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Chapter 1

General introduction

CHAPTER 1

1.1

Development of aquaculture
Aquaculture is the fastest growing food production sector in the world in terms of annual

growth rate (Edwards et al., 2019), with lower global environmental impacts on feed and land
use, and greenhouse gas emission than terrestrial livestock (Froehlich et al., 2018; MacLeod et
al., 2020). Due to its fast growth, aquaculture production has become the main source of aquatic
food, surpassing the wild capture from inland and marine waters (FAO, 2021). Currently, over
95% of the global aquaculture production is realized within developing countries (Tacon, 2020).
Fish have a wide range of nutritional benefits due to the high concentration of bioavailable
animal protein, essential fatty acids, minerals and vitamins (Thilsted et al., 2016), which helps
to address malnutrition and diet-related diseases of humans (Fiorella et al., 2021). Therefore,
the continuous development of aquaculture is crucial for global food security and poverty
reduction (Béné et al., 2016).
Over the last two decades, the development of the aquaculture industry showed three
patterns: (1) continuous growth in freshwater aquaculture, (2) advances in fish nutrition and
increase in plant-based ingredients in aquafeed, and (3) expansion of the culture of bivalves and
seaweeds (Naylor et al., 2021). Intensive studies have been carried out in the past to embrace
the sustainable development of aquaculture through improvement in feed efficiency and
increasing the share of plant-based ingredients (Boyd et al., 2020). Fish meal and fish oil are
still the main feed ingredients for fish larvae and fry, but are increasingly replaced by plantbased ingredients for grow-out feeds (Hua et al., 2019). However, the antinutritional factors
and toxins in the plant-derived diets, such as non-starch polysaccharides (NSP), protease
inhibitors and phytate, reduce the nutrient digestibility and mineral absorption, negatively
influencing nutrient utilization and fish growth (Francis et al., 2001). Therefore, it is urgent to
alleviate the antinutritional effects of plant-based ingredients in order to use them efficiently in
aquafeeds.
Intensification, on the other hand, increased the production and nutrient input in
aquaculture systems (Naylor et al., 2021). Nevertheless, given the growth of aquaculture at
global scale, the total amount of fed nutrients not retained in fish biomass ending up in the
environment has increased. Ways to reduce this environmental impact from aquaculture should
be explored (Verdegem, 2013). Intensive aquaculture production has been achieved in
recirculating aquaculture systems (RAS) or pond systems through efficient waste treatment.
RAS increases the nutrient utilization and reduces the footprint by reuse of water after passing
through biological filters (Martins et al., 2010). Nevertheless, the high production costs and
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challenges in waste disposal constrained the implication of RAS mainly in the culture of brood
stock, vulnerable early-life stages, and species with a high market value, such as salmon
(Badiola et al., 2012). In pond systems, enhancement of fish production was achieved by
fertilizing the ponds with organic and inorganic fertilizers and feed to stimulate not only the
fish production but also the production of natural foods, such as phytoplankton and zooplankton
(Azim et al., 2002; Kabir, 2019). This concept is also applied in biofloc pond systems with the
addition of an external organic carbon source and sufficient aeration, in which the biological
waste treatment processes are shifted from photoautotrophic (phytoplankton) to
autotrophic/heterotrophic pathways (microorganisms) (Crab et al., 2012). These technological
innovations increased the production capacity of conventional ponds, while improving the
efficiency of land, energy and water use.
However, over-intensification causes environmental pollution problems and increases the
susceptibility to diseases when the immune system of culture animals are compromised
(Stentiford et al., 2012). In aquaculture production systems, microorganisms thrive because of
the enriched nitrogen and phosphorous metabolites and organic matter from uneaten feed and
feces. This cause low dissolved oxygen, accumulation of total ammonia nitrogen (TAN) and
proliferation of opportunistic pathogens. As a consequence, disease outbreaks cause significant
financial losses in the aquaculture industry. The complex interactions between environment,
microorganisms and host play an crucial role in the system management and the growth and
health of culture organisms. Therefore, more microbiome-based research is required to provide
solutions to nutritional, disease and environmental challenges faced by the aquaculture industry
with the aim to further improving the sector’s productivity and sustainability.
1.2

Environment, microbes and host interactions
In aquaculture ecosystems, intensive interactions occur between the environment,

microbes and culture organisms, which play important roles in nutrient cycling, host nutrition
and host health (Figure 1.1). A large fraction of nitrogen, phosphorous and carbon from fish
feed is not retained in fish biomass and accumulates in the water column or is discharged to
surface waters surrounding the culture unit (Verdegem, 2013). To reduce or recover feed wastes,
microbial-based systems were developed with respect to the different functions of
microorganisms (Gamboa-Delgado and Márquez-Reyes, 2018). In aquaculture system, organic
matter derived from uneaten feed and feces is mineralized by heterotrophic bacteria to stimulate
primary production (Moriarty, 1997). Furthermore, highly toxic TAN is oxidized to nitrite and
thereafter to less toxic nitrate by autotrophic nitrifiers, while nitrate can be subsequently
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transformed into nitrogen gas through denitrification (Rurangwa and Verdegem, 2015). TAN
can also be transformed into microbial biomass or biofloc by heterotrophic bacteria when the
C/N ratio is greater than 10:1 (Avnimelech, 1999; Crab et al., 2007). The microbial biomass
represents an alternative food sources for aquatic animals, which improves the nutrient recovery
(Gamboa-Delgado and Márquez-Reyes, 2018). By taking advantages of the above mentioned
microbial processes, systems with a high water use efficiency such as RAS and biofloc system,
becomes feasible with highly reduced environmental effects.

Figure 1.1 The interactions between environment, microbes and fish host.

Previous studies mainly focused on creating an optimal environment or high quality feed
to meet the growth demand of aquatic animals. However, fish showed different mortality and
individual growth under similar nutritional and physiochemical conditions, especially during
early life (Verner-Jeffreys et al., 2004). It was suggested that the high variation observed
between replicates within experiments or the poor reproducibility of experiments might be
attributed to the host-microbial interactions (Vadstein et al., 2004). Different microbial
communities developed between different systems or replicate tanks because of differences in
water treatment methods (Attramadal et al., 2012). The difference in environmental microbiota
can further modulate the assembly of fish gut microbiota (Giatsis et al., 2015) and influence
fish performance.
The gastrointestinal tract harbors a diverse microbial community, which in this thesis is
referred to as ‘gut microbiota’. In fish, the gut microbiota plays a pivotal role in nutrition,
growth, health and overall wellbeing of host (Nayak, 2010; Vadstein et al., 2013). The gut
microbiota contribute to nutrient digestion and absorption by producing vitamins, a wide range
of digestive enzymes (Ray et al., 2012), and functional metabolites, such as short chain fatty
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acids (SCFA) through bacterial fermentation (Kendall D Clements et al., 2014; Semova et al.,
2012a). Moreover, the crosstalk between the microbiota and the immune system stimulates the
development and maturation of fish immunity and a healthy intestinal microbiota helps to
inhibit infections (Gomez and Balcazar, 2008). Therefore, the establishment of a beneficial gut
microbiota is thought crucial to maintain gut homeostasis and fish health.
1.3

Strategies to modulate fish gut microbiota
A meta-data analysis revealed that tropic level (herbivorous, omnivorous or carnivorous),

habitat (freshwater, mixed or marine) and fish taxonomy play important roles in shaping the
gut microbiota of fish (Sullam et al., 2012). In general, gut microbiota are mainly affected by
(1) environmental factors, (2) fish feed, and (3) host selection. The surrounding environment is
a main acquisition source for microbial colonisation of the gut (Nayak, 2010). It is evidenced
in carp species that the intestinal microbiota of aquatic animals is enriched from the surrounding
water and sediment (Wu et al., 2012; Wu et al., 2013). A large amount of species are shared
between the water and Nile tilapia gut microbiota, suggesting the transfer of microorganisms
from water into gut (Giatsis et al., 2015). In addition, abiotic factors such as TAN concentration,
pH, oxygen level, temperature and salinity strongly correlate with the bacterial diversity in both
water and gut microbiota (Giatsis et al., 2015; Kokou et al., 2018; Qi et al., 2017; Sylvain et al.,
2016; Zhang et al., 2016). Feed composition is another significant driver for the microbial
community composition in the gut. The dietary lipid, protein and carbohydrate sources and the
feed additives (prebiotics and probiotics) are documented to modulate the gut microbiota of
aquatic animals (Ringø et al., 2016). However, the fish gut microbiota composition is not a
straight forward reflection of the microbial community in the surrounding environment due to
host selection pressure (Bevins and Salzman, 2011). For instance, genetically modified
zebrafish without adaptive immunity, showed higher similarity in gut microbiota composition
between individuals than wild-type zebrafish, indicating immunity affects the host selection of
gut microbiota (Stagaman et al., 2017). Moreover, cod larvae reared in replicate tanks shows
different microbiota (Bakke et al., 2013), while the ontogeny of larval microbiota is mainly
shaped by the deterministic processes of host’s development instead of environmental
microbiota (Bakke et al., 2015). Knowing the factors that shape the fish gut microbiota allows
us to develop strategies to modulate the gastrointestinal microbiota composition, with the
expectation to improve fish health and growth performance.
Feeding, disinfection or water exchange practices in aquaculture may give opportunities
for microbial proliferation in the water column because of the sudden change in organic matter
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load (Attramadal et al., 2012a). Therefore, the concept of “mature water” was proposed to refer
to an aquaculture system harboring a diverse and stable microbial community (De Schryver and
Vadstein, 2014). According to ecological theory, flow-through systems (FTS, continuous intake
and discharge of water) select fast-growing opportunistic r-strategists in the rearing water
(Attramadal et al., 2012). Conversely, recirculating systems (RAS, reuse of water through waste
treatment by passing through a biofilter) represent a stable and mature rearing environment
enriched with K-strategists (Attramadal et al., 2014). As a consequence, marine larvae reared
in RAS showed better survival and growth than larvae reared in FTS (Attramadal et al., 2012).
On the other hand, biofloc systems (BFS, recycle nutrient from water through microbial
assimilation) always show a different bacterial diversity and richness as compared to FTS and
RAS due to the differences in the C/N ratio of rearing water. BFS may have more biological
functions when compared with FTS and RAS, as aquatic animals reared in BFS shows better
survival, growth and immune responses than aquatic animals reared in ‘clean water’ systems
(Ahmad et al., 2017).
Dietary supplementation of probiotics, prebiotics and additives is another strategy to
modulate fish gut microbiota (Haygood and Jha, 2018). Previously, antibiotics have been
applied as a common microbial management practice to prevent disease in most aquaculture
facilities. However, the development of antibiotic-resistant bacteria and the negative effects on
environment and host health inhibit the further application of antibiotics in aquaculture (Lulijwa
et al., 2020). As alternative, probiotics or prebiotics are proposed for sustainable aquaculture in
the context of fish gut microbiota management (Dawood et al., 2019). In aquaculture, a
probiotic is defined as “a live microbial adjunct which has a beneficial effect on the host by
modifying the host-associated or ambient microbial community, by ensuring improved use of
the feed or enhancing its nutritional value, by enhancing the host response towards disease”
(Verschuere et al., 2000). Furthermore, with the advancement of molecular techniques, our
understanding on how probiotics affect fish gut microbiota has been improved.
1.4

Amplicon-based surveys on fish gut microbiota
Historically, the diversity of microorganisms was assessed by cultivation techniques.

However, a high proportion of environmental bacteria and archaea present will not grow in a
culture medium (Steen et al., 2019). Molecular methods, on the other hand, provide highresolution insights into the diversity and structure of gut microbiota composition. In the past
decade, high-throughput next generation sequencing (NGS) technologies have been introduced
to study fish microbial communities. As documented by Ghanbari et al. (2015), most amplicon
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sequencing studies on fish aimed to characterize the bacterial community compositions in the
fish gut ecosystem, illustrating the interactions between rearing environment, habitat, diet,
pro/prebiotics, genetic factors and fish gut microbiota. Based on the NGS studies, it is
interesting to note that across fish species and habitats, 90% of fish gut microbiota were
belonging to phyla Proteobacteria, Firmicutes and Bacteroidetes (Ghanbari et al., 2015). The
consistent presence of several bacteria taxa in gut-associated microbiota was referred to as ‘core
microbiota’ in many studies (Rawls et al., 2004; Roeselers et al., 2011; Wong et al., 2013,
2013), which might be related with feed digestion, nutrient absorption and immunity of fish
(Roeselers et al., 2011).
The analysis of bacterial communities is exclusively based on 16S rRNA gene amplicon
sequencing. In this study, we used the Illumina sequencing platforms to characterize fish gut
microbiota composition, because it can generate a large amount of data in a cost-effective way.
The workflow for 16S rRNA sequencing is depicted in Figure 1.2. In detail, fish gut samples
were collected after dissection and were subsequently homogenized and digested. The gut
mixture were then subjected to DNA extraction and quantification. The harvested DNA were
send for 16S rRNA amplification and Illumina sequencing. At last, the sequencing data were
analyzed and visualized to present the microbial diversity and composition in fish gut.

Figure 1.2 Workflow of 16S rRNA gene sequencing for fish gut microbiota composition
characterization.
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1.5

Nile tilapia as a model species
We use Nile tilapia (Oreochromis niloticus) as a model species to investigate the

interactions between feed, rearing environment and fish performance in this thesis. Globally,
Nile tilapia is the third largest finfish species produced in the world aquaculture by quantity,
following Grass carp and Silber carp (Figure 1.3). Farmed tilapia accounted for 8.3% of finfish
production in global aquaculture (FAO, 2021). In the past two decades, the average annual
growth rate of tilapia-farming production was 10.1%, which is above the average growth of the
aquaculture industry (Miao and Wang, 2020). Considering tilapia is an affordable species low
on the food chain, the production of tilapia is predicted to keep growing due to the contribution
to national food security and nutrition. Therefore, it is of great interest to improve the
production efficiency and fish health for farmed tilapia industry.

Figure 1.3 The percentage of the top 10 finfish species produced in word aquaculture (FAO, 2021).

Another advantage to use Nile tilapia as experimental animal is that unlike marine or other
fresh water fish species, tilapia larvae can be fed with formulated feed from the moment of first
feeding. 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.
Moreover, tilapia as a herbivorous warm-water fish has a long gut, which is favorable for gut
fermentation. A meta-analysis of 95 reported cases revealed that the average apparent
digestibility coefficient (ADC) of carbohydrates and NSP for tilapia reached up to 67% and
24.3%, respectively (Maas et al., 2020b). The capacity of tilapia to digest high levels of
carbohydrates enables more plant-based ingredients to be added in tilapia feed formulation.
This makes tilapia a good candidate to study how to mediate the side effect of plant-derived
14
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diets and improve the utilization efficiency of diets with high NSP through gut microbiota
modulation.
1.6

Gut microbiota succession
Steering the microbial communities associated with fish larvae has gained a lot of research

interest over the past years. The microbial colonisation of fish intestine starts from the first
feeding and is affected by the egg microbiota and active ingestion of microbes from the rearing
environment and feed (Hansen and Olafsen, 1999). Various studies have been done to
investigate the larval microbiota composition and factors influencing the microbial colonisation
of the fish gut during early life stages (Vadstein et al., 2013). Recent studies showed that fish
larvae from different rearing systems exhibited distinct gut microbiota composition (Giatsis et
al., 2014; 2015) and performed differently in terms of larval survival and growth rate
(Attramadal et al., 2012; 2014). In addition, probiotics or prebiotics supplementation to fish
changed the bacterial community composition and improved fish larvae growth performance
during early life stages (Avella et al., 2010; Bagheri et al., 2008; Franke et al., 2017; Giatsis et
al., 2016; Goda et al., 2018; Jiang et al., 2019b). Hence, a better understanding of the
interactions of microbiota in the gut, culture environment and also feed is important to improve
rearing success during early development.
To our knowledge, previous studies on fish gut microbiota mainly focused on larval and
early juvenile stages, while longer term studies are lacking. The microbial community
development in fish gut is dynamic, which is the outcome of the interactions between the host
physiology, gut anatomy and environmental factors. It is common to transfer fish between
systems as the fish grows, which exposes the fish to differences in water quality and
environmental microbiota. In addition, switching between rearing systems coincides with
changes in diet composition, which further cause disturbance to the resident microbial
community. Because fish larvae do not have yet a fully developed mature immune system, a
better understanding of factors influencing the development of the gut microbiome can help to
provide more stable rearing conditions (Vadstein et al., 2004). However, it remains largely
unexplored to what extend the early life microbial colonization of the gut influences the
microbiota succession and fish performance during fish development.
Studies on the ecological succession of fish gut microbiota reveal a temporal effect in many
fish species, such as zebrafish (Stephens et al., 2016; Xiao et al., 2021; Yan et al., 2012), Gibel
carp (Li et al., 2017), Southern catfish (Zhang et al., 2018), Atlantic salmon (Lokesh et al.,
2019), seabass and seabream (Ericsson et al., 2021). The temporal changes in gut microbiota
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composition were investigated keeping the diet and environmental conditions either constant
(Zhang et al., 2018) or not constant (Li et al., 2017; Stephens et al., 2016) during fish
development. One potential explanation is that the ecological niches and selective pressure for
microbial colonisation in fish gut shifts with the maturation of gut functions and immune system
(Xiao et al., 2021). Secondly, the rearing condition and diet may differ considerably at different
developmental stages, which also contributes to the establishment of stage-specific gut
microbiota. We hypothesize that the microbial community to which fish is exposed during early
life might have a long lasting effect on the host, and therefore affects the overall fitness during
later life.
1.7

Thesis aim and outline
Studies on fish microbiome mainly have two themes, with the first examining factors that

affect microbiota composition and second determining the influences of gut microbiota on the
host. The aim of this thesis was to explore potential strategies to manipulate fish gut microbiota
composition and investigate its applications in aquaculture, using Nile tilapia as a model
species. This thesis focus on how differences in rearing conditions influence fish gut microbiota
composition and succession, and on how those treatments influence fish performance, the latter
measured by monitoring survival, growth and feed utilization. All experimental chapters of this
thesis focused the early life stages starting from yolk-sac incubation until late juvenile stage.
The fish gut microbial community composition was characterized based on 16S rRNA
sequencing analysis. Fish performance and microbiota were compared between experimental
treatments exposing Nile tilapia larvae to different microbial conditions during early life and
subsequently to different dietary additives, including probiotics, biofloc and digestive enzymes,
during later life.
In general, configuration of rearing systems and supplementation of feed additives are two
strategies to modulate the fish gut microbiota composition. In this thesis, different strategies
were applied for fish culture at different developmental stages (i.e. larvae, fingerling and
juvenile), and the impact on survival, growth, feed utilization and gut microbiota were
investigated (Figure 1.4). In Chapter 2, the “mature water” concept was tested on Nile tilapia
larvae (0.01 - 0.5 g) by incubating and growing them in a flow-through system (FTS, immature
water system) or a recirculating system (RAS, mature water system). In addition, to test the
impact of probiotic use in RAS, an extra treatment, in which probiotic B. subtilis was
administrated through the diet in RAS (RASB) was also examined. The effects of different
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rearing systems and probiotic supplementation on tilapia larvae survival, growth and gut
microbiota composition were investigated.

1

Figure 1.4 Outline and design of different experimental chapters in this thesis. FTS, flow-through
system; RAS, recirculating aquaculture system; BFS, biofloc system; VFA, volatile fatty acids.

Biofloc systems (BFS) can improve the utilization efficiency of a plant-derived diet by
transforming the undigested waste into edible bacterial biomass. The growth-promoting effect
of BFS was thought to be attributed to (a) its nutritional value since biofloc provides extra food,
or (b) its probiotic effect by enriching beneficial bacteria community in the gut. To test this
hypothesis, Nile tilapia fingerlings (0.5 - 10 g) were exposed to biofloc under different rearing
conditions, including in-situ biofloc water, dietary supplementation of live or dead biofloc in
Chapter 3. All the experimental groups were connected to one RAS to prevent variations in
the water microbial communities between replicate systems, and a group without biofloc served
as control. The growth performance and fish gut microbiota were measured at the start, middle
and end of the experiment to evaluate the nutritional and probiotic effect of biofloc to Nile
tilapia. Moreover, the microbial community in the in-situ biofloc, live biofloc feed, dead biofloc
feed, and the rearing water from each treatment were analyzed to examine whether (1) live
biofloc water, (2) dietary supplementation of processed biofloc and (3) the dosage of processed
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biofloc could affect the probiotic effect of biofloc on Nile tilapia growth performance and gut
microbiota community composition.
In addition to system configuration, diet is the second route to modulate fish gut microbiota.
It is known that plant-based diets have a significant effect on the nutrient digestibility, growth
performance and gut microbiota of fish (Maas et al., 2020b). To support the sustainable
development of aquaculture, it is urgent to improve the utilization efficiency of plant-derived
diets, considering the trend to increase inclusion of plant-based ingredients in aquafeeds. To
reduce the antinutritional effects of plant-based dietary ingredients, endogenous enzymes are
commonly included in plant-based formulated feed to catalyze the digestion of long
polysaccharide chains (Adeola and Cowieson, 2011). In addition, certain probiotics were
reported to enhance the nutrient digestibility of aquatic animals by increasing the digestive
enzymes activity (Hoseinifar et al., 2017). Therefore, Chapter 4 was designed to verify how
dietary supplementation of probiotics and enzymes influence the nutrient digestibility and VFA
production along the gastrointestinal tract and the microbial composition in the distal gut of
juvenile Nile tilapia (40 - 100 g).
In Chapters 2-4, the short term effect of rearing systems or feed additives on fish
performance and gut microbiota were tested. However, whether the early life rearing conditions
could have a long-lasting effect during later life stages remained unclear. To test our hypothesis
that early life rearing conditions could influence the gut microbiota succession during later life,
Nile tilapia eggs were hatched and cultured for two weeks in two distinct microbial rearing
conditions: FTS and BFS in Chapter 5. Afterwards, all the fish were transferred to a common
RAS and cultured for a period of time in a different environment from that during early life. In
addition, fish with different early life histories were fed two diets differing in NSP levels to test
whether differences during early life, affect growth, nutrient digestibility, and nitrogen and
energy balances during later life. Fish gut samples were also collected after each transfer to
understand the gut microbiota succession patterns.
In Chapter 6, the main findings from all the experimental chapters in this thesis were
compared and possible cross linkages discussed. At last, further implications and
recommendations on the microbial management in aquaculture and their potential implications
on modulating fish gut microbial ecology are presented.
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Abstract
The establishment of the early-life gut microbiota plays an important role in fish
development and influences the health status and growth performance of the host. The effect of
different rearing conditions can have an impact on the initial colonization of the gut microbiota,
while addition of probiotics may also affect such colonization. However, how this may affect
fish larvae survival and growth remains largely unexplored. In this study, 3 day old Nile tilapia
embryos were hatched until 9 days post fertilization (dpf) in three systems, including one flowthrough system (FTS) and two identical recirculating aquaculture systems (RAS). When
feeding started at 10 dpf, tilapia larvae in the FTS and in one of the RAS were fed with a control
diet, while larvae in the second RAS were fed with the control diet coated with B. subtilis spores
(RASB). The feeding trial lasted 26 days, from larvae to fry stage, during which the survival,
growth performance and gut microbiota were analyzed. The larvae reared in FTS showed
significantly lower survival than the ones in RAS and RASB, while no differences were
observed in fish growth and apparent feed conversion ratio between treatments. Different
rearing systems resulted in different gut bacterial compositions which strongly correlated with
the survival rate and standard body length at harvest. Cetobacterium was enriched in RAS and
RASB, while it was barely detected in the gut of FTS-reared tilapia fry. Probiotic
supplementation increased the relative abundance of beneficial Bacillus in fish gut. Our
findings indicate that rearing fish larvae in RAS supports better survival compared to FTS,
while dietary probiotic supplementation further modulates the gut bacterial composition and
stimulates presence of beneficial bacteria during early life.
Keywords: Flow-through system; Recirculating aquaculture system; Bacillus subtilis; Gut
microbiota; Survival; Nile tilapia larvae
2.1

Introduction
Stable production of high quality juveniles is a bottleneck for many aquatic species in

aquaculture. Fish larvae are very sensitive due to their immature immune system and high
disease susceptibility, which results in high mortality during larval rearing (Zapata et al., 2006).
Unpredictability of mortality and individual growth cause low reproductivity in larvae
cultivation, even when similar nutrition and physiochemical water quality are applied (VernerJeffreys et al., 2004). Common problems in aquaculture are caused by naturally occurring
opportunistic bacteria that may become pathogenic when the host immune system is weakened
by environmental stress. The colonization of gut microbes in fish starts at the moment that the
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yolk sac is consumed and the mouth opens for external feeding (Egerton et al., 2018). The early
life colonizing of microbes in the gut can facilitate the maturation of the digestive tract and
nutrient digestion, the further development of innate immunity (Rawls et al., 2004), as well as
the prevention of pathogen invasion, which influences the growth and health of fish larvae
(Nayak, 2010; Rawls et al., 2004; Vadstein et al., 2013). Therefore, selective establishment of
beneficial microbiota in the gut is crucial for the stable production of healthy fish larvae.
The microbial colonization of the fish gut is mainly influenced by rearing water and feed
apart from the selective pressure from fish itself (Dehler et al., 2017; Giatsis et al., 2015). For
instance, Nile tilapia (Oreochromis niloticus) larvae reared in recirculating aquaculture system
(RAS) and active suspensions tanks showed distinct gut microbiota composition (Giatsis et al.,
2014). Moreover, the similarity between the bacterial communities in tilapia gut and rearing
water was reported between 4% and 8%, and a strong correlation between the bacterial
community composition in gut and water was observed (Giatsis et al., 2015). On the other hand,
feed may have less effect on gut microbiota composition since feed showed less similarity with
the gut microbiota than the water in both tilapia and cod larvae culture (Bakke et al., 2013;
Giatsis et al., 2015). Recent studies showed that the gut microbiota of fish larvae, such as
zebrafish, are more similar to the surrounding environment than adult fish, which indicates the
great importance of the early-life rearing environment (Stephens et al., 2016; Xiao et al., 2021).
However, a comprehensive understanding of how rearing environment and feed influence the
gut microbial colonization of tilapia larvae and to which extend it can affect fish survival and
growth is lacking.
Traditionally, flow-through systems (FTS) are used for fish larvae culture (Attramadal et
al., 2012b). In FTS, the nutrient load and microbial density is continuously diluted due to water
exchange, which has been reported to select for fast-growing bacteria, known as r-strategists
(Attramadal et al., 2014, 2012b). On the other hand, RAS have lower water exchange level than
FTS, thus allowing to maintain a constant nutrient load (organic matter) and microbial density.
This allows to maintain a stable microbial community composition in RAS water that is
selective to the growth of slow-growing bacteria, known as K-strategists (Attramadal et al.,
2014). Opportunistic bacteria are characterized as r-strategists, which often can affect
negatively fish health, while K-strategists can deal better with perturbations in nutrient
availability and are considered harmless for fish survival (Vadstein et al., 2018a). A study in
Atlantic cod showed that larvae reared in RAS performed better than those reared in FTS when
fed with live feed, despite the water quality being inferior to that of FTS (Attramadal et al.,
2012b). Besides, higher survival and specific growth rate (SGR) were observed in larvae reared
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in RAS compared to larvae reared in FTS during dry feed period, which implies that larvae
could be more robust when cultured in RAS during early life (Attramadal et al., 2014, 2012b).
However, to which extend RAS and FTS systems influence the gut microbiota establishment
and performance of freshwater fish species remains largely unknown. A comparison between
marine and freshwater larvae would be interesting, since larvae of freshwater species like Nile
tilapia do not require natural food (e.g. microalgae, artemia and rotifer) at first-feeding. This
fact results in a low disturbance of the microbiota in the rearing water, which makes Nile tilapia
a good model species to test the effect of rearing systems.
The use of probiotics, which are beneficial microbes that can modulate the microbial
community of its host, improve feed utilization and reduce disease susceptibility, has been
proposed as a strategy for sustainable aquaculture (Dawood et al., 2018; Hoseinifar et al., 2018;
Verschuere et al., 2000). It has been demonstrated that probiotics increase the survival of marine
fish larvae (Gomez-Gil et al., 2000). Among the commonly used probiotic species, Bacillus
species show better properties, owing to their sporulation capacity and the ability to produce
antimicrobial substances in aquaculture (Kuebutornye et al., 2019). To date, many studies have
shown the probiotic effect of Bacillus spp. on Nile tilapia, including improvement in survival,
nutrient digestion and growth, as well as enhancement of immune response and disease
resistance (Abarike et al., 2018; Apún-Molina et al., 2009; Galagarza et al., 2018; Liu et al.,
2017; Selim and Reda, 2015). Besides, the modulatory effect of Bacillus spp. on the
predominant gut microbiota of tilapia was investigated by denaturing gradient gel
electrophoresis (DGGE) (Guimarães et al., 2021; Hassaan et al., 2021; Tachibana et al., 2020;
Wang et al., 2017). Nowadays, next generation sequencing allows to explore how probiotics
affect the gut microbiota composition of aquatic species with high resolution (Boyd et al.,
2020). For instance, Giatsis et al. (2016) showed that a water bath with B. subtilis for 7 days
could significantly change the gut microbiota of tilapia larvae and reduce the inter-individual
variation between replicate tanks. Therefore, the importance of probiotic addition during first
feeding in order to effectively colonize the larval gut with beneficia bacteria is worth of
investigation.
Considering the differences in the rearing environment between RAS and FTS, as
described above, we hypothesize that tilapia larvae reared in RAS will develop a different gut
microbiota and show a better survival and growth than those reared in FTS. Besides, dietary
probiotic supplementation was hypothesized to further enrich beneficial bacteria in the fish gut
and improve fish performance. In this study, two rearing systems, namely FTS and RAS, were
tested for Nile tilapia larvae culture. To test the impact of B. subtilis as probiotics in RAS, a
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control diet and a control + B. subtilis coated diet (RASB) were applied. The effect of the three
treatments (FTS, RAS and RASB) on survival, growth performance and gut microbiota were
evaluated in Nile tilapia larvae starting from first feeding for a period of 26 days.

Material and methods

2.2

This experiment was carried out under the registration code of 2017.W-0077.003 which
was approved by the Dutch Central Animal Experiments Committee and Animal Welfare Body
of Wageningen University. This experiment was part of a larger project testing the effect of
microbial rearing conditions during incubation and larvae period on tilapia performance and
gut microbiota until 4 months old.
2.2.1

Experimental setup and feed preparation

Three microbial rearing environments were tested for Nile tilapia larvae culture, namely
FTS + control diet, RAS + control diet and RAS + B. subtilis coated diet (RASB). The
experimental setup, including rearing systems and diets are visualized in Figure 2.1. In FTS,
tap water was firstly degassed of nitrogen in a sump (Figure 2.1A) before flowing to each fish
tanks and outflow water from the fish tanks was discharged from the system. The two replicate
RAS (Figure 2.1B and 2.1C) were not connected to each other, however, had the same size and
shape of all system components and the same water flow rate through filters and aquaria.
Besides, the biofilters for the two RAS were primed for a month before the start of the
experiment with biofilm from a mature recirculating system holding Nile tilapia. The three
systems shared the same water supply and were operated at 27°C ± 1°C. Each system contained
three replicate 70-L tanks (water volume 60-L) to culture hatched embryos. The experiment
started with 3 days post fertilization (dpf) embryos (TilAqua International, Velden, the
Netherlands) which were reared for 33 days (7 days in incubators and 26 days in tanks). To
start the experiment, one batch of 2835 male Nile tilapia embryos coming from a mix of
different spawns, was equally divided over 3 incubators. At 10 dpf, swim-up larvae from each
incubator were counted and randomly divided between the 3 tanks connecting to their
respective rearing system. After the transfer, the incubators were disconnected from their
culture system. The water flow through each tank was set at approximately 2 L/min.
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Figure 2.1 Schematic of the experimental setup, (a) flow-through system (FST) + control diet , (b)
recirculating aquaculture system (RAS) + control diet, (c) RAS + B. subtilis coated diet (RASB). Nile
tilapia eggs were hatched in an incubator starting from 3 dpf until 9 dpf when they can freely swim.
After incubation, the incubator was disconnected from the rearing system, and the larvae were equally
divided over three tanks within the same system. Feeding started at 10 dpf and was continued for 26
days. dpf, days post fertilization; dof, days of feeding.

In this study, a commercial tilapia diet (F-0.5 GR Pro Aqua Brut-Trouw Nutrition, France),
containing 57% protein, 15% crude fate, 8.5% carbohydrate and 11% ash, was used as control
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diet and the experimental diet was produced by coating the control diet with B. subtilis spores.
The capacity of B. subtilis to produce endospores makes it possible to supply spores to fish
through feed. The B. subtilis strain (Microbiologics 0269P, Mijdrecht, The Netherlands) was
grown on Luria-Bertani (LB) medium, containing 15 g L−1 bacteriological agar type E, 10 g
L−1 Tryptone, 10 g L−1 NaCl, and 5 g L−1 yeast extract powder, at 37 °C for 24 h. The single
bacterial colony was cultured on Difco Sporulation Media (DSM) with the following
modification (Monteiro et al., 2005, 2014): nutrient broth 8 g L−1, KCl 1 g L−1, MnCl2 (10 mM)
1mL L−1 and MgSO4 (1M) 1 mL L−1 was sterilized at 121˚C for 30 minutes. To 1 L of DSM,
the following filter sterilized solutions were added: CaCl2 (1 M) 0.5 mL, and FeSO4 (1 mM) 1
mL. The DSM was placed on a shaking incubator (150 rpm) at 37 °C for 48h. After that, the
DSM were pasteurized for 20 min at 80 °C water bathed to kill the live bacteria so that B.
subtilis spores can be harvested. To quantify the density of spores, the 10-5 and 10-6 dilutions of
DSM were incubated in LB medium at 37 °C for 24h before counting the colony forming unit
(CFU). Prior to use, the DSM were centrifuged at 4500g for 30 min to pellet the spores and
stored at 4 °C. The B. subtilis spores pellet was resolved in PBS at the concentration of 109
CFU mL−1. Then the solution was sprayed on feed at the ratio of 100 mL : 1 kg of feed using a
vacuum coater (Dinnissen Pegasus®-10VC, Sevenum, The Netherlands) to get 108 CFU g−1
feed. The selected dose was according to previous recommendations (Liu et al., 2017; Won et
al., 2010). The control diet was prepared by spraying with only PBS solution at the ratio of 100
mL : 1 kg of feed. The two types of feed were pre-dried in separate ovens for 12h at 37 °C.
After pre-drying, the dry matter (DM) content of diet was measured by drying at 103˚C for 4 h
until constant weight. Feeding started at 10 dpf which was referred as 1 day of feeding (dof),
and was continued for 26 days. At 5 dof, the number of tilapia larvae in each tank was reduced
to 200 (i.e. 3.3 larvae/L) and batch weighed. The average individual body weight was then
calculated and assumed to be the initial body weight of tilapia larvae. Fish were fed three times
a day for the first 14 days (Giatsis et al., 2014), and then changed to two times at the feeding
rate of 20 g DM kg-0.8 d-1 (9 - 19% body weight/d). In this study, fish were fed at restricted
feeding level (El-Sayed, 2002; Santiago et al., 1987), and feeding amount was adjusted daily
according to the number of fish that survived in each tank. Dissolved oxygen was maintained
at > 7 mg/L in the tank of each system.
2.2.2

Water quality measurement and fish sampling

Water samples were collected from the common outlet of the FTS and from the large sump
in each RAS (Figure 2.1B and 2.1C) to measure the water physiochemical quality. The pH,
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conductivity, temperature (oC) and water supplementation in each system were measured every
day. The total ammonia nitrogen (TAN), nitrite (NO2--N) and nitrate (NO3--N) in the water
samples were measured three times a week using Merck Spectroquant Test kits. The number of
dead larvae was recorded three times a day and dead larvae were removed immediately from
the tank. On 15 dof, salt was added to all systems to increase the salinity to 1.0 ppt, which was
a standard procedure to reduce the fish mortality.
On 27 dof, all the surviving fish from each tank were counted and batch weighted to
calculated the average final body weight (g), survival (%), apparent feed conversion ratio (FCR)
and specific growth rate (SGR, %/d) using the following formulas: Survival = 100 × Nf/Ni,
Apparent FCR = Total feeding / (Wf × Nf – Wi ×Ni), SGR = 100 × (LnWf – LnWi)/t, where Ni
and Nf are the initial and final number of fish per tank, Wi (g) and Wf (g) are the initial and final
average individual body weight of fish, t is the duration of the experimental period in days.
Besides, 3 fish per tank were randomly collected for gut microbiota analysis and euthanized
with overdosed 2-Phenoxyethanol solution in water from the corresponding system. To collect
the microbiota attached to the gut mucosa, all fish were not fed during the night prior to the day
of sampling. The individual body weight (BW, g) and standard body length (SBL, cm) of
sampled fish were measured. The fish samples were stored at -80 °C for gut dissection.
2.2.3

Gut DNA isolation and high throughout sequencing

The 27 sampled fish were first rinsed wit 70% ethanol and sterile water, then the whole
gut was removed under a dissection microscope according to Giatsis el al. (2014). The gut
samples were individually flash frozen in liquid nitrogen and stored at -80 °C. The gut samples
were subjected to lysis by lysozyme buffer and proteinase K before DNA extraction using
DNeasy Blood & Tissue kit (Qiagen, Valencia, CA). The harvested DNA was quantified using
the nano drop spectrophotometer. Sequencing of the PCR-amplified V4 region of 16S rRNA,
using primers 515 F (5 ′ -CTAGTGCCAGCMGCCGCGGTAA -3 ′ ) and 806 R (5 ′ CTAGGACTACHVGGGTWTCTAAT-3 ′ ), was performed using a MiSeq PE300 Next
Generation system (Illumina) by Genome Quebec, following the company’s protocol. Blank
samples without DNA template were used as controls.
2.2.4

Data analysis

The effect of different rearing systems on the water quality parameters, fish growth
performance predictors and gut alpha-diversity indices were tested by one-way ANOVA (IBM,
SPSS version 25), when normality (Shapiro-Wilk test) and homogeneity (Levene’s test) of
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variance were verified; otherwise rank-transformation was applied. The effect of different
rearing systems on the water quality and cumulative mortality was tested by repeated measure
ANOVA. Differences between treatments were compared using Tukey HSD when the effect
was significant (P < 0.05).
An open-source software package, DADA2, was applied to model and correct Illuminasequenced amplicon errors (Callahan et al., 2016). Data were demultiplexed into forward and
reverse reads according 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 the end product is an
amplicon sequence variant table, recording the number of times each amplicon sequence variant
(ASV) was observed in each sample (100% sequence identity). Taxonomy was assigned using
the Ribosomal Database Project Classifier (Wang et al., 2007) against the 16S gene reference
SILVA database (138 version) (McLaren, 2020). One gut sample from RAS (Seq16) and one
gut sample from RASB (Seq33) were removed from analysis since the rarefication curve were
not reaching the plateau. The ASV table of the remaining 25 gut samples were subjected to an
online platform (https://www.microbiomeanalyst.ca/) to calculate the alpha diversity indices
including Chao 1, ACE, Shannon and Simpson after removing the taxa with < 2 counts and <
10% prevalence (Dhariwal et al., 2017). Linear Discriminant Analysis (LDA) was applied to
calculate the effect size (LEfSe) of each differentially abundant taxa identified by nonparametric factorial Kruskal-Wallis sum-rank test. Principle Coordinate Analysis (PCoA) was
conducted to show the beta diversity of the gut samples according to Bray-Curtis distance. The
statistical analysis of the gut microbial community was performed by Primer software (Version
6). In detail, the correlation between the gut microbial community and the final fish BW and
SBL were analyzed by Distance Linear Model (DistLM). The effect of rearing environments
and replicate tanks on the gut microbial composition were analyzed by two-way
PERMANOVA.

Results

2.3
2.3.1

Water quality maintenance and fish survival

The hatching rate of Nile tilapia eggs were 82%, 73% and 78% in the incubator for the
FTS, RAS and RASB treatment, respectively. The three rearing systems shared the same source
for water supplementation, and no significant differences in pH, TAN and NO2-N was observed
between the systems (Table 2.1). The average temperature in the three systems was maintained
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at 26.2 ± 0.2 °C. Nitrate was found higher in the two RAS than in FTS. Still, the water quality
in the three rearing systems were maintained within preset limits for the growth of Nile tilapia
larvae. However, mortality started at 6 dof and followed the trend of FTS > RAS > RASB
(Figure 2.2). The repeated measure ANOVA showed that the cumulative mortality was
significantly higher in FTS (P = 0.002), while RAS and RASB had similar cumulative mortality
over time. Between 1 – 14 dof, the salinity of the three systems were similar at 0.1 ppt. At 15
dof, salt was added to all systems to elevate the water salinity to 1.0 ppt, which did not reduce
fish mortality. According to the regulation of experimental animal ethics, this experiment was
terminated on 26 dof, when the cumulative mortality in the experiment became too high.
Table 2.1 The physiochemical water quality in the three systems between 1 – 26 dof
FTS
RAS
RASB
SEM
pH

P value

8.2

7.6

7.5

0.015

ns

TAN (mg/L)

<0.01

<0.01

<0.01

na

na

NO2-N (mg/L)

0.00

0.01

0.01

0.002

ns

NO3-N (mg/L)

a

b

b

0.556

**

0.0
3

b

4.3

a

1.9

a

Water supplement (m /d)
7.31
0.04
0.06
0.446
***
dof, days of feeding; SEM, standard error of mean; ns, not significant; na, not applied; ** P < 0.01, ***
P < 0.001, the superscript letter indicates the significance between treatments. FTS, flow-through
system; RAS, recirculating aquaculture system; RASB, RAS + B. subtilis diet.

Figure 2.2 The cumulative mortality of Nile tilapia larvae in the three treatments during 1 - 26 dof.
Values are presented as average ± standard error. The superscript letters indicate the significant
difference between treatments. dof, day of feeding; FTS, flow-through system; RAS, recirculating
aquaculture system; RASB, RAS + B. subtilis diet.
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2.3.2

Fish growth performance in the larvae to fry stage

Feeding was adjusted daily according to the average number of surviving larvae per tank
within each treatment. The amount of feed (mg/d/fish) fed to the different treatments were
similar (Table 2.2). All treatments had a similar average individual body weight at 5 dof.
Rearing system and probiotic supplementation had no effect on the final individual body weight
at 26 dof. Also, the SGR and apparent FCR during the experiment were similar between
treatments (P > 0.05). The survival on 26 dof in FTS (62%) was significantly lower than
survival in RAS (86%) and RASB (90%).

2

Table 2.2 The Nile tilapia larvae growth performance between 5 - 26 dof
Treatment

FTS

RAS

RASB

SEM

P value

Feeding (mg/d/fish)

13.8

14.8

14.9

0.18

na

BWi (g)

0.013

0.014

0.014

0.002

ns

BWf (g)

0.44

0.47

0.45

0.04

ns

WG (g)

0.434

0.452

0.437

0.15

ns

SGR (%)

16.2

15.8

15.7

0.60

ns

FCR

0.98

0.91

0.93

0.12

ns

a

b

b

**
Survival (%)
61.7
86.3
90.3
4.96
BWi, initial individual body weight; BWf, final individual body weight; WG, weight gain; SGR, specific
growth rate; FCR, feed conversion ratio; SEM, standard error of mean; na, not applicable; ns, not
significant; dof, days of feeding, FTS, flow-through system; RAS, recirculating aquaculture system;
RASB, RAS + B. subtilis diet; ** P < 0.01.

2.3.3

Gut microbial community composition

Table 2.3 The alpha-diversity indices of tilapia fry gut microbial community
FTS

RAS

RASB

SEM

P value

Richness

115

143

146

10.3

ns

Chao1

127

156

161

12.0

ns

ACE

126

157

164

11.8

ns

Shannon

2.97

3.15

3.24

0.15

ns

Simpson

0.86

0.83

0.88

0.03

ns

Fisher
22.8
29.2
29.6
2.42
ns
SEM, standard error of mean; ns, not significant (P > 0.05). FTS, flow-through system; RAS,
recirculating aquaculture system; RASB, RAS + B. subtilis diet.

The alpha-diversity indices including richness (observed ASVs), Chao1, ACE, Shannon,
Simpson and Fisher were not different between treatments (Table 2.3, P > 0.05). Numerically,
there was trend that FTS < RAS < RASB in bacterial richness (i.e. richness, Chao1 and ACE
indices) and diversity (i.e. Shannon index) in the gut of tilapia fry at 26 dof.

31

CHAPTER 2

Figure 2.3 Venn diagram showing (a) the shared ASV (prevalence > 33% in each treatment) and (b) the
core genera (prevalence > 87% in each treatment, relative abundance > 0.01%) in the three treatments.
FTS, flow-through system; RAS, recirculating aquaculture system; RASB, RAS + B. subtilis diet.

To examine the unique and shared ASVs, we defined as the presence of an ASV in a
treatment when its prevalence was higher than 33%, meaning that it is present in at least one
fish within each tank. Venn diagram analysis indicated that 69 ASVs were shared between the
three treatments (Figure 2.3a). Besides, RAS had 56 ASVs uniquely shared with RASB but not
with FTS, while only 17 ASVs were uniquely shared between FTS and RAS, but not with
RASB. FTS had the highest number of unique ASVs (121) that were only present in this
treatment. As core genera were defined taxa that had higher than 87% in prevalence and 0.01%
in relative abundance (RA) in each of the three treatments (Figure 2.3b). Our analysis showed
that one genus, namely Plesiomonas, was shared among all three treatments, while Escherichia
Shigella showed high prevalence in RAS, while Gemmobater and Bacillus were prevalent in
the RASB treatment. No core genus was solely identified in FTS treatment.
Looking at the phylum level, Proteobacteria, Actinobacteriota and Planctomycetota were
the dominating phyla in the gut of tilapia fry from the three treatments, which accounted for
87% of the total population (Figure 2.4a). On the genus level, Plesiomonas showed high
average relative abundance in all treatments (FTS = 24%, RAS = 23%, RASB = 15%) (Figure
2.4b). Cetobacterium spp. occupied on average 5.0% of the total relative abundance in RAS
and 4.9% in RASB, while it was barely detected in FTS (RA < 0.02%). Besides, Shinella
showed high abundance in one of the tanks from FTS (Tank C; RA = 24%), and Gordonia
showed high abundance in RASB (RA = 21%).
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Figure 2.4 The relative abundance of the top 10 (a) phyla and (b) genera, in all gut samples. The letters
A, B and C represent replicate tanks within each treatment and the numbers 1, 2 and 3 represent the
sampled fish within one replicate tank. FTS, flow-through system; RAS, recirculating aquaculture
system; RASB, RAS + B. subtilis diet.

The gut bacterial community showed distinct distribution among the three treatments
according to PCoA diagram (Figure 2.5). The first axis of PCoA explained 19.5% of total
variation, which was due to the difference in the rearing system (i.e. FTS and RAS). The second
axis of PCoA explained 14% of the total variation, which was associated with the dietary
supplementation of B. subtilis in RASB. The pairwise PERMANOVA results indicated that
both FTS vs RAS (P = 0.001) and RAS vs RASB (P = 0.001) had a different bacterial
composition in the gut of tilapia fry (Table S2.1). Besides, PERMANOVA analysis within
treatment showed a tank effect (P = 0.002) on gut bacterial community composition (Table
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S2.2a). We further investigated separately the tank effect within each treatment using
PERMANOVA (Table S2.2b, c and d), which revealed no differences between the replicate
tanks in RAS (P = 0.179) and RASB (P = 0.15), while tank effect was observed in FTS (P =
0.006). PCoA diagram also showed that the gut bacterial community from the three fish cultured
in FTS tank C was not clustered with the fish from FTS tank A and B. Moreover, DistLM
analysis showed that BW (P = 0.027), SBL (P = 0.006) and survival (P = 0.001) had significant
correlations with the gut bacterial community composition (Table S2.3a). The BW, SBL and
survival could explain up to 13.5% of the total variation in the gut bacterial composition (Table
S2.3b). Since BW and SBL were strongly correlated, the marginal test showed no significant
difference when adding BW as a variable. To be noticed, SBL and survival of tilapia were
positively correlated with the two RAS treatments and negatively correlated with the FTS
treatments (Figure 2.5).

Figure 2.5 Principal co-ordinate analysis (PCoA) diagram showing the bacterial distribution in the three
treatments according to Bray-Curtis distance. The letters A, B and C represent replicate tanks within
each treatment and the numbers 1, 2 and 3 represent the sampled fish within one replicate tank. Analysis
of Bray-Curtis distance showed significantly different (PERMANOVA, Pseudo F-statistic = 3.3137, P
= 0.001, based on 934 permutations) between the three treatments. SBL, standard body length; FTS,
flow-through system; RAS, recirculating aquaculture system; RASB, RAS + B. subtilis diet.
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Figure 2.6 The differentially relative abundant genera enriched in three treatment selected by LefSe. (a)
Heatmap showing the relative abundance of differentially genus after logarithm transformation, (b) Bar
plot showing the linear discriminant analysis (LDA) scores for the discriminating genera among the
three treatments.

At last, the genera significantly enriched in each treatment were selected by LDA and their
relative abundances were shown in Figure 2.6. A total of 39 genera were detected significantly
enriched in the gut from each of the three treatment. In detail, FTS was enriched with Shinella
(RA = 8.3%) and Hyphomicrobium (RA = 1.6%). RAS was enriched with Paracoccus (RA =
8.7%), Mycobacterium (RA = 8.7%) and Cetobacterium (RA = 5.0%). RASB was enriched
with Gemmobacter (RA = 5.7%) and Bacillus (RA = 4.0%).
2.4

Discussion
Environmental rearing conditions during early life and diet determine the microbial

community composition and structure in the fish intestine (Giatsis et al., 2015; Siriyappagouder
et al., 2018; Vestrum et al., 2020; Yan et al., 2012; Yukgehnaish et al., 2020). The assembly of
gut microbiota further influences the immunological and histological development of fish
larvae (Vadstein et al., 2013), which plays an crucial rule in fish health and growth. Our study
demonstrated the feasibility of modulating the bacterial community in the fish gut by creating
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different rearing systems or by supplementation of dietary probiotic during early life, which
could influence the survival and lead to a healthy gut microbiota composition.
2.4.1

Rearing system affected mortality and gut microbiota of tilapia larvae

The water quality in the three rearing systems were optimal for the growth of Nile tilapia
(FAO, 2012). Due to the continuous water exchange, FTS consumed 160 times more water than
RAS (Table 2.1). The nitrate concentration (NO3--N) reached 4.3 and 1.9 mg/L in RAS and
RASB, respectively, due to nitrification in the trickling filter of RAS (Greiner and Timmons,
1998). Supplementation of Bacillus spp. in the feed or water was shown to enhance the water
quality by reducing the ammonia and nitrate concentrations in the systems (Elsabagh et al.,
2018; Mohammadi et al., 2020; Zokaeifar et al., 2014). A trend for a lower nitrate concentration
in RASB than RAS was observed in our experiment during the later experimental period.
However, this different could also be due to the numerically higher water exchange in RASB
when compared with RAS. Therefore, the effect of dietary supplementation of B. subtills on the
water quality in RAS needs future research with a longer experimental period.
Our study showed that rearing system (FTS vs RAS) had no significant effect on the
growth of tilapia larvae (Table 2.2), while RAS significantly improved the survival rate of
tilapia larvae as compared with FTS (Figure 2.2). This result is in line with results for Atlantic
cod larvae that showed no significant differences in dry matter of body content between FTS
and RAS, while cod larvae cultured in RAS had a significantly higher survival than in FTS
(Attramadal et al., 2014, 2012b). According to the r/K strategist theory (Attramadal et al., 2014;
Vadstein et al., 2018a), RAS has a more stable and diverse microbial community composition
in the tank water than FTS that was normally dominated by potentially pathogenic r-strategists
in the water. The microbial matured water has been shown to improve marine larval survival in
the early life stage (Vadstein et al., 2018b), which also applies for freshwater fish species like
tilapia in the RAS and RASB treatment of this study.
In Atlantic cod rearing systems, FTS and RAS previously showed differences in the water
microbial community due to the differences in water exchange (Vadstein et al., 2018a; Vestrum
et al., 2020). A significantly higher hydraulic retention time in the RAS without ozone or UV
disinfection increases the opportunity for slow growing bacteria to stay longer in the system, as
compared to FTS. In addition, the bacterial density in the water entering the rearing tanks of
RAS is more than 10 times higher than that in FTS (Attramadal et al., 2014). Therefore, the
difference in the microbial composition and bacterial loading of tank water between FTS and
RAS might explain the differences in the fish gut microbiota. The fish sampled from different
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tanks within a same RAS showed similar gut microbiota composition in this study, which is in
line with our previous study (Giatsis et al., 2014). However, fish sampled from different tanks
within FTS showed different gut microbiota composition (Table S2.2), which is in accordance
with the large number of unique ASVs detected in fish from FTS (Figure 2.3). The high
variability between individuals in FTS is also a characteristic of r-strategists. This could be
explained by the significantly higher variability in the water microbial community between
parallel tanks in FTS than RAS (Attramadal et al., 2012b). It should be noted that the
accumulation of uneaten feed and faecal waste may have resulted in the growth of heterotrophic
bacterial biofilm on the tank bottom, which may also vary in composition between tanks. Such
biofilms can be grazed by tilapia, potentially increasing individual variations in gut microbiota
composition. Our study further demonstrated that RAS as a water microbial maturation strategy
in larvae culture delivered a more stable and reproducible gut microbial community in tilapia
gut compared with FTS.
2.4.2

Dietary probiotic supplementation changed larval gut microbiota but not growth

The growth-promoting effect of Bacillus spp. on tilapia is dose dependent, for instance,
dietary supply of B. subtilis at 4 × 107 CFU/g of feed had no effect on tilapia growth (Addo et
al., 2017), while at a dosage of 108 CFU/g of feed or higher showed enhancement in the growth
of tilapia (Mohammadi et al., 2020; Won et al., 2020; Zhu et al., 2019). Although B. subtilis
can improve the growth and survival of juvenile or adult tilapia in some studies (Addo et al.,
2017; Opiyo et al., 2019), dietary supplementation of Bacillus spores to 2g tilapia fry for 8
weeks did not affect their growth (Sookchaiyaporn et al., 2020). In this study, dietary
supplementation of B. subtilis at the dosage of 108 CFU/g did not significantly influence growth
of Nile tilapia larvae. This might be because the restricted feeding masked this probiotic effect
on fish growth. Bacillus spp. were reported to increase the disease resistance of fish
(Kuebutornye et al., 2019). We also found RASB had numerically higher survival than RAS in
this study, though the difference was not significant. Still, the effect of dietary probiotic
supplementation on the fish performance in FTS needs further research. In our experimental
design, using nine tanks resulted in six degree of freedom for growth performance related
parameters, which may lead to statistical error II. More replicates, for instance five tanks per
treatment, should be considered in future studies to have a better estimation of the error.
Bacillus spp. have been widely used as probiotics in aquaculture (Kuebutornye et al.,
2019). In several studies, dietary supplementation of B. subtilis in tilapia could increase the
immune response and resistance to pathogen infection (Liu et al., 2017; Won et al., 2020; Zhu
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et al., 2019). In previous studies, dietary supplementation of B. subtilis decreased the bacterial
diversity in the gut of gilthead sea bream and reduced the bacterial counts in the gut of rainbow
trout (Cerezuela et al., 2013; Newaj-Fyzul et al., 2007). However, Bacillus species can hardly
affect the alpha diversity of the gut microbiota in Nile tilapia and grass carp (Maas et al., 2021a;
Shi et al., 2020; Tachibana et al., 2020). Dietary supplementation of B. subtilis to Nile tilapia
could modulate the gut microbiota profiles according to DGGE band analysis (Guimarães et
al., 2021; He et al., 2013; Tachibana et al., 2020). In our study, the effect of B. subtilis on gut
microbial communities was investigated by high-depth next generation sequencing which
confirmed the modulatory effect of B. subtilis on tilapia gut microbiota. That could be owing
to the antimicrobial property of B. subtilis tested with Nile tilapia (Aly et al., 2008).
2.4.3

Microbial

functionality

influenced

by

rearing

system

and

probiotic

supplementation
Both rearing system and probiotic supplementation in the current study changed the
microbial composition in the gut of tilapia (Figure 2.5). Though the alpha diversity was similar
between the treatments (Table 2.3), we show a trend of FTS < RAS < RASB, with RASB having
the highest diversity and richness. Addition of probiotics to tilapia was shown to increase the
gut bacterial diversity and help the fish to recover from stress (Tang et al., 2020), which implies
that RAS and probiotic supplementation may contribute to healthier gut microbiota and further
result in a better survival of tilapia larvae.
In accordance to previous studies, the gut microbiota of Nile tilapia was dominant with the
taxon belongs to the phyla of Proteobacteria, Actinobacteriota, Firmicutes and Fusobacteria
(Kathia et al., 2018; Liu et al., 2019). Similar to previous studies, tilapia fed with B. subtilis
showed

lower

relative

abundance

of

Proteobacteria

and

higher

abundance

of

Verrucomicrobiota and Firmicutes (Tachibana et al., 2020; Tang et al., 2020). At genus level,
Plesiomonas showed high abundance in all the treatments, which is commonly detected in
freshwater fish and is hypothesized to be an opportunistic pathogen (Behera et al., 2018;
Yilmaz, 2019). In this study, though RAS showed higher survival rate than FTS, the relative
abundance of Plesiomonas in the gut of FTS (RA = 24%) and RAS (RA = 23%) were similar.
Therefore, we can hardly attribute the mortality detected in this experiment to the prevalence
of Plesiomonas. Still to be noticed, probiotic supplementation reduced the relative abundance
of this taxon in RASB (RA = 15%).
FTS treatment group was significantly enriched with Shinella and Hyphomicrobium. Both
Shinella and Hyphomicrobium were present in high abundance in RAS (Schneider et al., 2007;
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Sugita et al., 2005), however, their role in fish gut is still not clear. Besides, the fish gut
microbiota from RAS and RASB treatments were dominant with Cetobacterium, while it was
barely detected in FTS (RA = 0.02%). C. somerae is an anaerobic microbe which is capable of
producing vitamin B12 in freshwater fish intestine (Sugita et al., 1991) and is related to
fermentative metabolism of peptides and amino acids (Finegold et al., 2003). C. somerae was
commonly detected as core species in freshwater fish species, including tilapia (Roeselers et
al., 2011; Tarnecki et al., 2017). In a study from frogs, low abundance of Cetobacterium in the
gut during juvenile stages was connected to a reduced host resistance to disease infection later
in life, during the adult stages (Knutie et al., 2017). Besides, the diminishing of Cetobacterium
in zebrafish gut caused by antibiotic treatment increased the susceptibility of fish to pathogen
infection (He et al., 2017). In our study, the high mortality of fish larvae in FTS might be related
with the low occurrence of C. somerae in the fish gut. Besides, RAS was enriched with
Mycobacterium (RA = 8.7%). Some species belonging to Mycobacterium genus, such as M.
marinum, were reported as pathogens and cause mycobacteriosis in fishes (Gauthier and
Rhodes, 2009). However, whether Mycobacterium causes pathology is likely to depend on the
species and the host’s susceptibility.
B. subtilis has been previously isolated from the tilapia intestine in several studies
(Del’Duca et al., 2013; Etyemez and Balcazar, 2016; Ridha and Azad, 2016; Sookchaiyaporn
et al., 2020; Tang et al., 2020). In this study, Bacillus spp. occupied 0.29% and 1.78% in the
intestine from FTS and RAS, respectively. Dietary supplementation of B. subtilis spores
enriched the Bacillus spp. in the gut of RABS treatment (RA = 4.0%), which implied its
colonization in the tilapia gut. Besides, dietary probiotic supplementation increased the
abundance of Gemmobacter in our study. Gemmobacter was shown to be a dominant genus in
the gut of zebrafish larvae (Siriyappagouder et al., 2018), thus confirming the presence of this
taxa in freshwater fish gut. A study showed that Gemmobacter tilapiae was isolated from a
tilapia pond, which could accumulate poly-β-hydroxybutyrate that is considered beneficial to
fish growth and health (Sheu et al., 2013; Siriyappagouder et al., 2018). To summarize,
recirculating system and probiotic administration may benefit the gut microbial colonization of
tilapia larvae as evidenced by the observed positive correlation between the gut microbiota
distribution and the standard body length as well as survival in RAS and RASB treatments.
2.5

Conclusions
This study demonstrated the feasibility of modulating the gut microbiota of tilapia larvae

through different rearing systems (i.e. FTS and RAS) and dietary probiotic supplementation
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(RASB). Though FTS had similar or even superior water quality compared to RAS, RAS
showed better larvae survival than FTS. This result could be partly explained by the alterations
in the gut bacterial colonization, for instance the absence of Cetobacterium in FTS. Dietary B.
subtilis supplementation in RAS increased the abundance of potentially beneficial Bacillus and
Gemmobacter in the fish gut. Our study indicated that RAS is superior than FTS for fish larvae
culture with respect to survival, while dietary probiotic supplementation may further improve
the gut health with potential implications during later life stages.
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Supplementary materials
Table S2.1 The pairwise PERMANOVA analysis showing the difference in gut microbiota composition
between treatments
Pairwise tests

df

t statistic

P value

Permutations

FTS vs RAS

15

2.2502

0.001

974

FTS vs RASB

15

2.25

0.001

983

RAS vs RASB

14

2.0751

0.001

931

df, degree of freedom
Table S2.2 Effect of (a) treatments and replicate tanks, (b) FTS tanks, (c) RAS tanks and (d) RASB
tanks on the gut microbiota composition by PERMANOVA

a.
Source
Treatments
Tanks
Residuals
Total

df
2
6
16
24

SS
18321
16694
26269
61913

MS
9160.6
2782.4
1641.8

Pseudo-F
3.3137
1.6947

P value
0.001
0.002

Permutations
934
997

b.
Source
FTS tanks
Residuals
Total

df
2
6
8

SS
9212.9
10108
19321

MS
4606.4
1684.7

Pseudo-F
2.7342

P value
0.006

Permutations
271
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c.
Source
RAS tanks
Residuals
Total

df
2
5
7

SS
4005.1
8853.3
12858

MS
2002.5
1770.7

Pseudo-F
1.131

d.
Source
df
SS
MS
Pseudo-F
RASB tanks
2
3476.4
1738.2
1.1894
Residuals
5
7307.4
1461.5
Total
7
10784
df, degree of freedom; SS, sum of squares; MS, mean of squares.

P value
0.179

Permutations
264

P value
0.15

Permutations
271

2

Table S2.3 DistLM analysis showing the correlation between the body weight (BW), standard body
length (SBL) as well as survival and the gut microbiota. (a) marginal test, (b) sequential test
a.
Variable
BW
SBL
Survival

SS (trace)
4711.5
5831.5
10100

Pseudo-F
1.8944
2.3916
4.4832

P value
0.027
0.006
0.001

Prop.
0.076
0.094
0.163

b.
Variable

R2

SS (trace)

Pseudo-F

P value

Prop.

+BW
0.0761
4711.5
1.8944
0.022
0.076
+SBL
0.1259
3083.8
1.2536
0.192
0.050
+Survival
0.2606
8339.9
3.8258
0.001
0.135
SS, sum of squares; Prop. proportion of explanation on variable; df, degree of freedom.

Residual df
23
22
21

41

CHAPTER 2

Figure S2.1 PCoA diagram showing the bacterial distribution in the three treatments based on Jaccard
distance.
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Abstract
Biofloc technology is commonly applied in intensive tilapia (Oreochromis niloticus)
culture to maintain water quality, supply the fish with extra protein, and improve fish growth.
However, the effect of dietary supplementation of processed biofloc on the gut prokaryotic
(bacteria and archaea) community composition of tilapia is not well understood. In this study
one recirculating aquaculture system was used to test how biofloc, including in-situ biofloc,
dietary supplementation of ex-situ live or dead biofloc, influence fish gut prokaryotic
community composition and growth performance in comparison to a biofloc-free control
treatment. A core gut prokaryotic community was identified among all treatments by analyzing
the temporal variations in gut prokaryotes. In-situ produced biofloc significantly increased the
prokaryotic diversity in the gut by reducing the relative abundance of dominant Cetobacterium
and increasing the relative abundance of potentially beneficial bacteria. The in-situ biofloc
delivered a unique prokaryotic community in fish gut, while dietary supplementation of tilapias
with 5 % and 10% processed biofloc (live or dead) only changed the relative abundance of
minor prokaryotic taxa outside the gut core microbiota. The modulatory effect of in-situ biofloc
on tilapia gut microbiota was associated with the distinct microbial community in the biofloc
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water and undisturbed biofloc. The growth-promoting effect on tilapia was only detected in the
in-situ biofloc treatment, while dietary supplementation of processed biofloc had no effect on
fish growth performance as compared to the control treatment.
Keywords: Biofloc system, ex-situ biofloc, Growth performance, Microbial community,
Gut microbiota
3.1

Introduction
Biofloc is an aggregation of microorganisms – including bacteria, microalgae, fungi and

zooplankton – and other organic particles suspended in the water column (De Schryver et al.,
2008). In aquaculture, the formation of biofloc is stimulated by increasing the organic carbon
input and aerating the culture tank, resulting in the production of microbial biomass that could
serve as natural food (Avnimelech, 2009). The ability to immobilize inorganic nitrogen waste
into microbial biomass makes biofloc technology a sustainable method to improve water quality
and to increase the nutrient recovery from fish feed into harvested biomass (Crab et al., 2012).
For instance, the herbivorous-omnivorous Nile tilapia (Oreochromis niloticus) is known to eat
biofloc (Avnimelech, 2007), which results in a better growth than in recirculating aquaculture
systems (RAS) without exhibiting adverse welfare effects (Azim and Little, 2008). Moreover,
Nile tilapia grown in biofloc systems showed higher digestive enzyme activities, lower
susceptibility to pathogens and a stronger immune response than in other culture systems
(Ekasari et al., 2015; Long et al., 2015).
The growth-promoting effect of biofloc could be attributed to its nutritional value. Bacteria
played an important role in the aquatic food web, for instance as a direct food source for
aquaculture organisms, as an ingredient in formulated diets and the use of bacteria species as
probiotics (Nevejan et al., 2018). Biofloc harvested from Nile tilapia culture tanks had a similar
or better proximate composition than the formulated feed fed to the system, with an amino acid
composition meeting the nutritional requirement of tilapia (Azim and Little, 2008; Liu et al.,
2019) It has been reported that biofloc provide extra essential nutrients including proteins,
lipids, essential fatty acids, minerals, vitamins, carotenoids and exogenous digestive enzymes
that may improve the nutritional status of the fish and shrimp (Ekasari et al., 2010; Ju et al.,
2008; Xu et al., 2013). The in-situ biofloc produced in a tilapia culture system can be harvested,
dried and used to replace fish meal in formulated shrimp feed (i.e. ex-situ biofloc), resulting in
faster growth than the biofloc-free control diet (Kuhn et al., 2010, 2009). Therefore, biofloc is
a valuable feed additive that contributes to the re-use of waste nutrients for sustainable
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aquaculture. However, the dietary role of biofloc in the growth performance of culture species
needs further investigation.
Recently, biofloc has been applied as a strategy for disease management due to its probiotic
effect on animal health (Ahmad et al., 2017). The beneficial bacteria and its bioactive
compounds, such as polyhydroxy butyrate, present in biofloc could increase the immune
response and protect shrimp or fish against bacterial infections (Defoirdt et al., 2007; Long et
al., 2015; Qiao et al., 2020). The high concentration of organic matter and its associated load
of microorganisms in a biofloc system can influence the gut microbiota due to the constant
grazing of the culture species on biofloc. Nile tilapia larvae cultured in biofloc system showed
different gut microbiota composition with tilapia grown in RAS (Giatsis et al., 2015). Biofloc
produced with different carbon sources or feed ratios resulted in different microbial community
composition in the gut of tilapia (Li et al., 2018; Liu et al., 2019; Pérez-Fuentes et al., 2018).
Gut microbiota played an important role in nutrient digestibility and immune response, thus
influencing the growth and health of aquatic animals (de Bruijn et al., 2018; Nayak, 2010;
Vadstein et al., 2013) However, how in-situ biofloc influence the gut microbiota composition
in Nile tilapia and whether the dietary supplementation of ex-situ biofloc can change the gut
microbiota and growth of tilapia remains unknown.
In aquaculture, a probiotic was defined as “a live microbial adjunct which has a beneficial
effect on the host by modifying the host-associated or ambient microbial community, by
ensuring improved use of the feed or enhancing its nutritional value, by enhancing the host
response towards disease” (Verschuere et al., 2000). Therefore, to distinguish between the
nutritional value and probiotic effect of biofloc on fish, in-situ biofloc were harvested and
incorporated into fish feed as live biofloc or γ-radiated dead biofloc. Giatsis et al. (2014) showed
large variations existing in the water and fish gut microbial community of replicate culture
systems. Therefore, in this study one recirculating system was used for all the treatments to
minimize system effects on water microbial community composition in the rearing tanks. In the
recirculating system, live biofloc feed (LF), dead biofloc feed (DF) and biofloc-free feed (Ctrl)
were fed to tilapia. In addition, the biofloc-free feed was also fed to tilapia swimming in tanks
with in-situ biofloc (LW). The aim of this study was to test how in-situ biofloc (LW) and dietary
supplementation of ex-situ biofloc (DF and LF) influence the gut microbiota development and
the growth performance of tilapia as compared with the Ctrl treatment.
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Materials and Methods

3.2
3.2.1

Experimental setup and animal accommodation

This experiment was carried out between October, 2015 and November, 2015. Six
treatments were randomly divided over eighteen 30-L tanks (3 replicates per treatment) that
were part of one recirculating aquaculture system (Figure 3.1). The live water (LW) treatment
received biofloc water from a biofloc production system in which six tilapia fish tanks was
placed for biofloc production. Biofloc water was also collected daily from a swirl separator
(Figure 3.1, swirl separator top-left) and passed through a paper filter. The collected biofloc on
filters was semi-dried at room temperature in the lab until 5% moisture. The unprocessed
biofloc contained on a dry matter basis (g/kg) 513 crude protein, 317 carbohydrates and 110
ash. In this study, the control diet was prepared by Research Diet Services BV in the
Netherlands, using mainly wheat, maize, fish meal and soya bean meal as raw ingredients. The
feed contained on a dry matter basis 36.2% crude protein, 6.2% crude fat, 7.2% crude ash,
23.9% starch and 1.05% total phosphorous. The control diet was crumbled and mixed with the
semi-dried biofloc, on a dry matter basis at a dose of 5 or 10% of the control feed amount. Half
of the feed obtained in this way is referred to as live biofloc feed (LF5 at 5% addition and LF10
at 10% addition). The other half of the feed was γ-radiated (Synergy Health, Ede, the
Netherlands) at the dose of 8000 gray (Gy) to kill microbiota, which is referred as dead biofloc
feed (DF5 at 5% addition and DF10 at 10% addition). Both LW and Ctrl treatments received
control diet which was also crumbled into a dough and processed into pellets, following the
same process as for the LF and DF treatments. The effluent of LW tanks was led to a swirl
separator (Figure 3.1, swirl separator bottom-left) to return the biofloc back to production
system and the overflow was passed through an ozone treatment unit and a UV-lamp to oxidize
and inactive the bacteria remaining in biofloc water. A sump (Figure 3.1, bottom-right) was
placed to receive the effluents from all the treatment tanks and maintain the water temperature
at 28˚C with a heater. From the sump, the water was pumped to a settling tank for solids removal
and subsequently over a trickling biofilter for ammonium removal before returning to each
treatment tank.
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Figure 3.1 Experimental setup and treatment groups. Experimental fish were stocked in six treatment
groups with each group containing three replicates (N=3). LW treatment received in-situ biofloc water
originating from a biofloc production system and was fed with control diet. LF and DF treatment
received a diet containing the same feed ingredients as control diet, plus ex-situ live biofloc or dead
biofloc, respectively, at 5% (LF5, DF5) or 10% (LF10, DF10) on dry weight basis. Ctrl treatment
received control diet without biofloc.

In each tank, 33 Nile tilapia (Til-Aqua, Velden, the Netherlands) were stocked at the start
of the experiment with an average body weight of 0.58g. The fish were fed using a belt feeder
from 10 a.m. over a period of 10 hours daily at the ratio of 16 g per kg metabolic weight (16 g
kg-0.8 day-1). The diet applied in this experiment was a commercial diet that was sterilized by γradiation with a dose of 8000 Gy before use in all treatments. All experimental treatments were
randomly assigned to the tanks to exclude the potential influence of location-associated factors.
3.2.2

Samples collection from gut, water, flocs and feed

Fish gut, tank water, biofloc and feed samples were collected on days 0, 26 and 49
according to a previously described protocol (Giatsis et al., 2014). Ten fish were sampled on
day 0 for the analysis of the initial gut microbiota, and 5 fish per tank were randomly sampled
at later timepoints for the intestinal microbiota analysis on days 26 and 49. Fish were euthanized
with 0.6 g L-1 Tricaine Methanesulfonate (TMS, Crescent Research Chemicals, Phoenix,
Arizona, USA), then rinsed with 70% ethanol and sterile water before dissecting out the gut.
Moreover, 100 mL of water from each tank was collected in three replicates and filtered through
0.45 and 0.22 μm membrane filters (Millipore - Isopore), the two filters were pooled together
for DNA extraction. In addition, 100 mL water was also sampled in five replicates from the
biofloc production system sump and filtered over a paper filter to collect biofloc. Finally, 2 g
samples of feed prepared for LF5, LF10, DF5, DF10 and LW/Ctrl (control diet) were collected
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in three replicates. All samples were flash frozen in liquid nitrogen and stored individually at 80 °C for the prokaryotic community composition analysis. Moreover, the average individual
weights of fish on days 0, 26 and 49 was measured to evaluate the fish growth performance
during the experiment.
3.2.3

Genomic DNA extraction and 16S rRNA gene sequencing

DNA extraction from fish gut samples was conducted using the DNeasy Blood & Tissue
Kit (Qiagen, Venlo, Netherlands), whereas the FastDNA SPIN kit for soil (MP Biomedicals,
Ohio, USA) was used for water, feed and biofloc samples. The V4 region of 16S rRNA gene
was amplified using uniquely barcoded primers 515F (5’-GTGCCAGC[AC]GCCGCGGTAA3’) and 806R (5’-GGACTAC[ACT][ACG]GGGT[AT]TCTAAT-3’) (Gu et al., 2018). The
amplicon libraries were HiSeq sequenced (GATC-Biotech, Konstanz, Germany) and
sequencing data was processed and analyzed with NG-Tax using default parameters (RamiroGarcia et al., 2016). In brief, libraries were filtered to contain only read pairs with perfectly
matching barcodes that were subsequently used to separate reads by sample. Unique sequences
(operational taxonomic units, OTUs) occurring above a minimum 0.1% relative abundance
threshold per sample were picked, and subjected to non-reference based chimera checking,
where the parent sequence needed to be more abundant by a 0.5 ratio than the chimeric
sequence. Taxonomy was assigned using the SILVA_111_SSU reference database (Quast et
al., 2013). Samples with a low number of sequencing reads (< 1500) were removed from
analysis.
3.2.4

Data analysis

The fish growth performance during the experiment was assessed by weight gain (WG),
and metabolic growth rate (MGR), which were calculated as previously described (Saravanan
et al., 2012): WG = Wf – Wi, GBW = e(lnWf + lnWi)/2 , MGR = WG ∗ (

GBW −0.8
1000

)

/t, where Wf

(g) and Wi (g) are the final and initial average body weight, WG (g) is the weight gain, GBW
(g) is the geometric mean body weight, and MGR (g kg-0.8 d-1) is the metabolic growth rate, t is
the number of days. The growth performance was expressed in metabolic body weight to
minimize the differences in maintenance levels between smaller and larger fish. The growth
performance was compared among the six treatments by repeated measures ANOVA to analyze
the interaction between treatments and growth for the periods of d0-d26 and d27-d44 by using
IBM SPSS statistics software.
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A total of 391 experimental samples were sequenced, with a combined number of
65,383,991 sequencing reads (range 4 to 740,934 reads, median = 138,760). Four samples,
including one Ctrl, two DF water and one LW feed, were removed from analyses due to the low
number of reads (< 1500). Series of rarefactions were performed prior to alpha diversity
analyses at cut offs between 1,500 to 10,000 reads. The cutoff value was then chosen to provide
maximum coverage while allowing most samples to be retained for the analyses. As a result,
data was rarified at 2,500 reads and four gut samples were removed because their read numbers
were below this threshold. Alpha diversity indices, including Shannon, Chao1, and
Phylogenetic Diversity (PD) Whole Tree, for each gut sample were calculated on genus level
data using QIIME (Kuczynski et al., 2012). Resulting diversity scores were compared between
different treatment groups using nonparametric t-test with Monte Carlo permutations (n=999).
Statistical differences in relative abundance (RA) of genus level taxa and phylotypes (OTUs)
between treatments were assessed with Kruskal–Wallis test using QIIME. The UniFrac distance
between all gut samples based on weighted data were compared using analysis of similarity
(ANOSIM) test in QIIME. Principal coordinate analysis (PCoA) and redundancy analysis
(RDA) were calculated in Canoco5 using the log transformed genus level relative abundances
data. Statistical between treatments was assessed in Canoco5 under the full model using the
Monte Carlo permutation test with 499 random permutations (Šmilauer and Lepš, 2014).

Results

3.3
3.3.1

Fish growth performance

At the start on d0, fish from each tank had a similar average body weight (0.58 g) for all
treatments (Table 3.1). During d0-d26, LW treatment showed a significantly (P < 0.05) higher
final body weight and weight gain than the other treatments except for LF10, resulting a higher
metabolic growth rate than all the other treatments. No significant (P > 0.05) difference in
weight gain and metabolic growth rate was detected between all treatments during period d26d44. Repeated measures ANOVA analysis revealed that both treatment and time had a
significant (P < 0.05) effect on the fish weight gain and metabolic growth rate. Moreover,
significant interaction between time and treatment concurred with the observed disappearance
of significant difference between treatments from period d0-d26 to period d27-d44. Overall,
LW resulted in a higher weight gain and metabolic growth rate than the Ctrl, fish from LF10
treatment achieved similar growth as LW, whereas dietary supplementation of dead biofloc at
5 and 10% (DF5 and DF10) or live biofloc at 5% (LF5) had no effect on fish growth as
compared with the Ctrl treatment.
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Table 3.1 Growth performance of all treatments during d0-d26 and d26-d44
Time

Growth parameter

Treatment

SEM

P value

Ctrl

DF5

DF10

LF5

LF10

LW

Initial body weight (g）
Final body weight (g)

0.57
3.12b

0.58
3.05b

0.58
3.06b

0.56
3.01b

0.62
3.30ab

0.57
3.56a

0.02
0.09

ns

Weight gain (g)

2.55b

2.46b

2.48b

2.45b

2.67ab

2.99a

0.07

**

Metabolic growth rate (g kg-0.8 d-1)

20.31b

19.63b

19.84b

19.85b

20.14b

22.60a

0.31

***

Initial body weight (g）
Final body weight (g)
d26-d44
Weight gain (g)
Metabolic growth rate (g kg-0.8 d-1)

3.12b
8.71
5.59
20.8

3.07b
8.68
5.61
21.09

3.11b
8.68
5.58
20.81

3.07b
8.59
5.53
20.86

3.33ab
9.32
5.99
21.16

3.56a
9.89
6.33
21.23

0.08
0.31
0.24
0.45

**

Weight gain (g)

4.07b

4.04b

4.03b

3.99b

4.33ab

4.66a

0.13

Metabolic growth rate (g kg-0.8 d-1)

20.56b

20.36b

20.33b

20.36b

20.65b

21.92a

0.27

d0-d26

d0-d44

Treatment

Time

Treatment* Time

na

na

na

na

*

***

ns

**

*

*

**

#
ns
ns

SEM, standard error of the mean, ns, not significant, na, not applied, # P < 0.1, * P < 0.05, ** P < 0.01, *** P < 0.001. The different superscript letters indicated
the significant difference between treatments.
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3.3.2

Gut microbial diversity on day 0, 26 and 49

Figure 3.2 Changes in alpha diversity indexes of Nile tilapia gut prokaryotic community from six
treatments at day 0, 26 and 49. (a) Shannon index, (b) Simpson index, (c) PD whole tree index, (d)
Chao1 index.

A total of 183 gut samples were analyzed from the six treatment groups at d0, d26 and d49,
which revealed the presence of 1,298 different OTUs. Among them, 611 OTUs were detected
in two or more samples, which were used for further analysis. The alpha diversity indexes are
shown in Figure 3.2 and the statistical analysis result is shown in Table S3.1. At both d26 and
d49, LW showed the highest alpha diversity indexes and the lowest variations of the prokaryotic
communities in all treatment groups. At d26, LW showed significantly (FDR < 0.05) higher
diversity for the Shannon, PD whole tree and Chao1 indexes than Ctrl, while the other
treatments had similar alpha diversity indexes as Ctrl. At d49, LW only showed significantly
higher (FDR < 0.05) diversity than Ctrl for the Shannon index, but not for the PD whole tree
and Chao1 indexes. Still, fish fed with ex-situ biofloc (LF and DF) had similar alpha-diversity
for all indexes as Ctrl treatment at d49. We also compared the alpha diversity shift over time,
which revealed that fish receiving in-situ biofloc or ex-situ live biofloc in LW, LF5 and LF10
showed a significant (FDR < 0.05) increase from d0 to d26 and then a significant (FDR < 0.05)
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decrease from d26 to d49 in the Shannon, Chao1 and PD whole tree indexes. This resulted in a
similar alpha diversity index between d0 and d49 for fish fed with ex-situ live biofloc while
LW still showed significantly higher diversity at d49 than d0 for the Shannon and PD whole
tree indexes but not in Chao1 index. On the other hand, fish from DF5 and DF10 did not show
significant change in prokaryotic diversity over time.
3.3.3

Gut prokaryotic community distribution

3
Figure 3.3 RDA displaying 10 best fitting genus-level taxa to explain the variations in gut prokaryotes.
(a) samples color coded by timepoint; (b) samples color coded by treatment group with timepoint as
covariate.

To investigate the distribution of the intestinal prokaryotic community, RDA was
performed on the relative abundance of genera using collection timepoint, treatment, fish body
weight and tank number as explanatory variables (Figure 3.3a). Together these variables
accounted for 36.3% variation in the data, with a significant (FDR < 0.05) conditional effect of
variables “d26_LW” (9.6% variation), “d49_LW” (5.9% variation), and “d26_DF” (1.2%
variation). There was a clear separation of samples by collection timepoint and LW treatment.
Similarly, the PCoA results also indicated the separation of samples based on collection
timepoint and separation of the LW treatment from the other treatments at both d26 and d49
based on weighted UniFrac analysis (Figure S3.1). To remove the effect of time, we set the
variable “timepoint” as covariate and repeated the RDA analysis with treatment as explanatory
variable (Figure 3.3b). The result again showed a significant conditional effect of LW, and a
trend effect (FDR = 0.06) of LF, with a clear separation of LW from the other treatments.
The ANOSIM test showed that all treatments resulted in unique (P < 0.05) gut microbiota
profiles of prokaryotic community composition based on weighted Unifrac data on d26 (Table
S3.2). On d49, only DF and LW prokaryotic community composition was significantly (P <
0.05) different from Ctrl when weighted UniFrac distances were compared.
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3.3.4

Gut prokaryotic community composition

Figure 3.4 Venn diagrams showing shared genus level taxa found in more than 95% of samples (a)
within three sampling timepoints, (b) on d26, and (c) on d49.

In all the gut samples, a total of 487 genera was identified, of which the genera detected in
more than 95% of the samples were referred to as the core genera (Figure 3.4). The four core
genera, namely Cetobacterium, Halomonas, Mycobacterium and an unidentified genus within
the family Peptostreptococcaceae, varied slightly over each timepoint. To be noticed, the four
core genera also had high average relative abundance for all the gut samples, Cetobacterium
(average RA = 49%, range = 0.8-96%, prevalence = 100%), Mycobacterium (average RA =
7%, range = 0-26%; prevalence = 99%), an unidentified genus within the family
Peptostreptococcaceae (average RA = 5%, range = 0-43%, prevalence = 97%), and Halomonas
(average RA = 4%, range = 0-29%, prevalence = 97%). However, the number of core genera
for all treatments decreased from thirteen at d26 to three at d49. The shift of core genera was
consistent with the result that the prevalence of the main genera oscillated with time and
between treatment groups (Figure S3.2).

56

CHAPTER 3

Table 3.2 Differentially (FDR < 0.05) abundant genera taxa of intestinal prokaryotes between treatments
on both d26 and d49
Mean average relative abundance d26

Mean average relative abundance d49

d26

FDR_P
d49

Control

DF

LF

LW

Control

DF

LF

LW

Cetobacterium†

8.29E-05

4.92E-03

0.4394

0.5921

0.3140

0.1278

0.6091

0.6200

0.6215

0.3268

Terrimicrobium

1.07E-07

1.32E-06

0.0395

0.0243

0.0344

0.2684

0.0050

0.0075

0.0066

0.0884

Mycobacterium†

3.96E-04

2.54E-03

0.0773

0.0538

0.0960

0.1231

0.0312

0.0554

0.0399

0.1223

f_Planctomycetaceae_g_uncultured

3.09E-06

1.98E-03

0.0387

0.0239

0.0317

0.0938

0.0091

0.0130

0.0112

0.0356

f_Planctomycetaceae_g

1.21E-06

1.30E-04

0.0052

0.0042

0.0056

0.0254

0.0146

0.0211

0.0173

0.0774

f_MNG7_g_uncultured_bacterium‡^

9.43E-07

2.96E-07

0.0035

0.0046

0.0050

0.0211

0.0006

0.0012

0.0014

0.0093

p_Planctomycetes_g^

2.67E-08

6.91E-05

0.0031

0.0024

0.0046

0.0194

0.0004

0.0010

0.0010

0.0052

o_Burkholderiales_g*^

2.48E-08

2.96E-07

0.0029

0.0015

0.0025

0.0180

0.0012

0.0022

0.0016

0.0442

NA*^

2.65E-05

1.27E-06

0.0113

0.0037

0.0052

0.0152

0.0007

0.0033

0.0012

0.0130

Variibacter^

6.71E-07

2.96E-07

0.0050

0.0033

0.0057

0.0140

0.0004

0.0013

0.0009

0.0074

Pir4_lineage‡^

2.04E-04

1.57E-03

0.0038

0.0055

0.0066

0.0136

0.0006

0.0016

0.0011

0.0038

o_JG30_KF_CM45_g*

7.79E-06

1.43E-04

0.0047

0.0023

0.0023

0.0099

0.0004

0.0009

0.0006

0.0036

o_Chlamydiales_g*

3.55E-07

3.35E-02

0.0018

0.0012

0.0022

0.0084

0.0000

0.0001

0.0000

0.0006

f_Microbacteriaceae_g^

1.29E-06

6.37E-08

0.0026

0.0019

0.0035

0.0079

0.0007

0.0014

0.0009

0.0132

Nordella

1.71E-02

4.30E-04

0.0028

0.0019

0.0027

0.0045

0.0000

0.0003

0.0002

0.0013

f_Rhodobacteraceae_g

2.82E-02

1.74E-02

0.0024

0.0038

0.0031

0.0004

0.0018

0.0023

0.0020

0.0000

Archaea_g

2.00E-06

1.79E-02

0.0162

0.0139

0.0171

0.0004

0.0037

0.0076

0.0048

0.0009

f_Porphyromonadaceae_g_uncultured

2.72E-07

1.59E-02

0.0012

0.0007

0.0088

0.0332

0.0695

0.0395

0.0534

0.0952

Alsobacter*^

1.58E-08

2.28E-10

0.0010

0.0005

0.0014

0.0056

0.0000

0.0003

0.0003

0.0032

Reyranella*^

1.43E-08

7.92E-12

0.0008

0.0014

0.0008

0.0143

0.0003

0.0001

0.0000

0.0041

g_Candidatus_Microthrix*‡

2.15E-06

1.93E-06

0.0006

0.0006

0.0010

0.0031

0.0000

0.0001

0.0001

0.0014

f_Geodermatophilaceae_g_uncultured

4.78E-04

7.89E-05

0.0003

0.0003

0.0008

0.0015

0.0000

0.0003

0.0001

0.0011

Meganema*

4.90E-11

1.17E-02

0.0002

0.0004

0.0001

0.0040

0.0000

0.0000

0.0000

0.0005

Iamia

5.59E-03

2.96E-03

0.0001

0.0005

0.0011

0.0014

0.0003

0.0008

0.0005

0.0036

Macellibacteroides*^

1.17E-12

2.67E-03

0.0000

0.0000

0.0020

0.0029

0.0066

0.0021

0.0146

0.0065

Deefgea

1.58E-08

6.57E-03

0.0000

0.0000

0.0007

0.0024

0.0012

0.0007

0.0018

0.0107

Sorangium

1.04E-07

2.96E-07

0.0001

0.0000

0.0004

0.0010

0.0000

0.0005

0.0003

0.0037

p_TM6_Dependentiae_g*

3.92E-11

1.30E-04

0.0001

0.0000

0.0002

0.0028

0.0000

0.0000

0.0000

0.0005

o_Fusobacteriales_g*

1.17E-12

1.85E-13

0.0002

0.0000

0.0002

0.0081

0.0000

0.0000

0.0000

0.0086

f_TM146_g_uncultured_bacterium

1.34E-06

3.12E-08

0.0000

0.0000

0.0000

0.0009

0.0000

0.0005

0.0002

0.0046

p_TM6_Dependentiae_uncultured_g

6.52E-04

1.01E-08

0.0001

0.0000

0.0000

0.0006

0.0000

0.0000

0.0000

0.0009

f_Holosporaceae_g_uncultured
o_Bacillales_g_uncultured_bacterium
^
f_Rickettsiaceae_g

1.19E-03

1.36E-03

0.0000

0.0000

0.0000

0.0004

0.0000

0.0000

0.0000

0.0005

8.29E-05

1.27E-06

0.0002

0.0000

0.0008

0.0000

0.0001

0.0011

0.0006

0.0057

9.85E-05

3.73E-02

0.0022

0.0016

0.0020

0.0000

0.0010

0.0020

0.0019

0.0002

c_SBR2076_g

2.37E-05

1.24E-02

0.0037

0.0026

0.0036

0.0000

0.0019

0.0040

0.0034

0.0001

Taxonomy

† core taxa in d26 and d49; * core taxa in LW d26; ^ core taxa in LW d49; ‡ core taxa in LF+LW, core
taxa means the taxa detected in more than 95% of the samples. Values were colored based on graded
color scale where red indicates the lowest value, yellow indicates the percentile and green indicates the
highest value.

There was no significant difference in the relative abundance of gut genera between the
5% and 10% supplementation of ex-situ biofloc in both DF and LF treatments. Therefore, the
DF5 and DF10 treatments were pooled as DF, and LF5 and LF10 treatments were pooled as
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LF. There were 77 genus level taxa on d26, and 44 genus level taxa on d49 varied significantly
(FDR < 0.05) in relative abundance between all treatments (i.e. Ctrl, LF, DF and LW). Thirtyfive of these differentially abundant taxa were detected at both timepoints (Table 3.2, with the
full taxonomic classification of the taxa provided in Table S3.3), indicating that the treatment
effects on these taxa were relative stable over time. Among these 35 taxa, the core genera
Cetobacterium and Mycobacterium were also detected with more than 95% prevalence in the
gut samples.
Table 3.3 Differentially (FDR < 0.05) abundant genera taxa in pairwise comparisons of intestinal
prokaryotes between LW and Ctrl on both d26 and d49
Average relative abundance
d26

FDR_P
Taxonomy
d26

d49

f_TM146_g_uncultured_bacterium

1.33E-02

o_Fusobacteriales_g*

1.29E-04

Reyranella*
Sorangium

Average relative abundance
d49

Control

LW

Control

LW

3.12E-04

0

0.0009

0

0.0046

3.12E-04

0.0002

0.0081

0

0.0086

1.29E-04

8.08E-04

0.0008

0.0143

0.0003

0.0041

2.90E-03

3.12E-04

0.0001

0.001

0

0.0037

Iamia

1.69E-03

2.06E-02

0.0001

0.0014

0.0003

0.0036

g_Terrimicrobium

1.29E-04

1.95E-04

0.0395

0.2684

0.005

0.0884

p_Planctomycetes_g

1.29E-04

9.18E-04

0.0031

0.0194

0.0004

0.0052

o_Burkholderiales_g*

1.29E-04

1.91E-04

0.0029

0.018

0.0012

0.0442

f_MNG7_g_uncultured_bacterium

1.49E-04

1.91E-04

0.0035

0.0211

0.0006

0.0093

Alsobacter*

1.29E-04

1.91E-04

0.001

0.0056

0

0.0032

g_Candidatus_Microthrix*

2.07E-04

8.86E-03

0.0006

0.0031

0

0.0014

f_Planctomycetaceae_g

2.69E-04

1.08E-03

0.0052

0.0254

0.0146

0.0774

f_Geodermatophilaceae_g_uncultured

3.41E-03

4.47E-03

0.0003

0.0015

0

0.0011

Pir4_lineage

2.07E-04

2.00E-02

0.0038

0.0136

0.0006

0.0038

f_Microbacteriaceae_g

8.09E-04

1.91E-04

0.0026

0.0079

0.0007

0.0132

Variibacter

4.30E-04

1.91E-04

0.005

0.014

0.0004

0.0074

f_Planctomycetaceae_g_uncultured

2.01E-03

6.11E-03

0.0387

0.0938

0.0091

0.0356

o_JG30-KF-CM45_g

1.64E-02

4.47E-03

0.0047

0.0099

0.0004

0.0036

f_Peptostreptococcaceae_g†

2.71E-03

2.00E-02

0.0774

0.0335

0.0105

0.0279

Cetobacterium†

1.45E-02

8.06E-03

0.4394

0.1278

0.6091

0.3268

f_Rhodobacteraceae_g

2.00E-02

4.56E-02

0.0024

0.0004

0.0018

0

† core taxa in all treatments on d26 and d49; * core taxa in LW on d26 and d49; core taxa means the
taxa detected in more than 95% of the samples.

Moreover, pairwise comparisons of relative abundances at genus level for each of the
treatment indicated no significant (FDR < 0.05) differences between LF vs. Ctrl and DF vs. Ctrl
on d26 and d49. However, differentially abundant taxa could be found between LW and Ctrl,
including 63 taxa on d26 and 30 taxa on d49. There were 21 taxa differing between LW and
Ctrl on both d26 and d49, which is shown in Table 3.3. The specific taxa that only significantly
varied in LW vs. Ctrl but not in LW vs. LF groups were Cetobacterium, Cupriavidus, Iamia
and unidentified genera of the family Brevinemataceae on d26, and Turibacter and unidentified
genera of the family Peptostreptococcaceae and the order Rhizobiales on d49 (Table S3.4).

58

CHAPTER 3

This finding suggested the unique and specific effect of the LW treatment on the gut microbial
community in Nile tilapia.
3.3.5

Water and feed microbial community

3

Figure 3.5 Filtered tank water and feed prokaryotic community composition. RDA plots of (a) filtered
tank water and (b) feed samples. Heatmap showing the relative abundance of top 15 abundant genera in
(c) LW water and other water samples and in (d) bioflocs and other feed samples. Bioflocs were
harvested from the biofloc production tank and used to formulate DF and LF feed by mixing with control
diet. LW/Ctrl received the control diet.

The harvested bioflocs, feed samples and filtered tank water showed a distinct prokaryotic
community composition when compared with the gut samples according to PCoA plot (Figure
S3.3). There was a clear separation (FDR < 0.05) among water samples based on collection
timepoint, and treatments were clustered within the same timepoint (Figure 3.5a). The
ANOSIM results showed that DF and LF had similar prokaryotic community in the water with
Ctrl on the three timepoints (Table S3.5a). On the other hand, LW exhibited a significantly
different water prokaryotic community on d26 and d49 when compared with all the other
treatments. The LW water was dominant with a genus belonging to the order 195up (average
RA = 16%), while the water from DF, LF and Ctrl was dominant with Cetobacerium (average
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RA = 22%) (Figure 3.5c). The RDA plot implied that the variations in water samples between
different sampling timepoints were caused by low abundant genera instead of the dominant
genera shown in Figure 3.5c.
In this study, bioflocs were harvested from a biofloc production system to make the LF
and DF feed by mixing with the control diet which was presented as LW/Ctrl feed in Figure
3.5b. The prokaryotic community in LW/Ctrl feed were clustered together at all the three
sampling timepoints and showed significant (P < 0.05) difference with the LF and DF feed
according to ANOSIM test (Table S3.5b). The prokaryotic community in bioflocs changed over
time and showed significant difference with the LF feed and DF feed on each timepoint. On the
other hand, no significant differences were observed between the DF and LF feed at all the three
timepoints. The LW/Ctrl feed was dominant with Cetobacterium (average RA = 7.6%) and a
genus belonging to the order 195up (average RA = 4.3%). The LF and DF feed were dominant
with a genus belonging to the order 195up (average RA = 14%), a genus belonging to family
Comamonadaceae (average RA = 7.9%) and Mycobacterium (average RA = 6.2%). Like the
water samples, the variations between feed samples were caused by low abundant genera
instead of the dominant genera as shown in Figure 3.5d.
Moreover, we compared the bioflocs (n=10), LW filtered water (n=17) and LW fish gut
(n=30) samples collected on both d26 and d49 (Figure S3.4). There were 25 taxa that were
shared between bioflocs, LW filtered water and LW gut samples. Among these taxa
Mycobacterium, Terrimicrobium, Cetobacterium and unidentified genera within the families
Planctomycetaceae cand Porphyromonadaceae showed 100% prevalence in all the samples and
had higher average relative abundance in the gut of Nile tilapia in the LW treatment than in the
gut of fish from other treatments, which suggests that these taxa might originate from the
bioflocs or LW tank water.

Discussion

3.4
3.4.1

LW promoted tilapia growth, DF and LF showed no enhancement in growth

In this study, fish cultured in the in-situ biofloc (LW) had a weight gain of 15% higher
than the Ctrl that were not exposed to biofloc (Table 3.1). This enhancement in fish growth falls
in the reported range that biofloc systems had 9-27% higher fish production than the flowthrough system or recirculating system (Hisano et al., 2019; Long et al., 2015; Luo et al., 2014).
Biofloc grown in the biofloc system were shown to be an effective food source for tilapia
(Avnimelech, 2007; Azim and Little, 2008). The fact that biofloc improves fish production is
potentially due to the provision of extra food or the enhancement in feed digestion (Crab et al.,
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2012; De Schryver et al., 2008). However, the growth-promoting effect of dietary
supplementation of live and dead biofloc (LF and DF) were not detected in our study. Our
studies demonstrated that dietary supplementation of γ-radiated biofloc at 5% or 10% weight
base (DF5 and DF10) had no effect on tilapia growth, while the dietary supplementation of live
biofloc at 10% (LF10) showed similar growth as in the Ctrl and LW treatments. In this study,
an increasing trend in tilapia growth was observed with the increased dose of ex-situ live biofloc
in the feed, which was not observed in the ex-situ dead biofloc feed. This suggested that the
processing of biofloc reduced its nutritional quality to Nile tilapia, which was in line with
previous study that tilapia in the in-situ biofloc system grown better than dietary
supplementation of biofloc (Menaga et al., 2019). The micronutrients (e.g. vitamins and free
amino acids) or bioactive compounds (e.g. enzymes and carotenoids) in biofloc could be
degraded or oxidized differently because of the heat, grinding, air or light submitted during the
processing (Ju et al., 2008). In our processing, the collection of biofloc from a swirl separator
followed by filtration over a paper and subsequent dewatering, may result in the loss of active
ingredients or bacteria in the in-situ biofloc that can enhance tilapia growth as observed in the
LW treatment. Therefore, the growth-promoting effect of in-situ biofloc on Nile tilapia was
confirmed in this study, while processing and dietary supplementation of biofloc may reduce
its nutritional quality.
3.4.2

LW changed the gut microbiota diversity and distribution

In addition to the growth-promoting effect of in-situ biofloc, some potential probiotic
effects of biofloc were reported on cultured animals, such as modulation on gut microbiota,
inhibition of pathogenic microorganisms and improvement of immune response (Ahmad et al.,
2017; Ferreira et al., 2015; Verschuere et al., 2000). Many studies have demonstrated the insitu biofloc were associated with the shift of gut microbiota of shrimp (de Souza Valente et al.,
2020; Deng et al., 2019b; Huang et al., 2020; Panigrahi et al., 2019; Tepaamorndech et al.,
2020). However, studies on the effect of in-situ biofloc and dietary supplementation of ex-situ
biofloc on the gut microbiota of tilapia are still rare. LW significantly increased the microbial
diversity and richness in the gut of tilapia when compared with Ctrl (Figure 3.2). Higher
Shannon index and Chao 1 index were also observed in the gut of Litopenaeus vannamei reared
in biofloc system than in the clear water system (Pilotto et al., 2018). The introduction of live
bacteria from biofloc to fish through water contact or flocs ingestion could act as bacterial
source for colonization and thus increase the bacterial diversity and richness in the gut (Cardona
et al., 2016; Li et al., 2018). Improvement in microbial diversity is not always beneficial to the
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host, however, from the ecological point of view, higher taxonomic diversity is associated with
higher functional redundancy and higher stability of the gut microbiota (Moya and Ferrer,
2016). A more diverse gut microbiota was assumed to be beneficial to the fish, since higher
growth performance and lower individual variations of the LW fish were observed in this study.
The difference in gut microbial diversity between LW and Ctrl was attributed mostly to
unrelated taxa on d26 since different PD whole tree index was observed (Faith and Baker,
2006). On d46, the difference in microbial diversity between LW and Ctrl was caused by
phylogenetically related taxa since the difference in PD whole tree index disappeared. In
contrast, no significant differences were observed between DF vs Ctrl and LF vs Ctrl in the fish
gut microbiota diversity, which implied that dietary supplementation of live or dead biofloc
cannot mimic the microbial composition in the in-situ biofloc.
Furthermore, tilapia cultured in the in-situ biofloc (LW) exhibited a distinct gut microbiota
composition when compared with other treatments while dietary supplementation of ex-situ
biofloc (DF and LF) had similar gut microbiota composition as the Ctrl (Figure 3.3). The gut
microbiota development is thought relating with the changes of gut structure and functionality
and the variations in water and feed microbial communities (Giatsis et al., 2014; Stephens et
al., 2016; Vadstein et al., 2013). Temporal change in the fish gut microbiota composition was
commonly observed in aquaculture (Bledsoe et al., 2016; Keating et al., 2021). The temporal
changes in the gut microbiota might be associated with the fact that the prokaryotic community
in the rearing water (Figure 3.5a), biofloc and feed (Figure 3.5b) shifted over time. According
to Giatsis et al. (2014), the water samples collected from different tanks in one RAS had no
difference in bacterial community. This explained that the Ctrl, DF and LF treatments had
similar microbial community in the tank water from the same sampling timepoint (Table S3.5).
However, due to the continuous influent from biofloc production system to the LW tanks, LW
showed difference in water microbial community composition with other treatments. Moreover,
the prokaryotic community in the feed for DF and LF were always different from the live
biofloc (Figure 3.5), implying that processing of biofloc changed the microbial composition in
the in-situ biofloc. Therefore, the observed differences in the gut microbiota of tilapia in LW
are associated with the unique microbial community created in both the in-situ flocs and the
rearing water. However, this modulatory effect on gut microbiota was not observed through
dietary supplementation of biofloc which might change the microbial composition in the
processing of biofloc.
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3.4.3

Taxa associated with the LW treatment

According to a standard procedure, the unique OTUs detected only in one sample was
excluded from analysis (Deng et al., 2022). With the temporal changes in fish gut microbiota
development, four core genera showed more than 95% prevalence in all the gut samples (Figure
3.3). Species belong to Cetobacterium and Peptostreptococcaceae were widely detected in the
gut of Nile tilapia with high abundance (Adeoye et al., 2016; Giatsis et al., 2015; Liu et al.,
2019; Maas et al., 2021; Melo-Bolívar et al., 2019; Ran et al., 2016). The dietary treatment
of in-situ or ex-situ biofloc changed the relative abundance of core gut microbiota of tilapia
(Table 3.2). Examining the relative abundance of genera showed that LW changed the core
taxa when compared with Ctrl treatment (Table 3.3). The relative abundance of Cetobacterium
in fish gut was lower in LW (RA = 12.8% on d26, 32.7% on d49) than the Ctrl (RA = 43.9%
on d26, 60.9% on d49). This could be explained by the high abundance of Cetobacterium in the
water from the Ctrl (RA = 24.2%), DF (RA = 25.6%) and LF (RA = 23.6%), while only 6.0%
was detected in the LW water. The effect of LW on the relative abundance of
Peptostreptococcaceae was less clear, since Peptostreptococcaceae was lower on d26, but
higher on d49 than the Ctrl. In contrast, Terrimicrobium showed a higher relative abundance in
LW (RA = 26.8% on d26, 8.8% on d49) when compared with Ctrl (RA = 4.0% on d26, 0.5%
on d49). This could be explained by the relatively high abundance of Terrimicrobium in the
biofloc and LW water (Figure 3.5). Besides, those bacteria were detected with high prevalence
and relative abundance in bioflocs, LW filtered water and LW fish gut (Figure S3.4). In
addition, 12 microbes present in bioflocs showed significantly higher relative abundance in the
LW fish gut than the Ctrl fish gut (Figure S3.4). This suggested that in-situ biofloc acts as a
microbial source and modulates the gut microbiota assembly of fish cultured in the system,
which might be potentially beneficial to the growth of Nile tilapia. To be noticed,
Cetobacterium, Peptostreptococcaceae, and Terrimicrobium are all related with fermentative
metabolism of peptides and carbohydrates (Cabello-Yeves et al., 2017; Finegold et al., 2003;
Qiu et al., 2014; Slobodkin, 2014). Besides, Alsobacter and a genus belonging to the
Fusobacteriales were identified as core taxa in LW but were absent in the Ctrl treatment. A
species from Alsobacter isolated from soil samples could accumulate PHB granules (Bao et al.,
2014). The members of Fusobacteriales can ferment carbohydrates, amino acids and peptides
to produce various short-chain fatty acids (Olsen, 2014). In summary, tilapia cultured in in-situ
biofloc system (LW) showed a reduction in abundance of dominant Cetobacterium, meanwhile
showed higher abundance of genera potentially involved in carbohydrate fermentation and
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short-chain fatty acids production. In contrast to dietary supplementation of biofloc, in-situ live
biofloc changed the gut microbiota that may relate with feed digestion and in part explained the
improved growth of fish in the LW treatment.
3.5

Conclusions
Nile tilapia exposed to in-situ biofloc (LW) had a consistently distinct gut microbiota by

creating a different microbial community in the water column and the aggravation of biofloc.
Rearing tilapia in LW increased the gut microbial diversity by reducing the relative abundance
of dominant taxa and increasing the relative abundance of potentially beneficial bacteria. Nile
tilapia grew better in LW than tilapia fed with processed live or dead biofloc and tilapia without
biofloc. Dietary supplementation of live or dead biofloc at 5 and 10% weight base changed the
original microbial composition of biofloc, which did not result in better growth nor influence
the gut microbiota of tilapia.
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Supplementary materials
Table S3.1 Comparison of alpha diversity indexes showing statistically significant differences (FDR <
0.05) between different groups. The comparisons were performed by (1) all groups were compared to
initial (d0), (2) groups were compared with each other within each timepoint, and (3) the same group
was compared across timepoint between d26 and 49. Only statistically significant (FDR < 0.05)
comparisons are listed. (a) Shannon index, (b) PD whole tree index, (c) Chao1 index.
(a) Shannon index
Group1

Group2

Group1 mean

Group1 std

Group2 mean

Group2 std

t stat

FDR

d0

d26_LF10

3.267

0.562

4.315

0.972

2.827

0.031

d0

d26_LW

3.267

0.562

4.975

0.206

10.189

0.013

d0

d49_DF10

3.267

0.562

2.400

0.869

2.560

0.047

d0

d49_LW

3.267

0.562

4.073

0.575

-3.209

0.018

d26_LW

d26_Ctrl

4.975

0.206

3.883

1.127

3.550

0.010

d26_LW

d26_DF5

4.975

0.206

3.955

1.291

-2.915

0.030

d26_LW

d26_DF10

4.975

0.206

2.822

1.226

6.479

0.016

d26_LW

d26_LF10

4.975

0.206

4.315

0.972

2.486

0.046

d26_LF5

d26_DF10

4.358

1.298

2.822

1.226

3.099

0.016

d26_LF10

d26_DF10

4.315

0.972

2.822

1.226

3.570

0.007

d49_LW

d49_Ctrl

4.073

0.575

2.984

1.048

3.376

0.011

d49_LW

d49_DF10

4.073

0.575

2.400

0.869

6.003

0.010

d49_LW

d49_LF5

4.073

0.575

2.697

1.010

4.429

0.009

d49_LW

d49_LF10

4.073

0.575

1.173

4.073

-3.355

0.008

d26_LW

d49_LW

4.975

0.206

4.073

0.575

5.524

0.006

d26_LF5

d49_LF5

4.358

1.298

2.697

1.010

-3.664

0.009

d26_LF10

d49_LF10

4.315

0.972

2.910

1.173

-3.500

0.039
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(b) PD whole tree index
Group1

Group2

Group1 mean

Group1 std

Group2 mean

Group2 std

t stat

FDR

d0

d26_Ctrl

7.982

2.388

10.772

2.077

-2.776

0.031

d0

d26_LF5

7.982

2.388

12.108

3.212

-3.125

0.016

d0

d26_LF10

7.982

2.388

11.670

1.892

4.004

0.011

d0

d26_DF5

7.982

2.388

11.785

2.947

3.102

0.030

d0

d26_LW

7.982

2.388

13.227

0.580

7.772

0.020

d0

d49_LW

7.982

2.388

10.573

1.202

-3.374

0.022

d26_LW

d26_Ctrl

13.227

0.580

10.772

2.077

4.225

0.010

d26_LW

d26_DF10

13.227

0.580

9.714

4.042

3.219

0.016

d26_LW

d26_LF10

13.227

0.580

11.670

1.892

2.945

0.018

d49_LW

d49_DF10

10.573

1.202

7.903

2.196

3.991

0.013

d49_DF5

d49_DF10

10.975

2.955

7.903

2.196

3.079

0.021

d26_LW

d49_LW

13.227

0.580

10.573

1.202

7.439

0.009

d26_LF5

d49_LF5

12.108

3.212

8.820

2.456

-2.953

0.025

d26_LF10

d49_LF10

11.670

1.892

8.476

3.099

-3.323

0.023
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(c) Chao1 index
Group1

Group2

Group1 mean

Group1 std

Group2 mean

Group2 std

t stat

FDR

d0

d26_LF5

54.351

19.426

91.367

37.871

-2.571

0.047

d0

d26_LW

54.351

19.426

97.974

7.472

7.458

0.007

d26_LW

d26_DF10

97.974

7.472

57.486

44.186

3.381

0.009

d26_LW

d26_Ctrl

97.974

7.472

73.034

25.943

3.428

0.021

d26_LF10

d26_DF10

91.558

24.628

57.486

44.186

2.520

0.033

d26_LW

d49_LW

97.974

7.472

67.172

15.956

6.541

0.010

d26_LF5

d49_LF5

91.367

37.871

50.970

29.137

-3.069

0.042

d26_LF10

d49_LF10

91.558

24.628

48.065

31.000

-4.166

0.039

d49_LW

d49_DF10

67.172

15.956

40.667

25.038

3.340

0.017

Table S3.2 ANOSIM comparison of weighted Unifrac distances between treatment groups
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Group 1

Group 2

t statistic

Parametric P value

Nonparametric P value

d26_Ctr
d26_Ctr
d26_Ctr
d26_LW
d26_LW
d26_LF
d49_Ctr
d49_LW
d49_LW
d49_Ctr

d26_LW
d26_LF
d26_DF
d26_LF
d26_DF
d26_DF
d49_DF
d49_DF
d49_DF
d49_LW

-9.9794479
-2.7143777
2.089983
-12.769674
-6.9700624
8.2229159
2.5098727
3.1405303
3.1405303
-0.5429835

5.79E-19
0.0068929
0.0371428
2.32E-32
9.86E-12
8.88E-16
0.0123955
0.0017845
0.0017845
0.0017644

0.001
0.005
0.029
0.001
0.001
0.001
0.014
0.002
0.002
0.001

Table S3.3 Taxonomy of significantly different abundant taxa between different treatment groups on both d26 and d49
Taxonomy

Classification

g_Cetobacterium

k_Bacteria;p_Fusobacteria;c_Fusobacteriia;o_Fusobacteriales;f_Fusobacteriaceae;g_Cetobacterium

g_Terrimicrobium

k_Bacteria;p_Verrucomicrobia;c_Spartobacteria;o_Chthoniobacterales;f_Chthoniobacterales_Incertae_Sedis;g_Terrimicrobium

g_Mycobacterium

k_Bacteria;p_Actinobacteria;c_Actinobacteria;o_Corynebacteriales;f_Mycobacteriaceae;g_Mycobacterium

f_Planctomycetaceae_g_uncultured

k_Bacteria;p_Planctomycetes;c_Planctomycetacia;o_Planctomycetales;f_Planctomycetaceae;g_uncultured

f_Planctomycetaceae_g

k_Bacteria;p_Planctomycetes;c_Planctomycetacia;o_Planctomycetales;f_Planctomycetaceae;g_

f_MNG7_g_uncultured_bacterium

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_MNG7;g_uncultured_bacterium

p_Planctomycetes_g

k_Bacteria;p_Planctomycetes;c_;o_;f_;g_

o_Burkholderiales_g

k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Burkholderiales;f_;g_

g_Variibacter

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Xanthobacteraceae;g_Variibacter

g_Pir4_lineage

k_Bacteria;p_Planctomycetes;c_Planctomycetacia;o_Planctomycetales;f_Planctomycetaceae;g_Pir4_lineage

o_JG30_KF_CM45_g

k_Bacteria;p_Chloroflexi;c_Thermomicrobia;o_JG30-KF-CM45;f_uncultured_bacterium;g_<empty>

o_Chlamydiales_g

k_Bacteria;p_Chlamydiae;c_Chlamydiae;o_Chlamydiales;f_;g_

f_Microbacteriaceae_g

k_Bacteria;p_Actinobacteria;c_Actinobacteria;o_Micrococcales;f_Microbacteriaceae;g_

g_Nordella

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Rhizobiales_Incertae_Sedis;g_Nordella

f_Rhodobacteraceae_g

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodobacterales;f_Rhodobacteraceae;g_

Archaea_g

k_Archaea;p_Thaumarchaeota;c_Soil_Crenarchaeotic_Group(SCG);o_;f_;g_

f_Porphyromonadaceae_g_uncultured

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o_Bacteroidales;f_Porphyromonadaceae;g_uncultured

g_Alsobacter

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Rhizobiales_Incertae_Sedis;g_Alsobacter

g_Reyranella

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhodospirillales;f_Rhodospirillales_Incertae_Sedis;g_Reyranella

g_Candidatus_Microthrix

k_Bacteria;p_Actinobacteria;c_Acidimicrobiia;o_Acidimicrobiales;f_Acidimicrobiales_Incertae_Sedis;g_Candidatus_Microthrix

f_Geodermatophilaceae_g_uncultured

k_Bacteria;p_Actinobacteria;c_Actinobacteria;o_Frankiales;f_Geodermatophilaceae;g_uncultured

g_Meganema

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rhizobiales;f_Methylobacteriaceae;g_Meganema

g_Iamia

k_Bacteria;p_Actinobacteria;c_Acidimicrobiia;o_Acidimicrobiales;f_Iamiaceae;g_Iamia

g_Macellibacteroides

k_Bacteria;p_Bacteroidetes;c_Bacteroidia;o_Bacteroidales;f_Porphyromonadaceae;g_Macellibacteroides

g_Deefgea

k_Bacteria;p_Proteobacteria;c_Betaproteobacteria;o_Neisseriales;f_Neisseriaceae;g_Deefgea

g_Sorangium

k_Bacteria;p_Proteobacteria;c_Deltaproteobacteria;o_Myxococcales;f_Polyangiaceae;g_Sorangium
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p_TM6_Dependentiae_g

k_Bacteria;p_TM6_(Dependentiae);c_;o_;f_;g_

o_Fusobacteriales_g

k_Bacteria;p_Fusobacteria;c_Fusobacteriia;o_Fusobacteriales;f_;g_

f_TM146_g_uncultured_bacterium

k_Bacteria;p_Actinobacteria;c_Thermoleophilia;o_Solirubrobacterales;f_TM146;g_uncultured_bacterium

p_TM6_Dependentiae_uncultured_g

k_Bacteria;p_TM6_(Dependentiae);c_uncultured_bacterium;o_<empty>;f_<empty>;g_<empty>

f_Holosporaceae_g_uncultured

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rickettsiales;f_Holosporaceae;g_uncultured

o_Bacillales_g_uncultured_bacterium

k_Bacteria;p_Firmicutes;c_Bacilli;o_Bacillales;f_uncultured;g_uncultured_bacterium

f_Rickettsiaceae_g

k_Bacteria;p_Proteobacteria;c_Alphaproteobacteria;o_Rickettsiales;f_Rickettsiaceae;g_

c_SBR2076_g

k_Bacteria;p_Chloroflexi;c_SBR2076;o_uncultured_bacterium;f_<empty>;g_
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Table S3.4 Genus level taxa showing significantly (FDR < 0.05) difference in relative abundant
in LW vs. Ctrl, but not in LW vs. LF comparison
Time

d26

d49

Taxonomy

Average relative abundance

FDR_P

Ctrl

LW

LF

LW vs Ctrl

LW vs LF

f_Brevinemataceae_g
Cetobacterium
Cupriavidus
Iamia
f_Peptostreptococcaceae_g

0.015
0.4394
0.0027
0.0001
0.0105

0.0007
0.1278
0.0005
0.0014
0.0279

0.0037
0.314
0.0028
0.0011
0.0235

0.041
0.018
0.045
0.002
0.024

0.193
0.483
0.133
0.665
0.245

Turicibacter

0.0002

0.0014

0.0008

0.043

0.201

o_Rhizobiales_g

0.0007

0.0037

0.0023

0.043

0.273

3
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Table S3.5 ANOSIM comparison between different (a) filtered tank water samples and (b) feed samples
based on Bray-Curtis distances

(a) filtered tank water samples
Time

d0

d26

d49

(b) feed samples
Time

d0

d26

d49
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Group 1
LW
LW
LW
Ctrl
Ctrl
LF
LW
LW
LW
Ctrl
Ctrl
LF
LW
LW
LW
Ctrl
Ctrl
LF
Group 1
bioflocs
bioflocs
bioflocs
DF
DF
LF
bioflocs
bioflocs
bioflocs
DF
DF
LF
bioflocs
bioflocs
bioflocs
DF
DF
LF

Group 2
Ctrl
LF
DF
LF
DF
DF
Ctrl
LF
DF
LF
DF
DF
Ctrl
LF
DF
LF
DF
DF

R statistic
0.519
0.531
1
0.136
0.228
-0.078
0.778
0.998
1
0.077
0.155
0.261
0.465
0.321
0.392
0.012
0.038
0.019
Group 2
DF
LF
LW/Ctrl
LF
LW/Ctrl
LW/Ctrl
DF
LF
LW/Ctrl
LF
LW/Ctrl
LW/Ctrl
DF
LF
LW/Ctrl
LF
LW/Ctrl
LW/Ctrl

P-value
0.100
0.012
0.012
0.202
0.167
0.911
0.001
0.001
0.001
0.176
0.056
0.001
0.001
0.001
0.001
0.363
0.240
0.095
R statistic
0.867
0.864
0.908
-0.019
0.926
0.926
1
1
1
-0.059
1
1
0.848
0.88
1
0.143
1
1

P-value
0.002
0.002
0.018
0.554
0.012
0.012
0.002
0.002
0.048
0.662
0.036
0.036
0.002
0.002
0.018
0.1
0.012
0.012

CHAPTER 3

3
Figure S3.1 PCoA showing spatial distribution of gut prokaryotic communities based on weighted
UniFrac distances. The color of samples was coded according to sampling timepoints (top panel) or
treatment groups (bottom panel). The green ellipse indicates samples from the LW treatment.
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Figure S3.2 Prevalence of genus level taxa in each treatment at (a) d26 and (b) d49. Unique (single
sample) - indicates these genera were detected only in one treatment and were present in only one sample
in that treatment; Unique (multiple samples) - indicates these genera were detected only in one treatment
and were present in more than 2 samples in that treatment; Found in single sample - indicates those
genera were only detected in one sample of that treatment but were not unique to that treatment; Found
in 2 (or more samples) - indicates those genera were detected in more than one samples of that treatment
and were not unique to one treatment.

Figure S3.3 PCoA showing spatial distribution of bioflocs, feed, filtered tank water and fish gut
prokaryotic communities based on weighted UniFrac distances.
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Figure S3.4 (a) Venn diagram showing the taxa shared between bioflocs, LW filtered water and LW
gut samples, 25 taxa were shared in bioflocs, LW water and LW gut samples. (b) Prevalence (%) and
(c) average relative abundance of the 25 shared taxa in bioflocs, LW water and LW gut samples on d26
and d49. *The taxonomy had significantly higher relative abundance in LW gut than Ctrl gut are showed
in bolded text.
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Abstract
Sustainable aquafeed production requires fishmeal replacement, leading to an increasing
use of plant-derived ingredients. As a consequence, higher levels of antinutritional substances,
such as non-starch polysaccharides and phytate, are present in aquafeeds, with negative effects
on fish performance, nutrient digestibility and overall gut health. To alleviate these negative
effects, providing exogenous digestive enzymes and/or probiotics can be an effective solution.
In this study, we tested the effect of dietary supplementation of enzymes (phytase and xylanase)
and probiotics (three strains of Bacillus amyloliquefaciens) on nutrient digestion kinetics and
volatile fatty acid content along the gut, and the distal gut microbiome diversity in Nile tilapia.
Chyme volatile fatty content was increased with probiotic supplementation in the proximal gut,
while lactate content, measured for the first time in vivo in fish, decreased with enzymes along
the gut. Enzyme supplementation enhanced crude protein, Ca and P digestibility in proximal
and middle gut. Enzymes and probiotics supplementation enhanced microbial interactions as
shown by network analysis, while increased the abundance of lactic acid bacteria and Bacillus
species. Such results suggest that supplementation with exogenous enzymes and probiotics
increases nutrient availability, while at the same time benefits gut health and contributes to a
more stable microbiome environment.
Keywords: Phytase; Xylanase; Bacillus amyloliquefaciens; Volatile fatty acids; Lactic
acid; Gut microbiota; Microbial networks
4.1

Introduction
Aquaculture is one of the fastest-growing food production sectors providing more than half

of the fish supply around the world (FAO, 2020). To meet the increasing demand for feeds
while ensuring a sustainable growth for aquaculture, there is a trend over the past decades to
switch from fisheries-dependent fish meal as the main protein ingredient to widely-available
plant-based ingredients (Tacon and Metian, 2015). However, commonly used plant-based
ingredients such as soybean, rapeseed and sunflower meals, contain a wide variety of
antinutritional factors that impair fish performance (Francis et al., 2001). Non-starch
polysaccharides (NSP), protease inhibitors and phytic acid (i.e., phytate) are antinutritional
factors reported to negatively affect nutrient digestibility and mineral absorption (Fe, Mg, Zn,
Cu, Ca and P), reducing the nutrient utilization efficiency and fish growth (Francis et al., 2001;
Sinha et al., 2011). Consequently, to be able to efficiently use plant-based ingredients in the
fish feeds, it is important to alleviate their antinutritional effects. For instance, phytate bound P
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generally remains unavailable for fish, because of the lack of endogenous enzymes to break
down phytate. Inorganic P needs to be supplemented in aquafeeds that contain high levels of
plant-based ingredients in order to fulfil the P requirements, this is undesired as mined P is
exhaustible. Improving the bioavailability with phytate bound P with phytase, reduces the
dependency of aquaculture on inorganic P sources (Antony Jesu Prabhu et al., 2013;
Obersteiner et al., 2013).
As monogastric animals, fish lack NSP-degrading enzymes such as β-glucanases and βxylanases, that allow digestion of the long polysaccharide chains present in NSP-rich plantbased ingredients, and therefore lack the ability to efficiently utilize nutrients from plant-based
diets (Maas et al., 2020b). Commercially, to increase the nutrient availability and digestibility
of the feeds, exogenous enzymes, such as phytase and xylanases, are commonly applied in the
animal feed formulations, that catalyze the hydrolysis of phytic acid and polymeric
carbohydrates, respectively (Adeola and Cowieson, 2011). Addition of phytase and β-xylanase
was reported to improve nutrient digestibility and growth in several fish species (Castillo and
Gatlin, 2015; Lemos and Tacon, 2017; Maas et al., 2019, 2018; Zheng et al., 2020). The
digestion of NSP in the gastrointestinal tract (GIT) is associated with fermentation by
commensal microbes, producing beneficial volatile fatty acids (VFA), which are rapidly
absorbed by the intestine (Collinder et al., 2009; Sinha et al., 2011). The type of carbohydrates
in the diet can have significant effects on the composition of the intestinal microbiota and
consequently on the type and amount of VFAs produced (Abdel-Latif et al., 2020). The
principle VFAs produced in the GIT of monogastric terrestrial animals are acetate, propionate
and butyrate, and at low concentrations also formate, valerate, caproate, isobutyrate and
isovalerate (Williams et al., 2001). In the fish GIT, the principle VFA produced is acetate, while
propionate and butyrate are produced at lower levels (Maas et al., 2020b). Levels of lactic acid,
which is commonly found in the GIT of monogastric animals like pigs (Argenzio et al., 1974),
have not been reported in fish, although an in vitro study by Leenhouwers et al (2008) showed
a potential of lactic acid production by inoculum collected from the GIT of Nile tilapia
(Oreochromis niloticus).
Dietary supplementation with probiotics is reported to have positive effects on fish health
and disease resistance. Recent studies also showed the dietary probiotics can enhance the
nutrient digestibility of aquatic animals by increasing digestive enzymes activity (Hoseinifar et
al., 2017). Among the probiotic candidates, Bacillus species have been widely used in
aquaculture, due to their sporulation capacity and positive effects on feed utilization, immune
response (Kuebutornye et al., 2019) and digestive enzyme activity such as protease, amylase,
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trypsin, and lipase (Hamza et al., 2016; Hauville et al., 2016). Besides, supplementation of some
Bacillus species through water bath or live feed was shown to modulate the gut microbial
composition in fish (Giatsis et al., 2016; Jiang et al., 2019b). Studies in aquatic and livestock
animals using next generation sequencing technology to map the gut microbiome reported that
probiotics may affect the microbiome structure by steering microbial interactions, potentially
promoting intestinal homeostasis (Ma et al., 2018; Yang et al., 2017). Several studies in white
leg shrimp, gilthead sea bream and Nile tilapia revealed that Bacillus species could change the
bacterial diversity and proportional composition of bacterial phyla in the gut (Ayodeji A.
Adeoye et al., 2016; Boyd et al., 2020) However, it remains unclear how Bacillus species
improve the utilization efficiency of plant-based diets and how they may influence microbial
structure in the fish GIT.
Nile tilapia is the third most important aquaculture species by volume (FAO, 2020), with
omnivorous dietary habits and the potential for GIT fermentation. Supplementing plant-based
diets with phytase and β-xylanases improved growth and digestibility of dry matter, crude
protein, carbohydrate and ash, showing a good potential for application in Nile tilapia (Maas et
al., 2019, 2018). Several studies have been performed so far using Bacillus strains as probiotics
in Nile tilapia diets, however, focusing mainly on the effects on immune response and growth
performance (Mohammad T. Ridha and Azad, 2012; Selim and Reda, 2015; Silva et al., 2015).
To our knowledge, no studies so far have focused on either the impact of exogenous enzymes
or probiotics and their combination on the kinetics of macro- and micronutrient digestion and
VFA production along the GIT of Nile tilapia. The combined supplementation of exogenous
enzymes and probiotic could result in a complimentary mode of action. The ability to produce
digestive enzymes (including NSP-degrading enzymes) by the probiotic may complement the
endogenous enzyme activity. Moreover, the exogenous enzymes may increase the availability
of suitable substrate for the probiotic as well as may promote the growth of beneficial bacteria
in the GIT. The aim of this study was to improve the nutritional utilization efficiency of plantbased diets for Nile tilapia by increasing NSP digestibility and digestive enzyme activity or the
gut microbiome structure. For this purpose, we assessed the effect of dietary supplementation
of an enzymatic cocktail (phytase and β-xylanase) and a cocktail of three probiotic Bacillus
strains on (1) the kinetics of the digestion of dry matter, crude protein and minerals of the diet;
(2) the VFA and lactate concentrations along the GIT; and (3) the gut microbiome structure of
Nile tilapia. This was experimentally tested in a two-by-two factorial design to quantify the
effects of enzyme and probiotic addition (factors), and their interactions.
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Material and methods

4.2

The experiment was approved by the Central Animal Committee (CCD) of The
Netherlands under DEC. No. 2018.W-0010.002 and the Ethical Committee judging Animal
Experiments of Wageningen University, The Netherlands, and carried out according to Dutch
law (Act on Animal Experiments). The study was carried out in compliance with the ARRIVE
guidelines (https://arriveguidelines.org/arrive-guidelines).
4.2.1

Experimental design and animal husbandry

The effect of the dietary supplementation of enzymes and probiotics was tested according
to a 2 x 2 factorial arrangement, with 4 replicates per treatment. The first factor compared
supplementation versus no supplementation with enzymes, using an enzyme cocktail consisting
of phytase (Axtra PHY, Buttiauxella sp. phytase at 1000 FTU/kg, DuPont Animal Nutrition)
and xylanase (Danisco Xylanase at 6000 U/kg, DuPont Animal Nutrition). The second factor
compared supplementation versus no supplementation with probiotic mix (Enviva PRO 202
GT, three strains of B. amyloliquefaciens at 60 mg/kg feed). This resulted in: a control diet
without enzyme and probiotics (CON-CON), a diet with only the probiotic mix (CON-PRO), a
diet with only the enzyme cocktail (ENZ-CON), and a diet with the enzyme cocktail and the
probiotic mix (ENZ-PRO). Extruded diets (3 mm pellets) were produced by SPAROS Lda.
(Portugal). The basal diet was free of fish meal and formulated with current commonly applied
low quality ingredients, rich in dietary NSP (Maas et al., 2021). Two batches of feed were
extruded, with and without the probiotic mix, using heat resistant spores (powder form). Diets
with (PRO-CON and PRO-ENZ) and without (CON-CON and CON-ENZ) probiotics had an
average measured colony-forming unit (CFU) counts of 7.9 x 104 and 3.0 x 103, respectively.
After extrusion, the diets were dried in a vibrating fluid bed dryer. Oils and enzymes in liquid
form were coated together onto the pellets under vacuum at the research facilities of the Animal
Science Group, Wageningen UR, The Netherlands. The coated diets were refrigerated (4 ˚C)
throughout the experiment.
This experiment consisted of two periods: the first period was a balance period (day 0-42)
to determine the faecal nutrient digestibility, nutrient balances and fish growth performance as
discussed (Maas et al., 2021). The manuscript by Maas et al. (2021) provides more details about
the methodology for the growth trial/balance period. During the second period (day 43–47)
digesta and mucus were collected along the gastrointestinal tract to determine the VFA content
and kinetics of digestion, as well as the gut microbiome composition, respectively (discussed
in present paper). The experiment was performed at the Aquaculture Research Facility (ARF)
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of the Wageningen University, The Netherlands. Male Nile tilapia (Oreochromis niloticus;
from the strain Silver NMTTM) were obtained from a commercial fish breeder (Til-Aqua
international, Someren, The Netherlands). The fish were fed daily 16 g feed kg-0.8 d-1 which
corresponds to approximately 80% of expected satiation feeding, to assure all the feed was eaten
in all tanks. The daily feed ration was divided into two equal portions fed at 9:00 and 15:30
hours. During the experiment, 16 rectangular glass tanks with an effective volume of 60 L were
used. Each tank was stocked with 35 fish with the average body weight of 39g (± SD 0.47). All
tanks were connected to the same common water supply as part of one recirculating aquaculture
system (RAS). The RAS water treatment section included a sump, a solid removal unit, UV
treatment and a biofilter (trickling filter). Each tank was connected to a swirl separator from
AquaOptima AS (internal diameter of 24.5 cm and 44 cm column height) to collect faeces. Each
swirl separator had a detachable glass bottle to collect faeces and uneaten pellets connected at
the bottom outlet. Water flow per tank was maintained at 7 L/min during the experiment. Each
tank contained an air stone. The photoperiod was 12 h light: 12 h dark, switching the light on
at 7.00 am. Water quality parameters were monitored three times a week, before the first
feeding. The water temperature was maintained at 27.5˚C (± 0.2) and pH ranged between 7.0
and 7.9 (mean 7.44 ± SD 0.29). DO level in water inlet to the solid removal unit (common
outflow of tanks) in the RAS never dropped below 5.4 mg/L (mean 6.27 ± SD 0.46). At
stocking, the conductivity was 5000 µS/cm, and was gradually declined to 4000-3000 µS/cm
at the end of the first week. Total ammonia nitrogen, nitrite-N and nitrate-N during the
experiment, remained below than 0.25, 0.15 and 500 mg/L, respectively.
4.2.2

Sampling procedure

Samples for body composition and gut microbiota were taken at the end of the balance
period (period 1), these fish were 24 h deprived of feed prior to sampling. All other samples
were taken at the end of period 2 on fed fish.
For gut microbiota, 3 fish per tank were randomly selected, euthanized with an overdose
of 2-phenoxyethanol (3 ml/L) and weighted. Fish were disinfected with 70% ethanol before
dissection. The distal gut was separated from the rest of the gut and divided into two by length,
and the first 5 cm in the direction of the anus was sampled. The gut was gently squeezed to
ensure any remaining digesta were removed. The bench surface and dissection tools were
disinfected with 70% ethanol and sterile water. The collected gut samples were transferred to
cryotubes and submerged in liquid nitrogen before storing at -80oC until further analysis for gut
microbiome.
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Fish not taken for body composition and microbiota at the end of the balance period, were
continued to be fed for 3 or 4 days using approximately a 10% higher feeding ration as the
balance period using a belt feeder (feeding 24 h). This was done in order to ensure that fish
were full so that digesta could be collected along the gastrointestinal tract (GIT). On day 46 and
47, eight tanks (2 replicate per treatments per sampling day) were sampled and all fish were
euthanized by an over-dosed of 2-phenoxyethanol (3 ml/L) for digesta collection. In each tank,
feeding was stopped approximately 1h before sampling the fish, to prevent collection whole
pellets in the stomach. Samples of digesta were collected in four sections of the GIT: stomach
and proximal, middle, and distal part of the intestine. The proximal part was taken from the
stomach (after the pyloric part of the stomach) until the spiral part of the intestine (gut becomes
thinner), the division of the middle and distal part was done based on having equal lengths per
section. Digesta per section was pooled per tank and collected in pre-weighted crucibles.
Crucibles and fish not directly sampled were kept on ice at all time to stop bacterial activity and
prevent degradation of the faeces. Digesta was collected for dry matter, crude protein, ash, P,
Ca, Cu, Mg, Mn, Fe, Zn and VFA measurements. VFAs were measured in the digesta as an
indication for fermentation in the GIT. Freshly collected digesta (0.5 mL) was added to 0.5 mL
of buffer (1 mL distilled water and 50 µL phosphoric acid) with iso-caproic acid as internal
standard in cryotubes and stored at -20 ˚C until analysis. For the analyses of lactic acid, 1 mL
of digesta (in duplicate) was collected and stored (no buffer) in cryotubes at -20 ˚C. The
crucibles with the remaining digesta were weighted to determine the DM content of the digesta
in the different segments of the GIT and dried at 70 ˚C until further analysis.
4.2.3

VFA and lactic acid content along the gastrointestinal tract

Samples stored for VFA analyses (-20 ˚C) were thawed at room temperature, mixed (vortex
mixer) and centrifuged for 10 min at 10.000 rpm. Supernatant was taken and put in 2 mL clear
glass vails with insert and sealed using aluminum caps with silicone septa. The concentrations
of acetic, propionic, iso-butyric, butyric, iso-valeric and valeric acid were measured as
previously described (Qaisrani et al., 2014); VFA were separated by gas chromatography using
a HP-FFAP (30 m x 0.32 mm, 0.25µm) column from Agilent (Santa Clara, California, USA)
and hydrogen as the mobile phase with detection by flame ionization detector. Quantification
of VFA was based on a chemical standard solution (Merck, Hohenbrunn, Germany) after
internal standard correction. VFA concentrations were expressed in mmol per L of fresh
digesta.
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For the lactate content measurement, digesta samples stored at -20˚C were thaw at room
temperature. Prior to analysis, digesta were centrifuged for 30 min. at 14,000 x g at 4°C.
Subsequently, supernatant was transferred to Amicon 10K spin columns (Z677108-96EA,
Sigma Aldrich). Spin columns were centrifuged at 14,000 x g for 20 min. and filtrate was
collected. Filtrate was used for lactate analysis using the Lactate Colorimetric Assay Kit II
(K627, Biovision) according to the manufacturer’s instructions. Briefly, filtrate was tested at
three different dilutions; 5, 10 and 50 times diluted in “Lactate Assay Buffer” and 50 µL sample
or diluted sample was transferred to a 96-wells plate. Subsequently, 50 µL reaction mix
composed of Lactate Substrate Mix (2 µL), Lactate Enzyme Mix (2 µL), and Lactate Assay
Buffer (46 µL), was added to each well and incubated for 30 minutes at room temperature.
Optical density was measured at 450 nm and concentrations of extracellular lactate were
calculated based on a lactate calibration curve supplied in the kit.
4.2.4

Digesta nutrient composition analysis and digestibility calculation

The digesta were ground using a lab jar mill (stainless) prior to the analysis, feed was
analyzed as whole pellets (Staessen et al., 2020). Collected digesta and feed were analyzed
gravimetrically for dry matter (DM) by drying at 103˚C for 4 h until constant weight. Following
the DM determination, ash content was determined gravimetrically by incineration in a muffle
furnace for 4 h at 550˚C (ISO 5984, 1978). Ashed samples were transferred to volumetric flasks
and dissolved in concentrated sulfuric acid solution by autoclaving. Samples were subsequently
diluted in water and filtered using a syringe filter (45 µm pores). Finally, Yttrium (Y),
Phosphorous (P), calcium (Ca), magnesium (Mg), manganese (Mn), iron (Fe) and zinc (Zn)
were analyzed using inductively coupled plasma-mass spectrometry (ICP-OES) according to
the standard NEN 15510 (2007). The total nitrogen content was measured in feed using the
Kjeldahl-method (ISO 5983, 1997) and in digesta according to Dumas method (Ebeling, 1968),
calculating crude protein as N x 6.25 (protein conversion factor).
The apparent digestibility coefficient (ADC) of mineral and crude protein was calculated
as ADC (%) = 100 × [1 − (Yi × amount nutrient in digesta)/ (Yf × amount nutrient in feed)],
where Yi (g/kg dry matter) is the concentration of Yttrium in the feed and Yf (g/kg dry matter)
is the concentration of Yttrium in the digesta from the four sections along the GIT.
4.2.5

DNA extraction and sequencing

The distal gut samples were sent to BaseClear (Leiden, the Netherlands) for DNA
extraction using a commercial kit (ZymoBIOMICS DNA Miniprep Kit, Zymo Research - Cat.
No D4300). Library preparation was performed according to the 16S Metagenomic Sequencing
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Library Preparation - Preparing 16S Ribosomal RNA Gene Amplicons for the Illumina MiSeq
System,. PCR-amplified V3-V4 region of 16S rRNA was sequenced using the Illumina MiSeq
2000 Next Generation system. Amplification of the V3-V4 region was performed under the
following conditions: 98°C for 30 sec, followed by 25 cycles of 98°C for 10 s, 55°C for 30 s
and 72°C for 30 s, and a final elongation step at 72°C for 5 min. The PCR product was cleaned
using AMPure XP beads (Beckman Coulter) and quantified for the fragments containing the
Illumina adaptors. Products were quantified using a standard curve with serial DNA
concentrations (0.1–10 nM). Samples were equimolarly diluted to a concentration of 4 nM and
prepared for sequencing according to the manufacturer’s instructions.
Paired-end sequence reads were collapsed into so-called pseudoreads using sequence
overlap with USEARCH (version 9.2) (Edgar, 2018). After chimera removal, classification of
these pseudoreads was performed based on the results of alignment with SNAP (version 1.0.23)
against the RDP database (release 2.11) for bacterial organisms (Cole et al., 2014). Sequencing
data can be found at the NCBI (SRA) database under the study accession code SRP307674.
4.2.6

Microbial community analysis

In total, 48 tilapia gut samples were sequenced, giving a total of 2,200,267 reads, after
quality filtering. Per sample, the sequencing depth ranged between 6,300 to 78,043. Four
samples (1 from CON-CON treatment and 3 from ENZ-CON) were removed from analysis due
to the low sequencing depth (<27,000 which was the next highest sequencing depth). The
sequencing data of the remaining 44 samples were rarified at the threshold of 27000 reads
sequencing depth. Alpha-diversity was assessed using Shannon diversity index and observed
richness (the number of Operational taxonomic units, OTUs) for each sample. Beta-diversity
was assessed using the Bray-Curtis distance metric, and clustering analysis was performed by
Principle Coordinate Analysis (PCoA), using the Primer software (Version 6).
Network construction was performed using CoNet between the different treatment groups,
to assess the microbial co-occurrence relationships between microbes, using the recommended
parameters (Faust and Raes, 2016). For the network analysis, the following parameters were
evaluated: A. Clustering coefficient, which is the ratio between existing and possible
connections between a node’s neighbors - it is measuring the degree to which several nodes in
a network cluster together; B. Network density, which is defined as the ratio of the number of
total edges to the number of possible edges between all the nodes of the network; C. Network
heterogeneity, which is an index that quantifies the diversity of connections between nodes in
networks, even with different topologies - it ranges from 0 to 1, with 1 referring to maximum
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heterogeneity, i.e. when each one of the nodes is connected to all the other nodes. This measure
may indicate the stability and robustness of a network with respect to perturbations from various
external factors. D. Positive to negative edges ratio, indicating co-presence versus mutual
exclusion patterns.
4.2.7

Statistical analysis

The effect of enzyme and probiotic supplementation and their interaction on VFA and
lactate concentration, minerals absorption and protein digestibility were tested by two-way
ANOVA using general linear model in SPSS software (IBM, version 25), assuming normality
and equality of variance. The significance of individual treatment was compared using Tukey
HSD when the effect was significant (P < 0.05).
The alpha-diversity scores were compared among the four treatments by nonparametric ttest. The effects of enzymes and probiotics and their interactions on microbial composition were
analyzed by two-way PERMANOVA using Primer (Version 6). Moreover, Pearson
correlations between the OTU matrix (resembled by Bray-Curtis distance) and the host
performance predictors (fish body weight - BW, digestibility and VFA content in the distal gut)
were tested by distance based linear modeling (DistLM in Primer Version 6) and the results
were visualized in a PCoA diagram. The similarity percentage among the four treatments and
the contributions from each species were calculated by similarity percentage (SIMPER)
analysis using PAST software (Version 4). For the microbial interactions, significance of the
tested parameters was assessed by rarefying the table, using subsampling at 19000 reads
sequence depth (70% of the initial reads), and performing the analysis for each group using the
Mann-Whitney test.

Results

4.3
4.3.1

VFA and lactic acid content along the gastrointestinal tract

The chyme VFA composition along the GIT of fish fed with the four different diets was
measured (Figure 4.1), showing a dominance of acetic acid (86-88%), followed by propionic
acid (10-12%) (Figure 4.1a). (Iso) butyric and (iso) valeric acid acids were also detected in
lower concentrations (in total 1-3%) (Table 4.1). Our measurements indicated that overall the
highest total VFA concentration was in the proximal gut, while the stomach, middle and distal
intestine had a similar total VFA content. Although there were no significant differences on the
VFA composition of the different dietary treatments, probiotics supplementation (CON-PRO)
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was observed to increase the total VFA content in the proximal gut compared to the control diet
(CON-CON; P = 0.005; Figure 4.1b).

Figure 4.1 Volatile fatty acid (VFA) composition in fresh chyme along the gastrointestinal tract of Nile
tilapia. (a) The proportion of the two most abundant VFAs per dietary treatment averaged over the four
segments of the gastrointestinal tract. (b) The dietary effect of the probiotics mixture on the total VFA
content in fresh chyme along the gastrointestinal tract. (c) The dietary effect of the enzyme cocktail on
the total VFA content in fresh chyme along the gastrointestinal tract. Error bars indicate standard error
of means; ** P < 0.01. CON-CON, no enzymes or probiotics added; CON-PRO, probiotics added; ENZCON, enzymes added; ENZ-PRO, enzymes and probiotics added.
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Table 4.1 The volatile fatty acids (VFA) content along the gastrointestinal tract of Nile tilapia fed with
four experimental diets
Enzymes
CON
ENZ
P value
SEM
Probiotics
CON
PRO
CON
PRO
ENZ
PRO ENZ*PRO
Volatile fatty acids (mM/L fresh digesta)
Stomach
Acetic acid
7.2
8.8
8.5
6.1
1.3
ns
ns
*
Propionic acid
1.6
1.3
1.2
1.4
0.3
ns
ns
ns
iso butyric acid
Nd
<0.1
0.1
nd
na
na
na
na
Butyric acid
0.2
0.4
0.3
0.2
na
na
na
na
iso Valeric acid
0.1
<0.1
0.1
<0.1
na
na
na
na
Valeric acid
0.2
<0.1
0.2
0.1
na
na
na
na
Total
9.2
10.6
10.5
7.8
1.5
ns
ns
ns
Proximal
Acetic acid
9.7
16.2
12.2
15.2
1.6
ns
**
ns
Propionic acid
1.8
3.0
2.1
2.4
0.4
ns
#
ns
iso butyric acid
Nd
nd
Nd
nd
na
na
na
na
Butyric acid
Nd
0.5
Nd
0.2
na
na
na
na
iso Valeric acid
<0.1
0.1
<0.1
<0.1
na
na
na
na
Valeric acid
<0.1
0.1
<0.1
<0.1
na
na
na
na
Total
11.5
19.8
14.4
18.0
1.7
ns
**
ns
Middle
Acetic acid
10.5
8.5
11.3
9.0
1.2
ns
ns
ns
Propionic acid
1.0
0.7
0.7
0.6
0.3
ns
ns
ns
iso butyric acid
Nd
<0.1
Nd
nd
na
na
na
na
Butyric acid
0.1
0.2
Nd
0.1
na
na
na
na
iso Valeric acid
0.1
<0.1
<0.1
nd
na
na
na
na
Valeric acid
0.1
0.1
<0.1
nd
na
na
na
na
Total
11.7
9.4
12.0
9.7
1.3
ns
ns
ns
Distal
Acetic acid
10.1
9.7
10.1
9.0
0.9
ns
ns
ns
Propionic acid
0.8
0.8
1.0
0.7
0.2
ns
ns
ns
iso butyric acid
Nd
nd
Nd
nd
na
na
na
na
Butyric acid
0.1
0.1
Nd
nd
na
na
na
na
iso Valeric acid
Nd
nd
Nd
nd
na
na
na
na
Valeric acid
Nd
nd
Nd
nd
na
na
na
na
Total
10.9
10.6
11.0
9.7
0.9
ns
ns
na
Note: CON; no supplementation; ENZ, enzyme (effect) supplementation; PRO, probiotic (effect)
supplementation; ENZ*PRO, interaction effect; SEM, standard error of means; nd, not detectable, na,
not applicable, ns, not significant, # P < 0.1, * P <0.05, ** P < 0.01.
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Lactic acid was also detected in the chyme of Nile tilapia GIT, ranging from 0.08 mM in
the stomach to 0.43 mM in the proximal gut and decreasing further in the distal gut (Figure 4.2;
Table 4.2). Interestingly, we observed that enzyme supplementation reduced lactic acid
concentration in the proximal, middle and distal gut (P < 0.05; Figure 4.2b). A different trend
was observed by the probiotics showing an increase in the lactic acid concentration after the
stomach; however, we did not find a significant difference with the control (P > 0.1).

Figure 4.2 The lactic acid concentration in fresh chyme along the gastrointestinal tract of Nile tilapia.
(a) The effect of dietary probiotics mixture supplementation on the lactic acid concentration. (b) The
effect of dietary enzyme cocktail supplementation on the lactic acid concentration. Error bars indicate
standard error of means; * P < 0.05; ** P < 0.01. CON-PRO, probiotics added; ENZ-CON, enzymes
added; ENZ-PRO, enzymes and probiotics added.

Table 4.2 The lactic acid content in fresh chyme along the gastrointestinal tract of Nile tilapia
Enzymes
CON
ENZ
P value
SEM
Probiotics
CON
PRO
CON
PRO
ENZ PRO ENZ*PRO
Lactate (mmol/L fresh digesta)
Stomach
0.25
0.08
0.28
0.18
0.08
ns
ns
ns
Proximal
0.43
0.38
0.25
0.28
0.06
*
ns
ns
Middle
0.33
0.39
0.24
0.20
0.04
**
ns
ns
Distal
0.29
0.32
0.20
0.20
0.03
*
ns
ns
Note: CON, no supplementation; ENZ, enzyme (effect) supplementation; PRO, probiotic (effect)
supplementation; ENZ*PRO, interaction effect; ns, not significant, * P <0.05, ** P < 0.01.
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4.3.2

Minerals absorption and digestibility along the gastrointestinal tract

Looking at the apparent digestibility coefficient (ADC) for crude protein (CP), phosphorus
(P), calcium (Ca) and magnesium (Mg), we found large differences between the different parts
of the GIT (Figure 4.3; Table S4.1). For most nutrients, digestion started in the stomach as
indicated by the small positive ADC values, but the largest part of digestion took place in the
mid intestine. For CP and most minerals, the ADC in the proximal intestine was lower than the
ADC in the stomach. For CP, Ca and Mg negative ADC values were even observed in the
proximal intestine, most likely related to endogenous minerals and enzyme secretion in this gut
segment (Figure 4.3).
In relation to the treatments, enzyme supplementation increased the ADC of CP in the
proximal and middle intestine (P < 0.05), while this effect was absent in the distal intestine
(Table 4.3). Both enzyme and probiotic supplementation had a main effect on the ADC of CP
(P < 0.05; Figure 4.3b). Probiotics reduced supplementation reduced the ADC of CP (averaged
over the control treatments) from 89.4% (CON-CON and ENZ-CON) to 89.2% (CON-PRO
and ENZ-PRO); whereas enzyme supplementation enhanced the ADC of CP (averaged over
enzyme treatments) from 89.0% (CON-CON and CON-PRO) to 89.5% (ENZ-CON and ENZPRO). The ADC of P was enhanced by enzyme supplementation from the proximal intestine
onward (P < 0.01; Figure 4.3d). We estimated the levels of phytate in the diets of the current
study to be approximately 4.2 g/kg diet, out of the 10.5 g/kg of total P. In addition to the
absorption of P, enzyme supplementation improved Ca absorption, but this effect was more
obvious in the distal part of the GIT (Figure 4.3f; Table 4.3). The absorption of Mg was
numerically higher in diets supplemented with enzymes, but this effect was only significant for
faecal ADC of Mg (P < 0.05; Figure 4.3g). The values for the nutrient/mineral availability in
the stomach, proximal, middle and distal as well as the availability of the microminerals copper,
iron, manganese and zinc are reported in Table 4.3 and Supplementary Table S4.1.
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Figure 4.3 The main effect of probiotic and enzyme cocktail supplementation on the kinetics of apparent
digestibility coefficient (ADC) in Nile tilapia GIT. The present ADC values represent the cumulative
ADC from stomach to faeces passing through the proximal, middle and distal gut. The ADC of: crude
protein (CP) (panel a & b); phosphorous (P) (panel c & d); calcium (Ca) (panel e & f); and magnesium
(Mg) (panel g &h). In panel a, c, e and g (left side) the main effect of dietary probiotics mixture
supplementation on ADC values is shown and in panel b, d, f and h (right side) the main effect of dietary
enzyme cocktail supplementation on ADC values. The ADC in the stomach, proximal, middle and distal
were determined on collected digesta in current study. The faecal ADCs were determined on faeces
collected by settling columns during the growth trail (published in Maas et al. 2021). Error bars indicate
standard error of means. CON-PRO, probiotics added; ENZ-CON, enzymes added; ENZ-PRO, enzymes
and probiotics added. Symbols: ns, not significant, # P < 0.1, * P < 0.05, ** P < 0.01; *** P<0.001.

4.3.3

Microbial community structure and composition

The microbial community structure and composition were evaluated in the distal gut of the
fish fed the different dietary treatments, using 16S rRNA amplicon sequencing. When looking
at the microbial community diversity and structure, no significance difference was found
between the treatments, as indicated by the alpha-diversity - Shannon index and richness – and
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beta-diversity - PCoA and PERMANOVA analysis using Bray Curtis as a distance metric
(Figure 4.4). However, when the bacterial community composition (i.e. Operational Taxonomic
Units table) in distal gut was further correlated with the final fish body weight (BW), VFA
content and nutrient ADC in the distal gut, a weak but significant positive correlation was found
between the propionic acid content and the gut microbiota samples along the PCo1 axis (mainly
coming from ENZ-PRO diet; Figure 4.4c; R2 = 0.136; P = 0.045).
Table 4.3 The apparent digestibility coefficient (ADC %) in the distal gut of Nile tilapia, values for
stomach, proximal and middle are given in Supplementary Table S4.1.
Enzymes
CON
ENZ
P values
SEM
Probiotic
CON
PRO
CON
PRO
ENZ
PRO
ENZ*PRO
Dry matter
45.7
47.0
46.5
49.2
1.6
ns
ns
ns
Crude protein
69.7
70.4
69.7
72.7
1.5
ns
ns
ns
Ash
-6.8
-6.4
3.6
6.5
2.1
*
ns
ns
Phosphorous
29.2
28.9
42.0
46.8
1.2
***
ns
ns
Calcium
7.1
9.3
16.8
20.4
1.6
**
ns
ns
Magnesium
21.9
25.2
27.0
35.9
2.8
ns
ns
ns
Notes: CON; no supplementation; ENZ, enzyme (effect) supplementation; PRO, probiotic (effect)
supplementation; ENZ*PRO, interaction effect; SEM, standard error of means; ns, not significant, # P
< 0.1, * P < 0.05, *** P < 0.001.

At the phylum level composition (Figure 4.5a), Fusobacteria was the most abundant group
(36.2%), followed by Bacteroidetes (15.5%) and Firmicutes (13.5%). Overall, 5 OTUs were
found to contribute to 50% of the total dissimilarity between the treatments in microbial
composition, as indicated by SIMPER analysis (Figure 4.5b). Cetobacterium somerae was the
most dominant species (36.1% of the total abundance) contributing to 23.0% of the dissimilarity
among the dietary groups. The others four species, including Brevinema andersonii,
Bacteroides stercoris, Romboutsia sedimentorum and Paludibacter propionicigenes, were also
dominant species (27% of the total abundance), accounting for 28.9% of the dissimilarity
among the dietary treatments. Enzyme supplementation increased the relative abundance of B.
stercoris, R. sedimentorum and P. propionicigenes while the relative abundance of B.
andersonii increased by probiotics. Enzyme and probiotic supplementation seem to have an
overall positive effect on the lactic acid bacteria abundance (Lactobacillales order;
Supplementary Figure S4.1) as well as in the abundance of OTUs belonging to the Bacillus
genus (Supplementary Figure S4.2).
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Figure 4.4 Microbial diversity in the distal gut of Nile tilapia. (a) Shannon index, (b) observed richness,
and structure shown by (c) PCoA analysis based on Bray-Curtis distance and the correlation between
microbial community structure and growth-related parameters. BW, body weight, ADC, apparent
digestibility coefficient. Acetic acid, butyric acid and propionic acid are the concentrations from the
distal gut. CON-CON, no enzymes or probiotics added; CON-PRO, probiotics added; ENZ-CON,
enzymes added; ENZ-PRO, enzymes and probiotics added.
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Figure 4.5 Microbial community composition, showing (a) the relative abundance of the most abundant
phyla, (b) the top 5 species contributing the microbial composition dissimilarity among the dietary
groups and (c) the relative abundance of the top 5 species. CON-CON (n=11), no enzymes or probiotics
added; CON-PRO (n=12), probiotics added; ENZ-CON (n=9), enzymes added; ENZ-PRO (n=12),
enzymes and probiotics added; error bars indicate standard error of means.

4.3.4

Microbial co-occurrence network analysis

Figure 4.6 The microbial co-occurrence network in each of the four dietary groups. The nodes represent
the interacting OTUs, colored based on their phylum taxa. The size of each node is proportional to the
relative abundance of the OTU. The edges are the lines connecting the OTUs, with color indicating the
type of interaction (green for copresence/positive co-occurrence; red for mutual exclusion/negative cooccurrence). The edge thickness corresponds to the statistical significance (the P value) of the
correlation—the thicker the edge, the lower the P value. The dominant species were indicated in ellipse
nodes. The networks were produced by CoNet app, within Cytoscape software (version 3.7.1;
http://apps.cytoscape.org/apps/conet). CON-CON, no enzymes or probiotics added; CON-PRO,
probiotics added; ENZ-CON, enzymes added; ENZ-PRO, enzymes and probiotics added.
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A co-occurrence network analysis was performed to understand how microbial interactions
may be affected by enzyme and probiotic dietary supplementation. Overall, after permutations
and multiple correction tests, the co-occurrence network was mainly occupied by OTUs
belonging to Proteobacteria, Bacteroidetes, Actinobacteria and Firmicutes phyla (Figure 4.6),
which are amongst the most abundant ones.
Regarding the network characteristics (Table 4.4), supplementation of probiotics or
enzymes increased the total number of both nodes and edges in the network. A significant
increase in the clustering co-efficiency and density of the network was observed by probiotics
supplementation. Enzyme supplementation in the diets also increased the density of the
network. The ratio of positive to negative edges was significantly reduced with enzyme and
probiotic supplementation. These results indicate that mainly probiotics, and to some extent
also enzyme supplementation, enhanced species-species (co-occurrence patterns) interactions,
as well as the type of those interactions.
Table 4.4 The characteristics of the networks from each dietary group.
Enzymes
CON

ENZ

Probiotics
CON
PRO
CON
PRO
Number of nodes
86
98
90
112
Number of edges
94
146
118
186
Number of positive edges
90
122
86
137
Number of negative edges
4
24
32
49
Positive/Negative ratio
23
5*
3*
3*
Clustering co-efficiency
0.19
0.22*
0.18
0.24*
Density
0.025
0.031*
0.029*
0.03*
Heterogeneity
0.77
0.98
0.86
0.96
Note: CON, no supplementation; ENZ, enzyme supplementation; PRO, probiotic supplementation
*Stars indicate significant differences from the CON-CON treatment at P < 0.05, after performing the
permutations analysis (70% of the initial data).

Discussion

4.4
4.4.1

Volatile fatty acids and lactate content along the gastrointestinal tract

The digestion of NSP in tilapia is expected to be through anaerobic microbial glycolysis
(fermentation), producing VFAs (Maas et al., 2020b; Metzler-Zebeli et al., 2010; Piazzon et al.,
2017). In the present study, we expected that the supplementation of cocktail containing
xylanase (NSP-degrading enzyme) and phytase would improve the NSP digestibility, as
previously shown in the Nile tilapia (Maas et al., 2020a). Such supplementation would stimulate
the breakdown of the polysaccharides into readily available oligomers and monomers for
fermentation, increasing the production of beneficial VFA and improving the nutrient
utilization. The enzyme supplementation in the present study did increase the NSP digestibility
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by approximately 29% (data not shown, Maas et al. in prep). However, this increase did not go
hand in hand with an increase in VFA levels, which remained unaffected by the enzyme
supplementation (Figure 4.1c). On the contrary, the supplementation of probiotics increased the
level of acetic acid as well as the total VFA in the proximal part of the GIT (Figure 4.1b).
Similarly, a strain affiliated to B.amyloliquefaciens was reported to dramatically increase the
concentration of acetate in the intestine of Nile tilapia, which could be explained by the
enrichment of the short-chain fatty acid-producing bacteria (Xu et al., 2020). Unfortunately, the
microbial community in the proximal gut, where major changes were observed in our study,
was not sampled and analyzed. This should be considered for future research.
Overall, the total concentration of VFA along the GIT remained rather constant, with
averages between 9.5-10.7 mmol/L fresh digesta. Generally, it is shown that the concentration
of VFA increases towards the distal intestine, including two studies on Nile tilapia (Amirkolaie
et al., 2006; Leenhouwers et al., 2007). This coincides with increased microbial activity and
anaerobic conditions in the distal gut (Maas et al., 2020b; O. et al., 2002). The average
concentration of total VFA found in the distal gut within the present study was 10.6 mmol/L
fresh digesta, which is close to the average reported across fish species (with predominately
herbivorous feeding habits), but considerably lower compared to the studies on Nile tilapia
where on average 16.9 and 17.3 mmol VFA/L fresh digesta was found (Amirkolaie et al., 2006;
Leenhouwers et al., 2007). It could be speculated that the relative high levels of VFA found in
the proximal gut of the intestine could have reduced the available substrate for fermentation in
the distal part, thereby reducing the potential of VFA production. This is supported by the
observation that the cumulative total VFA content of the different sections of the GIT (stomach
+ proximal + middle + distal) in this study, is highly comparable to the total VFA content in
the GIT of Nile tilapia (Amirkolaie et al., 2006; Leenhouwers et al., 2007). However, what
caused this relative high levels of VFA observed in the proximal gut in this study remains
unclear.
While several studies have investigated lactate in serum or under in vitro conditions in fish
(Petit et al., 2019; Wentzel et al., 2020; Zhang et al., 2018), the present study is the first to
measure the presence of lactate in the intestinal content of fish in vivo. Compared to the
concentrations of the other VFAs, the observed level of lactate was very low. Nevertheless there
was a clear trend visible in the concentrations over the different compartments of the GIT, i.e.
low lactate concentrations in the stomach, relatively high in the proximal compartment and
gradually decreasing towards the distal intestinal compartment. Interestingly, significant
differences were observed among the dietary treatments. Supplementation with both xylanase
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and phytase resulted in lower lactate concentrations in each of the intestinal segments, except
for the stomach. Possibly, the enzymatic supplementation has sped up the initial fermentation
of oligosaccharides into acetic acid and lactic acid, resulting in earlier secondary fermentation
of lactic acid into other VFAs, such as propionic acid and butyric acid (Bedford and Cowieson,
2012). Coinciding with the decrease in lactic acid, an increase in the presence of lactic acid
bacteria was measured. While these bacteria predominantly produce lactic acid, it has been
shown that lactic acid bacilli can also catabolize lactic acid into other compounds such as acetate
(Liu, 2003). Further supported by an increase in species – species interaction that was observed
following enzymatic supplementation.
In line with what is observed in other studies on fish, acetate (86-88%) is the dominant
VFA found in the present study followed by propionate (10-12%) and the rest fraction (1-3%),
of which butyrate forms the bulk (Maas et al., 2020b). In other monogastric animals, the order
of prevalence of the different types of VFA is the same, although with a more proportional
distribution; 60-75 acetate, 15-25% propionate and 10-15% butyrate (Bugaut, 1987). In
monogastric animals, VFA produced can be rapidly absorbed in the colonic lumen, with 9599% of the VFA production being absorbed before reaching the rectum (Scheppach, 1994; Von
Engelhardt et al., 1989). From studies in poultry and pigs it is known that the route of uptake
differs between types of VFA; acetate and propionate enter the blood passively, whereas
butyrate is primarily used as direct source of energy by the colonocytes (Montagne et al., 2003;
Von Engelhardt et al., 1989; Williams et al., 2001). Likewise, we expect that in fish most of the
VFA produced is rapidly absorbed, whereby it remains unclear whether the rate of uptake is
different between acetate, propionate and butyrate. Therefore it is difficult to quantify the
amount and composition of VFA produced in vivo based on measuring concentration in chyme,
and such data should be interpreted with care.
4.4.2

Nutrient digestibility and digestion kinetics along the gastrointestinal tract

Examining the digestibility coefficients along the GIT broadens insight in the digestion
kinetics in fish, considering such studies in fish are rare. The digestion kinetics can enable us
to pinpoint the locations in the GIT where probiotics and enzymes are active, or where minerals
become available. One of the main goals of the present study was to increase P availability from
dietary phytate by including exogenous enzymes in the diet, in order to reduce the dependency
of finite P sources. In line with many studies using phytase, the enzyme supplementation
improved the overall P availability (Kumar et al., 2012; Liebert and Portz, 2005; Maas et al.,
2020a; Oliva-Teles et al., 1998) throughout the GIT, starting from the proximal gut. Hereby the

95

4

CHAPTER 4

difference in P availability between enzyme supplementation (average ENZ-CON and ENZPRO) and no supplementation (average CON-CON and CON-PRO) in the proximal and
complete gut was comparable with 20% and 23%, respectively. This indicates that the enzymes
were active in the stomach and potentially in the proximal gut as enzymes supplementation did
not further enhance the P availability. The activity of commercial phytase products is generally
in a pH range of 2.5-5.5 (Dersjant-Li et al., 2015; Kumar et al., 2012). The low pH in the
stomach helps to quickly break down phytate before it chelates with Ca+2 and other minerals.
In tilapia, the pH in the stomach ranges from 1 to 4.5 (Leenhouwers et al., 2007; Saravanan et
al., 2013), depending on the time post prandial feeding and the dietary composition (Saravanan
et al., 2013). From the proximal to the distal intestine, the pH is rather constant ranging between
6.4 to 7 (Leenhouwers et al., 2007). Such an increase in the pH after the stomach deactivates
phytase activity in the GIT, therefore we expect phytase mainly to be active in the stomach.
Although P is not absorbed in the stomach, in the current study we observed P availability
between 13-18 % (unaffected by treatment), while P availability is almost 0 % in the proximal
intestine when no enzyme was supplemented. It is known that low pH increases the solubility
of several minerals (Council, 2011); such increased solubility can lead to a faster evacuation
(liquid fraction) from the stomach to the proximal intestine, thus overestimating the availability
of these minerals (including P, especially the monocalcium phosphate).
In this study, probiotics supplementation showed no effect on the digestion kinetics along
the GIT, except a negative effect on Mn (Table S4.1). Certain strains that belong to B.
amyloliquefaciens can synthesize many enzymes including amylase, cellulase, and xylanase,
and therefore could potentially increase nutrient digestibility (Deb et al., 2013; FarhatKhemakhem et al., 2018; Lee et al., 2008). However, no beneficial effect of probiotics
supplementation on nutrient digestion kinetics was observed in this study, except for improved
fecal fat digestibility (Maas et al., 2021).
When looking at the trend of availability of the other minerals (Ca, Cu, Mg, Fe, Mn, Zn)
and protein digestibility along the GIT (Table S4.1), a clear drop in availability/digestibility is
observed in the proximal gut causing negative ADC values. The drop in ADC is most likely the
consequence of the endogenous secretion of minerals to maintain homeostasis and the secretion
of for instance enzymes like chymotrypsin’s (from the pancreas) and components containing N
like bile acids, which in fish is generally conjugated with taurine (Case, 1978; Hagey et al.,
2010). After the proximal intestine, the drop in availability/digestibility was quickly
compensated.
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In the current study there was a trend for a lowered Ca availability only in the proximal
intestine with dietary probiotic supplementation (Figure 4.3e). This might relate to increased
VFA concentration with probiotic supplementation (Figure 4.1b). Bicarbonate secretion
(HCO3-) in the proximal intestine is required to quickly neutralize the low pH of the stomach,
which enters the proximal intestine (Cooper et al., 2010; Council, 2011) The higher VFA levels
in the proximate intestine associated with probiotic supplementation might lead to an increased
secretion of bicarbonate to increase the pH to normal levels. The secretion of bicarbonate is
under control of multiple cellular signaling pathways in which Ca2+ plays an major role (Jung
and Lee, 2014). Therefore, higher secretion of bicarbonate is expected to be linked with a higher
influx of Ca into the proximal intestine, which might be the reason for the observed trend for a
reduced Ca availability in the proximal intestine in fish fed probiotics supplemented diets. Ca
plays an important role in the digestion of lipids. Ca is known precipitate accumulated free fatty
acids, thereby Ca can enhance the accessibility of lipase to the emulsified lipids, leading to an
increased lipase activity (Fave et al., 2004; Hu et al., 2010). In this study, probiotics resulted in
a higher fat digestibility (Maas et al., 2021), which may be linked to this theorem.
4.4.3

Microbial community composition and co-occurrence networks

The beneficial effects of B. amyloliquefaciens as a probiotic on Nile tilapia have been
evaluated in several studies aiming on fish growth performance and immune response (AlDeriny et al., 2020; Boyd et al., 2020; Kuebutornye et al., 2020; Reda and Selim, 2015;
Mohammad T Ridha and Azad, 2012; Selim and Reda, 2015). However, the effect of the
probiotic B. amyloliquefaciens on the gut microbiota composition still remains unclear.
Moreover, several studies have evaluated the addition of exogenous enzymes on the gut
microbiota of Nile tilapia, turbot and grass carp, showing alterations in the microbial
communities, and in some cases even an increase in microbial diversity and richness (Adeoye
et al., 2016; Diógenes et al., 2018; Zhou et al., 2013). The combination of enzymes and
probiotics in the diets can have complimentary effect by increasing availability of substrates for
the probiotic and promoting the abundance of beneficial bacteria, while increasing fibre
degradation. In this study, we evaluated the effects of enzyme and probiotic supplementation
in the distal gut microbial communities. No significant impact was observed on the richness
and diversity between the dietary treatments, potentially due to the large variations among the
individuals (Figure 4.2). In a study with Nile tilapia, exogenous enzymes (containing phytase,
protease and xylanase) and probiotics (containing Bacillus subtilis, Bacillus licheniformis and
Bacillus pumilus) supplementation mildly altered the diversity of the microbial community in
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the fecal matter27. Interestingly, the authors showed a small increase in Bacillus species
abundance in the gut with probiotic supplementation. In our study, we observed a higher
abundance of Bacillus species in the groups fed with enzyme and probiotic supplementation
(Figure S4.2), showing a potential positive impact on GIT health. Indeed, our VFA and lactic
acid analysis indicated a higher microbial activity when probiotics were added. Although this
was observed only in the proximal intestine and cannot be directly connected to microbial
composition changes, such results indicate potential benefits of probiotic and enzyme
supplementation for gut health.
The microbial food webs in the GIT are built largely from the nutrients their host
consumes, which act as one of the most important factors in shaping composition and
metabolism of the intestinal microbiome (Nayak, 2010). Our analysis showed that the dominant
microbial species detected in the distal gut of Nile tilapia were related with protein and
carbohydrates metabolism, which could be explained by the high levels of plant materials,
including NSP, in the diet. C. somerae is an anaerobic microbe which is capable of producing
vitamin B12 in fish intestine (Sugita et al., 1991) and is related to fermentative metabolism of
peptides and amino acids ( Finegold et al., 2003). This species has been also reported to produce
antimicrobial peptides, that allow it to eliminate other microbes and to occupy most niches in
the fish GIT (Sugita et al., 1996). Our study confirms C. somerae to be one of the dominant
microbial species in Nile tilapia GIT (Hallali et al., 2018), potentially due to highly available
substrate in the diet and high competitive potential of this taxon. Brevinema andersonii was
found to be the second dominant species in the Nile tilapia GIT in our study. This species has
not been reported before as a dominant species in the Nile tilapia GIT; however, it was
previously reported as a dominant species in the GIT of Atlantic salmon (Salmo salar), when
fed with diets supplied with alginate oligosaccharide, and gilthead seabream, when fed camelina
oil (Huyben et al., 2020). This species was reported to carry genes that are necessary for butyrate
production (Gupta et al., 2019b; Li et al., 2021), although it was not associated with fatty acid
synthase when PICRUSt analysis was applied in the seabream study (Huyben et al., 2020).
Interestingly, a trend for an increase in abundance of B.andersonii was found with the addition
of probiotics in our study (although not significant; Figure 4.5c); such a trend for increase was
also observed in the butyric acid content in the proximal gut in fish fed with probiotics (Table
4.1), implying that probiotics may stimulate the abundance of this species as well as the butyric
acid production in the gut. Romboutsia sedimentorum and Bacteroides stercoris are both
obligatory anaerobic microbes (Wang et al., 2015), with a broad range of metabolic capabilities
with respect to carbohydrate utilization and anaerobic respiration (Gerritsen et al., 2019). In our
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study, both microbial species increased in abundance with enzyme supplementation (Figure
4.5c), potentially explained by an increased in carbohydrate substrate. Paludibacter
propionicigenes is a strictly anaerobic, propionate-producing microbe (Ueki et al., 2006). From
our study, propionic acid was positively correlated with microbial composition and increased
in the distal gut with enzyme supplementation; that could be explained by the increase in the
abundance of this species.
Microbial co-occurrence network analysis can be a powerful tool to explore the forces that
affect microbial community structure and its dynamics. Such networks have been recently
reported in fish to reveal diet-associated shifts (Riera and Baldo, 2020), antibiotic effects (Gupta
et al., 2019a; Kokou et al., 2020) or understand microbiota dynamics (Kokou et al., 2019). In
our study, probiotics supplementation (CON-PRO and ENZ-PRO) increased the species
interactions in the distal gut microbiota when compared with the control treatment (CONCON). A previous study showed that probiotics enhanced the species-species interaction
network in the hindgut of sea cucumber, by increasing the network complexity (clustering coefficiency and density), which was hypothesized to benefit the intestinal microbiota
homeostasis (Yang et al., 2017). Besides, we also found that probiotics supplementation
enhanced the growth of tilapia with a smaller fraction of dietary energy going to maintenance
(Maas et al., 2021). A stable intestinal microbiota might be beneficial to the fish with high NSP
diet inferences, thus reducing the energy requirement for maintenance. Interestingly, we found
that the ratio of positive to negative interactions (co-occurrence patterns) decreased with the
addition of the enzyme and probiotics. That could be explained by the breaking down of more
complex polysaccharides in the diets, which can serve as a food source for specific microbes
(Moraïs and Mizrahi, 2019). More complex carbohydrates as substrates create different trophic
levels in the GIT (different microbes are able to utilize different substrates) thus can potentially
support higher diversity (Nishida and Ochman, 2018). By partly digesting some of those
sources, such trophic levels might have been disrupted, creating an environment with high
availability and less complexity of substrates in which more microbes have to compete for the
same substrates. In the case of the probiotic presence, a higher production of VFAs by the
microbial communities may lead to lower pH, thus negatively affecting certain taxa that are less
tolerant to such conditions. This agrees with the higher abundance of lactic acid bacteria
(Lactobacillales) with probiotic and enzyme supplementation (Figure S4.1), leading to higher
lactic acid production and a lower pH. Looking at the network ENZ-PRO, the negative
interactions mainly originated from species of the order Clostridiales, which are known to
consist of many fermentative species, producing VFAs (Kendall D Clements et al., 2014). In
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the network CON-PRO, the negative interactions mainly originated from B. andersonii, which
is a butyrate-producing bacteria (Gupta et al., 2019b), and was found to increase when
probiotics were added, thus potentially explaining the negative impact on other microbial
species. Therefore, dietary supplementation of probiotics and enzymes can modify the structure
of the microbial communities in the Nile tilapia GIT by altering carbohydrate substrates and
VFA production, while enhancing microbial interactions and thus increasing microbiome
stability and GIT health.
4.4.4

Conclusions

To summarize, probiotics supplementation enhanced the total VFA concentration in the
proximal GIT. Apart from this increase, the total VFA concentration along the GIT remained
rather stable. The contribution of acetic acid to the total concentration of VFA was high with
86-88 %, whereby the composition of VFA was not influenced by the dietary treatment, nor did
it alter along the GIT. The results on the digestion kinetics suggest that the enzymes were mainly
active in the first part of the GIT, with a strong effect on the P availability, which is likely to be
linked with a low pH. In line with a higher P availability (and thus expected lower levels of
phytate), the availability of calcium, iron, zinc and the apparent digestibility coefficient of the
ash fraction was higher with enzyme supplementation. Enzymes and probiotics
supplementation did not affect gut microbial composition in the distal gut. The microbial
community was largely dominated by five species, related to carbohydrate fermentation and
VFA production, mainly propionic acid content. Interestingly, an increase in Bacillus and lactic
acid microbial species was observed with enzyme and probiotic supplementation, highlighting
potential beneficial effects for GIT health. This was also supported by the species to species cooccurrence patterns and network complexity, suggesting that probiotics and enzyme
supplementation contribute to a more stable GIT microbiome environment.
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Supplementary materials
Table S4.1 The apparent digestibility coefficient (ADC, %) along the gastrointestinal tract of Nile
tilapia.
Enzymes
CON
ENZ
P values
SEM
Probiotics
CON
PRO
CON
PRO
ENZ
PRO ENZ*PRO
Stomach
Dry matter
-0.4
-0.5
2.9
0.2
0.9
ns
ns
ns
Crude protein
0.1
6.9
4.0
7.8
1.8
ns
*
ns
Ash
21.8
20.1
26.7
20.9
1.3
ns
ns
ns
Phosphorous
13.0
16.9
17.8
13.9
0.9
ns
ns
#
Calcium
18.2
19.8
20.5
13.4
1.1
ns
ns
*
Copper
3.3
9.2
9.3
0.8
1.7
ns
ns
#
Magnesium
20.3
11.2
25.3
18.7
3.7
ns
ns
ns
Iron
-20.3
-31.8
-29.9
-26.0
0.9
ns
ns
ns
Manganese
9.0
9.6
8.7
-3.4
4.8
ns
ns
ns
Zinc
2.9
13.7
-1.4
-6.4
2.1
**
ns
*
Proximal
Dry matter
-53.0
-85.8
-37.7
-46.0
6.1
*
ns
ns
Crude protein -43.8
-68.3
-20.1
-22.2
2.3
*
ns
ns
Ash
-95.7
-140.2
-74.5
-77.3
8.0
*
ns
ns
Phosphorous
2.2
-4.1
23.7
22.5
3.0
**
ns
ns
Calcium
-12.2
-18.9
-10.4
-15.8
1.7
ns
#
ns
Copper
-137.9 -216.4
-160.2
-171.6
15.9
ns
ns
ns
Magnesium
-65.2
-119.2
-77.0
-88.0
10.3
ns
ns
ns
Iron
-84.1
-178.2
-98.0
-101.9
6.4
ns
ns
ns
Manganese
-19.8
-36.6
-31.5
-44.7
17.4
*
**
ns
Zinc
-48.1
-51.9
-59.1
-67.3
2.1
*
ns
ns
Middle
Dry matter
33.8
28.7
34.6
36.2
1.1
#
ns
ns
Crude protein
57.0
55.6
59.3
62.3
0.9
*
ns
ns
Ash
-20.0
-27.0
-14.8
-10.9
1.7
**
ns
ns
Phosphorous
27.8
27.5
41.8
44.6
1.5
***
ns
ns
Calcium
7.3
10.6
15.7
16.2
1.7
#
ns
ns
Copper
2.2
2.9
-5.8
-1.4
2.5
ns
ns
ns
Magnesium
12.5
9.4
13.7
17.0
1.5
ns
ns
ns
Iron
-22.9
-41.0
-36.0
-56.9
1.0
ns
*
ns
Manganese
-5.5
-23.2
-11.0
-22.6
4.3
ns
**
ns
Zinc
-14.2
-14.5
-20.1
-22.5
1.8
**
ns
ns
Distal
Dry matter
45.7
47.0
46.5
49.2
1.6
ns
ns
ns
Crude protein
69.7
70.4
69.7
72.7
1.5
ns
ns
ns
Ash
-6.8
-6.4
3.6
6.5
2.1
*
ns
ns
Phosphorous
29.2
28.9
42.0
46.8
1.2
***
ns
ns
Calcium
7.1
9.3
16.8
20.4
1.6
**
ns
ns
Copper
27.7
30.2
15.8
17.6
4.0
ns
ns
ns
Magnesium
21.9
25.2
27.0
35.9
2.8
ns
ns
ns
Iron
-34.1
-26.2
-36.8
-59.4
1.3
*
ns
#
Manganese
-6.0
-22.1
-9.2
-24.8
4.0
ns
***
ns
Zinc
-10.3
-7.0
-13.5
-19.2
1.6
*
ns
ns
Note: CON, no supplementation; ENZ, enzyme (effect) supplementation; PRO, probiotic (effect)
supplementation; ENZ*PRO, interaction effect. ns, not significant, # P < 0.1, * P < 0.05, ** P < 0.01,
*** P < 0.001.
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Figure S4.1 Relative abundance of lactic acid bacteria in the Nile tilapia distal gut. Significance from
CON-CON is indicated after Mann-Whitney test. CON-CON, no enzymes or probiotics added; CONPRO, probiotics added; ENZ-CON, enzymes added; ENZ-PRO, enzymes and probiotics added.

4

Figure S4.2 Relative abundance of Bacillus species in the Nile tilapia distal gut. Significance from
CON-CON is indicated after Mann-Whitney test. CON-CON, no enzymes or probiotics added; CONPRO, probiotics added; ENZ-CON, enzymes added; ENZ-PRO, enzymes and probiotics added.
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Abstract
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. 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. 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
5.1

Background
Fish harbor a high diversity of microorganisms along their gastrointestinal tract, which

play a crucial role in nutrition and health through host-microbe interactions (Nayak, 2010;
Wang et al., 2018). Gut microbiome contribute to nutrient digestion and assimilation by
producing exogenous digestive enzymes and essential growth metabolites (Kendall D.
Clements et al., 2014; Ray et al., 2012; Semova et al., 2012). In addition, fish gut microbiome
facilitate the development of the immune system and host resistance to pathogenic infections
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and diseases (Gómez and Balcázar, 2008; Vadstein et al., 2013). 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 larvae - fry - fingerling) in a relatively harsh host-microbiome interaction environment
under commercial aquaculture practices (Vadstein et al., 2004). 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 (Bäckhed
et al., 2005; Derome and Filteau, 2020; Gerhauser, 2018). 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 (Hansen and Olafsen, 1999;
Olafsen, 2001a). For example, exposing tilapia larvae to a probiotic strain, through immersion
of larvae in a water bath, changed the gut microbial assembly (Giatsis et al., 2016). 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 (Attramadal et al., 2014; Giatsis et al., 2015; Vadstein et al.,
2018a). 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 (Brugman et al., 2018; Legrand et al., 2019; Ringø et al.,
2016). 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 (Stephens et al., 2016; Xiao et al., 2021; Yan et al., 2012), Gibel
carp (Li et al., 2017), Southern catfish (Zhang et al., 2018), Atlantic salmon (Lokesh et al.,
2019), seabass and seabream (Rosado et al., 2021). Temporal shifts in fish gut microbiome were
evidenced irrespective of whether diet and environmental conditions were constant (Zhang et
al., 2018) or not (Li et al., 2017; Stephens et al., 2016). Moreover, the similarity between gut
and environmental microbiome decreased with advancement in growth and developmental
stage of the fish (Stephens et al., 2016; Yan et al., 2016), 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
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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) (Ekasari et al., 2015;
Christos Giatsis et al., 2015). Through addition of organic carbon to the aquaculture system,
with a high level of aeration, inorganic nitrogen is incorporated into bacterial flocs (Crab et al.,
2012). 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 (Ahmad et
al., 2017). Hence, we hypothesized 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 hypothesized 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
utilization, were measured and analyzed during the growth trial between 63 and 105 dof.

Methods

5.2
5.2.1

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 fertilization (dpf)), followed by
three rearing phases in three independent culture environments: Phase I, named “larvae culture”
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(1- 14 dof); Phase II, named “common garden” (15 - 62 dof); and Phase III, named “growth
trial” (63 – 104 dof) (Figure 5.1 and Table S5.1). 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 (system design is shown in Figure S5.1). 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, 30g) were fed with 20 g/d 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 (Figure S5.1b) (Deng et al., 2021).
Daily, 15g 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, Figure
5.1). RAS1 contained a trickling filter that was primed with NH4Cl for four 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 four weeks before experimental use, which was
expected to develop a stable microbial community in the rearing system (Ericsson et al., 2021).
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 24h before weighing, sampling and
restocking to reduce discomfort.
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Figure 5.1 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 fertilization; dof, days of feeding.

5.2.2

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 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 Table S5.2. 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, NO2-N and NO3-N were maintained at < 1.0 mg/L, < 0.5 mg/L
and < 150 mg/L respectively.
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5.2.3

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. (2014). Fish were starved for 24h 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 100g was taken weekly from each of the two diets (MNSP 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.
5.2.4

Proximate composition analysis of feed, faeces and fish in the 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 homogenized using a meat mincer (Model TWR 70, FEUMA Gastromaschinen GmbH, Germany). Samples for dry matter (DM) and crude
protein determination were taken from fresh homogenized fish and samples for crude fat and
energy analysis were taken from homogenized freeze-dried 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 = KjeldahlN * 6.25), crude fat (Soxhlet method, ISO 5986), gross energy (ISO 9831, 1998; C7000
Calorimeter, IKA-Werke 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.
5.2.5

Genomic DNA isolation and sequencing

The gut samples were first incubated with lysozyme for 1 hour at 37 °C and then incubated
with proteinase K for 1 h at 55 °C for cell lysis. After that, gut tissue was homogenized 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 & Tissue Kit (Qiagen, Venlo,
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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′CTAGTGCCAGCMGCCGCGGTAA-3

′

)

and

806 R

(5

′

-

CTAGGACTACHVGGGTWTCTAAT-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.
5.2.6

Calculations and statistical analysis

5.2.6.1 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.
5.2.6.2 Digestibility in growth trial
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).
5.2.6.3 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. (Maas et al., 2018). 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
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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) (Bureau et al., 2003),
assuming that all BUN was excreted as NH3-N; metabolizable 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 utilization efficiency of ME for protein gain to be
50% and for fat gain to be 90% (Lupatsch et al., 2003).
5.2.6.4 Prokaryotes community analysis
An open-source software package, DADA2, was applied to model and correct Illuminasequenced amplicon errors (Callahan et al., 2016). 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 (Wang et al., 2007), against the 16S gene reference SILVA database (138
version) (McLaren, 2020).
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 (MNSP 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 30442, with an average
of 11920 reads per sample. The alpha diversity of each sample was evaluated 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 FDR-adjusted
P-values (Deng et al., 2019a). Statistically significant (P < 0.05) correlations were further
visualized 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;
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B. cluster coefficient, which is the ratio between existing and possible edges between a node’s
neighbors; 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 E. modularity, which is the strength of division of a network into modules, in order
to assess the network topology (Jacomy et al., 2014; Maas et al., 2021; Riera and Baldo, 2020).
5.2.6.5 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 analyzed 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 analyzed 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 (Maas et al., 2021). 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 1000time 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, and performing the analysis for each group using the Mann-Whitney test (Maas et al.,
2021).
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Results

5.3
5.3.1

Effect of early life rearing systems (FTS vs BFS)

Figure 5.2 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) alphadiversity (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.

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 (Figure
5.2a). 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
(Figure 5.2b). 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).
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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 BFS-reared fish (Figure 5.2c). 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 (Figure 5.2d). The gut microbiome of tilapia larvae reared in
different systems were clearly separated according to the PCoA diagram (Figure 5.2e), 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 (Figure 5.2e, Table S5.3).
5.3.2

Short-term effect of early life rearing systems

Figure 5.3 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. (e) 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.

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 (Figure 5.3a),
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 (Table S5.4). The Shannon diversity index and richness of tilapia gut microbiome
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were also similar (P > 0.05) between fish originated from FTS and BFS at 63 dof (Figure 5.3b).
In addition, the number of shared ASVs between FTS and BFS increased from 27 to 60, during
phase II (Figure 5.3c). Still, the composition of gut microbiome of tilapia originating from BFS
and FTS was different (P < 0.05) after the common garden phase (Figure 5.3d). 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 (Figure 5.3d and Table
S5.3).
5.3.3

Long-term effect of early life rearing systems

Table 5.1 Fish growth performance during Phase III (growth trial, 63 - 105 dof)
System
Diet

FTS
M-NSP H-NSP

BFS
M-NSP H-NSP

SEM

P-value
S
D
S*D

BWi (g)
7.2
7.1
7.5
7.5
0.19
ns
na
na
b
a
b
a
BWf (g)
34.2
30.8
34.9
31.3
0.36
ns **
ns
0.76
0.74
0.76
0.74
0.000
ns
ns
ns
FI (g DM d-1）
-1
b
a
b
a
Growth (g d )
0.66
0.58
0.67
0.58
0.005
ns ***
ns
a
b
a
b
FCR
1.16
1.27
1.14
1.27
0.01
ns ***
ns
-1
b
a
b
a
SGR (% BW d )
3.8
3.6
3.8
3.5
0.04
ns
*
ns
Survival (%)
100
97
100
100
0.83
ns
ns
ns
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.

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 5.1) and
fish body composition (including macronutrients and minerals, Table S5.5) 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 (Table S5.5). M-NSP fed fish displayed
higher final body weight and growth (Table 5.1), 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 (Table S5.5).
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 (Table S5.6). However, the
dietary NSP concentrations changed the nutrient digestibility during the growth trial (P < 0.05,
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Table S5.6). 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 (Table S5.7). 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).

Figure 5.4 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.

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
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larval rearing systems and diets (Figure 5.4a). In total, 286 ASVs were shared between the four
treatments with a relatively low amount of unique ASVs (Figure 5.4b). 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) (Figure 5.4c). Still, 36 ASVs were identified as indicator species
from the four treatments, which were classified to different phylum taxonomy (Figure 5.4d).
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
(Table S5.8).
5.3.4

Spatial and temporal prokaryotes community development

5

Figure 5.5 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.
119

CHAPTER 5

The gut microbiome succession revealed a significantly (PERMANOVA, P < 0.05)
temporal pattern during the different developmental phases of tilapia (Figure 5.5a). 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 life stages after transfer
to common RAS culture environments (Figure 5.5b). 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
(Table S5.3). To be noted, 8 ASVs were shared along the core microbiome at dof 15, 63 and
105 (Figure 5.5c), 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 Table S5.9. 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 (Figure 5.5d). 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.
Table 5.2 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
15 dof
63 dof
105 dof
Taxonomy
System
FTS
BFS
FTS
BFS
FTS
BFS
ASV1
8.6%
0.4%
23.9%
26.8%
0.2%
1.2%
Cetobacterium
ASV2
4.1%
0.1%
14.8%
13.9%
0.1%
0.2%
Plesiomonas
ASV4
0.0%
41.6%
0.0%
0.0%
1.6%
1.5%
Isosphaeraceae
ASV8
0.0%
0.3%
12.3%
12.8%
1.4%
5.5%
Cetobacterium
ASV11
19.4%
0.2%
8.9%
4.5%
2.4%
3.2%
Escherichia-Shigella
ASV12
0.0%
22.7%
0.0%
0.0%
0.0%
0.0%
Gemmataceae
ASV17
0.0%
0.0%
7.6%
12.3%
0.8%
2.5%
Barnesiellaceae
ASV32
0.0%
0.0%
3.6%
6.4%
0.4%
1.9%
Macellibacteroides
ASV36
0.8%
1.5%
0.8%
0.5%
2.7%
2.6%
Rhodococcus
ASV47
5.5%
0.5%
0.0%
0.0%
1.6%
1.3%
Gemmobacter
ASV55
0.0%
0.0%
0.1%
0.1%
4.3%
2.9%
Bythopirellula
ASV79
0.0%
0.0%
0.0%
0.0%
3.1%
2.6%
Pir4 lineage
ASV82
0.0%
3.2%
0.0%
0.0%
0.6%
0.5%
Saccharimonadales
ASV88
0.0%
4.2%
0.0%
0.0%
0.0%
0.0%
Rhizobiales Incertae Sedis
ASV93
0.1%
0.1%
0.0%
0.0%
2.5%
2.1%
RBG-13-54-9
ASV94
9.0%
0.3%
0.0%
0.0%
0.7%
0.7%
Rhodobacter
ASV103
5.4%
0.3%
0.1%
0.1%
0.7%
0.4%
Nocardia
ASV109
0.0%
3.3%
0.0%
0.0%
0.0%
0.0%
Gemmata
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The relative abundance of dominant taxa in the fish gut varied over time for both FTS and
BFS-originated fish (Figure 5.5e and Table 5.2). 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 (Figure 5.5e).
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 5.2).
5.3.5

Microbial interactions by co-occurrence network analysis

The co-occurrence networks in the four treatment groups during Phase III were
characterized mainly by positive interactions and dominated by genera belonging to
Proteobacteria, Actinobacteriota and Firmicutes phyla (Figure 5.6). Regarding the
characteristics of the network at 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 5.3). 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 (Table S5.10). 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 5.3 and Table S5.10). 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).
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Figure 5.6 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.
Table 5.3 The characteristics of co-occurrence networks of the four treatments at the end of Phase III
(growth trial, 105 dof)
FTS
BFS
P (permutation)
System (S)
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
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. P values were calculated using MannWhitney test, after permutation of 70% of the initial data. ns, not significant; ** P < 0.01; *** P < 0.001.

5.4

Discussion
The mechanism underlining the effect of first colonisation on fish gut microbiome

succession remains unclear, especially at a relatively long time scale (Xiao et al., 2021).
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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 (Legrand et al., 2019). 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 (Figure S5.2) was kept within the optimum range for the culture of Nile tilapia larvae,
fingerlings and ongrowing fish (FAO, 2000). Therefore, chemical water quality was not
considered to have influenced the experimental results of this study.
5.4.1

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 (Crab et al., 2012). 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 (Deng et al.,
2021; Pérez-Fuentes et al., 2018). Bioflocs are characterised by their high density of heterophic
bacteria, harboring some species which might colonies the fish gut (Crab et al., 2012; Sullam
et al., 2012). 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 (Giatsis et al., 2015). 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
(Attramadal et al., 2012b). 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 (Deng et al., 2022). In contrast, the microbial community in the water column in BFS is
relatively homogenous and rich in beneficial microbes (Dauda, 2020). 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 (Deng et al., 2022). We assume the higher survival
in this study was due to the difference in culture conditions (200 larvae in a 2-L floating
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aquarium in this study; 200 larvae in a 60-L aquarium in Deng et al., (2022). 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 (Attramadal et al., 2016).
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 (Ekasari et al., 2015; Long et
al., 2015). 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 (Vadstein et al., 2013; Zapata et al., 2006). 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 utilization of intake of bioflocs
through host-microbe interactions (Bossier and Ekasari, 2017; Liu et al., 2019).
5.4.2

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
(Figure S5.3). 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 in the rearing
environment is a strong driver for gut microbial richness of fish (Minich et al., 2020; Vadstein
et al., 2018a). For fish cultured in BFS, the gut prokaryotes richness dropped after a transfer to
RAS1, indicating that many bacteria colonizing 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 (Keating et
al., 2021).
According to Giatsis et al. (2014), 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
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probiotic strain, B. subtilis, changed the gut microbiome and this effect remained for 14 days
after fish were deprived of probiotics (Giatsis et al., 2016). 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.,
(Xiao et al., 2021) 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 (Sprockett et al.,
2018). Such a legacy effect was not observed in our study, after the fish with different earlylife histories were cultured for 90 days (15 - 105 dof) in the same recirculating systems.
It was suggested that the gut microbial community of zebrafish is assembled
deterministically during early life and stochastically during later life (Yan et al., 2012). 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
(Stephens et al., 2016; Yan et al., 2016). 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.
5.4.3

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 (Jiang et al., 2019a; Kokou et al., 2019;
Roeselers et al., 2011). Cetobacterium, Plesiomonas and Escherichia-Shigella, core species in
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our study, were also identified as core species in the gut of tilapia in other studies (Haygood
and Jha, 2018; Gang Liu et al., 2019; Wu et al., 2020). Among them, Cetobacterium can
produce acetate through carbohydrate metabolism and contributes to glucose homeostasis of
fish (Wang et al., 2021). Core bacteria species often show high relative abundance in the gut
bacterial community (Wu et al., 2020). 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.
5.4.4

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 ( Maas et al., 2021; Yang et al., 2017).
In line with another study with Nile tilapia (Maas et al., 2021), 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
(Kokou et al., 2019; Riera and Baldo, 2020). 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, BFSreared tilapia larvae resulted in constantly lower modularity during later life stages (Phase II
and 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 (Fan et al., 2020). 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 (Gupta et al., 2019a; Pubo et al., 2021). 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 (Naylor et al., 2021). However, antinutritional factors in plant-
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based diets, such as NSP, are reported to have negative effects on the nutrient digestibility and
mineral absorption (Francis et al., 2001; Sinha et al., 2011). 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 (Maas et al., 2019). 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 hydrolyzation of dietary fiber (Maas et al., 2020b).
Giatsis et al. (2014) 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 fiber content, during Phase III, might
increase the microbial diversity in the culture environment. This may mask the dietary fiber
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 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 (Ahmad et al.,
2017; Dauda, 2020), 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
(Coyte et al., 2015).
5.5

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 flowthrough system. A legacy effect on gut microbiome composition was observed after transfer of
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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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Supplementary materials
Table S5.1 Experimental phases, rearing systems and fish sampling
Tank Stocking
Sampled fish/tank
Number
volume
fish
of tanks
gut body composition
(L)
/tank
3 dpf
1200
Incubation
FTS BFS
2
30
9 dpf
1 dof
200
Phase I
FTS BFS
6
30
14 dof
5
15 dof
120
Phase II
RAS1
6
70
62 dof
5
10
63 dof
30
Phase III
RAS2
12
70
104 dof
3
10
dpf, days post fertilization; dof, days of feeding; FTS, flow-through system; BFS, biofloc system; RAS,
recirculating aquaculture system; - not applicable. RAS1 contained a trickling filter that was primed
with NH4Cl, RAS2 connected to a moving bed bioreactor that was primed with African catfish.
Experimental
phase
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Table S5.2 The ingredients and nutrient composition of the two types of diet applied during the
growth trial (Phase III)
Diet types
Ingredients (%)
Maize
Soya protein concentrate
Soya bean meal
Wheat
Wheat gluten meal
Wheat bran
Rapeseed meal
Sunflower meal (<16%)
Rice bran full fat (SPAROS)
DGGS (wheat)
Fish oil (vacuum coated)
Rapeseed oil (vacuum coated)
Palm oil (vacuum coated)
Hydrolysed feather meal
Wheat flour
Mineral premix
Calcium carbonate (CaCO3)
Dicalcium phosphate (DCP)
DL Methionine
L-Lysine HCI
L-Threonine
Yttrium oxide
Composition g/kg DM
Crude protein
Crude fat
Crude fibre
Crude ash
Starch
NSP
NSP, non-starch polysaccharides.

Moderate NSP

High NSP

7
10
3
6.53
6
5
3
3
5
3
1
1.5
1.5
5
35
1
0
2.2
0.5
0.55
0.2
0.02

7
0
10
6.88
3
15
10
10
15
10
1
1.5
1.5
5
0
1
0.7
1.1
0.45
0.65
0.2
0.02

323
89
40
64
323
166

309
110
78
82
193
269

5

Table S5.3 The overall dissimilarity of gut microbiome between FTS and BFS-originated fish, and
within FTS or BFS-originated fish over time. The dissimilarity was calculated by SIMPER test
according to Bray-Curtis distance.
Dissimilarity (%)

FTS vs BFS

Within FTS

Within BFS

15 dof

96.3

72.4

16.8

63 dof

40.1

42.3

37.8

105 dof

49.7

44.4

53.8

FTS, flow-through system; BFS, biofloc system.
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Table S5.4 Fish growth performance during the common garden phase (Phase II)
System
FTS
BFS
SEM
P-value
BWi (g)
0.051
0.056
0.001
*
BWf (g)
6.5
6.8
0.075
ns
Growth (g/d)
0.14
0.14
0.002
ns
FCR
0.71
0.70
0.006
ns
Survival (%)
99
98
0.500
ns
FTS, flow-through system; BFS, biofloc system; SEM, standard error of the mean; BW i, initial body
weight; BWf, final body weight; FCR, feed conversion ratio; ns not significant; * P < 0.05.
Table S5.5 The body composition (g/kg fresh weight) of Nile tilapia at the start (63 dof) and the end
(105 dof) of the growth trial (Phase III)
Time
63 dof
105 dof
System
FTS
BFS
P values
FTS BFS
SEM
Diet
M-NSP H-NSP M-NSP H-NSP
S
D S*D
Dry matter
271 265
306
300
307
302
1.73 ns ns
ns
Crude protein
147 146
142
147
142
147
0.34 ns *** ns
Crude fat
83
72
133
122
133
123
1.26 ns **
ns
Energy (kJ/g)
6.8
6.4
8.8
8.5
8.8
8.5
0.06 ns
*
ns
Ash
30
34
25
22
25
23
0.34 ns
*
ns
Phosphorus
5.2
5.8
4.1
3.6
4.1
3.7
0.07 ns
*
ns
Calcium
7.4
8.9
5.8
4.8
5.8
4.9
0.16 ns
*
ns
Magnesium
0.3
0.3
0.27
0.25
0.27
0.25
0.002 ns
*
ns
dof, days of feeding; FTS, flow-through system; BFS, biofloc system; M-NSP, moderate NSP diet; HNSP, high-NSP diet; SEM, standard error of the mean; S, larval rearing system in Phase I; D, diet type
in Phase III. Different superscript letters within a row indicate statistical significance. ns, not significant;
* P < 0.05, ** P < 0.01, *** P < 0.001.
Table S5.6 The apparent digestibility coefficient (ADC, %) of diet during Phase III (growth trial, 63105 dof)
System
FTS
BFS
P values
SEM
Diet
M-NSP
H-NSP
M-NSP
H-NSP
S
D
S*D
b
a
b
a
Dry matter
77.7
71.8
77.8
71.8
0.16
ns ***
ns
Crude protein
88.1a
89.9b
88.1a
89.9b
0.15
ns ***
ns
a
b
a
b
Crude fat
88.2
90.3
89.1
90.5
0.15
ns **
ns
Carbohydrates
74.9b
59.5a
74.9b
59.4a
0.16
ns ***
ns
b
a
b
a
Energy
80.5
75.8
80.3
75.7
0.18
ns ***
ns
a
b
a
b
Ash
27.9
45.2
28.9
46.0
0.74
ns ***
ns
Phosphorus
44.8b
32.7a
46.1b
33.7a
0.40
ns ***
ns
b
a
b
a
Calcium
19.0
6.9
21.0
8.7
0.71
ns ***
ns
Magnesium
42.5b
36.9a
44.0b
37.8a
0.60
ns **
ns
FTS, flow-through system; BFS, biofloc system; M-NSP, moderate NSP diet; H-NSP, high-NSP diet;
SEM, standard error of the mean; S, larval rearing system in Phase I; D, diet type in Phase III. Different
superscript letters within a row indicate statistical significance. ns, not significant; ** P < 0.01, *** P <
0.001.
Table S5.7 Nitrogen and energy balances during Phase III (growth trial, 63-105 dof)
System
FTS
BFS
P values
SEM
Diet
M-NSP H-NSP M-NSP H-NSP
S
D
S*D
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Nitrogen (N) balance (mg/fish/d)
Gross N intake
37.8
37.3
37.8
37.3
0
ns
ns
ns
a
b
a
b
Digestible N intake (DN)
33.3
33.5
33.3
33.6
0.06
ns
*
ns
Fecal N loss
4.5b
3.8a
4.5b
3.8a
0.06
ns
***
ns
Branchial and urinary N loss
18.1a
19.6b
17.8a
19.5b
0.17
ns
**
ns
b
a
b
a
Retained N (RN)
15.2
14.0
15.4
14.0
0.13
ns
**
ns
N efficiency (RN/DN, %)
45.7b
41.7a
46.4a
41.8b
0.44
ns
**
ns
Energy (E) balance (kJ/fish/d)
Gross E intake
15.8
15.7
15.8
15.7
0
ns
ns
ns
b
a
b
a
Digestible E intake (DE)
12.7
11.9
12.7
11.9
0.03
ns
***
ns
Branchial and urinary E loss
0.45a
0.49b
0.44a
0.49b
0.004
ns
**
ns
Metabolizable E
12.2b
11.4a
12.2b
11.4a
0.03
ns
***
ns
Heat E
6.0
6.1
5.8
6.0
0.05
ns
#
ns
Retained E (RE)
6.3b
5.3a
6.5b
5.4a
0.04
ns
***
ns
b
a
b
a
Retained E as protein
2.2
2.1
2.3
2.1
0.02
ns
**
ns
Retained E as fat
4.0b
3.3a
4.2b
3.3a
0.04
ns
***
ns
E maintenance
3.3a
3.7b
3.0a
3.6b
0.06
ns
**
ns
E efficiency (RE/DE, %)
49.4b
44.8b
51.1a
45.4a
0.37
ns
***
ns
FTS, flow-through system; BFS, biofloc system; M-NSP, moderate NSP diet; H-NSP, high-NSP diet;
SEM, standard error of the mean; S, larval rearing system in Phase I; D, diet type in Phase III. Different
superscript letters within a row indicate statistical significance. ns, not significant; # P < 0.1, * P < 0.05,
** P < 0.01, *** P < 0.001.
Table S5.8 DistLM marginal tests showing the correlation between growth, apparent digestibility
coefficient (ADC, %), body composition (BC, g/kg fresh weight) as well as nitrogen (N) and energy (E)
retention efficiency (%) with gut microbiota composition at ASV level at 105 dof.
Variables
SS (trace)
Pseudo-F
P
Prop
BW (g)
1053.9
1.0592
0.308
0.0352
SBL (cm)
1066.4
1.0722
0.301
0.0357
ADC_dm
1305
1.3232
0.124
0.0436
ADC_ash
1173.9
1.1848
0.208
0.0393
ADC_cp
1115
1.1231
0.244
0.0373
ADC_energy
1284.3
1.3012
0.123
0.0429
ADC_fat
896
0.89564
0.546
0.0300
ADC_CH2O
1274
1.2903
0.116
0.0426
ADC_P
1324.1
1.3434
0.107
0.0443
ADC_Ca
1253.7
1.2688
0.138
0.0419
ADC_Mg
1306.4
1.3247
0.118
0.0437
BC_dm
875.74
0.87477
0.585
0.0293
BC_ash
1011.1
1.0147
0.376
0.0338
BC_cp
1269.4
1.2854
0.161
0.0424
BC_energy
1054.6
1.06
0.331
0.0353
BC_fat
1066.6
1.0724
0.303
0.0357
BC_P
973.51
0.97572
0.424
0.0326
BC_Ca
957.91
0.95957
0.416
0.0320
BC_Mg
953.11
0.95461
0.449
0.0319
BC_CH2O calculate
845.48
0.84367
0.669
0.0283
N efficiency
1117.2
1.1253
0.265
0.0374
E efficiency
1244.2
1.2588
0.152
0.0416
SS, sum of square; Prop, proportions of explained variation; BW, body weight; SBL, standard body
length; dm, dry matter; cp, crude protein; P, phosphorous; Ca, calcium; Mg, magnesium.
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Table S5.9 Full taxonomy of the 8 core ASVs shared by the three samples at dof 15, 63 and 105.
ASV

Kingdom

Phylum

Class

Order

Family

Genus

Species

ASV1

Bacteria

Fusobacteriota

Fusobacteriia

Fusobacteriales

Fusobacteriaceae

Cetobacterium

somerae

ASV2

Bacteria

Proteobacteria

Gammaproteobacteria

Enterobacterales

Enterobacteriaceae

Plesiomonas

shigelloides

ASV11

Bacteria

Proteobacteria

Gammaproteobacteria

Enterobacterales

Enterobacteriaceae

EscherichiaShigella

NA

ASV25

Bacteria

Actinobacteriota

Actinobacteria

Corynebacteriales

Nocardiaceae

Gordonia

NA

ASV36

Bacteria

Actinobacteriota

Actinobacteria

Corynebacteriales

Nocardiaceae

Rhodococcus

NA

ASV64

Bacteria

Firmicutes

Clostridia

Peptostreptococc
ales-Tissierellales

Peptostreptococcaceae

Paraclostridium

NA

ASV103

Bacteria

Actinobacteriota

Actinobacteria

Corynebacteriales

Nocardiaceae

Nocardia

NA

ASV161

Bacteria

Planctomycetota

Planctomycetes

Pirellulales

Pirellulaceae

Pir4-lineage

NA

NA, not assigned.
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Table S5.10 The characteristics of co-occurrence networks of fish reared in FTS and BFS during (a)
Phase I and (b) Phase II
a. Phase I
FTS
BFS
P (permutation)
Number of nodes
Number of edges
Positive/negative ratio
Average degree
Clustering coefficient
Density
Path length
Modularity

55
137
5.0
4.982
0.687
0.092
3.155
1.098

54
101
8.2
3.741
0.657
0.071
3.249
0.868

ns
*
*
*
ns
*
ns
ns

b. Phase II
FTS
BFS
P (permutation)
Number of nodes
67
65
ns
Number of edges
152
235
*
Positive/negative ratio
9.9
20.1
*
Average degree
4.537
7.138
*
Clustering coefficient
0.647
0.643
ns
Density
0.069
0.112
*
Path length
4.783
2.874
*
Modularity
0.901
0.610
*
FTS, flow-through system; BFS, biofloc system; M-NSP, moderate NSP diet; H-NSP, high NSP diet. P
values were calculated after permutation (70% of the initial data) using Mann-Whitney test. ns, not
significant; * P < 0.05.
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Figure S5.1 Experimental set up for incubation of Nile tilapia eggs and culture of hatched larvae during
Phase I. (A) a flow-through sump was used as a water reservoir for incubation (3 - 9 days post
fertilisation), 200 hatched larvae were stocked in a 2-L aquarium floating in each of the three tanks,
connected to a flow-through system (FTS, 1 - 14 days of feeding). (B) a recirculating active suspension
tank was used as water reservoir for incubation (3 - 9 days post fertilisation), 200 hatched larvae were
stocked in a 2-L aquarium floating in each of the three tanks, connected to a biofloc system (BFS, 1 14 days of feeding). In BFS, 30 extra Nile tilapia (average body weight, 30g) were fed with 20 g/d of a
diet (protein, 33% and NSP, 24.7%) to culture biofloc.
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Figure S5.2 Water quality parameters in different systems during the three experimental phases. Values
were presented as mean ± standard error, the presence of different letters indicates the significant
difference between systems.

5

Figure S5.3 Alpha diversity (Richness and Shannon diversity index) of fish gut microbiome over time
at dof 15, 63 and 105. Values were presented as mean ± standard error, the presence of different letters
indicates the significant difference between all treatments.
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6.1

Introduction
Freshwater aquaculture has been growing steadily over the last three decades, increasing

the availability and accessibility of affordable farmed aquatic products (Belton et al., 2020).
The expansion of freshwater aquaculture is largely driven by urban demand and the decline in
the availability of wild fisheries (Fluet-Chouinard et al., 2018). Unlike marine aquaculture, less
animal proteins are required for freshwater aquaculture, because the key freshwater species,
such as carp, tilapia and catfish, are often herbivorous or omnivorous. In many cases, these
species feed on an inexpensive or plant-based diet, and can be cultured in various diversity of
rearing systems. Different microbial management strategies are applied in different rearing
systems with the aim to select specialist for water treatment, to reduce water use, and to resist
pathogen invasion (Bentzon-Tilia et al., 2016; Defoirdt, 2016). In practice, varying survival,
growth and health status of cultured species were observed between different systems with the
underlying mechanisms being inadequately understood (Dahle et al., 2020). In addition, the
excessive use of antibiotics, outbreak of disease and increasing replacement of fishmeal by
plant materials are bottlenecks waiting to be solved to make intensification aquaculture systems
more resilient.
To solve aforementioned problems, we need to have a better understanding of the
interactions between the environment, microbes and the host. More specifically, two questions
should be considered: what are the main factors shaping the fish microbiota and whether a
difference in the gut microbiota composition or microbiota activity can be reflected in fish
growth and fish health status. In order to have a better understanding of the microbial
management techniques, we need to comprehensively consider the gut microbiota, fish
metabolism and health status.
The intestinal colonization at the early life stage is stochastic and dynamic (Fjellheim et
al., 2012). Many studies highlight the role of feed and environment microbiota on governing
the early life colonization process (Giatsis et al., 2014; 2015; Olafsen, 2001). Based on these
knowledge, we designed three experiments, testing the effect of three typical aquaculture
production systems, including flow-through system (FTS), recirculating aquaculture system
(RAS) and biofloc system (BFS), and feed additives, including probiotics (Bacillus spp.),
processed bioflocs, and exogenous enzymes (phytase and xylanase). The objective of this thesis
was to test the feasibility of modulating fish gut microbiota composition and structure through
configuration of rearing system and supplementation of feed additives, with the expectation to
improve fish growth performance and microbiota homeostasis. Furthermore, in the last
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experimental chapter (Chapter 5), we expected to promote fish performance through gut
microbiota modulation during early life stage.
In this chapter, the main findings from this thesis were compared. Specifically, the larval
gut microbiota data from Chapter 2 and Chapter 5 are conjointly analyzed to identify the most
favorable microbial rearing conditions for Nile tilapia larvae. Subsequently, the main effects of
rearing systems and feed additives on microbiota diversity and interactions are discussed.
Furthermore, the temporal stability of gut microbiota alpha diversity across fish development
is analyzed to provide a perspective on the succession pattern of the gut microbiota. Finally, I
elaborate the relevance of my thesis by highlighting the importance of microbial management
practices in aquaculture and how they benefit fish performance.

What is the most favorable microbial rearing conditions for Nile tilapia

6.2

larvae?
In Chapter 2 and Chapter 5, Nile tilapia eggs (3 days post fertilization) were incubated
until free swimming larvae and the hatched larvae were subsequently cultured under different
microbial rearing conditions, giving us an opportunity to discuss the most favorable rearing
environment for Nile tilapia larvae. To do so, the microbial community composition in the diets
for both experiments were firstly compared. Afterwards, how typical rearing systems, including
FTS, RAS and BFS, influence the gut microbiota composition and larval performance, is
discussed.
6.2.1

Growth performance

Table 6.1 The survival and growth performance of Nile tilapia in Chapter 2 and Chapter 5
Chapter 2 (5-26 dof)
Chapter 5, Phase 1 (1-14 dof)
Treatment
FTS
RAS
RASB
FTSA
BFSA
Feeding (mg/d/fish)

13.8

14.8

14.9

2.3

2.2

BWi (g)

0.013

0.014

0.014

0.01

0.01

BWf (g)

0.44

0.47

0.45

0.051

0.056

SGR (%)

16.2

15.8

15.7

11.6

12.3

FCR

0.98

0.91

0.93

0.80

0.69

6

Survival (%)
61.7
86.3
90.3
94.0
93.7
BWi, initial body weight; BWf, final body weight; SGR, specific growth rate; FCR, feed conversion
ratio; dof, days of feeding; FTS, flow-through system; RAS, recirculating system; RASB, RAS+B.
subtilis coated diet; FTSA, FTS+2L aquarium; BFSA, biofloc system+2L aquarium. No statistical
analysis was performed since there were not enough replicates available in Chapter 5.

During the incubation period, the hatching rate of Nile tilapia eggs (± 3 days post
fertilization old) were 82% and 73-78% in FTS and RAS, respectively (Chapter 2), and were
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63.6% and 57.7% in FTS and BFS (suspension tank), respectively (Chapter 5). The hatching
rate showed large variations in flow-through water between the two cohorts, which was likely
due to (1) the slightly different age of batches at the start of the experiment, (2) the varied
quality of yolk sacs between the two batches, and (3) the variation in water microbial
community during incubation. Nevertheless, the “clear water” (i.e. FTS) showed relatively
higher hatching rate than the “circulating water” (i.e. RAS and suspension tank), implying that
a rich bacterial load is not preferred for the incubation of Nile tilapia eggs.
During the larval culture, FTS showed significantly lower survival of Nile tilapia larvae
than RAS in Chapter 2. This result was in line with the mature water theory which had been
tested in marine water species, such as Ballan wrasse (Labrus bergylta) larvae (Attramadal et
al., 2016) and Atlantic cod (Gadus morhua) larvae (Attramadal et al., 2014, 2012c). The inlet
water of FTS is always characterized with low bacterial load, especially after filtration and
disinfection. However, the bacterial carrying capacity in the rearing tank increases rapidly after
feeding, and the gap in bacterial carrying capacity between the inlet water and the rearing tank
water may boost the internal growth of opportunistic bacteria (Attramadal et al., 2014). On the
other hand, the microbial community in the tank water is relatively stable in RAS, because the
inlet water supplies a significant number of bacteria to the tank water (Vadstein et al., 2018).
Hence, the similar microbial carrying capacity between the inlet water and the tank water in
RAS promote the growth of K-strategists, leaving less chance of random invasion. Feed
microbiota is another source for the bacteria in rearing water, but on a negligible level in both
FTS and RAS. In terms of larvae survival, it can be concluded that RAS is an effective microbial
control strategy for the larvae culture of both freshwater and saltwater fish species. Still, RAS
showed no significant improvement on the growth and FCR of Nile tilapia when compared with
FTS.
To refine the design of FTS, a 2-L floating aquarium with a bottom screen was placed in
the FTS rearing tank (FTSA) in Chapter 5. The aquarium acted as a “sedimentation tank” and
was expected to reduce the water exchange level, so that less r-strategists would develop. The
results showed that fish larvae from FTSA (1-14 dof) had higher survival than fish from the
FTS (5-26 dof). However, we cannot claim that the floating aquarium improved larvae survival
since a different culture period was applied in the two studies. Besides, FTSA exhibited a much
lower feed conversion ratio (FCR) than FTS (Table 6.1). The reason behind this result is still
not clear, because the microbial community in the rearing water from the two experiments
remains unknown. An potential explanation is that fish spend less energy on hunting for food
in the 2-L aquarium than a 60-L rearing tank.
142

CHAPTER 6

6.2.2

Feed microbiota

Figure 6.1 The microbial diversity and microbial composition of larval diets sampled from Chapter 2
and Chapter 5. (a) Shannon diversity, (b) Observed richness, (c) PCoA diagram based on Bray-Curtis
distance, (d) relative abundance of the genus taxonomy. C2, chapter 2; C5, chapter 5; F-0.5+B. subtilis,
F-0.5 diet coated with B. subtilis spores at the concentration of 108 CFU/g feed.

A same commercial diet (F-0.5 GR Pro Aqua Brut-Trouw Nutrition, France) was used to
feed the Nile tilapia larvae in both Chapter 2 (labeled as C2-F-0.5) and Chapter 5 (labeled as
C5-F-0.5). The C2-F-0.5 and C5-F-0.5 diets were stored at 4 °C in a same bag, and were
sampled in three replicates at the end of the larval feeding phase on July 23, 2018 and December
27, 2018, respectively. To test whether the storage of feed would change its microbial
community composition, the feed samples were subjected to DNA extraction using FastDNATM
Spin kit for soil (MP Biomedicals, Santa Ana, California, USA), followed by 16S rRNA
sequencing and bioinformatic analysis as previously described (Deng et al., 2022). The results
showed that though C2-F-0.5 showed slightly higher microbial diversity (Figure 6.1.a, Shannon
index, P = 0.005), there was no significant difference in the microbial richness (Figure 6.1.b,
observed richness, P = 0.128) and microbial composition (Figure 6.1.c, PERMANOVA, P >
0.05) between the C2-F-0.5 diet and C5-F-0.5 diet. This indicated that the storage of diet at 4
°C for three month would not change its microbial community. On the other hand, dietary
supplementation of B. subtilis spores at the dosage of 108 CFU/g feed had a significant effect
on the microbial diversity and composition in the diets (Figure 6.1.a, b, c and d, C2-F-0.5 vs
C2-F-0.5+B. subtilis).
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6.2.3

Gut microbiota composition

Figure 6.2 The microbial diversity and microbial composition of Nile tilapia larval gut sampled from
Chapter 2 and Chapter 5. (a) Shannon diversity, (b) Observed richness, (c) PCoA diagram based on
Bray-Curtis distance, (d) actual abundance of the phylum taxonomy. C2, Chapter 2; C5, Chapter 5; FTS,
flow-through system, RAS, recirculating aquaculture system; RASB, RAS + F-0.5-B. subtilis diet; BFS,
biofloc system.

Nile tilapia displayed significantly different microbial diversity and microbial composition
between the three rearing systems, including FTS, RAS and BFS, during early life stage (Figure
6.2). Though the gut samples were collected from different fish ages (Chapter 2, 26 dof;
Chapter 5, 14 dof), the gut microbiota were clustered by their rearing systems according to the
PCoA diagram (Figure 6.2 c). As previously discussed, feed microbiota should not be
considered as a factor to the shift of fish gut microbiota since it remained similar between the
two experimental chapters (Figure 6.1). Hence, our results suggested that the gut microbiota of
Nile tilapia was mainly shaped by the rearing conditions during early life stage.
Specifically, Nile tilapia cultured in BFS showed distinct gut microbiota composition as
compared with FTS and RAS (Figure 6.2 c and d). Biofloc technology has been applied to
improve the water quality through the addition of extra carbon to the aquaculture system, which
promoted nitrogen uptake by heterotrophic bacteria (Avnimelech, 1999). In addition, the
produced microbial biomass can be ingested by filter feeders, such as Nile tilapia, which can
further improve feed utilization efficiency and fish production (Avnimelech, 2007; Azim and
Little, 2008). Our study demonstrated that it is feasible to culture Nile tilapia larvae in BFS at
first feeding, which even showed higher individual fish body weight than that from RAS after
14 days of feeding (Table 6.1). Unlike FTS and RAS, the gut microbiota of Nile tilapia larvae
from BFS were dominated with bacteria belonging to Planctomycetes phylum (Figure 6.2 d).
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The phylum Planctomycetes is among the most abundant phyla detected in biofloc (Deng et al.,
2019b; Luo et al., 2020), which is a key player in carbon and nitrogen cycling (Wiegand et al.,
2018). Together with the results that higher microbial diversity and richness were observed in
the gut of BFS-reared fish than FTS-reared fish, we believe that the bacterial biomass in bioflocs
played an important role in gut microbial colonization of fish larvae.
Placing a 2-L floating aquarium in the rearing tank of FTS (C5-FTS) might have changed
the water microbial community, as a different gut microbiota composition was discovered when
compared with C2-FTS. To be noted, C. somerae was detected in the fish gut of C5-FTS
treatment, but not in the fish gut of C2-FTS treatment. C. somerae was reported as one of the
core gut microbiota of Nile tilapia (Haygood and Jha, 2018). In a study of zebrafish,
Cetobacterium can produce acetate through carbohydrate metabolism and contributes to
glucose homeostasis (Wang et al., 2021). The absent of the core species might cause the high
larval mortality in C2-FTS. However, it may be possible to restore the gut homeostasis by
reducing the water exchange level through the installation of a small aquarium in flow-though
tanks.
Overall, the growth performance and gut microbiota of Nile tilapia larvae were
significantly affected by the rearing conditions. FTS performed numerically better than RAS
which was followed by BFS in terms of hatching rate of the developing larvae. On the contrary,
RAS-reared fish larvae had higher survival than FTS-reared fish larvae, while BFS-reared fish
larvae had the lowest FCR and the highest individual body weight. We suggest to culture Nile
tilapia larvae in BFS because of the high survival, better growth and low variation between
individual gut microbiota achieved in our study.
6.3

Effect of rearing system on gut microbiota
Though the concentration of inorganic nitrogen (i.e. TAN, nitrite and nitrate) varied

between different rearing systems, the overall water quality was maintained optimal for the
growth of Nile tilapia in all the experimental chapters. Therefore, little effect of water quality
was expected on the fish gut microbiota composition. The impact of rearing system on fish gut
microbiota is mainly attributed to the system configuration and the microbial community from
the rearing water. Unfortunately, the water microbiota data was only available in one chapter
(Chapter 3). Therefore, we only discuss the effect of rearing systems on gut microbiota
composition without mentioning the correlations between the system microbiota and fish gut
microbiota.
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Tank effect - A tank effect refers to the variation between replicate tanks which is
significantly higher that the variation between individual gut microbiota within the tanks. The
tank effect of all the rearing systems in this thesis is confirmed by PERMANOVA test when
the P value is smaller than 0.05, in which case this means that the fish gut microbiota are
different between replicated tanks (Table 6.2). A tank effect was discovered in FTS (Chapters
2 and 5), but not in RAS (Chapters 2, 3, 4 and 5). As for BFS, a tank effect was only observed
in Chapter 3_d26, but not in Chapter 3_d49 and Chapter 5. Moreover, the overall BrayCurtis similarity of fish gut microbiota in BFS (83.2%) was much higher than fish reared in
FTS (27.6%) in Chapter 5 (Table S5.3). The cause of the tank effect is thought attributed to
the variations in the microbial community of the rearing tank water. Comparing the Bray-Curtis
similarity of tank water microbiota sampled from different days shows that the microbial
community in FTS tanks had a significantly lower similarity than the tanks in RAS over time
(Attramadal et al., 2014). This indicated that water microbiota composition is more stable over
time in the RAS than in the FTS. Moreover, RAS always showed a relative higher bacterial
diversity and less variability between replicate tanks compared to FTS (Attramadal et al., 2016,
2012c). Therefore, the mature and stable microbial rearing environment created in RAS might
contribute to the low variations of gut microbiota between replicate tanks as observed in this
thesis. As a contrast, the cumulative differences in the water microbiota over time in FTS might
be due to the large variations in individual gut microbiota between replicate tanks. Similar
results were reported in other Nile tilapia larvae studies, which suggested that RAS and BFS
had no tank effect on water and gut microbiota (Giatsis et al., 2016, 2014). Therefore, our
studies suggested that fish gut microbiota had lower variability between replicate fish tanks
when fish were cultured in a microbial stable system (RAS or BFS) compared to a microbial
unstable system (FTS).
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Table 6.2 PERMANOVA showing the significance of Nile tilapia gut microbiota composition between
replicate tanks (n =3) in all the rearing systems from this thesis
Chapter
System
P (PERMANOVA)
Chapter 2
FTS
0.006*
Chapter 2
RAS
0.179
Chapter 2
RASB
0.15
Chapter 3
RAS_d26
0.322
Chapter 3
BFS_d26
0.001*
Chapter 3
RAS_d49
0.056
Chapter 3
BFS_d49
0.114
Chapter 4
RAS
0.225
Chapter 5
FTS
0.028*
Chapter 5
BFS
0.443
Chapter 5
RAS1
0.165
Chapter 5
RAS2
0.99
FTS, flow-through system; RAS, recirculating system; RASB, RAS+B. subtilis coated diet; BFS,
biofloc system; * P < 0.05.

Microbial diversity - The alpha diversity indexes of Nile tilapia larvae gut microbiota,
including Shannon and observed richness, were similar between FTS and RAS (Chapter 2).
RAS always show higher microbial richness and bacterial load in tank biofilm and water than
FTS for marine water species, such as Atlantic cod (Attramadal et al., 2014) and Atlantic
salmon (Minich et al., 2020). In contrast to our result, Atlantic salmon cultured in RAS showed
significantly higher microbial richness than that from FTS (Minich et al., 2020). We speculate
that Nile tilapia might have a stronger host selection preference than some marine species on
environmental microbes. However, rearing Nile tilapia in BFS always resulted in a higher
microbial richness than the fish cultured in RAS (Chapter 3) or FTS (Chapter 5). In addition,
a large number of microbes were shared between the biofloc water, bioflocs and fish gut,
suggesting that the high microbial biomass production in BFS could colonize the gut of Nile
tilapia. Taking these results into consideration, we believe that a difference in alpha diversity
of Nile tilapia gut microbiota could be observed only between environments with substantial
differences in microbial richness.
As for beta diversity, we found that Nile tilapia, irrespectively of fish age, developed
distinct gut microbiota in the different rearing systems (i.e. FTS, RAS or BFS) tested in the
different experiments. The system-specific fish gut microbiota might be attributed to the
differences in water microbiota. Varied water microbial community compositions are expected
when applying different rearing techniques. For instance, the water quality in flow-through
tanks (FTS) is normally maintained by continuous water exchange, which results in a gap in
microbial carrying capacity between the inlet water and tank water after feeding and faeces
production. This gap in flow-through tanks selects for fast-growing suspended bacteria which
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are also known as r-strategists or opportunists. On the other hand, biofilters enable the reuse of
water by selecting bacteria specialized in nitrification and denitrification (when an anoxic
reactor is installed). The biofilters serve as a microbial maturing unit which reduces the gap
between the inlet water and tank water (Attramadal et al., 2016). In recirculation tanks (RAS),
the slow growing bacteria, also known as K-strategists, can be selected under a high hydraulic
retention time. As for biofloc technology, external carbon sources are added in the feed or to
the system to stimulate the assimilation of nutrient waste by bacterial biomass. The high
concentration of organic matters in the biofloc tanks (BFS) stimulates the growth of
heterotrophic bacteria, which has high potential to resist random proliferation and bacterial
invasion. Hence, we speculate significant different the microbial community compositions of
tank water of flow-through tanks, recirculation tanks and biofloc tanks tested in this thesis. In
addition, the bacterial load in fish tanks is expected to follow the trend of FTS (high water
exchange + low organic matter load) < RAS (low water exchange + low organic matter load) <
BFS (low water exchange + high organic matter load). Water microbiota is the main microbial
source for fish, and strong associations were observed between fish tank microbiota and gut
microbiota in Nile tilapia (Giatsis et al., 2014; 2015) and Atlantic salmon (Minich et al., 2020).
Our study confirmed the feasibility of modulating fish gut microbiota by changing the water
microbiota through configuration of rearing systems during early life stages (from larvae until
later juvenile) of Nile tilapia.
6.4

Effect of feed additives on gut microbiota
Probiotics attract a lot of research interest in aquaculture as they are expected to increase

feed utilization, improve water quality or promote fish health (Dawood et al., 2016; Hai, 2015;
Kesarcodi-Watson et al., 2008; Wang et al., 2018). However, the effect on fish growth and
immune response might vary among different bacterial species strains or different fish species,
with the impact on fish gut microbiota being poorly explored (Banerjee and Ray, 2017). Dietary
supplementation and, to a lesser extent, water bath are the two commonly used probiotic
application methods, with the former is commonly used in aquaculture (Hai, 2015; Ringø et al.,
2020). In this thesis, the effect of dietary probiotics supplementation on fish gut microbiota
composition and growth were tested in Chapter 2 (B. subtilis spores) and Chapter 4 (a mix of
three strains belonging to B. amyloliquefaciens). The results varied between the two
experiments, as probiotics supplementation changed the gut microbiota composition of Nile
tilapia larvae (Chapter 2), but not the late juvenile fish (Chapter 4). Even though, an increase
in the relative abundance of Bacillus species in fish gut microbiota was observed in both studies.
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It

implied that oral administration via diet is an effective strategy for probiotics

supplementation in aquaculture. Besides, we see a better survival in larvae culture and an
increase in volatile fatty acids (VFA) production along the gastrointestinal tract in later juvenile
tilapia after probiotics supplementation. In this thesis, the beneficial effects of probiotics on fish
performance were observed, however, the results might vary across probiotic species and
dosages. In addition, a continuous supply of probiotic species might be required to get
satisfactory results since the probiotics disappeared from fish gut after stopping the
supplementation for few days (Giatsis et al., 2016).
Bioflocs were also tested as potential probiotics in Chapter 3 by measuring both the gut
microbiota composition and fish growth performance. We found that in-situ bioflocs could
change the gut microbiota and improve the growth of Nile tilapia, which is in line with the
results in Chapter 5. Whereas, feeding the fish with processed flocs after blending it in diet at
the level as high as 10%, no matter live or γ-radiated, had little effect on fish growth and a
minor effect on gut microbiota outside the core community. Previous studies showed that the
nutritional compositions of harvested bioflocs were comparable to fish diet and meet the
requirement of Nile tilapia (Azim and Little, 2008). In contrast of our study, a growth promoting
effect was observed by dietary supplementation of bioflocs in shrimp culture (Kuhn et al., 2010,
2009). However, the underline mechanisms remain unclear. Our results highlight the
importance of water microbiota on modulating the fish gut microbiota in a biofloc system. To
be noticed, different microbial communities can develop when different carbon sources and
operation conditions are used (Liu et al., 2019), which would influence its nutritional values.
We suggest to determine the nutritional composition of harvested bioflocs to have a better
understanding of the nutritional effect and probiotic effect of bioflocs.
The beneficial effect of probiotics on feed digestibility is related with the capacity to
excrete digestive enzymes (Hoseinifar et al., 2017). Supplementation of exogenous digestive
enzymes through feed is, therefore, a commonly used approach to improve nutrient digestion
in the feed industry (Adeola and Cowieson, 2011). In line with previous studies (Maas et al.,
2019, 2018), we observed an improvement in the digestibility of crude protein, phosphorous
and calcium after the dietary supplementation of phytase and xylanase (Chapter 4). It suggests
that supplied enzymes contribute to the catalysis of substrates released by the feed. However,
higher digestibility did not result in significant changes in gut microbiota, but was reflected in
more complex microbial interactions. We also saw a same result with probiotic
supplementation. This implied that the more substrates are available to microbes, the more
interactions can appear, especially when looking at competition correlations.
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6.5

Fish gut microbiota development

Figure 6.3 The correlation between the individual fish body weight and alpha diversity index of fish gut
microbiota . (a) Chao1 index, (b) Shannon index.

To our knowledge, long-term studies on the development pattern of Nile tilapia gut
microbiota are still very limited. We performed a meta-analysis study to examine the gut
microbial diversity dynamics by incorporating the 16S rRNA gene sequence data (n = 300)
collected from the four studies in this thesis. The correlations between the individual fish body
weight and alpha diversity indexes, including Chao1 index and Shannon index, were analyzed
by general linear regression model. In this study, we observe a significant increase in the gut
microbial richness as indicated by Chao1 index, while the Shannon index remained stable
during fish development (Figure 6.3). One study on Gibel carp also showed an increase in
microbial diversity during fish development (Li et al., 2017). However, the differences in
rearing systems or diet should be considered when interpreting the dynamics of gut microbial
diversity. That is because under different rearing environment, contradictory results were
observed in the development of gut microbial diversity (including both observed richness and
phylogenetic diversity) during the growth of zebrafish (Stephens et al., 2016; Xiao et al., 2021).
Environmental richness, including both water and tank biofilm richness, is positively correlated
with the skin and digesta richness of Atlantic salmon (Minich et al., 2020). We expected higher
impact of environmental richness on the gut richness in our studies, because Nile tilapia feed
on the tank biofilm as a filter feeder species (Salazar Torres et al., 2016). We presume a growing
water richness over time, as the feed load and biofilm richness in the rearing system increases
during the culture period. Hence, the observed increase in the microbial richness of Nile tilapia
might be attributed to the speculated growth in the richness of water microbial community.
However, the relative stable Shannon index, irrespectively of individual fish body weight,
indicates that the evenness of the microbiota in the gut of Nile tilapia was not influenced by fish
age.
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Temporal effects were observed during fish gut microbiota development under similar
rearing conditions (Chapter 3) or under changing rearing conditions (Chapter 5), suggesting
that the composition of fish gut microbiota is very dynamic and exhibits a stage-specific pattern
across fish development. Many factors drive the temporal dynamics of fish gut microbiota
during early life stages. First of all, morphological and physiological changes of gut during
development are likely the main drivers of changes in the gut microbiota. The gut microbial
colonization occurs when fish mouth opens, and is greatly boosted after first-feeding when the
yolk sac is almost consumed (Ringø et al., 1995). In return, the colonized microbes benefit the
host by facilitating the epithelial proliferation, nutrient metabolism and immune responses
(Rawls et al., 2004). The gut functionality may vary with the growth of fish, and therefore
showed stage-specific gut microbiota. Second, fish gut microbiota assembly is filtered by the
host immunity (Stagaman et al., 2017). Fish has immature immune system at the time of
hatching (Zapata et al., 2006). A clear separation in zebrafish gut microbiota was observed
before and after the adaptive immune system is developed (Xiao et al., 2021). The maturation
of immune system during the ontogeny of fish may increase the role of selective processes in
gut microbial colonization. At last, colonization continues throughout life by microbes from
water and food. Changes in diet composition or transferring between rearing systems are
common practices in aquaculture, which result in significant shifts in gut microbiota as the fish
grows (Zhang et al., 2021). Therefore, the changes of nutrients availability as well as gut
functionality during development contribute to the temporal variation of gut microbiota.
In addition to the temporal effect, we also see a legacy effect during the development of
fish gut microbiota in Chapter 5. The gut microbiota of fish with different rearing background
converged gradually after being transferred into common rearing conditions. Despite that, we
show that early exposure to different environments had a long-term effect on the gut microbial
dynamics, with more dense networks coming from fish exposed to microbial-rich
environments. The outcomes of this legacy effect, such as fish health, still requires more studies
as it was not reflected on fish growth performance and nutrient digestibility. Overall, our study
provides insight into the plasticity of the fish gut microbiota and highlights the significant
impact of the early life rearing environment on the long-term gut microbiota development and
microbial interactions.
6.6

Correlations between fish gut microbiota and fish performance
In all the experiments and analyses performed during the thesis, we did not find significant

correlations between fish gut microbiota composition and fish growth parameters as well as
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apparent digestibility coefficient of nutrients. Therefore, we believe that growth-related
parameters are not the best indicators for fish microbiota studies when time is not considered
as a variable. The observations that the gut microbiota contributes to nutrient digestibility and
fish growth are mostly based the comparation between gnotobiotic and normal fish (Rawls et
al., 2004; Zhang et al., 2020). In that cases, gnotobiotic fish models are cultured in axenic
conditions or with defined microbes, which have been used as powerful tools to investigate
interactions between the host and known gut microbes (Pham et al., 2008). However, shifts in
gut microbiota composition do not necessarily result in changes on fish performance, and vice
versa. One possible explanation is that different microbial communities may have a similar
functionality in relation to fish nutrition and fish health. Besides, the large individual variations
in fish gut microbiota composition may mask its correlation with fish growth performance,
because the performance parameters were predicted based on a group of fish from the same
tank. The fact that the fish used to determine the growth performance predictors are in most
cases not the same fish used to characterize the fish gut microbiota, adding additional bias to
the relation between fish growth and gut microbial community composition.
To date, the gut microbiota of a wide range of aquatic animals was studied, owing to the
fast development of cost-wise next-generation sequencing methods (Zhang et al., 2020). In
general, these studies provide more insights into the microbial ecology of the fish gut
ecosystem. However, most of these studies mainly focused on the microbiota composition and
microbiota diversity (Robinson et al., 2010). Certain research questions, concerning factors that
influence the gut microbial community assemblage and the concept of core microbiome in fish
gut, have been well studied. However, the complexity of fish gut microbiota makes it difficult
to study interactions among microbiota species and between the microbiota and its host. Our
understanding of the gut microbiota functions in aquatic animals is still limited. Hence, I
suggest to move from the descriptions of community structure to analyzing the functionality of
the fish gut microbiota, including for example the metabolic potential or responses to
perturbation or pathogen invasion.
6.7

Recommendations and future perspectives
Based on our observation, the microbial rich biofloc system is the best rearing system for

Nile tilapia considering the survival, growth, feed efficiency and gut microbiota diversity. That
is mainly attributed to the beneficial microbes present in the live biofloc water that can be
colonized along the fish intestinal tract. The individual variation of fish gut microbiota in BFS
and RAS is much smaller than FTS. The stochastic proliferation of microbes in FTS increase
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the risk of pathogen invasion and disease outbreak in aquaculture practices. To be noted, a
reduction on water exchange level of FTS by installing a sedimentation aquarium in the fish
tank might select beneficial microbes and reduce fish larvae mortality. RAS is still the best
candidate for growth trial, because difference in water quality and water microbial community
between replicate tanks can be avoided. However, RAS may mask the treatment effect in a
long-term experiment due to the microbial exchange between groups through the water column.
To solve this concern, disinfecting the inlet water before entering the fish tank can be an option.
In addition to the system approach, probiotics remain an effective strategy in modulating fish
gut microbiota and improving fish nutrition and health, although in most cases regular
application remains necessary. Hence, screening potential probiotic strains is highly
recommended to improve the overall sustainability of aquaculture.
In our study, 16S amplicon sequencing was always used to characterize fish gut microbiota
composition. However, one limitation of this technique is that the encoded gene does not
contain information of the remaining genome, meaning that the functional capacity of identified
microbes remains unknown. Multi-omics, including metagenomics, transcriptomics and
proteomics, on the other hand, can provide more insights into the functions of the microbial
community, such as carbohydrate degradation and nitrogen fixation. Moreover, a standard
sampling and fish gut microbiota analysis protocol is proposed, considering that samples from
different gut compartments or different primers used for gene amplification will result in
different outcomes on the taxonomy. Fair comparisons can only be made when similar gut
microbiota analysis protocols were applied.
Our results also suggested to use the fish from the same background for microbiome
studies, because a short-term co-culture period before the start of the experiment cannot erase
the imprinting during previous stages. Besides, the long-term legacy effect of early rearing
conditions on gut microbial interactions highlights the important role of microbial management
during the hatching and larval culture stage in aquaculture. Though we did not observe a legacy
effect of early life rearing environments on fish growth and nutrient digestibility, studies with
a similar set-up but focusing on the immune response and health status are highly
recommended, to further improve our understanding of the role of the microbiota in aquaculture
systems.
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SUMMARY

Fish-microbe interactions play an important role in the feed digestion, nutrient absorption,
immune system development and disease susceptibility of the host. Therefore, a healthy and
stable gut microbiota contributes to the growth and overall health status of the host. In
aquaculture, practices like disinfection, water exchange, fish transfer, change in diet
composition or feeding regime, and fluctuations in water quality affect fish microbiota. To
improve the microbial management in aquaculture, it is important to know the main the factors
governing fish gut microbiota development and to understand to which extent the induced
changes in gut microbiota composition affect fish performance.
Apart from host selection, water and feed are two main sources for the microbial
colonisation of the intestinal tract of fish. Therefore, the aim of this thesis was to modulate fish
gut microbiota by culturing the fish under different rearing conditions and by dietary
supplementation of feed additives, with the expectation to improve the growth of the fish and
gut microbiota homeostasis.
The recent development and challenges faced by the aquaculture industry are summarized
in Chapter 1. To improve the productivity and sustainability of aquaculture, the importance of
environment-microbes-host interactions is highlighted. Furthermore, the factors mainly
affecting fish gut microbiota composition and dynamics are reviewed, providing potential
strategies to modulate fish gut microbiota. Besides, the analytical method of gut microbiota and
the model species used are described. This chapter ends with an overview of the experimental
work done during the thesis.
In Chapter 2, the effect of different rearing conditions on the initial colonisation of the
fish gut microbiota was investigated. To do so, Nile tilapia embryos were incubated and the
hatched larva were cultured for 26 days in a flow-through system (FTS) or a recirculating
aquaculture system (RAS). In addition, a treatment in which the probiotic Bacillus subtilis was
administrated through the diet in RAS (RASB) was also examined. We show that larvae reared
in FTS showed significantly lower survival than those in RAS and RASB, while no differences
were observed in fish growth and the apparent feed conversion ratio between treatments.
Different treatments resulted in different gut microbiota compositions, which strongly
correlated with the survival rate and standard body length at harvest. Our findings indicate that
survival of Nile tilapia larvae in RAS is higher than in FTS, while dietary probiotic
supplementation further stimulates the presence of beneficial bacteria during early life.
The growth-promoting effect of biofloc might be due to its nutritional value or its probiotic
effect. To test this hypothesis, in Chapter 3 the effect of in-situ biofloc (LW) and dietary
supplementation of ex-situ live (LF) or dead biofloc (DF) on fish gut microbiota composition
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and growth performance was compared to a biofloc-free control treatment. We identified a core
gut prokaryotic community among all treatments. The relative abundance of the core
community was significantly influenced by LW treatment, while the DF or LF treatments only
caused minor changes on taxa not belonging to the core gut microbiota. The distinct microbial
community in the biofloc water was associated with the modulatory effect of LW on tilapia gut
microbiota. A growth-promoting effect on tilapia was observed from the LW treatment, while
DF and LF treatments had no effect on fish growth performance as compared to the control
treatment. Our study highlights the probiotic effect of in-situ biofloc water, in contrast to
processed biofloc which showed little nutritional or probiotic effect.
In addition to test the effect of different rearing environments on fish gut microbiota
composition and fish performance in the previous chapters, Chapter 4 was designed to verify
how dietary supplementation with probiotics and enzymes influence the nutrient digestibility
and volatile fatty acid (VFA) content along the gastrointestinal tract and the microbial
composition in the distal gut of juvenile Nile tilapia. We showed an increase in VFA content
with probiotic supplementation in the proximal gut, and a decrease in lactate content with
enzymes along the gut. Besides, enzyme supplementation enhanced crude protein, Ca and P
digestibility in proximal and middle gut. These results suggest that supplementation with
exogenous enzymes and probiotics increases nutrient availability. Enzymes and probiotics
supplementation had no effect on the gut microbial diversity of Nile tilapia, but enhanced
microbial interactions according to network analysis. Such results, together with increased
abundance of beneficial gut microbes such as Lactobacillus and Bacillus species, indicate
positive impacts on fish gut health and contribute to a more stable microbial environment.
In Chapter 5, we tested the legacy effect of early life rearing history on the gut microbiota
succession. For this, we performed a 4-month study, during which Nile tilapia larvae were
exposed during the first two weeks of life to different microbial environments (i.e. flow-through
system and biofloc system), and thereafter, fish were reared during two consecutive 2-month
periods, per period in a different RAS environment. In accordance with the results from chapters
2 and 3, we show that the early life rearing environment can have significant effects on fish
performance, with the biofloc system leading to healthier gut microbiota compositions and
better fish growth. We observed a temporal effect on the gut microbiota development with
compositions gradually converging when fish were transferred to shared environments. Longterm effects on growth, nutrient digestibility, nitrogen and energy balances were not observed
during later life. Despite that, interestingly, we show that early life exposure to different
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environments had a long-term effect on the gut microbial interactions, with more complex
networks coming from fish exposed to the biofloc system during early life.
In Chapter 6 the main results of this thesis are discussed and recommendations on the
microbial management in aquaculture as well as future perspectives on fish microbiome
research are presented. By comparing all the results from this thesis, we show that the gut
microbiota of Nile tilapia is strongly affected by the rearing conditions during early life stage,
with RAS and BFS resulting in a more stable gut microbiota, while FTS exhibiting large
individual variation in gut microbiota composition. A microbial rich environment (BFS) or
supplementation with probiotics can result in more species interactions in the gut microbiome
and a better fish performance. A meta-analysis on all the gut microbiota data from all
experiments shows a temporal effect and highlights the importance of fish age when comparing
gut microbiota of Nile tilapia.
Overall, this thesis highlights the significant impact of the early life rearing environment
in aquaculture and its long-term effect on microbiome development and microbial interactions.
We show high plasticity of fish gut microbiota during early life, which is ultimately shaped by
the environment and dietary additives (e.g. probiotics and enzymes), resulting in distinct fish
survival, growth and nutrient digestibility. The research provides strategies to manipulate the
fish gut microbiota composition. Immunological and fish health research are suggested to
further improve our understanding of the role of microbiota in aquaculture rearing systems.
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