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Abstract

Microalgae offer a sustainable source of omega − 3 fatty acids that can replace fish

oil in aquafeeds, but the nutritional benefits are not always clear, particularly when

microalgae are used as complete oil replacements in starter feeds. We compared the

survival, growth, omega − 3 deposition and composition of the gut microbiota of juve-

nile mixed-sex Nile tilapia (Oreochromis niloticus) that had been fed over a 3-month

period on six isonitrogenous, isolipidic and isocaloric aquafeeds that varied only on the

contribution of fish oil, soya oil andmicroalgae (Schizochytrium) oil as lipid sources. Sur-

vival was not affected by diet, but fish fed a diet where the entire oil component (5%)

was replaced by microalgae oil grew twice as fast as fish fed plant oil or a mixture of

plant and fish oil. Dietary omega − 3 content was strongly correlated with omega − 3

deposition in the fish fillet. Complete replacement of fish oil by plant oil caused a

significant decrease in the abundance of Peptostreptococcaceae and an increase in

the abundance of Aeromonadaceae which is often associated with an inflammatory

response in the fish gut. In contrast, when fish and soya oil in the reference diet were

replaced by 100%microalgae oil, an increase in Mycobacteriaceae was observed. Our

study indicates that Schizochytrium oil can be used to improve the growth ofNile tilapia

and increase its omega − 3 content without any of the detrimental effects on the gut

microbiome typically associated with some plant oil replacements.
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1 INTRODUCTION

Nile tilapia (Oreochromis niloticus) is the secondmostwidely farmed fish

worldwide (Prabu et al., 2019) and the main source of fish food for

millions of people, particularly in developing countries (Fitzsimmons

et al., 2011). The reasons of its success lie in its fast growth, hardiness
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and herbivorous diet, which makes tilapia feeds relatively cheap (da

Silva Dias et al., 2020; Köprücü & Özdemir, 2005). However, although

farmed tilapia can help alleviate food insecurity and reduce the risk of

malnutrition (Bene&Heck, 2005; Gupta, 2006), they are typically fed a

high percentage of plant ingredients (El-Sayed, 1999), which results in

lowomega−3content (Osibonaet al., 2009) anddiminishes their nutri-
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tional value (Karapanagiotidis et al., 2006), impacting those countries

where access to healthy food is most needed. Improving the nutri-

tional value of Nile tilapia is, therefore, a priority for many developing

countries (Bhujel & Suharman, 2021; Hasselberg et al., 2020).

Anadequatedietary intakeof eicosapentaenoic (EPA, 20:5n−3) and

docosahexaenoic (DHA, 22:6n − 3) long-chain polyunsaturated fatty

acids (FAs) (omega− 3 for short) is essential for the regulation of many

metabolic pathways (Hussein et al., 2019), the adequate functioning

of the retina and growth of neural tissue (Lauritzen et al., 2016; Politi

et al., 2001), the development of cognition (Liu et al., 2020; Sinn et al.,

2012; Zhou, Ding, et al., 2018) and the control of the inflammatory

response (Alfaddagh et al., 2018). Omega − 3 present in aquafeeds

are deposited in the fish fillet and are then transferred to human con-

sumers (Sissener, 2018), offering possibilities for improving the diet of

millions of people through fish farming.

Like many tropical freshwater fish, Nile tilapia convert n − 6 and

n − 3 PUFAs to longer chain highly unsaturated FAs, and their diet is

typically supplemented with plant oils under culture (Lim et al., 2011).

To make tilapia more nutritious, aquafeeds can be enriched with fish

oil (Kris-Etherton et al., 2002), but this is costly (Rana et al., 2009)

and increasingly unsustainable (Chuenpagdee et al., 2005), as fish oil

is obtained from depleted wild stocks (FAO, 2020). Fish oil is often

replaced by plant oils, but these do not have the same omega − 3

content or composition of fish oil (Pickova & Mørkøre, 2007) and can

have adverse effects on fish health, including intestinal inflammation

and changes in genes involved in the regulation of intestinal transport

mechanisms andmetabolic pathways (Booman et al., 2018; Kiron et al.,

2020).

Unicellular microalgae and cyanobacteria represent sustainable

sources of omega− 3 FAs for human and animal nutrition (Sarker et al.,

2018; Sarker, Kapuscinski, Vandenberg, et al., 2020; Shah et al., 2018).

The nutritional profile of somemicroalgae is comparable to that of fish

oil without any of the sustainability drawbacks (Lum et al., 2013). An

alternative to the use of fish oil in aquafeeds, therefore, would be to

use oil extracted from microalgae rich in omega − 3, which are more

sustainable than fish oil and more nutritious than plant oil (Shah et al.,

2018). Microalgae could be used to fortify the diets of farmed fish and

increase the nutritional value of fish food (Ryckebosch et al., 2014;

Sarker et al., 2018).

Among the microalgae currently being cultivated, Schizochytrium

sp. (not a true algae but an obligate marine heterotroph) is the only

one whose oil is commercially available for incorporation into fish

diets (Tocher et al., 2019). Schizochytrium possess two important qual-

ities that make it attractive for use in aquafeeds: Its oil is rich in

omega − 3 – up to 40%–45% DHA acid and 10% EPA acid (Fedorova-

Dahms et al., 2011), and unlike othermicroalgaewhich require specific

carbon sources to grow, Schizochytrium can thrive on agriculture by-

products (Carr, 2017) and even wastewater from fish farming (Jung

& Lovitt, 2010), which facilitates its culture. High production costs

are the main factor limiting the uptake of microalgae in aquafeeds

(Ansari et al., 2021), but recent advances in algal biotechnology

have made microalgae production more cost-effective (Saratale et al.,

2022).

Recent studies have shown that the omega − 3 content of Nile

tilapia can be enhanced by the inclusion of Schizochytrium (dos Santos

et al., 2019; Sarker et al., 2018; Sarker, Kapuscinski, et al., 2016; Sarker,

Kapuscinski, McKuin, et al., 2020), but there are uncertainties regard-

ing the optimal level of algal inclusion and the form of administration,

asmost studies have usedwholemicroalgae rather thanmicroalgae oil,

whichmay contain anti-nutrients and affect the digestibility of FAs and

nutrient uptake (Teuling et al., 2019).

The amount of omega − 3 in the diet can alter the composition of

commensal bacteria in humans (Menni et al., 2017) and mice (Davis

et al., 2017), but whether the same happens in fish is not known.

Inclusion of microalgae in aquafeeds can deliver multiple benefits

(Shah et al., 2018). Previous studies have shown that the inclusion of

Schizochytrium in the diet does not impact on fish welfare (Emery et al.,

2016) and could improve growth and the omega− 3 content in the fish

fillets (Sarker, Gamble, et al., 2016;Watters et al., 2013).

Here, we assessed the effects of varying the amount and sources of

dietaryoil (microalgae, fish andplant) onomega−3deposition, growth,

survival and composition of the gut microbiome of Nile tilapia while

keeping other dietary ingredients constant.We carried our study from

first feeding onwards, as this is the time when the fish microbiome is

most plastic and most likely to be affected by changes in the diet and

by bacterial colonization history (Uren Webster, Rodriguez-Barreto,

et al., 2020). Both fish andmicroalgae oil are rich in omega− 3 FAs, but

microalgae oil has a higher DHA:EPA ratio than fish oil, which enabled

us to assess the effects of different FA profiles on tilapia weaning and

subsequent performance.

2 MATERIALS AND METHODS

2.1 Experimental design and sampling

We obtained 3 days old, mixed sex Nile tilapia (Silver strain) from a

certified supplier, originating from three half-sib families (one male,

three females). Fish were housed in 18 × 25 L plastic tanks. Rear-

ing conditions and water quality were monitored daily/weekly and

maintained within optimal conditions for Nile tilapia (El-Sayed, 2013):

temperature 27–28◦C, unionized ammonia < 0.05 mg/L, dissolved

oxygen> 4.0mg/L, pH 7.5–8, salinity< 2 ppt, photoperiod 12D:12 L.

Eighteen 25 L opaque plastic tanks (40 L × 31 W × 23 H cm), each

containing 90 fish were assigned to 6 experimental diets in triplicate

(Figure 1) using a random number generator and connected to a recir-

culating aquaculture system (TMC System 1000 M, Rickmansworth

WD3 5SX). Mean initial size (total length) was 8.5 ± 0.72 mm; mean

initial mass (wet weight) was 24 ± 4.4 mg. Stocking density was

maintained at 3.6 fish/L (<2.2 g/L) throughout the duration of the

experiment, which is within the recommended values to maintain high

welfare (Pedrazzani et al., 2020).

Fish were fed to satiation three times per day. Particle size was

increased every 3 weeks to match fish growth, starting with 200 μm

and increasing to 600, 800 and 1200 μm. Dietary composition was

maintained constant over the 3months of the study.
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F IGURE 1 Schematic representation of the experimental design and timing of sampling.

Four fish per tank (12 per dietary group) were humanely sacrificed

using an overdose of phenoxyethanol and sampled at day 3, and then

every ∼3weeks at days 21, 43, 63 and 94. Total sample size was n= 60

per diet (n = 360 in total). The whole gut of the fish was dissected

using aseptic techniques and preserved in RNA-later (QIAGEN N.V.)

at −23◦C. Total length and weight were recorded for growth analysis,

and Fulton’s condition factor (K) was calculated as a measure of body

condition (Bolger & Connolly, 1989).

2.2 Dietary formulation

Six isonitrogenous (mean protein = 32%, SD = 1.2), isolipidic (mean

lipid=16%SD=0.7) and isocaloric diets (mean=19.36kJ/g, SD=0.07)

were formulated (Table 1), taken into account the nutritional require-

ments for the species (FAO, 2022) and in line with other algae feeding

studies in tilapia (Sarker, Kapuscinski, McKuin, et al., 2020; Stoneham

et al., 2018). Protein sources were maintained constant and consisted

of fish meal, soya bean meal and line seed meal, and we only varied

the contribution of fish oil, soya oil and Schizochytrium oil as the lipid

sources. Dietary oils were mixed with the rest of the feed ingredients

andmade into pellets using a feedmill, as in Teuling et al. (2017).

All diets had the same protein to energy ratio (PE = 16–17 g/MJ)

which is within the recommended 13–26 g/MJ optimal range for the

species (Konnert et al., 2022). A reference (control) diet included 50%

salmon oil and 50% soya oil and was formulated as in previous stud-

ies (Teuling et al., 2017, 2019). The other five experimental diets were

formulated to replace the control diet with increasing proportions

(33% – A33, 66% – A66, 100% – A100) of oil from the microal-

gae Schizochytrium sp. (Henry Lamotte Oils GmbH) or with 100% fish

oil (Fish) or 100% plant oil (Plant). Unlike some other studies, we

used Schizochytrium oil (guaranteed to contain at least 40% DHA acid

omega−3, C22:6) instead of thewholemicroalgae tomake it compara-

blewith the other dietary oils. The proximate analysis (macronutrients)

of the six diets is given in Table 2.

2.3 Fatty acid analysis

An FA profile of the different diets was carried out by Sciantec Analyt-

ical (Cawood Scientific). Total fat and omega − 3 content (EPA +DHA)

of Nile tilapia muscle at the end of the trial (day 94) were analysed by

a commercial laboratory (Campden BRI). Total fat content in the fish

muscle (gr fat/100 g muscle) was determined using theWeibull-Stoldt

method with test reference TES AC-536 (UKAS). Omega − 3 content

was determined as FA methyl esters using test reference TES-AC-090

(UKAS) and is reported as a percentage of omega− 3 FAs in themuscle

fat tomake it more comparable to the FA results.

2.4 16sRNA library preparation and sequencing

DNA was extracted from 72 gut samples collected on days 21 and

94, using the DNeasy PowerSoil PowerLyzer kit (Qiagen), according

to the manufacturer’s instructions. 16S rRNA libraries were prepared

using the Earth Microbiome primers 515F and 806R (Walters et al.,

2016) to target the V4 hypervariable region, based on the Illumina

MetagenomicSequencingLibraryPreparationprotocol (Illumina) using

PlatinumHot Start Taq Polymerase (Invitrogen). All librarieswere puri-

fied using AMPure XP magnetic beads (Beckman Coulter), indexed

using Nextera XT indices (Illumina), multiplexed in equimolar concen-

trations and sequenced using an Illumina MiSeq platform (2 × 300 bp).

Two extraction blanks were prepared and sequenced alongside the

gut samples. The demultiplexed 16s sequences were denoised and
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TABLE 1 Formulation (g/kg) of the six experimental diets for juvenile Nile tilapia.

Ingredient

Diet

Control Fish Plant A33 A66 A100

Maize 134 134 134 134 134 134

Wheat 200 200 200 200 200 200

Wheat bran 80 80 80 80 80 80

Wheat gluten 125 125 125 125 125 125

Line seedmeal 125 125 125 125 125 125

Fishmeal 141 141 141 141 141 141

Soya beanmeal 135 135 135 135 135 135

Fish oil 25 50 0 16.75 85 0

Soya oil 25 0 50 16.75 85 0

Schizochytrium oil 0 0 0 16.5 33 50

Vitamin andmineral premix 10 10 10 10 10 10

Total 1000 1000 1000 1000 1000 1000

TABLE 2 Proximate analysis (macronutrients) of the diets used in the feeding trial.

Diet

Control Fish Plant A33 A66 A100

Crude fibre (%) 1.9 2.3 2.1 2.4 3.0 2.7

Drymatter (%) 92.0 85.0 91.1 87.3 89.2 83.7

Ash (%) 5.0 4.6 5.3 4.7 4.7 4.7

Total oil (%) 17.19 15.62 16.79 16.04 15.76 15.22

Crude protein (%) 33.6 30.9 32.7 31.9 32.5 30.5

CH (%) 44.21 48.88 45.21 47.36 47.04 49.58

Energy (kJ/g) 20.25 18.98 20.20 19.29 18.92 18.53

PE ratio (g/MJ) 16.59 16.28 15.84 16.07 17.17 16.46

FFE extract. Fat (%) 3.8 4.2 4.6 3.9 4.9 28.6

MUFA (%TFA) 26.14 30.52 21.90 24.57 20.97 18.80

PUFA (%TFA) 55.97 50.64 60.53 56.37 57.42 57.66

SAFA (%TFA) 15.80 15.81 16.08 16.39 17.71 18.50

UFA (%TFA) 2.09 3.03 1.49 2.67 3.90 5.04

Abbreviations: CH, carbohydrates; FFA, free fatty acids;MUFA,monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SAFA, saturated fatty acids;

TFA, total fatty acids; UFA, unidentified fatty acids.

clustered with DADA2 (Callahan et al., 2016) within QIIME 2 2020.2

(Bolyen et al., 2018). The primers were removed by trimming the

first 19 bp from all the reads, then we trimmed the forward reads

at position 280 bp, and the reverse reads at position 240 bp after

inspecting the quality profiles. The forward and reverse reads were

then merged (removing the non-matching pairs) and screened for

chimera and amplicon sequence variants (ASVs) assigned. Taxonomy

was assigned to ASVs using a custom trained classifier (Bokulich et al.,

2018) against the SILVA 132 database (Quast et al., 2012), following

the removal of mitochondrial, eukaryote and chloroplast sequences,

resulting in7792,427good-quality sequences. Readswere subsampled

at an equal depth (sampling depth = 3364), prior to the calculation of

metrics of alpha diversity (Shannon diversity, Chao1 richness) and beta

diversity (Bray–Curtis dissimilarity) within QIIME based on ASV-level

assignment. Additionally, read counts were obtained for family-level

analyses within QIIME.

2.5 Statistical analysis

R version 4.03 (R Core Team, 2020) was used for all analyses. To

assess the effects of diet and time on various response variables, gen-

eralised linear mixed effects modelling was employed with the lme4

(Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) packages,

using tank identity as a random factor to account for lack of statisti-

cal independence. A Gaussian family link was used to model changes
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in fish size, condition factor and microbiome alpha diversity (Shan-

non diversity, Chao1 richness), a binomial link to model survival, and a

Poisson link to assess relative bacterial counts (reads). The anova com-

mand and the Likelihood Ratio Test (LRT) were used to determine the

significance of random and fixed factors against a null model with no

predictors. Starting with a full model containing all main effects, the

step and drop1 functions were used to arrive at a minimal adequate

model based on changes in the Akaike Information Criterion (Crawley,

2013). The vegan package (Oksanen et al., 2017) was used to anal-

yse variation in beta diversity, and non-metricmultidimensional scaling

ordination was employed to visualise Bray–Curtis dissimilarities at

days 21 and 94. Multivariate statistical analysis of the gut microbial

community was performed by PERMANOVA using adonis in the vegan

package using time since first feeding, diet and fish size as predictors.

The Deseq2 package (Love et al., 2014) was used to identify significant

differences in pairwise amplicon sequence variants (ASVs) compar-

isons across diet treatments using adjusted probabilities to correct for

multiple comparisons (padj < 0.05).

3 RESULTS

3.1 Variation in fatty acid composition of
experimental diets

Analysis of FAs revealed substantial differences in the abundance of

omega−3PUFA in the experimental diets (Table 3). The amount of EPA

was highest in the fish diet (1.42%) and lowest in the plant diet (0.62%).

DHA was particularly high in the microalgae diets and increased with

the level of algal oil replacement, being highest in the 100% algae

(13.92%) and lowest in the plant diet (0.35%). The DHA:EPA ratio var-

ied almost ×30-fold, from 0.56 for the plant diet to 16.77 for the 100%

algae replacement. The plant diet, on the other hand, had the highest

amountof linoleic acidC18:2 (n−6) andpolyunsaturatedFAs. The ratio

of n − 3 to n − 6 PUFAs ranged from 0.68 for the plant diet to 1.85 for

the completemicroalgae replacement.

3.2 Effects of diet on survival

Mean survival at the end of the ∼3-month feeding trial was 85%

(SE = 3.18). Tank identity had a significant effect on survival (chi-

square = 52.37, df = 1, p < 0.001) with survival ranging from 55%

to 99% across tanks. However, survival did not differ across diets

once variation between tanks was statistically accounted for (chi-

square= 10.61, df= 7, p= 0.156).

3.3 Effects of diet on growth

Growth parameters, including initial and final sizes, Fulton’s body con-

dition factor (K) and specific growth rates (SGR) of fish under different

diets are shown in Table 4. Tank identity did not influence variation

in fish weight (chi-square = 0.245, df = 1, p = 0.620), and therefore,

a linear model was used to examine growth in weight instead of a

mixed effect model. Weight gain depended on time since first feeding

(F1,330 = 621.16, p < 0.001), diet (F5,330 = 13.01, p < 0.001) and the

interaction between time and diet (F5,330 = 10.91, p< 0.001) as fish fed

on the full algal diet (A100) grew much faster than fish fed on the con-

trol or plant diets (Figure 2). The final weight at the end of the experi-

ment differed significantly between diets (F5,66 = 5.08, p< 0.001). Post

hoc pairwise comparisons (Turkey HSD) indicated that fish fed the full

100% algae diet were significantly larger (mean = 3.36 g ± 0.416 SE)

than fish fed the plant diet (mean = 1.57 g ± 0.249 SE; p = 0.003), the

control diet (mean=1.65 g±0.201 SE; p=0.005) or the 66%algae diet

(mean = 1.96 g ± 0.277 SE; p = 0.035). No significant difference in Ful-

ton’s body condition factor (K) was detected between diets at the end

of the trial (F5,66 = 1.22, p= 0.310).

3.4 Relationship between dietary omega − 3
content and deposition in the fish fillet

The omega − 3 content of the fat in the fish fillet was closely linked

to the omega − 3 content in the diet (F1,4 = 30.08, p = 0.005;

R2adj = 0.853; Figure 3). Fish fed the 100% algae diet, which had the

highest omega − 3 content (mean = 14.75%), accumulated the highest

amount of omega − 3 in the fillet (mean = 28.52%), whereas fish fed

the plant diet, which was poorest in omega − 3 (mean = 0.97%), had

the lowest omega − 3 content (mean = 15.30%). Inspection of regres-

sion coefficients indicates that a 1% increase in omega − 3 in the diet

increased the omega − 3 content of the fat in the fish fillet by 0.86%

(SE= 0.158).

3.5 Temporal variation in alpha and beta diversity
of the gut microbiome

A marked loss of alpha microbial diversity was detected from day 21

to day 94 (Figure 4), but this was unrelated to diet (Shannon diversity

p = 0.267; Chao1 richness p = 0.588) or to growth in weight (Shannon

diversity p=0.668; Chao1 richness p=0.683). Time elapsing since first

feeding was the only significant predictor of alpha microbial diversity

in the gut of Nile tilapia, as the microbiome of fish became less diverse

over time (Figure 4a – Shannon diversity: Time estimate = −0.023,
SE = 0.002, t121.58 = −10.92, p < 0.001; Figure 4b – Chao1 richness:

Time estimate = −0.307, SE = 0.113, t121.79 = −2.79, p = 0.007). Anal-

ysis of beta diversity using PERMANOVA on Bray–Curtis dissimilarity

distances reached a similar conclusion. Time since first feeding was a

good predictor of beta diversity (F1,127 = 224.30, p = 0.001), whereas

diet (F5,127 = 1.358, p = 0.201) and fish size (F1,127 = 0.964, p = 0.870)

had no significant effect.

3.6 Variation in the composition of the gut
microbiome

Themost abundant ASVs in the gut microbiome of Nile tilapia changed

substantially over time (Figure 5). At day 21, five ASVs (two from the
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TABLE 3 Fatty acid (FA) profile (%) of the six experimental diets tested in juvenile Nile tilapia.

Fatty acid Diet

Control Fish Plant A33 A66 A100

C08:0 Caprylic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C10:0 Capric acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C11:0 Undecylic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C12:0 Lauric acid <0.05 <0.05 <0.05 <0.05 <0.05 0.05

C13:0 Tridecylic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C14:0Myristic acid 0.82 1.20 0.48 0.81 0.75 0.71

C14:1Myristoleic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C15:0 Pentadecanoic acid 0.09 0.12 0.07 0.09 0.10 0.10

C15:1 Pentadecylic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C16:0 Palmitic acid 10.25 10.17 10.58 11.00 12.34 13.32

C16:1 Palmitoleic acid 0.99 1.42 0.59 0.94 0.82 0.74

C17:0 Heptadecanoic acid 0.12 0.13 0.11 0.12 0.11 0.10

C17:1 Heptadecenoic acid 0.21 0.23 0.20 0.17 0.20 0.17

C18:0 Stearic acid 4.02 3.83 4.15 4.02 3.78 3.60

C18:1Oleic acid 23.67 26.55 20.82 22.42 19.52 17.66

C18:2 Linoleic acid 29.63 23.47 35.87 27.02 23.50 20.11

C18:3 Linolenic acid 23.75 22.96 23.41 24.04 23.29 22.37

C18:4 Stearidonic acid 0.20 0.31 0.09 0.18 0.17 0.17

C20:0 Arachidic acid 0.26 0.25 0.27 0.26 0.26 0.26

C20:1 Gadoleic acid 0.91 1.59 0.29 0.77 0.43 0.23

C20:4 Arachidonic acid 0.12 0.19 0.11 <0.05 0.11 0.12

C20:5 Eicosapentaenoic acid (EPA) 1.03 1.42 0.62 0.95 0.86 0.83

C22:0 Behenic acid 0.24 <0.05 0.29 <0.05 0.21 0.24

C22:1 Erucic acid 0.36 0.73 <0.05 0.27 <0.05 <0.05

C22:4 Adrenic acid <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

C22:5 Docosapentaenoic acid 0.24 0.49 0.08 0.23 0.22 0.14

C22:6 Docosahexaenoic acid (DHA) 1.00 1.80 0.35 3.95 9.27 13.92

C24:0 Lignoceric acid <0.05 0.09 0.12 0.09 0.13 0.12

n− 6:n− 3 ratio 1.13 0.88 1.47 0.92 0.70 0.54

n− 3:n− 6 ratio 0.88 1.14 0.68 1.09 1.43 1.85

DHA:EPA ratio 0.97 1.27 0.56 4.16 10.78 16.77

Free FA extracted fat 3.80 4.20 4.60 3.90 4.90 28.60

Monounsaturated FA 26.14 30.52 21.90 24.57 20.97 18.80

Polyunsaturated FA 55.97 50.64 60.53 56.37 57.42 57.66

Saturated FA 15.80 15.81 16.08 16.39 17.71 18.50

Unidentified FA 2.09 3.03 1.49 2.67 3.90 5.04

family Enterobacteriaceae, two different Aeromonas spp. and one Pseu-

domonas spp.) dominated the bacterial gut community of Nile tilapia,

accounting for ∼60% of the total abundance. In contrast, at day 94,

the gut microbiome was dominated almost exclusively (90%) by five

differentASVs, consistingof twodifferentCetobacterium spp., oneRom-

boutsia spp., one from the family Roseiflexaceae and one from the

family Enterobacteriaceae (Figure 5).

3.7 Effect of diet on the gut microbiome
composition

At the end of the 3 months feeding trial, 63 pairwise diet comparisons

for ASV abundance were statistically significant after controlling for

multiple tests (Table 5). Most of the differences in bacterial commu-

nities were between the fish fed the plant and the three microalgae
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TABLE 4 Survival and growth parameters (mean± SD) of Nile tilapia under different experimental diets compared to controls.

Diet Survival rate (%) Initial BW (g) Final BW (g)

Initial length

(mm) Final length (mm) SGR (%BW/day) K

Control 81.3± 23.13 0.029± 0.002 1.651± 0.201 10.78± 0.32 45.2± 2.26 4.48± 0.259 1.79± 0.149

Fish 90.7± 23.13 0.029± 0.003 2.750± 0.326 10.56± 0.38 55.5± 2.57 5.04± 0.140 1.61± 0.060

Plant 86.2± 4.07 0.028± 0.002 1.570± 0.249 10.63± 0.28 44.8± 2.90 4.43± 0.270 1.74± 0.091

A33 86.7± 15.38 0.029± 0.002 2.789± 0.415 10.78± 0.28 53.3± 2.90 5.06± 0.101 1.84± 0.183

A66 96.0± 1.33 0.028± 0.003 1.955± 0.277 11.11± 0.48 48.6± 2.49 4.68± 0.131 1.71± 0.094

A100 68.9± 7.81 0.025± 0.001 3.360± 0.416 10.00± 0.24 58.2± 3.04 5.20± 0.447 1.71± 0.085

Abbreviation: SRG, specific growth rates.

F IGURE 2 Weight gain (g, mean± SE) of Nile tilapia fed six experimental diets that varied only in the origin of dietary oil (plant, fish, algae) over
a 94-day feeding trial. The control (reference) diet had 50% plant oil and 50% fish oil.

diets. Across all diets, the ASVs that differed the most in abundance

belonged to three bacterial families: Aeromonadaceae, Peptostrep-

tococcaceae and Mycobacteriaceae (Figure 5). Therefore, specific

targeted tests were performed at family level. The overall abundance

of Aeromonadaceae differed significantly between diets (LRT, chi-

square = 12.65, npar = 5, p = 0.027) and increased with fish weight

(LRT, chi-square = 21.72, npar = 1, p < 0.001). Pairwise Tukey con-

trasts with Bonferroni adjustment for multiple comparisons indicated

that Aeromonadaceae was highest among fish fed plant oil and low-

est among fish fed algal and fish oils (Figure 6a). The abundance of

Peptostreptococcaceae also differed significantly between diets (LRT,

chi-square = 22.02, npar = 5, p < 0.001) and varied with fish weight

(LRT, chi-square = 40.49, npar = 1, p < 0.001). Pairwise comparisons

revealed that Peptostreptococcaceae was highest among fish fed algal

and fish oils, increasing with the level of algal oil inclusion, and was

lowest among fish fed plant oil (p < 0.001; Figure 6b). Mycobacteri-
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8 of 15 TREVI ET AL.

TABLE 5 Number of ASVs that differed significantly in abundance (padj < 0.05) across pairwise diet comparisons at the end of the feeding trial
(day 94).

Diet Diet

Plant Fish Control A33 A66 A100

Plant - - - - - -

Fish 13 - - - - -

Control 2 0 - - - -

A33 7 0 1 - - -

A66 13 1 1 1 - -

A100 10 3 4 4 3 -

F IGURE 3 Relationship between dietary omega− 3 content and
omega− 3 deposition in the fat of the fish fillet. Each point represents
a pooled sample of three fish for each experimental diet and the grey
envelope the 95 CI.

aceae abundance varied with diet (LRT, chi-square = 11.42, npar = 5,

p=0.044) and fishweight (LRT, chi-square=59.04, npar=1,p<0.001).

They were most abundant among fish enriched with the 100% micro-

algae oil and least abundant among fish fed the control diet (p < 0.05;

Figure 6c).

4 DISCUSSION

Our study indicates that the type of dietary oil consumed from first

feeding through the first 3months of development had amarked effect

on the growth, omega − 3 fillet content and composition of the gut

microbiome ofNile tilapia. Tilapia raised on a diet where all the oil orig-

inated from the microalgae Schizochytrium grew twice as fast as fish

fed with plant oil or a mixture of plant and fish oil, and as fast as fish

raised on 100% fish oil or 33% algal oil (Figure 2; Table 4). A strong pos-

itive relation was found between omega − 3 content in the diet and

F IGURE 4 Changes in microbiome alpha diversity of Nile tilapia
fed on six different diets at day 21 and day 94 of the feeding trial: (a)
Shannon diversity and (b) Chao 1 richness.
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F IGURE 5 Relative abundance (read counts) of the 20most frequent ASVs at day 21 (top, a) and day 94 (bottom, b) of Nile tilapia fed on six
different diets since first feeding. Each bar represents the ASVs of an individual with a level of classification denoted by D_3 (Order), D_4 (Family),
D_5 (Genus) and D_6 (Species).

the omega − 3 content of the fish fillet. Thus, tilapia fed a diet with

100% algal oil had almost twice as much omega − 3 in the fat of the

fish fillet than fish fed plant oil. A 1% increase in omega − 3 in the diet

resulted in a ∼0.9% increase in omega − 3 in the fish fillet, suggesting

that there is considerable scope formakingNile tilapiamore nutritious

using microalgae, as indicated in other studies (dos Santos et al., 2019;

Sarker, Kapuscinski, et al., 2016; Sarker, Kapuscinski, McKuin, et al.,

2020; Stoneham et al., 2018).

Several studies have shown improved growth of Nile tilapia fed

whole-cell microalgae (Magbanua & Ragaza, 2024; Trevi et al., 2023),

but little is known about the growth benefits of using microalgae oil

as a lipid source. The incorporation of the marine microalgae Nan-

nochloropsis oculata (whole cell) in tilapia feeds resulted in a significant

increase in feed conversion ratio compared to controls (Sarker et al.,

2018). Tilapia fed aquafeeds supplemented with whole-cell Chlorella

vulgaris grew faster (SGR = 1.5%–1.7% bw/day) than controls (Abdel-

Tawwab et al., 2022), as did tilapia fed with whole-cell Schizochytrium

sp., growth rates being 0.87%/day (Sarker, Kapuscinski, McKuin, et al.,

2020) and3.5%/day (Sarker, Kapuscinski, et al., 2016). In our study,Nile

tilapia fed on 100% Schizochytrium oil replacement grew at a very high

rate (SGR = 5.20%/day) but direct comparisons with previous studies

are probably unwarranted, as our fish were substantially smaller and

would have grown at a faster rate.

No difference in survival was found between diets, which all showed

high survival (mean = 85%) in line with values reported for commer-

cial hatcheries of Nile tilapia (Boyd et al., 2005). We cannot tell if

the fish fed the 100% algal diet grew faster because they had better

assimilation or because they had consumed more food. The fish in our

study were fed to satiation three times a day, and although we did not

notice any obvious difference in feeding activity, it is possible that a

Schizochytrium-rich diet may have had better palatability for a facul-

tative herbivorous fish like Nile tilapia (Levina et al., 2021). Previous

studies on Nile tilapia have shown low palatability for Spirulina platen-

sis (Allen, 2016) but high palatability forNannochloropsis oculate (Sarker

et al., 2018), and this is an area that merits further study.

The early life stage is a critical period for the development of the

gut microbiota, with potentially long-lasting consequences for verte-

brate health (Tamburini et al., 2016). Previous work on the effects of

the microalgae Schizochytrium on the gut microbiome of fish focused

on older individuals, whose microbiome may have already been estab-

lished (de Souza et al., 2020; Katerina et al., 2020; Kousoulaki et al.,

2020; Lyons et al., 2017; Sagaram et al., 2021), as first feeding induces
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10 of 15 TREVI ET AL.

F IGURE 6 Bacterial families that differed in relative abundance
(read counts) across pairwise diet comparisons at the end of the
feeding trial (day 94): (a) Aeromonadaceae; (b) Peptostreptococcaceae; (c)
Mycobacteriaceae. Diets that differ significantly in read counts at
padj < 0.05 have different subscripts.

a substantial change and maturation of the gut microbiota (Inger-

slev et al., 2014). The early-rearing environment can have a marked

effect on the gut microbiome of Nile tilapia (Deng et al., 2021; Deng

et al., 2022). By conducting our study from first feeding, we were

able to reveal the role of diet in the early development of the gut

microbiome without the confounding effects of variation in microbial

colonization history. Our results show that the microbiome of Nile

tilapia changes rapidly over the first months of life, becoming less

diverse as fish develop. Three weeks after first feeding, the gut micro-

biome ofNile tilapiawas dominated by Enterobacteriaceae, Aeromonas

spp. and Pseudomonas spp., as reported previously for several species,

including Nile tilapia (Giatsis et al., 2015), pikeperch (Sander luciop-

erca) (Dulski et al., 2018), yellowtail kingfish (Seriola lalandi) (Wilkes

Walburn et al., 2019) and white cachama (Piaractus brachypomus)

(Castañeda-Monsalve et al., 2019).

As the fish develop and begin to feed, the gut microbiome becomes

less diverse and stabilises (Giatsis et al., 2015; Ingerslev et al., 2014).

Consistent with this, we observed a reduction in diversity and rich-

ness, and a significant shift in community composition towards a gut

microbiome dominated by Fusobacteriaceae, Peptostreptococcaceae

and Enterobacteriaceae 3 months after first feeding. A high abun-

dance of Fusobacteriaceae in the gut microbiome of juvenile fish has

been reported previously for Nile tilapia (Adeoye et al., 2016) and

other warm water fish inhabiting both freshwater and brackish envi-

ronments (Castañeda-Monsalve et al., 2019; Nayak et al., 2020), and

it has been proposed that this may form the core microbiome of non-

carnivorous fish (Nayak et al., 2020). Fusobacteria are able to degrade

complex dietary fibres through anaerobic fermentation (Vital et al.,

2014) and may confer benefits to omnivorous and herbivorous hosts

(Castañeda-Monsalve et al., 2019;Martin-Gallausiaux et al., 2018).

The tendency for the fish gut microbiome to become less diverse,

and presumably more stable, over time does not appear to be contin-

gent on a particular diet, as it was observed in our study across six

diets that varied widely in oil source and omega − 3 content. Diet had

no significant effects on alpha microbiome diversity, as reported by

others (Adeoyeet al., 2016), but it altered the compositionof themicro-

biomeofNile tilapia in importantways. Inparticular, fish fedmicroalgae

diets displayed a high relative abundance of bacteria belonging to the

family Peptostreptococcaceae and a low incidence of bacteria belong-

ing to the family Aeromonadaceae. A recent study has shown that

the FA composition of the diet can alter the abundance of poten-

tially pathogenic bacteria as well as the flexibility and thickness of the

intestinal membraned of Nile tilapia, affecting its ability to assimilate

and digest food (Agbohessou et al., 2024).

The family Aeromonadaceae not only dominates the microbiota of

many freshwater fish (Butt & Volkoff, 2019; Kashinskaya et al., 2018;

Shang et al., 2021) but also includes a large number of opportunistically

pathogenic species, such as Aeromonas hydrophila, Aeromonas salmoni-

cida and Aeromonas veronii. An increase in the abundance of Aeromonas

spp. has been associated with acute stress (UrenWebster, Consuegra,

et al., 2020) and compromised health in Atlantic salmon (Wang et al.,

2018). Here, we observed amarked increase in the relative abundance

of Aeromonas spp. and the family Aeromonadaceae in tilapia fed the

100% plant (soya) oil, which is consistent with a stress response. Nutri-

tional stress resulting from feeding on diets containing only vegetable

oil has previously been found to impair growth in Nile tilapia (Betiku

et al., 2016), cause intestinal inflammation and increase susceptibility

to disease in other fish species (Booman et al., 2018; Coronado et al.,

2019; Kiron et al., 2020). These findings suggest that the use of veg-

etable oils, which are rich in linoleic acid (C18:2 – n − 6) but naturally

deficient in omega− 3, promotes the growth of bacteria typically asso-

ciated with gut disorders in many vertebrates (Villamil et al., 2018),

including humans (David et al., 2014) and fish (Austin & Austin, 2016;

Zhou, Ringø, et al., 2018).

In contrast, inclusion of the microalgae Schizochytrium in the diet

appears to be beneficial, improving growth not only in Nile tilapia as
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our study and other studies have shown (de Souza et al., 2020; dos San-

tos et al., 2019; Sarker, Gamble, et al., 2016) but also in other species,

such as seabream (Ganuza et al., 2008), channel catfish (Li et al., 2009)

and Atlantic salmon (Kousoulaki et al., 2016).

The abundance of Peptostreptococcaceae also differed significantly

between fish fed different diets, being lowest among fish fed plant

oil and highest among fish fed algal oil, increasing with the level of

algal oil inclusion. The administration of plant-based oils has been

reported to lower the abundance of Peptostreptococcaceae in Atlantic

salmon (Egerton et al., 2020; Hartviksen et al., 2014), and the same

appears to be true for Nile tilapia. Peptostreptococcaceae seems to

thrive in anaerobic environments rich in saturated and unsaturated

straight-chainC12–C19FAs (Gerritsen et al., 2018; Li et al., 2018). Fur-

ther studies on the potential relation between Peptostreptococcaceae

abundance and omega− 3 content seemwarranted, as are studies that

elucidate the functional role of this family in the fish gutmicrobiota and

how it may influence fish health.

The third bacterial family that differed significantly among fish fed

different diets was Mycobacteriaceae, a family common in the micro-

biota of many fish (Francis-Floyd, 2011), including tilapia (Manrique

et al., 2019). Mycobacteriaceae was most abundant in fish fed the

100%microalgal oil diet, butwhether this confers anybenefits is uncer-

tain. As for the Peptostreptococcaceae family, some members of the

Mycobacterium genus are also potentially pathogenic (Hashish et al.,

2018; Vega-López, 2020), which serves to emphasize the dangers of

drawing conclusions at family level. The mechanisms that promote the

growth of some bacteria in the fish gut and the suppression of oth-

ers are not clear (Ringø et al., 2010), but understanding responses to

dietary change at species (or even strain) level are typically necessary

to predict effects on gut health (Gentile &Weir, 2018).

5 CONCLUSIONS

Our study shows that a diet rich in vegetable oil, particularly in linoleic

acid (C18:2 (n − 6), was associated with a decrease in decrease in Pep-

tostreptococcaceae and an increase in Aeromonadaceae, commonly

associated with intestinal inflammation in the fish gut, whereas a

Schizochytrium diet rich in omega − 3 and a high DHA:EPA ratio pro-

moted the proliferation of Mycobacteriaceae and resulted in faster

growth and higher omega − 3 deposition in the fish fillet. Taken

together our results indicate that Schizochytrium oil could serve as a

replacement of fish and plant oil and enhance growth. Without diet

fortification, tilapia may not provide enough n − 3 PUFAs for humans

(Strobel et al., 2012; Young, 2009) and result in PUFA n− 3:n− 6 imbal-

ance (Alamet al., 2014). Although our study did not grow fish tomarket

size, it confirms the dietary omega − 3 benefits of using microalgae

– reviewed by Trevi et al. (2023), and suggests that Schizochytrium oil

could be used for the production of more nutritious and sustainable

Nile tilapia without impacting on gut health.
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