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Abstract
Background: Fish gut microbial colonisation starts during larval stage and plays an important role in host’s growth
and health. To what extent first colonisation could influence the gut microbiome succession and growth in later life
remains unknown. In this study, Nile tilapia embryos were incubated in two different environments, a flow-through
system (FTS) and a biofloc system (BFS); hatched larvae were subsequently cultured in the systems for 14 days of
feeding (dof ). Fish were then transferred to one common recirculating aquaculture system (RAS1, common garden,
15–62 dof ), followed by a growth trial in another RAS (RAS2, growth trial, 63–105 dof ). In RAS2, fish were fed with two
types of diet, differing in non-starch polysaccharide content. Our aim was to test the effect of rearing environment on
the gut microbiome development, nutrient digestibility and growth performance of Nile tilapia during post-larvae
stages.
Results: Larvae cultured in the BFS showed better growth and different gut microbiome, compared to FTS. After the
common garden, the gut microbiome still showed differences in species composition, while body weight was similar.
Long-term effects of early life rearing history on fish gut microbiome composition, nutrient digestibility, nitrogen and
energy balances were not observed. Still, BFS-reared fish had more gut microbial interactions than FTS-reared fish. A
temporal effect was observed in gut microbiome succession during fish development, although a distinct number of
core microbiome remained present throughout the experimental period.
Conclusion: Our results indicated that the legacy effect of first microbial colonisation of the fish gut gradually disappeared during host development, with no differences in gut microbiome composition and growth performance
observed in later life after culture in a common environment. However, early life exposure of larvae to biofloc consistently increased the microbial interactions in the gut of juvenile Nile tilapia and might possibly benefit gut health.
Keywords: Biofloc system, Flow-through system, Nutrient digestibility, Growth performance, Legacy effect, Microbial
interactions
Background
Fish harbour a high diversity of microorganisms along
their gastrointestinal tract, which play a crucial role
in nutrition and health through host-microbe interactions [1, 2]. Gut microbiome contribute to nutrient
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digestion and assimilation by producing exogenous
digestive enzymes and essential growth metabolites
[3–5]. In addition, fish gut microbiome facilitate the
development of the immune system and host resistance
to pathogenic infections and diseases [6, 7]. Therefore,
establishment of a stable commensal gut microbiome
community is important for gut homeostasis and fish
growth performance. However, the gut microbial community develops continuously during early life (yolk sac
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larvae–fry–fingerling) in a relatively harsh host–microbiome interaction environment under commercial aquaculture practices [8]. These pioneering microbes are
particularly influential in the early life stage of the host,
through fine tuning of host epigenetic patterns, and
might therefore have a long term effect on the overall fitness of the host [9–11]. Therefore, the early environment
may define the development and long-term fitness of the
host via inoculation of the gut microbiome.
In larvae, the microbial colonisation of the gastrointestinal tract is exposed to/affected by active ingestion of
microbes from the rearing environment and feed [12, 13].
For example, exposing tilapia larvae to a probiotic strain,
through immersion of larvae in a water bath, changed the
gut microbial assembly [14]. The rearing system affects
exposure of fish to different microorganisms and modulates the larval gut microbiome community composition, which could influence the survival and growth of
fish through host-microbe interactions [15–17]. As fish
develop, they are transferred into different rearing environments throughout the grow-out phase, which may
affect the microbial environment and thus alter the gut
microbiome, with unknown effects on fish health [18–
20]. Therefore, a better understanding of gut microbiome
community development, in response to changes in the
culture environment or diet, might allow us to predict its
effects on fish performance.
The developmental stage of the host was claimed to
influence fish microbiota succession during ontogenesis
in zebrafish [21–23], Gibel carp [24], Southern catfish
[25], Atlantic salmon [26], seabass and seabream [27].
Temporal shifts in fish gut microbiome were evidenced
irrespective of whether diet and environmental conditions were constant [25] or not [22, 24]. Moreover, the
similarity between gut and environmental microbiome
decreased with advancement in growth and developmental stage of the fish [22, 28], underlining the important
role of microbial rearing environment during early life in
shaping the gut microbiome. However, relatively little is
known about how the gut microbiome community established during early life, influences its composition in later
life. In addition, the long-term influence of the microbial community acquired during larval development,
on growth performance of cultured fish that have been
transferred between culture systems and fed a variety of
diets, is poorly understood.
Fish larvae cultured in biofloc systems (BFS) showed
better survival, higher infection resistance and distinct
gut microbiome composition, when compared to Nile
tilapia grown in flow-through systems (FTS) or recirculating aquaculture systems (RAS) [16, 29]. Through addition of organic carbon to the aquaculture system, with a
high level of aeration, inorganic nitrogen is incorporated
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into bacterial flocs [30]. Ingestion of biofloc influences
the gut microbial community composition of fish, with
the bacteria present in the biofloc possibly having a probiotic effect on fish health [31]. Hence, we hypothesised
that fish larvae raised in a biofloc system would develop
a healthy and diverse gut microbial community, in comparison to those raised in a clean water system.
The aim of this study was to test the effect of exposure
to different microbial environments, during larval development, on gut microbiome succession and growth performance in later life stages of fish. Nile tilapia was used
as the model species in this study, because unlike marine
or other freshwater fish species, tilapia larvae can be fed
directly on a commercial pelleted feed. Therefore, the
impact of rearing environment on larvae gut microbiome colonisation can be tested without the disruption
caused by a transition from live feed to pelleted feed. In
this study, tilapia larvae were reared in either a BFS or a
FTS until 14 days of feeding (dof ), and then transferred
to a common recirculating aquaculture system (RAS1,
15–62 dof ), differing from the original rearing system.
As the fish grew, they were transferred to a larger RAS
(RAS2, 63–105 dof ) and fed a diet with either a high or
a moderate non-starch polysaccharide (NSP) content
to assess the effect of diet on the gut microbiome. We
hypothesised that fish larvae reared in BFS would perform better when fed with a diet high in undigestible NSP
during later life, than larvae reared in FTS. The effects of
early-life rearing environment on gut microbiome succession and growth at 15, 63 and 105 dof were monitored
during the experiment. In addition, the digestibility of
dietary macro-nutrients and minerals, as well as nitrogen
and energy utilisation, were measured and analysed during the growth trial between 63 and 105 dof.

Methods
Experimental set up and animal housing

This experiment was carried out between December
2018 and March 2019. This experiment consisted of an
egg hatching period [3–9 days post fertilisation (dpf )],
followed by three rearing phases in three independent
culture environments: Phase I, named “larvae culture”
(1–14 dof ); Phase II, named “common garden” (15–
62 dof ); and Phase III, named “growth trial” (63–104 dof )
(Fig. 1 and Additional file 1: Table S1). During the egg
hatching period, a mixed batch of 3 dpf all-male Nile
tilapia eggs (TilAqua International, Velden, The Netherlands) were incubated at 27 °C until 9 dpf in two incubators, one receiving water from a flow-through tank, the
other from a biofloc suspension tank. Hatching rate (%)
was calculated as = 100 * number of hatched larvae/numbers of incubated eggs. At the start of Phase I, hatched
larvae were restocked in a FTS or a BFS for 14 days
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Fig. 1 Schematic illustration of the experimental design and fish sampling. FTS flow-through system, BFS biofloc system, RAS recirculating
aquaculture system, M-NSP moderate non-starch polysaccharide (NSP) diet, H-NSP high NSP diet, dpf days post fertilisation, dof days of feeding

(system design is shown in Additional file 1: Fig. S1).
Each system contained three replicate 30-L tanks, and in
each tank 200 fish larvae were stocked in a 2-L floating
aquarium (Hobby NIDO II, Fish and Coral store Breda,
Breda, The Netherlands), to increase the larval density
for feeding. An aeration stone was placed in each of the
2-L aquariums, with a bottom screen to exchange water
with the 30-L tank. In the bypass of the BFS, 30 extra Nile
tilapia (average body weight, 30 g) were fed with 20 g/day
of a diet (protein, 33% and NSP, 24.7%) to culture biofloc,
because the waste produced by fish larvae was not sufficient to maintain the operation of a biofloc system (Additional file 1: Fig. S1b) [32]. Daily, 15 g of corn starch was
added as a carbon source to the biofloc production sump.
Both the FTS and the BFS shared the same well water
supply, to compensate for water use and evaporation.
At the start of Phase II (15 dof ), 120 fish were randomly
taken from each floating aquarium and transferred to one
70-L tank, which was part of one common RAS (RAS1,
Fig. 1). RAS1 contained a trickling filter that was primed
with NH4Cl for 4 weeks prior to stocking. In RAS1, fish
were grown until 62 dof. At the start of Phase III (63 dof ),
two times 30 fish from each 70-L tank were randomly

distributed over two 70-L tanks which were part of a different RAS (RAS2, with a moving bed bioreactor that
was previously stocked with African catfish). RAS1 and
RAS2 were primed for 4 weeks before experimental use,
which was expected to develop a stable microbial community in the rearing system [33]. Phase III is a growth
trial to test the effect of early life rearing conditions on
growth performance during later life (63–105 dof ). At
the end of each phase, fish from each tank were sedated
with 0.2 g/L tricaine mesylate solution, and then group
weighed and counted before restocking to determine the
growth parameters. All fish were starved for 24 h before
weighing, sampling and restocking to reduce discomfort.
Feed, feeding and water quality

In Phase I, feeding started at 10 dpf (referred as 1 dof )
and fish were fed three times a day with a starter diet
(F-0.5 G Pro Aqua Brut–Trouw Nutrition, France). In
Phase II, fish were fed three times a day with the starter
diet (F-0.5 G) during 14–46 dof, and switched at 47 dof
to a larger pellet size diet (F-1.0 G Pro Aqua Brut—Trouw
Nutrition, France). Each of the tanks in Phase II was split
into two replicate tanks in Phase III, during which fish
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were fed two times a day (09:00 and 16:00): one with a
diet containing a moderate amount of NSP (M-NSP, 166 g
NSP/kg diet dry matter (DM)), the other with a high NSP
diet (H-NSP, 269 g NSP/kg diet DM). The dietary ingredients and nutrient composition are shown in Additional
file 1: Table S2. Fish were fed at a restricted feeding level
of 20 g kg−0.8 body weight d−1, and feed was adjusted
daily, assuming a feed conversion ratio (FCR) of 1.2.
Water temperature was maintained at 27 ± 0.5 °C. Total
ammonia nitrogen (TAN), nitrite–nitrogen 
(NO2–N)
and nitrate–nitrogen (NO3–N) of system water were
measured on a weekly basis using a Merck Spectroquant
Test kit (Merck, Darmstadt, Germany). The total inorganic nitrogen (TIN) was calculated as the sum of TAN,
NO2–N and NO3–N in water samples. TAN, N
 O2–N and
NO3–N were maintained at < 1.0 mg/L, < 0.5 mg/L and
< 150 mg/L respectively.
Sampling procedure

Gut samples were collected at the end of each phase at
15, 63 and 105 dof, to determine the microbial community composition. Gut microbiome were sampled from
five fish from each tank at 15 dof and 63 dof, and from
three fish from each tank at 105 dof. The sampled fish
were first flushed with 70% ethanol and then with sterile
water, before the dissection of the whole gut according to
Giatsis et al. [34]. Fish were starved for 24 h before the
gut microbiota sampling, so that only gut mucosa were
collected. Gut samples were flash frozen in liquid nitrogen, then stored at − 80 °C until further analysis.
During Phase III, a feed sample of 100 g was taken
weekly from each of the two diets (M-NSP and H-NSP)
and stored as a pooled sample per diet at 4 °C. Settled
faeces were collected daily from the second week of
Phase III onwards from each tank, using a swirl separator (column height 44 cm, diameter 24.5 cm; AquaOptima AS, Norway), for digestibility analysis. Faeces were
stored as pooled weekly samples. At the start (63 dof )
and at the end (105 dof ) of Phase III, ten fish per tank
were randomly sampled to determine the body composition. Faeces and fish samples were stored at -20 °C, until
further analysis.
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material. DM was determined by drying at 103 °C for
4 h until constant weight (DM; ISO 6496, 1983). Standard methods were applied to determine crude protein
(Kjeldahl method, ISO 5983, 1979; crude protein = Kjeldahl-N * 6.25), crude fat (Soxhlet method, ISO 5986),
gross energy (ISO 9831, 1998; C7000 Calorimeter, IKAWerke GmbH & Co. KG, Staufen, Germany), ash (ISO
5984, 1978) and minerals (NEN 15510, 2007), including
Yttrium, Phosphorous, Calcium and Magnesium of feed,
faeces, and fish samples.
Genomic DNA isolation and sequencing

The gut samples were first incubated with lysozyme for
1 h at 37 °C and then incubated with proteinase K for 1 h
at 55 °C for cell lysis. After that, gut tissue was homogenised in AL buffer (Qiagen, Venlo, The Netherlands) with
vortex and incubated at 70 °C for 10 min. DNA extraction
of gut samples were performed using DNeasy Blood and
Tissue Kit (Qiagen, Venlo, The Netherlands), according
to the manufacturer’s instructions. The amount of harvested DNA was quantified with a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE,
US). Harvested DNA was then stored at − 20 °C until use.
Sequencing of the PCR-amplified V4 region of 16S
rRNA, using primers 515 F (5′-CTAGTGCCAGCMGCC
GCGGTAA-3′) and 806 R (5′-CTAGGACTACHVGGG
TWTCTAAT-3′), was performed using a MiSeq PE300
Next Generation system (Illumina) by Genome Quebec,
following the company’s protocol. Blank samples without
DNA templates were used as control libraries.
Calculations and statistical analysis
Growth performance

The growth performance parameters were calculated
as: Growth (g/d) =  ( Wf − Wi)/t, SGR (% body weight/d)
= 100 × (LnWf − LnWi)/t; FCR = Feed intake (g)/weight
gain (g); Survival (%) = 100 × Nf/Ni; where Wi (g) and Wf
(g) are the average initial and final body weight per fish,
respectively; t is the duration of the experimental period
in days (d); SGR is the specific growth rate; FCR is the
feed conversion ratio; and Ni and Nf are the initial and
final number of fish per tank.

Proximate composition analysis of feed, faeces and fish
in the growth trial

Digestibility in growth trial

Faeces samples from the second week of Phase III
onwards were oven dried at 70 °C and pooled per tank.
Fish samples were ground and homogenised using a meat
mincer (Model TW-R 70, FEUMA Gastromaschinen
GmbH, Germany). Samples for dry matter (DM) and
crude protein determination were taken from fresh
homogenised fish and samples for crude fat and energy
analysis were taken from homogenised freeze-dried

The apparent digestibility coefficient (ADC) of DM, crude
protein, crude fat, total carbohydrate, ash, and minerals
were calculated as ADC (%) = 100 × [1 −  ( Yi × amount
nutrient in faeces)/(Yf × amount nutrient in feed)]; where
Yi and Yf are the concentration of Yttrium in the feed and
faeces, respectively. The total amount of carbohydrates in
feed and faeces was calculated as: Carbohydrates (g/kg
DM) = DM − (crude protein + crude fat + ash).
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Nitrogen and energy balances in growth trial

The energy (E) and nitrogen (N) balance parameters in
the growth trial were calculated per fish, as described
by Maas et al. [35]. Gross N intake (mg/d) = feed intake
(g DM/d) × the dietary N content (mg/g DM); digestible
N intake (DN, mg/d) = gross N intake (mg/d) × apparent digestibility coefficient of N; retained N ( RN,
mg/d) = (final N body mass (mg) − initial N body mass
(mg))/t (d); branchial and urinary N loss (BUN,
mg/d) = digestible N intake (mg/d) − retained N (mg/d);
N efficiency (%) = 100 × RN (mg/d)/DN (mg/d). For the
energy balance, energy intake (kJ/d) = feed intake (g
DM/d) × dietary energy content (kJ/g DM); digestible
energy intake (DE, kJ/d) = energy intake (kJ/d) × apparent digestibility coefficient of energy; brachial and urinary energy loss (BUE, kJ/d) = branchial and urinary
N loss (mg/d) × energy content of excreted 
NH3–N
(24.85 kJ N/1000 mg) [36], assuming that all BUN
was excreted as 
NH3–N; metabolisable energy (ME,
kJ/d) = DE (kJ/d) − BUE (kJ/d); retained energy (RE,
kJ/d) = (final E body mass (kJ) − initial E body mass (kJ))/t
(d); heat production energy (HE, kJ/d) = ME (kJ/d) − RE
(kJ/d). Energy for maintenance (Emain, kJ/d) = ME
(kJ/d) − (energy retained as protein (kJ/d)/0.5) − (energy
retained as fat (kJ/d)/0.9), where we assume the energy
utilisation efficiency of ME for protein gain to be 50% and
for fat gain to be 90% [37].
Prokaryotes community analysis

An open-source software package, DADA2, was applied
to model and correct Illumina-sequenced amplicon
errors [38]. Data were demultiplexed into forward and
reverse reads, according to the barcode sequence, into
sample identity, and trimming was performed. For the
forward reads and based on the quality profiles, the first
250 nucleotides were kept, and the rest were trimmed,
while for the reverse reads, the last 220 nucleotides were
kept. DADA2 resolves differences at the single-nucleotide level and ends in an amplicon sequence variant
(ASV) table, recording the number of times each ASV
was observed in each sample (100% sequence identity).
Taxonomy was assigned using the Ribosomal Database
Project Classifier [39], against the 16S gene reference
SILVA database (138 version) [40].
In total, 91 tilapia gut samples were sequenced. Nine
gut samples, including four from FTS at 15 dof, one from
FTS at 63 dof, two from FTS-M (M-NSP diet) and two
from BFS-M (M-NSP diet) at 105 dof, were removed
from analysis due to the low sequencing depth. The
sequencing depth of the remaining 82 gut samples ranged
from 3380 to 30,442, with an average of 11,920 reads per
sample. The alpha diversity of each sample was evaluated
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by Shannon index and observed richness, while beta
diversity was assessed by Bray–Curtis distance and principal coordinate analysis (PCoA), using Primer software.
All gut samples were rarefied to the sequencing depth of
3771 reads, before being subjected to statistical analysis.
To predict the co-occurrence relationships between
microbes at 15, 63 and 105 dof, an ASV table for each
phase was rarefied to the lowest reading depth and was
used to construct a correlation network using psych R
package, based on correlation coefficients and FDRadjusted P values [41]. Statistically significant (P < 0.05)
correlations were further visualised with Gephi software
(http://gephi.github.io/). In the network, the following
parameters were calculated: (A) average degree, which is
the frequency of all the nodes’ degrees; (B) cluster coefficient, which is the ratio between existing and possible
edges between a node’s neighbours; (C) density, which
is the ratio of the number of total edges to the number
of possible edges between all the nodes; (D) path length,
which is the average shortest path of all possible nodes;
and € modularity, which is the strength of division of a
network into modules, in order to assess the network
topology [42–44].
Statistical analysis

Significant differences in water quality between two
early-life systems were compared by one-way ANOVA
with least-significant-difference (LSD) tests. The growth,
digestibility and nitrogen and energy balance data were
analysed by two-way ANOVA, using a general linear
model (GLM) in SPSS software (IBM, version 25), for the
effect of rearing systems during Phase I, diets in Phase
III, and their interaction. When the effect was significant
(P < 0.05), individual treatment means were compared
using Tukey HSD.
The alpha diversity indices were compared between
treatments by nonparametric t-tests at each sampling
timepoint. The treatment effect on gut microbiome composition at ASV level was analysed by PERMANOVA,
using Primer. Pearson correlations between the gut ASV
matrix and fish performance predictors (body weight,
body composition, digestibility, as well as nitrogen and
energy retention efficiency) at 105 dof, were tested by
distance-based linear modelling (DistLM) in Primer [42].
The similarity of gut microbiome between the two early
life rearing systems-originated fish at each sampling time
was calculated by similarity percentage (SIMPER) analysis using PAST software. The indicator species of gut
microbiome at 105 dof were selected using the indicspecies package in R software, after 1000-time permutations.
For the microbial interactions, statistical significance of
the tested parameters was assessed by subsampling the
table at the sequence depth of 70% of the initial reads,
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and performing the analysis for each group using the
Mann–Whitney test [42].

Results
Effect of early life rearing systems (FTS vs BFS)

During the larval culture phase (1–14 dof ), the pH in FTS
(8.02) was slightly higher than in BFS (7.83), while the
conductivity was similar in the rearing water of both systems (Fig. 2a). The total inorganic nitrogen was negligible in FTS (< 0.1 mg/L), which was significantly (P < 0.05)
lower than that in BFS (3.1 mg/L). Tilapia larvae cultured
in BFS reached a significantly (P < 0.05) higher average individual body weight than larvae in FTS at 15 dof
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(Fig. 2b). Moreover, the hatching rate of tilapia eggs in
FTS and BFS were 63.6% and 57.7%, respectively (data
not shown). The survival percentage of tilapia larvae cultured in FTS and BFS were 94.0% and 93.7%, respectively,
during the larval culture phase (data not shown).
The gut microbiome of tilapia larvae reared in BFS
showed a significantly higher prokaryotes richness than
the gut microbiome of larvae reared in FTS, whereas the
Shannon diversity was similar between the FTS and BFSreared fish (Fig. 2c). Only 27 ASVs were shared between
fish kept in the two systems, with 40 ASVs uniquely
owned by FTS and 170 ASVs uniquely owned by BFS
(Fig. 2d). The gut microbiome of tilapia larvae reared

Fig. 2 The water quality of two early life rearing systems and effect on individual body weight and gut microbiome of Nile tilapia at 15 days of
feeding (dof ). a water quality (pH, conductivity and total inorganic nitrogen) in system water during larval culture, b individual fish body weight, c
alpha-diversity (richness and Shannon diversity index) of gut microbiome. Values are presented as mean ± standard error, the presence of different
letters indicates the significant difference between systems (P < 0.05). d Venn diagram showing the shared amplicon sequence variants (ASV
with prevalence > 33% in each treatment) between the gut microbiome from FTS and BFS. e principal component analysis (PCoA) showing the
distribution of gut microbiome from FTS and BFS, P value was calculated based on one-way PERMANOVA. Capital letters refer to replicate tanks (A,
B. C), numbers refer to fishes sampled for gut microbiome per tank (1, 2, 3, 4, 5). FTS, flow-through system; BFS biofloc system
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in different systems were clearly separated according to
the PCoA diagram (Fig. 2e), which was confirmed by
PERMANOVA tests (P = 0.001), based on Bray–Curtis distance. The overall dissimilarity of gut microbiome
between replicate tanks in FTS (72.4%) was much higher
than BFS (16.8%), according to SIMPER tests (Fig. 2e,
Additional file 1: Table S3).

phase II (Fig. 3c). Still, the composition of gut microbiome of tilapia originating from BFS and FTS was different (P < 0.05) after the common garden phase (Fig. 3d).
The overall dissimilarity of gut microbiome between replicate tanks was 42.3% in FTS-originated fish and 37.8%
in BFS-originated fish at 63 dof, according to the SIMPER
test (Fig. 3d and Additional file 1: Table S3).

Short‑term effect of early life rearing systems

Long‑term effect of early life rearing systems

After a common garden rearing period in RAS1 for
48 days (Phase II), the individual body weight was not
different between the FTS and BFS-originated fish at
63 dof (Fig. 3a), based on Tukey HSD (ANOVA, P > 0.05).
Besides, the growth parameters, including weight gain,
FCR, SGR and survival, were not different (P > 0.05)
between FTS and BFS-originated fish at 63 dof (Additional file 1: Table S4). The Shannon diversity index and
richness of tilapia gut microbiome were also similar
(P > 0.05) between fish originated from FTS and BFS at
63 dof (Fig. 3b). In addition, the number of shared ASVs
between FTS and BFS increased from 27 to 60, during

Two types of diets were applied in the growth trial during
Phase III, enabling the main effects of early life rearing
systems and later life diets and their interactions on fish
growth performance, nutrient digestibility and balances
to be tested. The early life rearing systems during Phase
I did not result in differences (P > 0.05) in the growth
parameters (Table 1) and fish body composition (including macronutrients and minerals, Additional file 1:
Table S5) at 105 dof. On the other hand, dietary NSP
contents significantly (P < 0.05) changed the final body
weight, growth, FCR and fish body composition during the growth trial (Additional file 1: Table S5). M-NSP

Fig. 3 Short-term effect of early life rearing systems on body weight and gut microbiome at 63 days of feeding (dof ). a Individual fish body
weight, b alpha-diversity (richness and Shannon diversity index) of gut microbiome. Values are presented as mean ± standard error, the presence
of different letters indicates a significant difference between systems (P < 0.05). c Venn diagram showing the shared amplicon sequence variants
(ASV with prevalence > 33% in each treatment) between the gut microbiome of fish originated from FTS and BFS. d principal component analysis
(PCoA) showing the distribution of gut microbiome of fish originated from FTS and BFS, P value was calculated based on one-way PERMANOVA.
Capital letters refer to replicate tanks (A, B. C), numbers refer to fishes sampled for gut microbiome per tank (1, 2, 3, 4, 5). FTS, flow-through system;
BFS biofloc system
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Table 1 Fish growth performance during Phase III (growth trial, 63—105 dof )
System

FTS

Diet

M-NSP

BWi (g)

7.2

7.1

7.5

7.5

0.19

ns

na

na

BWf (g)

34.2b

30.8a

34.9b

31.3a

0.36

ns

**

ns

FI (g DM d
 −1)

0.76

0.74

0.76

0.74

0.000

ns

ns

ns

Growth (g d−1)

0.66b

0.58a

0.67b

0.58a

0.005

ns

***

ns

FCR

1.16a

1.27b

1.14a

SGR (% BW d )

b

3.8

Survival (%)

100

−1

BFS
H-NSP

M-NSP

SEM
H-NSP

P value
S

D

S*D

1.27b

0.01

ns

***

ns

3.6

b

3.8

3.5a

0.04

ns

*

ns

97

100

100

0.83

ns

ns

ns

a

FTS flow-through system, BFS biofloc system, M-NSP moderate NSP diet, H-NSP high-NSP diet, BWi initial body weight, BWf final body weight, FI feed intake, FCR feed
conversion ratio, SGR specific growth rate, ns not significant, na not applied, S larval rearing system in Phase I, D diet type in Phase III. Different superscript letters
within a row indicate statistical significance
*

P < 0.05, **P < 0.01, ***P < 0.001

fed fish displayed higher final body weight and growth
(Table 1), as well as a body composition higher in crude
fat, energy, ash, phosphorous, calcium and magnesium,
compared to H-NSP fed fish. However, the crude protein
content in M-NSP fed fish was lower than in H-NSP fed
fish (Additional file 1: Table S5).
The apparent digestibility coefficient of nutrients during phase III was similar (P > 0.05) between fish reared
in BFS and FTS during Phase I, implying that early-life
rearing systems in this study did not change the nutrient
digestibility during later life (Additional file 1: Table S6).
However, the dietary NSP concentrations changed the
nutrient digestibility during the growth trial (P < 0.05,
Additional file 1: Table S6). Feeding the H-NSP diet
resulted in significantly (P < 0.05) higher digestibility of
the dry matter, carbohydrate, energy, and minerals and
lower digestibility of crude protein, fat and ash, compared to feeding the M-NSP diet. Furthermore, the nitrogen and energy balances were calculated to determine the
nitrogen and energy deposition efficiency during growth
trial of Phase III (Additional file 1: Table S7). The results
showed that the larval culture system during Phase I had
no effect (P > 0.05) on either nitrogen or energy use efficiency during the growth trial. In contrast, the dietary
NSP concentrations influenced the nitrogen and energy
deposition efficiencies (P < 0.05). Feeding the H-NSP diet
resulted in a significantly (P < 0.05) lower N efficiency
than feeding the M-NSP diet, which concurred with a significantly (P < 0.05) lower N retention and higher digestible N intake, as well as brachial and urinary N. Besides,
feeding the H-NSP diet resulted in significantly (P < 0.05)
less retained energy and a higher energy requirement for
maintenance, which concurred with a lower energy efficiency than when feeding the M-NSP diet (P < 0.05).
At the end of the growth trial at 105 dof, the gut
microbiome showed no significant difference (P > 0.05)

in prokaryotes richness and Shannon diversity index
between different larval rearing systems and diets
(Fig. 4a). In total, 286 ASVs were shared between the four
treatments with a relatively low amount of unique ASVs
(Fig. 4b). It was interesting to note that fish originating
from FTS had no unique ASVs, while BFS-originated fish
had 26 and 64 unique ASVs from the M-NSP diet and the
H-NSP diet, respectively. In addition, the later life gut
prokaryotes composition at 105 dof was not significantly
influenced by larval rearing systems (PERMANOVA,
P = 0.166) during Phase I, or later life diets fed during
Phase III (PERMANOVA, P = 0.152) (Fig. 4c). Still, 36
ASVs were identified as indicator species from the four
treatments, which were classified to different phylum taxonomy (Fig. 4d). Feeding the H-NSP diet mainly enriched
species belonging to Proteobacteria, Actinobacteriota
and Planctomycetota in the gut of tilapia. On the other
hand, feeding the M-NSP diet stimulated a more diverse
prokaryotes community, in which ASV8 (Cetobacterium),
ASV17 (not assigned to genus level) and ASV32 (Macellibacteroides) showed a high relative abundance in BFSreared fish. Furthermore, the growth, digestibility and
balance parameters monitored during the growth trial, as
well as the fish body composition at 105 dof, showed no
significant correlation (P > 0.05) with the gut microbiome
composition at ASV level, according to DistLM analysis
(Additional file 1: Table S8).
Spatial and temporal prokaryotes community
development

The gut microbiome succession revealed a significantly
(PERMANOVA, P < 0.05) temporal pattern during the
different developmental phases of tilapia (Fig. 5a). Meanwhile, the type of rearing system (FTS and BFS) used
during the larval stage modulated the gut microbiome
composition, which gradually converged during the later
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Fig. 4 The diversity of fish gut microbiome at 105 days of feeding (dof ). a Alpha diversity (richness and Shannon diversity index) of gut
microbiome. Values are presented as mean ± standard error, the absence of letters above error bars indicates no significant differences between the
four treatments. b Venn diagram showing the shared amplicon sequence variants (ASV with prevalence > 33% in each treatment) between the gut
microbiome from the four treatments. c Principal component analysis (PCoA) showing the distribution of gut microbiome from the four treatments,
P values were calculated based on two-way PERMANOVA. Capital letters refer to replicate tanks (A, B. C), numbers refer to fishes sampled for gut
microbiome per tank (1, 2, 3). d Heatmap showing the relative abundance (RA) of the indicator species selected from the four treatments, indicator
species are coloured according to their phylum taxonomy. FTS flow-through system, BFS biofloc system, M moderate NSP diet, H high NSP diet

life stages after transfer to common RAS culture environments (Fig. 5b). This was confirmed by the overall dissimilarities of gut microbiome between fish raised in FTS
and BFS, which dropped from 96.3% at 15 dof, to 40.1%
at 63 dof, and to 49.7% at 105 dof, according to the SIMPER test (Additional file 1: Table S3). To be noted, 8 ASVs
were shared along the core microbiome at dof 15, 63 and
105 (Fig. 5c), implying their presence was not influenced
by time, rearing environment or diet. Those 8 core ASVs
were identified as Cetobacterium somerae (ASV1), Plesiomonas shigelloides (ASV2), Escherichia_Shigella (ASV11),
Gordonia (ASV25), Rhodococcus (ASV36), Paraclostridium (ASV64), Nocardia (ASV103) and Pir4_lineage
(ASV161), with the full taxonomy shown in Additional
file 1: Table S9. In addition, the 8 core microbes occupied close to 50% of the relative abundance in fish larvae
raised in FTS at 15 dof, and in fish raised in either BFS or
FTS during Phase I at 63 dof (Fig. 5d). While the cumulative relative abundances of the 8 core microbes were 2.9%
in fish larvae raised in BFS at 15 dof and on average 7.4%
in all the four treatments at 105 dof.
The relative abundance of dominant taxa in the fish gut
varied over time for both FTS and BFS-originated fish
(Fig. 5e and Table 2). At 15 dof, the gut of FTS-reared

fish was dominated by Escherrchia_Shigella, Rohodobacter, Cetobacterium, Gemmonbater, and Plesiomonas. In
contrast, the gut of BFS-reared fish was dominated by
Isosphaeraceae and Gemmataceae. After first transfer
to a common RAS, both FTS and BFS-originated fish
were enriched with Cetobacterium, Plesiomonas, Escherrchia_Shigella, and Macellibacteroides at 63 dof. Feeding the fish with a plant-based diet during the growth
trial resulted in a lower relative abundance of Cetobacterium and Plesiomonas, as compared to Phase II, while
Pir4_lineage showed an increase in relative abundance
at 105 dof. Cetobacterium and Macelibacteroidetes were
more abundant in BFS-M treatments than in BFS-H
(Fig. 5e). At 105 dof, the effect of early life rearing environment during Phase I on the dominant gut species
was no longer evident during Phase II or Phase III in this
study (Table 2).
Microbial interactions by co‑occurrence network analysis

The co-occurrence networks in the four treatment
groups during Phase III were characterised mainly by
positive interactions and dominated by genera belonging
to Proteobacteria, Actinobacteriota and Firmicutes phyla
(Fig. 6). Regarding the characteristics of the network at
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Fig. 5 Gut microbiome succession of fish reared in FTS or BFS during larval culture (Phase I). a Temporal (15, 63 and 105 dof ) and b spatial (FTS
vs BFS) impact on gut microbiome distribution by PCoA. c Shared ASVs among the three core microbiome communities, including 27 ASVs at 15
dof, 60 ASVs at 63 dof and 286 ASVs at 105 dof. d Variation of the eight shared ASVs among the three core microbiome communities in relative
abundance between different treatments over time. ASV1, Cetobacterium somerae; ASV2, Plesiomonas shigelloides; ASV11, Escherichia_Shigella;
ASV25, Gordonia; ASV36, Rhodococcus; ASV64, Paraclostridium; ASV103, Nocardia; and ASV161, Pir4_lineage. e Variations of top 10 dominant genera in
relative abundance between different treatments over time. FTS flow-through system, BFS biofloc system, M moderate NSP diet, H high NSP diet

Table 2 Relative abundance and taxonomy of the top 5 ASVs from fish cultured in FTS and RAS at dof 15, 63 and 105. The top 5 ASVs
detected in each sampling day and each rearing system were calculated throughout all days

Time
System
ASV1
ASV2
ASV4
ASV8
ASV11
ASV12
ASV17
ASV32
ASV36
ASV47
ASV55
ASV79
ASV82
ASV88
ASV93
ASV94
ASV103
ASV109

15 dof
FTS (%) BFS (%)
8.6
4.1
0.0
0.0
19.4
0.0
0.0
0.0
0.8
5.5
0.0
0.0
0.0
0.0
0.1
9.0
5.4
0.0

0.4
0.1
41.6
0.3
0.2
22.7
0.0
0.0
1.5
0.5
0.0
0.0
3.2
4.2
0.1
0.3
0.3
3.3

63 dof
FTS (%) BFS (%)
23.9
14.8
0.0
12.3
8.9
0.0
7.6
3.6
0.8
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.1
0.0

26.8
13.9
0.0
12.8
4.5
0.0
12.3
6.4
0.5
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.1
0.0

105 dof
FTS (%) BFS (%)
0.2
0.1
1.6
1.4
2.4
0.0
0.8
0.4
2.7
1.6
4.3
3.1
0.6
0.0
2.5
0.7
0.7
0.0

1.2
0.2
1.5
5.5
3.2
0.0
2.5
1.9
2.6
1.3
2.9
2.6
0.5
0.0
2.1
0.7
0.4
0.0

Taxonomy
Cetobacterium
Plesiomonas
Isosphaeraceae
Cetobacterium
Escherichia-Shigella
Gemmataceae
Barnesiellaceae
Macellibacteroides
Rhodococcus
Gemmobacter
Bythopirellula
Pir4 lineage
Saccharimonadales
Rhizobiales Incertae Sedis
RBG-13-54-9
Rhodobacter
Nocardia
Gemmata
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Fig. 6 Co-occurrence network in a FTS-M, b FTS-H, c BFS-M and d BFS-H at the end of Phase III (105 days of feeding). Red edge indicates the
positive interaction and blue edge indicates the negative interaction. The size of node is proportional to its weight of degree, the nodes are
coloured according to the phylum taxonomy. FTS flow-through system, BFS biofloc system, M moderate NSP diet, H high NSP diet

105 dof, it was found that rearing larvae in BFS during
Phase I resulted in more microbial interactions (number
of edges) and a higher positive/negative ratio, than rearing larvae in FTS during Phase I (P < 0.05) (Table 3). In
addition, less modularity was detected at 105 dof in fish
raised in BFS, compared to fish raised in FTS during
Phase I, with more microbes gathering to form a large
sub-module. During Phase II, BFS treatment resulted in
a significantly (P < 0.05) higher number of edges and average degree, compared to fish cultured in FTS, although
an effect was observed during Phase I (Additional file 1:
Table S10). Rearing tilapia larvae in BFS resulted in a
consistently higher positive/negative ratio in the network, compared to fish reared in FTS (P < 0.05). The
number of nodes in the network was not significantly
(P > 0.05) affected by the larval rearing environment over
all three sampling phases (Table 3 and Additional file 1:
Table S10). On the other hand, feeding fish with the
H-NSP diet resulted in a significantly higher number of

nodes, but a lower average degree and network density,
than feeding fish with the M-NSP diet during Phase III
(P < 0.05).

Discussion
The mechanism underlining the effect of first colonisation on fish gut microbiome succession remains unclear,
especially at a relatively long time scale [23]. Understanding the response of the gut microbiome community to
changes in the culture environment, or the diet, might
facilitate control of host health, as well as the maintenance of a supportive culture environment [18]. This
study highlights the impact of rearing environment during early life on the gut microbiome and growth performance of Nile tilapia. It demonstrates how the effects
of the early life rearing environment gradually disappear as the fish develops under common culture conditions. Throughout this study, chemical water quality
(Additional file 1: Fig. S2) was kept within the optimum
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Table 3 The characteristics of co-occurrence networks of the four treatments at the end of Phase III (growth trial, 105 dof )
System (S)

FTS

BFS

P (permutation)

Diet (D)

M-NSP

H-NSP

M-NSP

H-NSP

S

D

Number of nodes

112

122

112

127

ns

**

Number of edges

475

497

596

574

**

ns

Positive/negative ratio

2.8

2.6

4.6

3.9

**

ns

Average degree

8.48

8.15

10.74

9.04

ns

**

Clustering coefficient

0.68

0.56

0.62

0.61

ns

***

Density

0.076

0.067

0.096

0.072

ns

***

Path length

3.44

3.34

3.01

3.36

ns

ns

Modularity

1.51

1.57

0.89

0.86

***

ns

P values were calculated using Mann–Whitney test, after permutation of 70% of the initial data
FTS flow-through system, BFS biofloc system, M-NSP moderate NSP diet, H-NSP high NSP diet, S larval rearing system in Phase I, D diet type in Phase III, ns not
significant
**

P < 0.01; ***P < 0.001

range for the culture of Nile tilapia larvae, fingerlings and
ongrowing fish [45]. Therefore, chemical water quality
was not considered to have influenced the experimental
results of this study.
Modulatory effect of rearing systems on the first
colonisation of gut microbiome

The first environmental microbes that colonise the gut,
when the mouth opens during laval development, have
a stronger impact on the prokaryotes community that
develops in the gut, than microbes colonising a mature
gut [30]. In this study, early life exposure of tilapia egg
incubation and larvae rearing to BFS showed a higher
microbial richness and exhibited a distinct gut microbiome composition, as compared with that in FTS.
Similarly, tilapia fingerlings cultured in a biofloc system
showed higher microbial diversity and a different core
gut microbiome composition, as compared to fish not
exposed to biofloc [32, 46]. Bioflocs are characterised by
their high density of heterophic bacteria, harboring some
species which might colonise the fish gut [30, 47]. Tilapia
larvae cultured in BFS were dominated by Isosphaeraceae
and Gemmataceae at 15 dof, which were also the predominant gut bacteria in Nile tilapia cultured with biofloc [16]. These biofloc-related gut microbes reduced the
relative abundance of the core bacteria, which occupied
roughly 50% of the gut of Nile tilapia raised in FTS up to
15 dof in our experiment. On the other hand, high water
exchange in FTS dilutes the bacterial density, facilitating
the development of opportunistic bacteria in the system
[48]. In this study, FTS resulted in large individual variations in larval gut microbiome, which could be attributed
to the unpredictability of the water microbial community in FTS [49]. In contrast, the microbial community
in the water column in BFS is relatively homogenous

and rich in beneficial microbes [50]. Survival percentage in this study was unaffected by early life treatment
and was approximately 94%. This survival percentage is
higher when compared with our previous findings, which
showed tilapia larvae survival to be 62% in the FTS after
21 dof [49]. We assume the higher survival in this study
was due to the difference in culture conditions (200 larvae in a 2-L floating aquarium in this study; 200 larvae
in a 60-L aquarium in Deng et al. [49]). With this change
in larvae culture management, we anticipated a reduced
development of opportunistic bacteria and thus reduced
pressure of these bacteria on tilapia larvae [51].
Although tilapia larvae in FTS and BFS were fed equal
amounts of food per day on a dry matter basis, tilapia
larvae grew significantly faster in BFS compared to FTS
during the first 15 dof. This was as expected and in agreement with previous studies [29, 52]. A positive interaction effect of early life treatment and host immune
system on growth performance is not expected, as immunocompetence is severely limited up to 15 dof and adaptive immunity still has to develop [7, 53]. The observed
better growth rate in the BFS can be explained by: (1)
extra nutrient intake from bioflocs and/or (2) the possible
positive effect on nutrient utilisation of intake of bioflocs
through host-microbe interactions [54, 55].
Gut microbiome converged over time after transfer of fish

The relatively low gut prokaryotes richness in the FTS
treatment at 15 dof (36 ± 10) increased significantly during later life stages to 80 ± 23 at 63 dof and to 281 ± 36 at
105 dof (Additional file 1: Figure S3). This can be explained
by assuming that FTS-reared larvae were exposed to an
increasing prokaryotes richness in the culture environment in later life: RAS2 > RAS1 > FTS. This assumption
was based on the observation that the microbial richness
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in the rearing environment is a strong driver for gut microbial richness of fish [17, 56]. For fish cultured in BFS, the
gut prokaryotes richness dropped after a transfer to RAS1,
indicating that many bacteria colonising in the gut at
15 dof were not able to be detected in the gut as they might
not present in RAS1 during Phase II. At 63 and105 dof,
both FTS and BFS-raised fish had similar gut prokaryotes diversity and richness, which indicated that the effect
of larval rearing environments on gut microbial diversity
and richness disappeared after clustering the fish in a common rearing environment. Similarly, temporal changes are
reported in the gut microbiome of Atlantic cod which outweigh the differences in the diet [57].
According to Giatsis et al. [34], tilapia larvae cultured in
a common RAS for 42 days exhibited similar gut microbiome in replicate tanks. In this study, after transferring
fish larvae (age, 15 dof) with different gut microbiome to
a common RAS (RAS1), differences in gut microbiome
could still be observed after 48 days (age, 63 dof), although
the overall dissimilarity dropped from 96.3 to 40.1%. This
result implies a short-term effect of early life rearing environment on fish gut microbiome succession. Supplementation of tilapia larvae with a probiotic strain, B. subtilis,
changed the gut microbiome and this effect remained for
14 days after fish were deprived of probiotics [14]. Similarly, the legacy effect of BFS on tilapia gut microbiome
composition after transferring the fish to RAS1 was
observed in this study. The relative abundance of core species was similar at the end of the common garden culture
period (63 dof), implying that the shift in gut microbiome
community composition was mainly caused by bacteria
that were not part of the core bacterial community.
A long-term effect of early life microbial colonisation, however, was not observed on gut microbiome in
later life at 105 dof after the 44 days’ growth trial during
Phase III. Xiao et al. [23] showed that different hatching
environments for zebrafish did not result in different gut
microiota at 12 dof, with the developmental stage being
a stonger indicator of gut microbial community composition. In our study with Nile tilapia, we showed that
microbial colonisation in the fish gut during early life did
not have a persistent effect on gut microbiome development and fish growth performance as the fish grew older.
Instead, the gut prokaryotes community species composition gradually converged over time, after culturing the
fish with different early-life histories in the same environment. In humans, it was suggested that gut microbiome
development is influenced by priority effects, in which
the early-arriving species partly determine the species
composition of the gut microbiome in later life [58]. Such
a legacy effect was not observed in our study, after the
fish with different early-life histories were cultured for
90 days (15–105 dof ) in the same recirculating systems.
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It was suggested that the gut microbial community
of zebrafish is assembled deterministically during early
life and stochastically during later life [21]. As the gut
matures, selection by the host was suggested to play an
increasing role in gut microbial community composition,
as opposed to exposure to bacteria in the culture environment [22, 28]. In this study, bacteria present in BFS or
FTS during the larval rearing period initially shaped the
gut microbiome composition of Nile tilapia. However, as
the fish matured, the selection by the host might become
more important, gradually diminishing any differences
in community composition that were established during
larval rearing in Phase I.
Core microbiome persists over time

Though the gut microbiome of tilapia varied over time,
a core microbiome remained persistently throughout the
experiment. In many fish species, irrespective of habitat
or diet, existence of a core gut microbiome was reported
[59–61]. Cetobacterium, Plesiomonas and EscherichiaShigella, core species in our study, were also identified as
core species in the gut of tilapia in other studies [54, 62,
63]. Among them, Cetobacterium can produce acetate
through carbohydrate metabolism and contributes to
glucose homeostasis of fish [64]. Core bacteria species
often show high relative abundance in the gut bacterial
community [63]. In this study, the relative abundance of
the core community was changed by the early life rearing
environment and subsequently shifed during fish development. Still, core species remained present at a high relative abundance throughout the study, which can hardly
have been influenced by the early life environment.
Correlation between gut microbiome and fish performance

Interacting ecological networks in the hindgut are
thought to be beneficial to the intestinal microbiome
homeostasis in fish or other aquatic animals [42, 65]. In
line with another study with Nile tilapia [42], the microbial network at 105 dof was dominated by microbes
belonging to the Proteobacteria, Bacteroidetes and Firmicutes groups in this study. Rearing fish larvae (1–15 dof )
in BFS resulted in more intensive microbial interactions,
especially positive ones, in the gut of juvenile tilapia
at both 63 and 105 dof, than rearing larvae in FTS. The
positive interactions in the network indicate cooperation
between microbes, and are often found to be the dominant type of interaction in fish gut microbiome [44, 60].
Cooperation can be more efficient, suggesting that tilapia larvae cultured in BFS during early life could show
increased cooperation between gut microbes in later life,
which may potentially strengthen gut homeostasis. In
contrast, BFS-reared tilapia larvae resulted in constantly
lower modularity during later life stages (Phase II and
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III), than larvae cultured in FTS. The long-term effect
of BFS-reared larvae on high complexity and low modularity of the network demonstrated that BFS might contribute to the cluster of large communities performing
different functions [66]. However, complex gut microbial
interactions in BFS-reared fish did not result in a better
growth in this study. Previous studies showed that microbial networks could increase intestinal microbial stability
and increasing microbial interactions could improve the
resilience of fish gut microbiota to disturbances [67, 68].
Hence, future studies of early life history are suggested to
focus on gut health and gut microbiota homeostasis in
addition to fish growth performance.
Over the last two decades, the use of plant-based ingredients as a replacement for fish meal and fish oil has
been increasing in aquatic feed formulations, to support
the sustainable development of aquaculture [69]. However, antinutritional factors in plant-based diets, such as
NSP, are reported to have negative effects on the nutrient
digestibility and mineral absorption [70, 71]. In this study,
a H-NSP diet significantly reduced nutrient and mineral
digestibility and N efficiency, compared to a M-NSP diet,
reducing the nutrient efficiency and fish growth performance. The NSP content in the diet is thought to affect
bacterial fermentation in the gut and thus change the
gut microbiome composition [72]. However, differences
in growth parameters between fish fed with M-NSP and
H-NSP diets during the growth trial were not reflected
in the fish gut microbiome community composition. On
the other hand, though dietary NSP content had no significant effect on the number and type of interactions, a
H-NSP diet was found to increase the number of nodes,
compared to a M-NSP diet. This implied that more
diverse microbes, capable of producing endogenous
digestive enzymes for NSP digestion, might be involved
in the hydrolysation of dietary fibre [73].
Giatsis et al. [34] suggested that the testing of dietary effects on fish gut microbiome should preferably
be carried out in one system, thus reducing variation
due to system replication. However, feeding the fish a
diet with a high fibre content, during Phase III, might
increase the microbial diversity in the culture environment. This may mask the dietary fibre effect (high
versus low) on fish gut microbiome. Moreover, the
rearing conditions were maintained within the optimal range for tilapia culture, which resulted in excellent growth, survival and FCR during the common
garden and growth trial. Under optimal rearing conditions, as in this study, potential negative effects due to
the rearing system during larval development might be
overcome during later life. Therefore, the hypothesis
that Nile tilapia incubated in BFS during larval development show better growth performance and distinct
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gut microbiome during later life cannot be verified by
this study. However, fish gut prokaryotes community
composition might not give a whole picture of the gut
microbiome structure, as a long-term effect of early life
rearing environment on microbial co-occurrence network was observed. As biofloc improves the immunity
and disease resistance of many aquatic animals [31, 50],
the continuous improvement in gut microbial interactions by BFS implied that early-life rearing history
might have a long-lasting effect on fish gut homeostasis
and health [74].

Conclusions
Early life exposure of tilapia larvae to biofloc resulted
in better larval growth and higher prokaryotes diversity, with distinct gut microbiome, as compared to larvae cultured in a flow-through system. A legacy effect
on gut microbiome composition was observed after
transfer of the larvae to a new common garden environment, however, the effect on growth and prokaryotes
diversity disappeared over time. After a second transfer
for the growth trial and 42 extra days of culture, differences attributable to the larval culture system could no
longer be observed in gut microbiome composition, in
nutrient digestibility of diets with differing NSP content
and in nitrogen and energy use efficiencies. However,
early life exposure to biofloc may increase the microbial
interactions in the gut of juvenile Nile tilapia and might
possibly benefit gut health. The latter, however, requires
additional research. In general, a temporal effect was
observed during the development of fish gut microbiome,
nevertheless, a core prokaryotes community was present consistently in the fish gut during the experiment.
The differences in bacterial colonisation during early life
may have a short-term effect on gut microbiome succession. This effect together with effects on fish growth performance, gradually disappeared when Nile tilapia were
transferred to one common environment, which differed
from the original larval culture environment.
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as mean ± standard error, the presence of different letters indicates the
significant difference between all treatments.
Acknowledgements
We thank Menno ter Veld and Wian Nusselder, from the aquaculture research
facilities of Wageningen University, for their technical support in conducting the experiment. Ronald Booms, Tino Leffering and Erik van den Brink are
gratefully acknowledged for their assistance in laboratory work. Special thanks
to Miranda Maybank for English editing work and to Johan Schrama for formulating the diets. We would like to thank NIOO Bioinformatic ICT services for
providing the servers and bioinformatic support for sequencing data analysis.
We would like to also acknowledge the European Union’s Horizon 2020 Reprogram project (Grant Number 101029186).
Authors’ contributions
YD: Formal analysis, Funding acquisition, Writing—original draft; FK; formal
analysis, interpretation, writing—review and editing; E.E: Conceptualization,
Writing—review and editing; MV: Conceptualization, writing—review and
editing. All authors read and approved the final manuscript.
Funding
The author, Yale Deng, received financial support from the China Scholarship
Council under the Grant No. 201606320215.
Availability of data and materials
Raw sequences are submitted to SRA under the access number SUB10697116.

Declarations
Ethical approval and consent to participate
This experiment was carried out under the registration code 2017.W-0077.004,
which was approved by the Dutch Central Animal Experiments Committee
and Animal Welfare Body of Wageningen University.
Consent for publication
All authors reviewed the manuscript and agreed with the current version for
publication.

Page 15 of 17

Competing interests
The authors have no competing interests to declare.
Received: 6 October 2021 Accepted: 15 November 2021

References
1. Wang AR, Ran C, Ringø E, Zhou ZG. Progress in fish gastrointestinal microbiota research. Rev Aquac. 2018;10:626–40.
2. Nayak SK. Role of gastrointestinal microbiota in fish. Aquac Res.
2010;41:1553–73.
3. Clements KD, Angert ER, Montgomery WL, Choat JH. Intestinal microbiota in fishes: what’s known and what’s not. Mol Ecol. 2014;23:1891–8.
4. Ray AK, Ghosh K, Ringø E. Enzyme-producing bacteria isolated from fish
gut: a review. Aquac Nutr. 2012;18:465–92.
5. Semova I, Carten JD, Stombaugh J, MacKey LC, Knight R, Farber SA, et al.
Microbiota regulate intestinal absorption and metabolism of fatty acids
in the zebrafish. Cell Host Microbe. 2012;12:277–88.
6. Gómez GD, Balcázar JL. A review on the interactions between gut
microbiota and innate immunity of fish. FEMS Immunol Med Microbiol.
2008;52:145–54.
7. Vadstein O, Bergh Ø, Gatesoupe FJ, Galindo-Villegas J, Mulero V, Picchietti S, et al. Microbiology and immunology of fish larvae. Rev Aquac.
2013;5:S1–5.
8. Vadstein O, Mo TA, Bergh Ø. Microbial interactions. Prophylaxis and
diseases. Cult cold-water mar fish. Oxford: Blackwell Publishing Ltd; 2004.
p. 28–72.
9. Derome N, Filteau M. A continuously changing selective context on
microbial communities associated with fish, from egg to fork. Evol Appl.
2020;13:1298–319.
10. Bäckhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial
mutualism in the human intestine. Science (80). 2005;307:1915–20.
11. Gerhauser C. Impact of dietary gut microbial metabolites on the epigenome. Philos Trans R Soc B Biol Sci. 2018;373:20170359.
12. Hansen GH, Olafsen JA. Bacterial interactions in early life stages of
marine cold water fish. Microb Ecol. 1999;38:1–26.
13. Olafsen JA. Interactions between fish larvae and bacteria in marine
aquaculture. Aquaculture. 2001;200:223–47.
14. Giatsis C, Sipkema D, Ramiro-Garcia J, Bacanu GM, Abernathy J, Verreth
J, et al. Probiotic legacy effects on gut microbial assembly in tilapia
larvae. Sci Rep. 2016;6:1–11.
15. Attramadal KJK, Truong TMH, Bakke I, Skjermo J, Olsen Y, Vadstein
O. RAS and microbial maturation as tools for K-selection of microbial communities improve survival in cod larvae. Aquaculture.
2014;432:483–90.
16. Giatsis C, Sipkema D, Smidt H, Heilig H, Benvenuti G, Verreth J, et al. The
impact of rearing environment on the development of gut microbiota
in tilapia larvae. Sci Rep. 2015;5:1–15.
17. Vadstein O, Attramadal KJK, Bakke I, Forberg T, Olsen Y, Verdegem
M, et al. Managing the microbial community of marine fish larvae: a
holistic perspective for larviculture. Front Microbiol. 2018;9:1–22.
18. Legrand TPRA, Wynne JW, Weyrich LS, Oxley APA. A microbial sea of
possibilities: current knowledge and prospects for an improved understanding of the fish microbiome. Rev Aquac. 2019;12:1101–34.
19. Ringø E, Zhou Z, Vecino JLG, Wadsworth S, Romero J, Krogdahl, et al.
Effect of dietary components on the gut microbiota of aquatic animals.
A never-ending story? Aquac Nutr. 2016;22:219–82.
20. Brugman S, Ikeda-Ohtsubo W, Braber S, Folkerts G, Pieterse CMJ, Bakker
PAHM. A comparative review on microbiota manipulation: lessons from
fish, plants, livestock, and human research. Front Nutr. 2018;5:1–15.
21. Yan Q, van der Gast CJ, Yu Y. Bacterial community assembly and
turnover within the intestines of developing zebrafish. PLoS ONE.
2012;7:e30603.
22. Stephens WZ, Burns AR, Stagaman K, Wong S, Rawls JF, Guillemin K, et al.
The composition of the zebrafish intestinal microbial community varies
across development. ISME J. 2016;10:644–54.
23. Xiao F, Zhu W, Yu Y, He Z, Wu B, Wang C, et al. Host development overwhelms environmental dispersal in governing the ecological succession

Deng et al. Animal Microbiome

24.
25.
26.

27.
28.
29.
30.
31.
32.

33.

34.
35.
36.
37.

38.
39.
40.
41.
42.

43.
44.

(2021) 3:81

of zebrafish gut microbiota. NPJ Biofilms Microbiomes. 2021. https://doi.
org/10.1038/s41522-020-00176-2.
Li X, Zhou L, Yu Y, Ni J, Xu W, Yan Q. Composition of gut microbiota in
the gibel carp (Carassius auratus gibelio) varies with host development.
Microb Ecol Microb Ecol. 2017;74:239–49.
Zhang Z, Li D, Refaey MM, Xu W, Tang R, Li L. Host age affects the development of southern catfish gut bacterial community divergent from that
in the food and rearing water. Front Microbiol. 2018;9:1–9.
Lokesh J, Kiron V, Sipkema D, Fernandes JMO, Moum T. Succession of
embryonic and the intestinal bacterial communities of Atlantic salmon
(Salmo salar) reveals stage-specific microbial signatures. Microbiologyopen. 2019;8:1–16.
Rosado D, Pérez-Losada M, Pereira A, Severino R, Xavier R. Effects of aging
on the skin and gill microbiota of farmed seabass and seabream. Anim
Microb. 2021;3:10.
Yan Q, Li J, Yu Y, Wang J, He Z, Van Nostrand JD, et al. Environmental filtering decreases with fish development for the assembly of gut microbiota.
Environ Microbiol. 2016;18:4739–54.
Ekasari J, Rivandi DR, Firdausi AP, Surawidjaja EH, Zairin M, Bossier P, et al.
Biofloc technology positively affects Nile tilapia (Oreochromis niloticus)
larvae performance. Aquaculture. 2015;441:72–7.
Crab R, Defoirdt T, Bossier P, Verstraete W. Biofloc technology in
aquaculture: beneficial effects and future challenges. Aquaculture.
2012;356–357:351–6.
Ahmad I, Babitha Rani AM, Verma AK, Maqsood M. Biofloc technology: an
emerging avenue in aquatic animal healthcare and nutrition. Aquac Int.
2017;25:1215–26.
Deng Y, Borewicz K, van Loo J, Olabarrieta MZ, Kokou F, Sipkema D, et al.
In-situ biofloc affects the core prokaryotes community composition in
gut and enhances growth of Nile tilapia (Oreochromis niloticus). Microb
Ecol. 2021. https://doi.org/10.1007/s00248-021-01880-y.
Ericsson AC, Busi SB, Davis DJ, Nabli H, Eckhoff DC, Dorfmeyer RA,
et al. Molecular and culture-based assessment of the microbiome in a
zebrafish (Danio rerio) housing system during set-up and equilibration.
Anim Microb. 2021;3:55.
Giatsis C, Sipkema D, Smidt H, Verreth J, Verdegem M. The Colonization dynamics of the gut microbiota in tilapia larvae. PLoS ONE.
2014;9:e103641.
Maas RM, Verdegem MCJ, Dersjant-Li Y, Schrama JW. The effect of
phytase, xylanase and their combination on growth performance and
nutrient utilization in Nile tilapia. Aquaculture. 2018;487:7–14.
Bureau DP, Kaushik SJ, Cho CY. Bioenergetics. Amsterdam: Elsevier; 2003.
p. 1–59.
Lupatsch I, Kissil GW, Sklan D. Comparison of energy and protein
efficiency among three fish species gilthead sea bream (Sparus aurata),
European sea bass (Dicentrarchus labrax) and white grouper (Epinephelus
aeneus): energy expenditure for protein and lipid deposition. Aquaculture. 2003;225:175–89.
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13:581–3.
Wang Q, Garrity GM, Tiedje JM, Cole JR. Naïve Bayesian Classifier for Rapid
Assignment of rRNA Sequences into the New Bacterial Taxonomy. Appl
Environ Microbiol. 2007;73:5261–7.
McLaren MR. Silva SSU taxonomic training data formatted for DADA2
(Silva version 138). 2020. https://zenodo.org/record/3986799. Accessed
16 Mar 2021.
Deng Y, Ruan Y, Ma B, Timmons MB, Lu H, Xu X, et al. Multi-omics analysis
reveals niche and fitness differences in typical denitrification microbial
aggregations. Environ Int. 2019;132:105085.
Maas RM, Deng Y, Dersjant-Li Y, Petit J, Verdegem MCJ, Schrama JW, et al.
Exogenous enzymes and probiotics alter digestion kinetics, volatile fatty
acid content and microbial interactions in the gut of Nile tilapia. Sci Rep.
2021;11:8221.
Jacomy M, Venturini T, Heymann S, Bastian M. ForceAtlas2, a continuous
graph layout algorithm for handy network visualization designed for the
Gephi software. PLoS ONE. 2014;9:e98679.
Riera JL, Baldo L. Microbial co-occurrence networks of gut microbiota
reveal community conservation and diet-associated shifts in cichlid
fishes. Anim Microb. 2020;2:36.

Page 16 of 17

45. Department AO of the UNF. The State of World Fisheries and Aquaculture,
2000. Food & Agriculture Org.; 2000.
46. Pérez-Fuentes JA, Pérez-Rostro CI, Hernández-Vergara MP, Monroy-Dosta
MC. Variation of the bacterial composition of biofloc and the intestine
of Nile tilapia Oreochromis niloticus, cultivated using biofloc technology,
supplied different feed rations. Aquac Res. 2018;49:3658–68.
47. Sullam KE, Essinger SD, Lozupone CA, O’Connor MP, Rosen GL, Knight R,
et al. Environmental and ecological factors that shape the gut bacterial
communities of fish: a meta-analysis. Mol Ecol. 2012;21:3363–78.
48. Attramadal KJK, Salvesen I, Xue R, Øie G, Størseth TR, Vadstein O, et al.
Recirculation as a possible microbial control strategy in the production of
marine larvae. Aquac Eng. 2012;46:27–39.
49. Deng Y, Verdegem MCJ, Eding E, Kokou F. Effect of rearing systems and
dietary probiotic supplementation on the growth and gut microbiota of
Nile tilapia (Oreochromis niloticus) larvae. Aquaculture. 2022;546:737297.
50. Dauda AB. Biofloc technology: a review on the microbial interactions,
operational parameters and implications to disease and health management of cultured aquatic animals. Rev Aquac. 2020;12:1193–210.
51. Attramadal KJK, Minniti G, Øie G, Kjørsvik E, Østensen M-A, Bakke I, et al.
Microbial maturation of intake water at different carrying capacities
affects microbial control in rearing tanks for marine fish larvae. Aquaculture. 2016;457:68–72.
52. Long L, Yang J, Li Y, Guan C, Wu F. Effect of biofloc technology on growth,
digestive enzyme activity, hematology, and immune response of
genetically improved farmed tilapia (Oreochromis niloticus). Aquaculture.
2015;448:135–41.
53. Zapata A, Diez B, Cejalvo T, Gutiérrez-de Frías C, Cortés A. Ontogeny of
the immune system of fish. Fish Shellfish Immunol. 2006;20:126–36.
54. Liu G, Deng Y, Verdegem M, Ye Z, Zhu S. Using poly(β-hydroxybutyrate-βhydroxyvalerate) as carbon source in biofloc-systems: Nitrogen dynamics
and shift of Oreochromis niloticus gut microbiota. Sci Total Environ.
2019;694:133664.
55. Bossier P, Ekasari J. Biofloc technology application in aquaculture to support sustainable development goals. Microb Biotechnol. 2017;10:1012–6.
56. Minich JJ, Poore GD, Jantawongsri K, Johnston C, Bowie K, Bowman
J, et al. Microbial ecology of atlantic salmon (Salmo salar) hatcheries:
impacts of the built environment on fish mucosal microbiota. Appl
Environ Microbiol. 2020. https://doi.org/10.1128/AEM.00411-20.
57. Keating C, Bolton-Warberg M, Hinchcliffe J, Davies R, Whelan S, Wan AHL,
et al. Temporal changes in the gut microbiota in farmed Atlantic cod
(Gadus morhua) outweigh the response to diet supplementation with
macroalgae. Anim Microb. 2021;3:7.
58. Sprockett D, Fukami T, Relman DA. Role of priority effects in the earlylife assembly of the gut microbiota. Nat Rev Gastroenterol Hepatol.
2018;15:197–205.
59. Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh CM, Guillemin K, et al. Evidence for a core gut microbiota in the zebrafish. ISME J.
2011;5:1595–608.
60. Kokou F, Sasson G, Friedman J, Eyal S, Ovadia O, Harpaz S, et al. Core gut
microbial communities are maintained by beneficial interactions and
strain variability in fish. Nat Microbiol. 2019;4:2456–65.
61. Jiang Y, Liu Z, Liu X, Xu Y, Shi B, Wang B. Structural characteristics and succession of intestinal microbiota for Paralichthys olivaceus during the early
life stage. Aquac Res. 2019;50:529–40.
62. Haygood AM, Jha R. Strategies to modulate the intestinal microbiota of Tilapia (Oreochromis sp.) in aquaculture: a review. Rev Aquac.
2018;10:320–33.
63. Wu Z, Wang S, Zhang Q, Hao J, Lin Y, Zhang J, et al. Assessing the intestinal bacterial community of farmed Nile tilapia (Oreochromis niloticus)
by high-throughput absolute abundance quantification. Aquaculture.
2020;529:735688.
64. Wang A, Zhang Z, Ding Q, Yang Y, Bindelle J, Ran C, et al. Intestinal Cetobacterium and acetate modify glucose homeostasis via parasympathetic
activation in zebrafish. Gut Microbes. 2021;13:1–15.
65. Yang G, Peng M, Tian X, Dong S. Molecular ecological network analysis
reveals the effects of probiotics and florfenicol on intestinal microbiota
homeostasis: an example of sea cucumber. Sci Rep. 2017;7:1–12.
66. Fan S, Li H, Zhao R. Effects of normoxic and hypoxic conditions on the
immune response and gut microbiota of Bostrichthys sinensis. Aquaculture. 2020;525:735336.

Deng et al. Animal Microbiome

(2021) 3:81

Page 17 of 17

67. Pubo C, Jie H, Liuyu R, Wengen Z, Yuhe Y, Fanshu X, et al. Resistance
and resilience of fish gut microbiota to silver nanoparticles. mSystems.
2021;6:21.
68. Gupta S, Fernandes J, Kiron V. Antibiotic-induced perturbations are
manifested in the dominant intestinal bacterial phyla of Atlantic Salmon.
Microorganisms. 2019;7:233.
69. Naylor RL, Hardy RW, Buschmann AH, Bush SR, Cao L, Klinger DH, et al. A
20-year retrospective review of global aquaculture. Nature. 2021;591:551.
70. Sinha AK, Kumar V, Makkar HPS, De Boeck G, Becker K. Non-starch
polysaccharides and their role in fish nutrition—a review. Food Chem.
2011;127:1409–26.
71. Francis G, Makkar HPS, Becker K. Antinutritional factors present in plantderived alternate fish feed ingredients and their effects in fish. Aquaculture. 2001;199:197–227.
72. Maas RM, Verdegem MCJ, Schrama JW. Effect of non-starch polysaccharide composition and enzyme supplementation on growth performance
and nutrient digestibility in Nile tilapia (Oreochromis niloticus). Aquac
Nutr. 2019;25:622–32.
73. Maas RM, Verdegem MCJ, Wiegertjes GF, Schrama JW. Carbohydrate utilisation by tilapia: a meta-analytical approach. Rev Aquac.
2020;12:1851–66.
74. Coyte KZ, Schluter J, Foster KR. The ecology of the microbiome: networks,
competition, and stability. Science (80). 2015;350:663–6.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

