intake in rainbow trout (Cleveland and Burr, 2011), so higher 
levels of consumption in the 100% replacement diet might also 

contribute to elevated igf1 expression. However, upregulations 
in igf1 were correlated with reduced growth performance, 
suggesting a disruption in IGF signaling capacity.

Another interesting finding from the present study is that 
replacing fish oil by the DHA-rich microalgae in both PM and 
FM diet series progressively reduced the EPA concentrations 
to undetectable in the liver and muscle, whereas their DHA 
concentrations were more resistant and exhibited reductions 
only at the 100% replacement level. Apparently, the fatty acid 
profiles of the 50% replacement diets (PM and FM series) were 
sufficient to maintain tissue DHA levels and the lack of EPA in 
the DHA-rich microalgae aggravated the depletion of tissue EPA 
by the 100% fish oil replacement. While our result supports the 
notion that tissue fatty acid content reflects dietary composition 
(Sargent et al., 2003), it raises questions requiring new conceptual 
explanations. The first question is that the ~40% reduction in 
dietary DHA concentrations between the 0% and 50% fish oil 

Figure 2. Effects of fish oil substitutions (0%, 50%, and 100%) by DHA-rich microalgae and sources of astaxanthin (SA vs. AA) on hepatic gene expression in fish fed 

the FM diet series. Bars indicate means ± SEM. Lowercase letters indicate differences (P < 0.05) between means. Uppercase letters indicate differences (P < 0.05) due to 

astaxanthin source (SA vs. AA). Abbreviations: ghr, growth hormone receptor; igf, insulin-like growth factor; fads, fatty acid desaturase; elovl, elongation of very long 

fatty acids protein; acox, acetyl-CoA oxidase; elf, elongation factor.
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replacement diets did not translate into any reduction in liver 
or muscle DHA accumulation. Similarly, there was only an ~40% 
reduction in muscle DHA from the 100% replacement diet, despite 
the ~70% reduction in dietary DHA. These observations suggest a 
compensatory endogenous DHA synthesis and/or enhanced DHA 
retention during reduced DHA intake. The study done by Colombo 
et al (2018) indicated that the DHA concentration stored in the 
muscle tissue were 1.23 times higher than the DHA concentration 
in diet, which likely was due to de novo synthesis. The subsequent 
question is why the increased expression of fads genes in the 50% 
replacement in the FM diet series failed to sustain through the 
100% replacement level, when the increased expression of elvol5, 
fads2, and fads6 during replacement of fish oil indeed supported 
an increased capacity for DHA synthesis. Previous studies in 
salmonids and other fish species have shown upregulation of 
n-3 and n-6 LC-PUFA biosynthetic genes such as fads2 and fads6 
during consumption of vegetable oil-based diets with low DHA 
levels (Zheng et al. 2004; Panserat et al. 2009; Katan et al. 2019). 
This response likely occurs from reduction of an inhibitory 
effect of dietary DHA on expression of these genes, rather than 
a stimulatory effect of low C18-PUFA (Gregory et al. 2016). In line 
with this view, our stepwise regression analysis found out that the 
liver DHA concentrations in the PM diet series and EPA in the FM 
diet series were negatively correlated with the hepatic expression 
of fads6 and evol5, respectively. However, it is fascinating, but 
unclear to us, that the hepatic ghr1 and igf1 expression remained 
as the only or one of the 2 significant independent variables of 
genes related to liver DHA, EPA, NEFA, and (or) TC concentrations.

Our study also depicted different stepwise regressions of the 
muscle DHA and EPA concentrations with dietary and tissue 
fatty acid profiles. In the PM diet series, the 2 n-3 LC-PUFA in 
the muscle were strongly correlated with 3 different types of 
fatty acids in the heart. In the FM diet series, the muscle EPA 
concentrations were correlated with 3 more independent 
variables including dietary EPA and DHA concentrations than 
those for the muscle DHA concentrations. Presumably, these 2 
LC-PUFA in the muscle had different regulations of biosynthesis 
and accumulation. Meanwhile, our study shows no major 
effect of the astaxanthin source (SA vs. AA) on the fatty acid 
concentrations in the liver or muscle, which is consistent with 
previous studies (Pan and Chien, 2009; Xie et al., 2020). However, 
there was an effect of the astaxanthin source on liver TG, NEFA, 
and acox1 expression in the FM diet series, particularly in the 
0% and 50% fish oil replacement groups. These findings are 
consistent with that an inhibition of acox1 in mice fed high-fat 
diets reduced liver and serum TG and had beneficial effects on 
biomarkers of oxidative stress (Zeng et  al. 2017). The TG and 
NEFA responses in mice were also be induced by astaxanthin (Jia 
et al. 2016; Bhuvaneswari et al. 2010), suggesting that AA might 
be more effective in regulating these mechanisms in rainbow 
trout than SA.

Seemingly, data from PM and FM diet series could have been 
combined and analyzed as 3  × 2  × 2 factorial arrangement of 
dietary treatments (3 levels of fish oil substitution, 2 sources of 
astaxanthin, and 2 types of major proteins). That would have 
allowed us to make direct comparisons between the PM and 
FM diets statistically or to reveal other informative patterns 
from the data. However, we have eventually chosen to analyze 
the PM and FM diet data separately. This is because our most 
important objective was to determine impacts and mechanisms 
of substitutions of fish oil-DHA and SA by microalgal sources. 
Thus, the interaction effects of these 2 substitutions were a 
focal point and new to the field. However, a 3-way interaction 
might complicate or deviate the analysis away from that focus. 

Meanwhile, the PM and FM diets contained a number of different 
ingredients and their nutrient compositions were not fully 
identical, although we tried our best to formulate these 2 types 
of diets with similar crude protein and lipid concentrations 
and balanced the diets for lysine, methionine, threonine, and 
phosphorus. Therefore, potential confounding effects arisen 
from these actual and presumed differences should not be 
neglected or overlooked, when our dietary treatments were 
incorporated at relatively low concentrations. Furthermore, 
differences between PM- and FM-based diets have been 
documented previously. A  3-way data analysis in the present 
study would have generated complicated tables and figures that 
might be overwhelming or distractive from the main findings.

It is worth noting that the analyzed proximate composition 
of the experimental diets exhibited some variation from the 
formulated levels of 44% protein and 18% fat, particularly in the 
PM series in which crude protein levels ranged from 41.1% to 
45.8% while crude lipid ranged from 18.4% to 21.2%. Algal-based 
ingredients can be resilient to traditional analysis methods 
(Laurens et al. 2012). Therefore, we speculate that the variation 
was largely the artifact of digestion or extraction of the plant- 
and/or algal-derived ingredients during compositional analysis, 
instead of actual differences in macronutrient values between 
diets. Supporting this concept is that growth performance was 
a function of the fish oil substitution, but did not correlate with 
differences in analyzed concentrations of crude protein or 
other nutrients. For example, the 2 PM diets that resulted in the 
numerically fastest growth rates exhibited the lowest (0%/SA) 
and highest (50%/AA) percent lipid and energy content. Likewise, 
both PM and FM diets with the 50% and 100% substitutions of 
fish oil had lower concentrations of EPA, DHA, and(or) total n-3 
LC-PUFA than the diets with 0% fish oil replacement. Those 
lower concentrations than the anticipated values might be due 
to the lack of ALA or EPA in the microalgae supplement and(or) 
incomplete extraction/recovery of these fatty acids including 
DHA from the cooked and extruded fish diets.

In summary, results from our study support that 
replacing up to 50% of fish oil from a control diet by a DHA-
rich microalgal meal in the both PM and FM diets might 
still sustain growth performance, body indices, and tissue 
LC-PUFA concentrations of juvenile rainbow trout. However, 
a full replacement of fish oil by the microalgae produced 
negative effects on all those measures in fish fed either diet 
series. The impairments were associated with upregulations 
of hepatic ghr1, igf1, fads6, and evol5 expression, and seemed 
to be more severe in the FM than PM diet-fed fish and more 
pronounced on the tissue EPA than DHA concentrations. The 
2 sources of astaxanthin: synthetic and microalgal, exerted 
only a few interactions with the fish oil replacement levels 
on several measures. Future research should elucidate the 
underlying mechanisms for the negative effects of the 100% 
fish oil replacement and to explore strategies to alleviate 
these negative effects on rainbow trout feeding.
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online.
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