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Abstract: Zebrafish (Danio rerio) is a well-established animal model, used in a number of research
areas. In the last decade, it has also emerged as a tool to evaluate the effects of diets and dietary
components and to test novel paradigms in nutrigenomics, nutrigenetics, and nutritional physiology.
Despite its worldwide use, the standardization of the zebrafish rearing conditions, including daily
nutritional and good feed management practices, is not yet achieved. This is surprising when
compared with what is available for other reared animals, such as rodents or other (e.g., commercial)
fishes. To date, a major applicative goal in zebrafish nutritional physiology research is to define
common, standard, and reproducible protocols of rearing and feeding conditions to generate reliable
and comparable results among research laboratories. This review aims to focus on limitations
and disadvantages of the current rearing and feeding practices and on some recent technological
solutions provided by research groups and/or biotech companies in the field of facility design, with
emphasis on automated feeding distribution systems. A general overview of some common schemes

of zebrafish husbandry is also given.
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1. Introduction

Zebrafish (Danio rerio) is a freshwater teleost (ord. Cypriniformes; fam. Danionidae)
that has been used in home aquaria for many years; however, during the last three decades,
it has become a key model in a variety of human-biology-related research areas, from
biomedicine to toxicology [1,2], from human diseases to therapeutic drugs screening [3,4].
Its use back to fish biology as a tool for complementing research in aquaculture and com-
mercial fish production processes [5,6] has enhanced and further extended its experimental
relevance as an animal model.

Zebrafish genome shares a high degree of synteny with both lower and higher verte-
brate (from teleost fish to human) genomes [7,8]. Its sequence is fully accessible [9], a condi-
tion shared by many other teleost fishes, e.g., Japanese fugu (Fugu rubripes), green-spotted
pufferfish (Tetraodon nigroviridis), medaka (Oryzias latipes), or three-spined stickleback
(Gasterosteus aculeatus). Moreover, various established approaches in genetic manipulation
make zebrafish transgenic lines available to date [10,11]. Among fish models, zebrafish is
most likely the only one offering a very complete panel of experimental advantages, such as
easy rearing and breeding in captivity, including very short generation time (~3 months),
large number of eggs (100-200 eggs/ clutch), transparency during egg and larval period,
and maturation of organogenesis in the larval stage (i.e., organs and systems are all func-
tional making the larva physiologically comparable to the adult) [12]. The advantages of
the experimental model go together with a community of zebrafish researchers spread
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worldwide and a robust and rather advanced technological support on the zebrafish-rearing
aquaria systems.

Recently, zebrafish has started to emerge as a model for evaluating the direct ef-
fects of administered dietary components on functional diet-gene interactions and for
exploiting novel approaches in nutrigenomics, nutrigenetics, nutritional physiology, and
immunity [13]. In fact, depending on their presence, availability, and storage, dietary
compounds can temporarily alter gene and protein expression (e.g., acting as co-factors
within the relevant metabolic systems). These effects are more relevant in poorly stored
nutrients such as water-soluble vitamins. Additionally, they can have longer lasting im-
pacts on gene expression as essentially permanent genome alterations, which can occur,
for example, for dietary components altering mutation rates or genome methylation pat-
terns [14]. In addition, in this context, dietary amino acids have been shown to be effective
in zebrafish [15,16]. On the other hand, variations in individual genetics can affect nutrient
needs and tolerances, requiring individualized diet recommendations [14]. Taken together,
the results obtained in zebrafish could be translated to aquaculture nutrition research
and to relevant commercial species, such as Atlantic salmon (Salmo salar), rainbow trout
(Oncorhynchus mykiss), common carp (Cyprinus carpio), Nile tilapia (Oreochromis niloticus),
among others. However, such translation requires in-depth comparative knowledge on
the physiology and the biology of the species in question to assess the compatibility of
the translation.

Despite the zebrafish use worldwide in the laboratory, the standardization of its
rearing conditions, including daily nutritional requirements and good feed management
practices, is still poorly studied [17]. To some extent, this is surprising when compared
with what is available for other animal models, including terrestrial vertebrates such as
rodents [18], or aquatic species such as tilapia [19], channel catfish (Ictalurus punctatus) [20],
or common carp [21], among others. The reason for the lack of standardization lies perhaps
in the fact that zebrafish is such an easy fish to keep in home aquaria that the optimization
of standard conditions has never been evaluated as necessary, although it is obvious that
parameters such temperature, feed composition, etc., will affect zebrafish like all other
animals, regardless of its robustness.

This review aims to focus on the limitations and disadvantages of the current zebrafish
rearing and feeding practices and, in this respect, on (some of) the most recent technological
solutions provided by biotech companies and/or research groups in the field of facility
design. To better understand critical issues, an overview of the most common schemes of
zebrafish husbandry is given.

2. Standard Rearing Conditions/Parameters

Wild zebrafish is a freshwater teleost fish with origins in South Asia, where it lives in
a wide variety of natural habitats, including irrigation ditches and rice fields, man-made
fish ponds, upper reaches of rivers, and even fast flowing hill streams [22-26]. Mimicking
the zebrafish wild environment is a good approach to minimize sub-optimal rearing
conditions, which result in increasing energy towards maintaining homeostasis, rather than
on growth, gamete production, and immune function, thus leading to a decrease in growth
performance, number, quality of offspring, and survival [27].

On the basis of these considerations, in the laboratory, zebrafish is usually maintained
in low moving and slightly acidic to slightly alkaline (pH 6.5-8.0) waters (in natural habitats
pH can vary from 6 up to 10) [25-27] with relatively high clarity (=35 cm) [27], under 14:10 h
light:dark cycle [27] and a temperature of 28.5 °C [28], which is the almost universally cited
temperature for normal development. With respect to adults, zebrafish embryos and larvae
are generally reared in a solution (E3 medium (also known as egg water)) containing all key
ions (5 mmol/L NaCl, 0.17 mmol/L KCl, and 0.33 mmol/L MgSQOj,) at low salinity levels
and methylene blue (0.5 mg/L) to reduce fungal infections [29]. With the development (and
size increase), larval, juvenile, and adult zebrafish are gradually reared in tanks housed
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in designed culture systems (see Section 3. Designed culture systems) under the standard
conditions stated above.

For detailed information about zebrafish rearing procedures, please refer to, among
others, the reviews by Lawrence et al. [27,30], Alestrom et al. [29], Watts et al. [31], and
Lee et al. [32]. The most relevant conditions and parameters reported in the cited reviews
for zebrafish rearing are summarized in Table 1.

Table 1. Parameters and recommendations for zebrafish rearing.

Specific Parameter Recommendations

Adult zebrafish exhibit tolerance for a wide range of water temperatures
(24.0-29.0 °C). For zebrafish embryos and larvae, the recommended

Temperature rearing temperature is 28.5 °C. Lower temperatures may slow down
the development.
H For both larval and adult zebrafish, a pH range from 6.5 to 8.0
P is recommended.
Fourteen hours day (light) and 10 h night (dark) is generally
Light/dark cycle recommended for both adult and larval zebrafish. The light/dark cycle

does not seem to affect zebrafish embryonic development.

Salinity (total concentration of ions dissolved in water)

A range 0.25-0.75 part per thousand (ppt) is recommended for adult and
larval zebrafish.

Conductivity (the quantity of sodium and chloride or
calcium and carbonate)

In recirculating water systems, a 150-1700 uS/cm range is recommended.

In recirculating water systems, dissolved oxygen levels are kept at

Oxygen and NHjz approx. 7.8 mg/L at 28.0 °C. Levels of total ammonia, nitrites, and
nitrates are generally kept less than 0.1, 0.3, and 25 mg/L, respectively.
Hardness (concentration of divalent ions, such as Ca2* A range between 75 and 200 mg/L (generally above 100 mg/L) is
and Mg?*, and carbonate, such as CaCO3 and MgCO3) generally recommended.

Density

Adult sexually mature zebrafish are recommended to be maintained in a
range between 3 and 12 fish/L. Zebrafish embryos are cultured in 9 cm
Petri dishes at a stock density of up to 100 embryos/35 mL. Larval
zebrafish from 6 to 16 days post-fertilization (dpf) are recommended to be
raised in small tanks with no water flow at a density up to 60 larvae/L.

3. Designed Culture Systems

The development of common husbandry schemes for zebrafish has improved together
with the use of this fish in laboratories to ensure not only that next fish generations are
produced but also that vigor and robustness of the strains are preserved. Yet, basic standard
protocols for zebrafish rearing in laboratory conditions are still designed to improve fast
growth and high reproduction rates rather than to address adequate nutrient requirements
and overall fish health and welfare [14].

To standardize zebrafish rearing procedures, many different culture systems have
been developed based on the specific needs of laboratories or institutions. Generally, these
systems are referred as (a) flow-through, (b) recirculating, or (c) static renewal [31,33,34].

The flow-through system is the least common design among research laboratories,
although it offers several advantages when performing nutritional experiments. The
principle involves large volumes of water (filtered or unfiltered) that are quickly pumped in
the facility tanks and thereafter returned to the environment, usually after remediation, with
no appreciable amounts of waste materials and, whether accumulated, removal does not
need great effort. Once established, the system does not require expensive costs to operate.
Furthermore, it also represents the best approach to minimize the build-up of nitrogenous
wastes in zebrafish tanks. However, the tank water quality depends mostly on the source
and, thus, it follows a high probability of including pollutants or toxicological elements,
which can negatively affect zebrafish wellness and growth. Flow-through systems have
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been used for maintaining zebrafish in the laboratory by Hohn and Petrie-Hanson [35] and
Streisinger et al. [36], for example.

The basic concept of flow-through system has been used for the development of mi-
crofluidic systems for culturing of zebrafish embryos and larvae. These systems are aimed
at supporting adequately embryonic and/or larval fish-raising under controlled experimen-
tal conditions, while a unique flow-through solution moves to all the raised individuals.
Most of the traditional and common raising practices are, in fact, still performed manually,
which imply time-consuming operations, human errors, and limited reproducibility [37].
A microfluidic system for embryonic and larval culture, where most tasks are performed
automatically without external events that can disturb embryo development, has been
developed [37]. Such a device allows one to transport, immobilize for imaging, continu-
ously deliver reagents and drugs while real-time observations are performed, and retrieve
zebrafish embryos post-analysis in a more efficient way compared with conventional static
cultures [37]. Despite zebrafish larvae showing a more complex shape and active swimming
compared with immobilized embryos, which makes the fabrication of suitable systems
more difficult, microfluidic devices have also been made for this stage. Examples of mi-
crofluidic systems for raising of embryonic and larval zebrafish developed by research
groups are given in Table 2. More detailed information of the microfluidic systems can
be found in the review of Khalili and Rezai [38]. The next design, called recirculating
system, is the most commonly used in laboratories and gives investigators the ability to
control water quality and even eliminate undesired factors, such as over-exceeded ions
and toxic elements. Nearly all the culture systems commercially available for zebrafish
are the recirculating type and most of them have been developed as an open-formula to
satisfy specific needs of the laboratories. The general scheme of a recirculating system
includes the collection of tap water, previously subject to filtration, in a common filter
unit which pumps water into a large reservoir (header tank). From there, the water is
distributed from the top by gravity flow into each row and into each single tank where
the flow rate can be adjusted according to the size, number, and age of the fish. Then, the
water returns to the common filter unit for recirculation. The water source can be treated
using a variety of filter systems such as charcoal filters, reverse osmosis, or ion-exchange
columns, and specific ions can be added. Therefore, the main advantage of the recirculation
systems includes the possibility of providing high-quality water and a high exchange
rate in the tanks. Moreover, synthetic sea salt can be dissolved to achieve appropriate
conductivity. However, highly purified water requires knowledge of culture engineering
technologies, water management, and maintenance costs. The purification of recirculating
water can be done by different mechanisms, such as the use of mechanical filters and
clarifiers in combination with biological filters, ultraviolet sterilization, protein skimming,
and ozonation (or combinations thereof). However, all these systems, particularly the
biological filtration, often require an initial adjustment period, whereby appropriate levels
of autotrophic nitrifying bacterial populations need to be established. If water parameters,
such as alkalinity, hardness, and pH are not monitored and corrected as needed, filter
efficiencies will fluctuate over time. Examples of recirculating systems are the open-design
solutions proposed by Burg et al. [39], Paige et al. [40], and Nema and Bhargava [41,42].

Table 2. Examples of flow-through-based microfluidic systems for raising of embryonic and
larval zebrafish.

Microfluidic System

Description

Wielhouwer et al. [43]

On-chip culturing of more than 100 zebrafish embryos for real-time imaging, thanks to three
borosilicate glass layers bonded together and two sets of flow-through systems for the circulation of
buffer medium and warm water.

Zhou et al. [44]

A chip with the exact well interspacing of a 96-well plate designed for entrapping, culturing, and
treatment of zebrafish embryos. The chip is composed of 12 microscale clusters, an array of 21 embryos
traps, inlet and outlet ports, and a suction channel that exerts a force to immobilize embryos.
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Table 2. Cont.

Microfluidic System

Description

Akaniji et al. [37]

A chip for a one-step automatic loading, hydrodynamic positioning, trapping, and long-term
immobilization of single embryos.

Bischel et al. [45]

A device with branching channels for manual loading, positioning, and orientation of 3-5 dpf
zebrafish larvae, allowing both dorsal and lateral view of the fish.

Lin et al. [46,47]

A device consisting of two side-by-side horizontal channels bridged by a series of short, tapered
channels and of a hydrodynamic force continuously applied. This force allows the loading and the
immobilization of larvae which, once entrapped, can act as a plug directing the following larvae
towards the empty channels in a sequential manner.

In small scale, static renewal systems are inexpensive and effective. In this design,
fish are kept in small tanks or raceways, and the water is incrementally replaced at levels
ranging from 5 to 50% of volume exchange per day. However, water exchange can have
consequences, mainly related to disturbing events to zebrafish in culture. Given the high
rates of water exchange, water quality will become inconsistent. Thus, these systems are
not recommended for use with large populations of zebrafish. Examples of static renewal
systems use are in Choi et al. [48], Maximino et al. [49], and Miller et al. [50].

4. Feeding Requirements

Dietary lipids in fish diets represent the main conventional energy source, especially
in carnivorous species, although low efficiency rates and different growth performance,
wellness, and body compositions among species are generally found [31]. In addition, fish
diets do not require specific dietary carbohydrate levels [51]. Thus, proteins remain the
most relevant dietary compounds in formulated diets. Notably, fish require higher levels of
dietary proteins compared with terrestrial-farmed vertebrates, though this consideration
needs to not be taken as absolute. In fact, fish and terrestrial vertebrates differ only in
relative protein concentrations for achieving maximum growth rate, and such difference
is explained by a lower basal energy needed for fish [31]. On these premises, fish reared
under intensive aquaculture conditions are fed with common feedstuffs balanced to supply
all the essential nutrients (protein, lipids and, carbohydrates, as well as minerals and trace
elements) vital for growth, reproduction, overall wellness, and health [31].

The increased demand and costs for feedstuffs push the need for alternative protein
sources for formulating new functional diets meeting nutritional, economic, and environ-
mental requirements. For example, soybean meal has gradually been implemented as an
alternative to common feedstuff such as fish meal and fish oil, but the results are not fully
satisfactory. In fact, plant-derived proteins may contain anti-nutritional factors such as
protease inhibitors, tannins, and saponins that can negatively affect growth and health
performance of both omnivorous [52,53] and carnivorous species [54-56]. In this context,
nutritional programming is made to counteract the negative effects of plant proteins (mostly
intestinal inflammatory events) and to maintain acceptable growth rates and feed efficiency
values at high fishmeal substitution levels [57].

4.1. Formulated Diets

Currently, several different formulated diets are available for zebrafish, including
commercial dry feeds and live feed such as Artemia nauplii, rotifers (Brachionus sp.), Parame-
cium caudatum, and Tetrahymena. Among these, dry diets are generally assumed to be
nutritionally complete, whereas live feed stimulates the associated predatory (fish—prey
capture) behavior [30,58,59].

Zebrafish dry diets can be classified based on ingredient and nutrient composition:
while some diets are used for specific nutrient requirements under determined experi-
mental conditions, others have commercial applications and are designed for large-scale
production [31].
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At the time of the complete development of the gut (at approx. 5 days post-fertilization,
dpf) [60,61], Paremecium, rotifers, and Artemia nauplii are usually administered as first feed
because they are useful for increasing survival and early growth, as indicated by various
authors [31,62]. Early zebrafish larvae prefer to consume Paramecium and rotifers due
to their small diameter, but not Artemia [29]. In this respect, Best et al. [63] showed the
effective use of a static rotifer-larvae “polyculture” methods for feeding 5-9 dpf zebrafish.
Naturally, since live food is a common vector of pathogens, care must be taken to minimize
their spread.

After a period of early development (which generally spans from a few days to
several weeks), artificial feeds are introduced in zebrafish larval diet [31]. The administered
commercial feeds can be used in two different ways, which are as supplement to live diets
or as the sole food source [27].

Currently, the most standard and widespread protocols for zebrafish nutrition include
the administration of live feed combined with processed feed (usually as fish flake) or
specific diets containing fish oil and fish meal, which have been shown to be sub-optimal in
many ways [64,65]. While live food such as Artemia nauplii does not negatively affect fish
growth and health (especially non-hatching decapsulated Artemia cysts) in juvenile and
adult zebrafish [66], the administration of rotifers and Paramecium as live food shows large
variability in nutritional profiles [67,68], as well as the risk of spreading pathogens [69] and
toxic compounds, which may negatively affect fish health status [70]. For these reasons,
live food as the sole source of nutrients is not recommended, and a combination with
artificial diets containing the remaining nutrients is preferred. As for live food, the use
of flake feeds for juvenile and adult zebrafish is problematic as well, since determining
the precise ingredients and the nutritional profile is difficult. Likewise, their poor stability
in water means soluble nutrients leach into the water rather than being ingested by the
fish [71]. Furthermore, formulated diets may contain potentially harmful compounds such
as genistein and soy isoflavone, which have been shown to be an estrogen mimic in both
fish and mammals [72,73]. Therefore, based on this information, the administration of live
food just after opening the intestinal canal and the gradual combination with the dry feeds
represents the most recommended option to raise zebrafish.

Despite a larger number of commercial dry feeds for zebrafish been commercialized
in the last decades [74,75], the standardization of zebrafish feeding protocols has not yet
occurred, and its development represents a great challenge. Compared with rodent di-
ets, open formulations for zebrafish are not available, with the consequences that many
nutrients (and antinutrients) are not established, and the fidelity of many scientific experi-
mentations is decreased. Moreover, the presence of many different dry diets commercially
available leads to different and confounding results. As an example, Siccardi et al. [76]
showed that five different commercially available fish feeds and two laboratory-prepared
diets produced differences in fundamental growth responses. Similar results were also
reported by Fowler et al. [77]. The availability and use of multiple commercially available
diets, each often characteristically used by a particular research laboratory and across
different life stages (larvae, juveniles, and adults), underscore the confusion that would
inevitably result from the variance of results ascribed in the scientific literature [78].

4.2. Feeding Management

The lack of standardization of zebrafish feeding protocols not only concerns the great
consideration for implementing factors affecting the daily nutritional requirements [27,56,79],
but also includes feeding management practices, which are equally important and should
be designed by taking into consideration the nutrient and physical properties of the diet.
Many studies are used to report both feed amount and daily/weekly feeding regime (feed
ratio and frequency), but each study follows its own personal scheme, and the direct
effects of the various feed management criteria on specific outcomes have seldom been
investigated [31]. Feeding ratio is the amount of diet administered per group or per group
of individuals, which is usually referred to as grams per individual or percentage of body
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weight [31]. Feeding frequency, on the other hand, is defined as the number of times feeding
is provided (ratio per individual per unit time) [31]. Both practices are often determined by
the availability and the economic resources of the operators [31], thus significantly affecting
zebrafish nutrition, especially when using formulated diets [65,80,81]. Therefore, it is not
surprising to find a wide variety of feeding frequencies, ranging from once per day to
several times per day or even during the night. Moreover, the feeding frequency should also
be adjusted for different sizes and ages of zebrafish with the aim of reducing the suspension
time in the water before ingestion [31]. Furthermore, the common practice in laboratories is
to feed zebrafish ad libitum (i.e., the animals are offered as much food as they want), which
can be followed by leaching from uneaten food and mixing of feeds with fecal material
in the bottom of the tanks, thus reducing much of the ability to quantify feed intake—an
essential practice in determining daily nutrient requirements—as well as water quality and,
thus, fish welfare [31]. In addition to feeding frequency and ratio, feeding time (the time
of day or night when the diet is provided) is also greatly affected by the operators [31].
For example, feeds can be administered any time of the day or night, depending on the
operators’ availability. Since feeding time can affect zebrafish behavior and feed intake [82],
specific time(s) of feeding should be standardized and reported. Fish, in fact, do not usually
feed continuously in the wild, but consume meals at certain times of the day or night,
exhibiting distinct daily feeding rhythms [83], and although no preferential feeding times
have been reported, food-anticipatory activities when fed on a fixed schedule have been
shown [84]. Moreover, if multiple ratios per day are provided, the amount of each food
ratio should be determined in order to optimize feed ingestion at specific times [31], since
ingestion of a ratio may vary depending on the time per day (or night).

To fully assess the potentiality of zebrafish as a model and its increasing use in research
laboratories, facilities, and biotech companies (which invariably implies highly controlled
fish rearing conditions), the need to combine novel standard diets which satisfies all nutrient
requirements with a controlled and reproducible administration setup, far and independent
from variables introduced by the operators, is increasingly urgent. As a starting point, an
initial reference growth curve is already established [17].

5. Automated Feeding Systems

In the last decades, both (from) single research groups and (to) biotech companies have
developed automated systems for zebrafish including feeders. This has been accomplished
to meet adequate rearing and nutrient conditions, improve zebrafish health and welfare,
and implement new tools in the culture facilities to reach standardization and/or removal
of human error factors. Specifically, in the field of feeding supply, attention has been given
to standardize feeding practice, including feeding ratio, frequency, and time, that matches
digestive biology and normal feeding behavior of zebrafish. As mentioned above, feeding
and feed management practices have many and critical implications for the success of
rearing zebrafish in a facility. Moreover, the simple act of daily feeding zebrafish in a facility
with hundreds or even thousands of individual tanks has many important practical impli-
cations, from growth and reproductive performance of the fish stocks to the percentage of
labor devoted to carrying out such operations [27]. Feeding management also impacts fish
welfare and health in captivity as well as reproducibility and statistical reliability of results
obtained by different laboratories. Therefore, the development of standardized systems is
increasingly needed, and greater attention to improve the knowledge of physiological and
behavioral basis and a constant monitoring is required.

The behavior related to feeding management has been shown to be highly affected
by the circadian rhythms, which are endogenous and persistent rhythmic activities under
constant environmental conditions driving the synchronization of feeding rhythm and
locomotor activity to feeding regime. In this context, zebrafish has already been widely
used in different studies, including daily rhythms of locomotor activity in adults and
larvae [85], synchronization of activity rhythms to light and temperature cycles [86], and
daily rhythms of reproduction [83]. Searching for food, for example, usually takes place
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when the abundance of prey increases and the risk of predation is reduced [87], and,
from a physiological point of view, the nutrient search and utilization mostly depend
on the digestive and metabolic states of the fish [88]. In this context, swimming and
locomotor activities are probably two of the most widely studied behavioral variables [30]
which, coupled with the feeding rhythm, are found to be highly affected by light. For
this, both variables represent two main behavioral factors determining feeding time in
many fish species [83]. Thus, del Pozo et al. [87] developed a new self-feeder system with
a food-demand sensor suitable for zebrafish to investigate the daily pattern of feeding
and locomotor activities, their endogenous nature under constant conditions, and their
synchronization to feeding regime. The observations indicated that zebrafish usually
display nocturnal feeding rhythms, whereas the locomotor activity rhythms are located
mostly in the diurnal range.

In the context of home aquaria, where the number of individuals and cages to feed
in captivity is more reduced, automated and practical equipment allowing for the control
the delivery of food amounts, such as rotating barrel fish feeder and peristaltic pump,
have been commercialized. However, when such devices are translated from small-scale
to large-scale systems, their inefficiency and limitations emerge, which are, among others:
(i) one feeder needed for one tank, thus resulting in a difficult application to housing systems
composed of hundreds of tanks; (ii) not eliminating the need of cleaning a large number
of devices on a daily-to-weekly basis, which may result in a very time-consuming and
high-cost labor activity; and (iii) feeder(s) needed to be set to control different granulometry
feeds. The automatization of the protocols can improve the standardization of feeding
management practices and remove manual feeding, which represents the major parameter
affecting zebrafish wellness, growth, and reproduction, with a clear lack of control over
the delivered quantities [88]. Different feeding regimens and feeding amounts can, in
fact, affect growth and reproductive performance in wild-type zebrafish [47] and, as an
example, modulate melanoma tumor onset in a p53/BRAF zebrafish line [89], respectively.
Moreover, especially in facilities with many tanks, the lack of automated systems leads
to the appearance of musculoskeletal disorders among technicians in charge of feeding
the reared zebrafish [90]. In recent years, advanced technologies such as machine vision,
acoustic technology, and sensor data fusion have gradually been applied to large-scale and
refined aquaculture [91,92]. These technologies might be considered for implementation in
the zebrafish rearing and feeding systems.

In this context, at the University of Padova (Padova, Italy), a novel automatic dispenser
for fast delivery of zebrafish food has been developed and optimized. The so-called
multiple fishtank feeding doser (https://www.knowledge-share.eu/en/patent/multiple-
fishtank-feeding-doser/, accessed on 4 May 2016) (Inventors: Francesco Argenton and
Luigi Pivotti [93]) (see also [94]) allows for regulation of the amount of food provided
according to the fish number, age, size, weight, and experimental setup. In this way, the
dispenser avoids the most common problems related to the activity of operators such as
overfeeding, which leads to the accumulation of an excess of food at the bottom of the
tanks and negatively affects water filters and fish health, or underfeeding, which leads to
impaired fish growth and reproductive fitness. The system consists of a small and practice
pneumatic device that delivers pulsated amounts of food in one second, thus allowing
the administration of a precise amount of food in a precise amount of time to large-scale
systems with hundreds of individual tanks. Furthermore, the designed dispenser allows
one to save not only food, but also time, as it produces no waste around the feeding
hole and, thus, less cleaning is required. This also allows more time available for other
husbandry-related tasks, such as cleaning and monitoring.

Another interesting solution is presented by the semi-automatic dispenser for solid and
liquid food in aquatic facilities developed by Candelier et al. [90]. The system represents an
intermediate solution between manual and fully automated systems, keeping the assets of
both approaches while eliminating most of their drawbacks. The semi-automatic dispenser
is battery-powered and portable with a low footprint, able to deliver dry solid or liquid
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food in a modular manner. It is able to displace all the weight of liquid in a self-supporting
reservoir on caster wheels and it does not require a specific operator to trigger and to
remain in operation. More importantly, the dispenser can deliver either fixed quantities,
operate on controlled quantities, or obtain information on the number of individuals in
each tank via near-field communication and automatically deliver the exact amount of
food intended.

Similar to Candelier et al. [90], Tangara et al. [95] developed two custom-made open-
source semi-automatic and low-cost feeding systems for dry and live food to be imple-
mented in zebrafish facilities. For the delivery of Artemia, the system is based on an electric
pump capable of sucking live Artemia and delivering them to the housed tanks. The rate
of delivery can be adjusted by regulating the pump’s speed. The pump is triggered by a
sensitive and light-weight button held by the person in charge of feeding. On the other
hand, the delivery of dry feed in the form of granules is based on a system using standard
electronic components. Food delivery can be triggered using three different methods to
avoid repetitive movements. These are two sensitive buttons close to the natural proximity
of the fingers and contact sensors which are activated as soon as the device is in contact
with the lid of the housed tank.

Yang et al. [96] have coupled an automatic feeding system to a Noldus EthoVision
video-tracking system able to control the production of obese zebrafish by applying a
short-term overfeeding period protocol and analyzing the metabolic changes during aging
and overfeeding.

Moreover, automated feed distribution allowed Doyle et al. [97] to develop an auto-
mated apparatus for rapid zebrafish conditioning paradigms using Arduino microproces-
sors. This system allows for control of the delivery of auditory or visual stimuli to groups
of different aged zebrafish (juveniles or adults) reared in their home tanks in a conventional
facility. After the conditioned stimuli, precise amounts of food are administered through
an automatic feeder, and the responses are recorded using video cameras and analyzed
using the software Image] (Wayne, Rasband, National Institutes of Health, Bethesda, MD,
USA) or Matlab (The Mathworks Inc., Natick, MA, USA).

Unlike Candelier et al. [90] and Tangara et al. [95], the solution Zebrafish Automatic
Feeder (ZAF) developed by Lange et al. [98] represents a fully automated solution for
feeding. The basic operating principle of ZAF is very simple: it consists of a servo motor
that rotates a food canister to dispense food into a container directly filled with water. The
food-water mixture is then distributed to the tanks using pumps and a manifold tubing
system. The ZAF system consists of three main modules: (i) electronics, (ii) tubing and
pumps, and (iii) food preparation which synergistically allow for a constant amount of
food to be delivered in all tanks and to modify the dosage by adjusting the food container
opening as well as the degree of servo rotation. The system provides standardized diets to
all the housed tanks, is cost-efficient, and easy to build. Furthermore, the advanced version
of ZAF, called ZAF*, also allows a precise control of food distribution and a function of fish
density per tank.

In this context, a further contribution is given by the automated feeding system called
Tritone, designed and produced by Tecniplast S.p.A. (Buguggiate, Varese, Italy) (Inventors
Marco Brocca and Giovanni Frangelli) [99]. The Tritone is a robotic system able to deliver
multiple dry diets (up to four different diets), different in granulometry and composition,
as well as liquid diets (generally containing Artemia nauplii). This solution represents a
suitable approach for feeding experiments, since the flexibility to test different diets in a
standardized manner is allowed, thus avoiding the variability introduced by the operators.
The dosing device, in fact, is equipped with an automatic coupling and release means that
alternatively retain or release a pin solidly associated with the container bottle. The spout
of the dispenser is located close to the feeding hole in order to get a highly efficient food
deliver. Different diet granulometries are provided by different diameters of the spout
connected to the dispenser, and particle sizes up to 600 pm do not affect feed delivery. The
tank-specific automated food administration is allowed by special codes located at the
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bottom of the tanks where all information is coded. Thus, the operators can determine and
schedule specific diets for specific tanks housed in the facility according to their precise
requirements. Feeding time(s) and feeding ratio(s) can also be decided by the operators.
Moreover, the system is supplied with a video camera housed directly on the head of the
dispenser so as to remotely control correct operation and, in particular, correct positioning
of the dispensing system. The position of the video camera also allows the monitoring of
zebrafish behavior and, thus, the possibility of improving the automated food distribution.
All the automated feeding systems are summarized in Table 3.

Table 3. Summary of automated feeding systems for zebrafish.

Automated Feeding System

Description

del Pozo et al. [81]

A self-feeder system with an infrared photocell acting as a food-demand sensor (high costs).

Argenton and Pivotti [87]

A small and practical pneumatic device delivering food (low costs).

Candelier et al. [84]

A semi-automatic dispenser for solid and liquid food (low costs).

Tangara et al. [89]

An open-source semi-automatic feeding system for dry and live food (low costs).

Yang et al. [90]

An automatic feeding system coupled with an EthoVision video-tracking system (high costs).

Doyle et al. [91]

An automatic feeder of precise amounts of foods (low costs).

Lange et al. [92]

A fully automated solution which provides standardized amounts of diets (high costs).

Brocca and Frangelli [93]

A robot able to deliver multiple dry and liquid diets (high costs).

6. Conclusions and Future Challenges

When analyzing aspects of fish nutrition, such as those related to the effects of diets,
nutrients, molecules, etc., it is not easy to generate highly significant datasets; this is
often due to the absence of common and standardized rearing and feeding conditions for
the raised animals. The intensive and increasing use of zebrafish as a well-established
animal model in many different fields of the biological, biomedical, toxicological, and
environmental research thus makes necessary the development and implementation of
new automated systems that allow one to obtain as highly controlled rearing and feeding
conditions as possible, and, in parallel, to reduce human labor and remove human errors.

To date, the standardization of rearing and feeding protocols by adopting semi-
automatic, automatic, or even robotic feed distribution solutions is a necessary goal to
achieve in zebrafish nutritional research. The improvement of these technologies in conjunc-
tion with research laboratories and industry, combined with the thorough comprehension
of the regulatory networks supporting the alimentary function(s), on one hand, and to the
optimal formulation of experimental and commercial feeds, on the other, will significantly
extend the potentialities of the zebrafish as a tool to evaluate the effects of diets, dietary
components, ingredients or single nutrient molecules, and to test novel hypotheses in
nutrigenomics, nutrigenetics, and nutritional physiology.

Author Contributions: Conceptualization: G.D.V,, A.B., LR. and T.V,; methodology: G.D.V,R.S.,G.E,
T.S., S.F. and M.G.A.B; formal analysis: G.D.V., A.B., AS.G., AM,, RS. and G.E; writing—original
draft preparation: G.D.V,, A.B.,, AM,, RS. and T.V,; writing—review and editing: G.D.V,, AB., AS.G,,
R.S.,G.E,LR. and T.V; supervision: LR. and T.V.; funding acquisition: G.D.V., T.V. and L.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Italian Ministry of University and Research (“Dot-
torato innovativo con caratterizzazione industriale” Borsa PON 2014-2020 Ricerca e Innovazione, cod.
DOT1412034) (GDV, TV). The work was also supported by Research Council of Norway, Grant
Number 309368 ExcelAQUA 2.0 (IR).

Institutional Review Board Statement: Not applicable.

Inform Consent Statement: Not applicable.



Appl. Sci. 2022,12, 10961 11 0f 14

Data Availability Statement: Not applicable.

Conflicts of Interest: G.F, T.S., S.F. and M.G.A.B., who co-authored this manuscript, are from
Tecniplast S.p.A., which is the company that commercializes the Tritone robotic system described in
the manuscript. This is clearly stated in the affiliations” section.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

Choi, TY,; Choi, T.I; Lee, Y.R.; Choe, SK.; Kim, C.H. Zebrafish as animal model for biomedical research. Exp. Mol. Med. 2021, 53,
310-317. [CrossRef] [PubMed]

Bambino, K.; Chu, J. Zebrafish in toxicology and environmental health. Curr. Top. Dev. Biol. 2017, 124, 331-367. [CrossRef]
[PubMed]

Wiley, D.S.; Redfield, S.E.; Zon, L.I. Chemical screening in zebrafish for novel biological and therapeutic discovery. Meth. Cell.
Biol. 2017, 138, 651-679. [CrossRef]

Bradford, Y.M.; Toro, S.; Ramachandran, S.; Ruzicka, L.; Howe, D.G.; Eagle, A.; Kalita, P.; Martin, R.; Taylor Moxon, S.A;
Schaper, L.; et al. Zebrafish models of human disease: Gaining insight into human disease at ZFIN. ILAR ]. 2017, 58, 4-16.
[CrossRef] [PubMed]

Jorgensen, L.V.G. Zebrafish as a model for fish diseases in aquaculture. Pathogens 2020, 9, 609. [CrossRef] [PubMed]

Ribas, L.; Piferrer, F. The zebrafish (Danio rerio) as a model organism, with emphasis on applications for finfish aquaculture
research. Rev. Aquac. 2013, 5, 1-32. [CrossRef]

Espino-Saldana, A.E.; Rodriguez-Ortiz, R.; Pereida-Jaramillo, E.; Martinez-Torres, A. Modeling Neuronal Diseases in Zebrafish in
the Era of CRISPR. Curr. Neuropharmacol. 2020, 18, 136-152. [CrossRef] [PubMed]

Shehwana, H.; Konu, O. Comparative transcriptomics between zebrafish and mammals: A roadmap for discovery of conserved
and unique signaling pathways in physiology and disease. Front. Cell. Dev. Bio. 2019, 7, 5. [CrossRef] [PubMed]

Howe, K.; Clark, M.D.; Torroja, C.E,; Torrance, J.; Berthelot, C.; Muffato, M.; Collins, J.E.; Humphray, S.; McLaren, K,;
Matthews, L.; et al. The zebrafish genome sequence and its relationship to human genome. Nature 2013, 496, 498-503. [CrossRef]
[PubMed]

Ruzicka, L.; Howe, D.G.; Ramachandran, S.; Toro, S.; Van Slyke, C.E.; Bradford, Y.M.; Eagle, A.; Fashena, D.; Frazer, K;
Kalita, P; et al. The Zebrafish Information Network: New support for non-coding genes, richer Gene Ontology annotations and
the Alliance of Genome Resources. Nucleic Acids Res. 2019, 47, D867-D873. [CrossRef]

Choe, C.P; Choi, S.Y,; Kee, Y.; Kim, M.].; Kim, S.H,; Lee, Y.; Park, H.C.; Ro, H. Transgenic fluorescent zebrafish lines that have
revolutionized biomedical research. Lab Anim. Res. 2021, 37, 26. [CrossRef] [PubMed]

Kimmel, C.B.; Ballard, W.W.; Kimmel, S.R.; Ullmann, B.; Schilling, T.F. Stages of embryonic development of the zebrafish. Dev.
Dyn. 1995, 203, 253-310. [CrossRef] [PubMed]

Ulloa, PE.; Medrano, J.E; Feijoo, C.G. Zebrafish as animal model for aquaculture nutrition research. Front. Genet. 2014, 5, 313.
[CrossRef] [PubMed]

Williams, M.B.; Watts, S.A. Current basis and future directions of zebrafish nutrigenomics. Genes Nutr. 2019, 14, 34. [CrossRef]
[PubMed]

Gomez-Requeni, P.; de Vareilles, M.; Kousoulaki, K.; Jordal, A.E.O.; Conceicao, L.E.C.; Rennestad, I. Whole body proteome
response to a dietary lysine imbalance in zebrafish Danio rerio. Comp. Biochem. Physiol. Part D Genom. Proteomics 2011, 6, 178-186.
[CrossRef] [PubMed]

Vacca, F; Barca, A.; Gomes, A.S.; Mazzei, A.; Piccinni, B.; Cinquetti, R.; Del Vecchio, G.; Romano, A.; Rennestad, I.; Bossi, E.; et al.
The peptide transporter 1a of the zebrafish Danio rerio, an emerging model in nutrigenomics and nutrition research: Molecular
characterization, functional properties, and expression analysis. Genes Nutr. 2019, 14, 33. [CrossRef]

Gomez-Requeni, P.; Conceicao, L.E.C.; Jordal, A.E.O.; Rennestad, I. A reference growth curve for nutritional experiments in
zebrafish (Danio rerio) and changes in whole body proteome during development. Fish Physiol. Biochem. 2010, 36, 1199-1215.
[CrossRef] [PubMed]

Ayadi, A.; Ferrand, G.; Cruz, 1.G.; Warot, X. Mouse Breeding and Colony Management. Curr. Protoc. Mouse Biol. 2011, 1, 239-264.
[CrossRef] [PubMed]

Chen, C.C,; Huang, C.W.; Lin, C.Y,; Ho, C.H.; Pham, H.N.; Hsu, T.H.; Lin, T.T.; Chen, R H.; Yang, S.D.; Chang, C.L; et al.
Development of Disease-Resistance-Associated Microsatellite DNA Markers for Selective Breeding of Tilapia (Oreochromis spp.)
Farmed in Taiwan. Genes 2021, 13, 99. [CrossRef] [PubMed]

Dunham, R.A; Elaswad, A. Catfish biology and farming. Annu. Rev. Anim. Biosci. 2018, 6, 305-325. [CrossRef]

Gjedrem, T.; Baranski, M. Selective Breeding in Aquaculture: An Introduction; Springer Science & Business Media: Berlin/Heidelberg,
Germany, 2010; Volume 10.

Menon, A.G.K. Check List—Fresh Water Fishes of India; Zoological Survey of India: Kolkata, India, 1999; Volume 175, pp. 234-259,
ISBN 81-85874-15-8.

Daniels, R.J.R. Freshwater Fishes of Penisular India; Universities Press: Hyderabad, India, 2002.

Bhat, A. Diversity and composition of freshwater fishes in streams of Central Western Ghats, India. Environ. Biol. Fish 2003, 68,
25-38. [CrossRef]


http://doi.org/10.1038/s12276-021-00571-5
http://www.ncbi.nlm.nih.gov/pubmed/33649498
http://doi.org/10.1016/bs.ctdb.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/28335863
http://doi.org/10.1016/bs.mcb.2016.10.004
http://doi.org/10.1093/ilar/ilw040
http://www.ncbi.nlm.nih.gov/pubmed/28838067
http://doi.org/10.3390/pathogens9080609
http://www.ncbi.nlm.nih.gov/pubmed/32726918
http://doi.org/10.1111/raq.12041
http://doi.org/10.2174/1570159X17666191001145550
http://www.ncbi.nlm.nih.gov/pubmed/31573887
http://doi.org/10.3389/fcell.2019.00005
http://www.ncbi.nlm.nih.gov/pubmed/30775367
http://doi.org/10.1038/nature12111
http://www.ncbi.nlm.nih.gov/pubmed/23594743
http://doi.org/10.1093/nar/gky1090
http://doi.org/10.1186/s42826-021-00103-2
http://www.ncbi.nlm.nih.gov/pubmed/34496973
http://doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://doi.org/10.3389/fgene.2014.00313
http://www.ncbi.nlm.nih.gov/pubmed/25309575
http://doi.org/10.1186/s12263-019-0658-2
http://www.ncbi.nlm.nih.gov/pubmed/31890052
http://doi.org/10.1016/j.cbd.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21440519
http://doi.org/10.1186/s12263-019-0657-3
http://doi.org/10.1007/s10695-010-9400-0
http://www.ncbi.nlm.nih.gov/pubmed/20432063
http://doi.org/10.1002/9780470942390.mo100214
http://www.ncbi.nlm.nih.gov/pubmed/26068995
http://doi.org/10.3390/genes13010099
http://www.ncbi.nlm.nih.gov/pubmed/35052439
http://doi.org/10.1146/annurev-animal-030117-014646
http://doi.org/10.1023/A:1026017119070

Appl. Sci. 2022,12, 10961 12 of 14

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Arunachalam, M.; Raja, M.; Vijayakumar, C.; Mayden, R.L. Natural history of zebrafish (Danio rerio) in India. Zebrafish 2013, 10,
1-14. [CrossRef]

Engeszer, R.E,; Patterson, L.B.; Rao, A.A.; Parichy, D.M. Zebrafish in the wild: A review of natural history and new notes from the
field. Zebrafish 2007, 4, 21-40. [CrossRef] [PubMed]

Lawrence, C. The husbandry of zebrafish (Danio rerio): A review. Aquaculture 2007, 269, 1-20. [CrossRef]

Westerfield, M. The Zebrafish Book. In A Guide for the Laboratory Use of Zebrafish (Brachidanio renio), 2nd ed.; Eugene, O.R., Ed,;
University of Oregon Press: Corvallis, OR, USA, 1993.

Alestrom, P.; D’Angelo, L.; Midtlyng, PJ.; Schorderet, D.E.; Schulte-Merker, S.; Sohm, F.; Warner, S. Zebrafish: Housing and
husbandry recommendations. Lab Anim. 2020, 54, 213—-224. [CrossRef] [PubMed]

Lawrence, C.; Mason, T. Zebrafish housing systems: A review of basic operating principles and considerations for design and
functionality. ILAR J. 2012, 53, 179-191. [CrossRef] [PubMed]

Watts, S.A.; Powell, M.; D’Abramo, L.R. Fundamental approaches to the study of zebrafish nutrition. ILAR J. 2012, 53, 144-160.
[CrossRef] [PubMed]

Lee, C.J.; Paull, G.C; Tyler, C.R. Improving zebrafish laboratory welfare and scientific research through understanding their
natural history. Biol. Rev. Camb. Philos. Soc. 2022, 97, 1038-1056. [CrossRef] [PubMed]

Brand, M.; Granato, M.; Niisslein-Volhard, C. Keeping and raising zebrafish. In Zebrafish: A Practical Approach; Nuesslein-Volhard,
C., Dahm, R., Eds.; Oxford University Press: Oxford, UK, 2002.

Bhargava, Y. Open-design recirculating system for zebrafish culture. Aquac. Eng. 2018, 81, 71-79. [CrossRef]

Hohn, C.; Petrie-Hanson, L. Low-cost aquatic lab animal holding system. Zebrafish 2007, 4, 117-122. [CrossRef] [PubMed]
Streisinger, G.; Walker, C.; Dower., N.; Knauber, D.; Singer, E. Production of clones of homozygous diploid zebra fish (Brachydanio
rerio). Nature 1981, 291, 293-296. [CrossRef]

Akanyji, J.; Khoshmanesh, K.; Evans, B.; Hall, C.J.; Crosier, K.E.; Cooper, ].M.; Crosier, P.S.; Wlodkowic, D. Miniaturized embryo
array for automated trapping, immobilization and microperfusion of zebrafish embryos. PLoS ONE 2012, 7, e36630. [CrossRef]
Khalili, A.; Rezai, P. Microfluidic devices for embryonic and larval zebrafish studies. Brief. Funct. Genom. 2019, 18, 419-432.
[CrossRef] [PubMed]

Burg, L.; Gill, R.; Balciuniene, J.; Balciunas, D. SideRack: A cost-effective addition to commercial zebrafish housing systems.
Zebrafish 2014, 11, 167-172. [CrossRef] [PubMed]

Paige, C.; Hill, B.; Canterbury, ].; Sweitzer, S.; Romero-Sandoval, E.A. Construction of an affordable and easy-to-build zebrafish
facility. J. Vis. Exp. 2014, 93, €51989. [CrossRef] [PubMed]

Nema, S.; Bhargava, Y. Designing and Testing of Self-Cleaning Recirculating Zebrafish Tanks. Zebrafish 2016, 13, 369-373.
[CrossRef]

Nema, S.; Bhargava, Y. Open-RAC: Open-Design, Recirculating and Auto-Cleaning Zebrafish Maintenance System. Zebrafish
2017, 14, 371-378. [CrossRef]

Wielhouwer, E.M.; Ali, S.; Al-Afandi, A.; Blom, M.T.; Olde-Riekerink, M.B.; Poelma, C.; Westerweel, J.; Oonk, J.; Vrouwe, E.X.;
Buesink, W.; et al. Zebrafish embryo development in a microfluidic flow-through system. Lab Chip 2011, 11, 1815-1824. [CrossRef]
Zhou, F; Wigh, A_; Friedrich, T.; Devaux, A.; Bony, S.; Nugegoda, D.; Kaslin, J.; Wlodkowic, D. Automated Lab-on-Chip
technology for fish embryo toxicity test performed under continuous microperfusion (WFET). Environ. Sci. Technol. 2015, 49,
14570-14578. [CrossRef]

Bischel, L.L.; Mader, B.R.; Green, ].M.; Huttenlocher, A.; Beebe, D.J. Zebrafish entrapment by restriction array (ZEBRA) device:
A low-cost, agarose-free zebrafish mounting technique for automated imaging. Lab Chip 2013, 13, 1732-1736. [CrossRef]

Lin, X.; Wang, S.; Yu, X,; Liu, Z.; Wang, F; Li, W.T.; Cheng, S.H.; Dai, Q.; Shi, P. High-throughput mapping of brain-wide activity
in awake and drug-responsive vertebrates. Lab Chip 2015, 15, 680-689. [CrossRef] [PubMed]

Lin, X;; Li, VW.T,; Chen, S.; Chan, C.Y.; Chen, S.H.; Cheng, S.H.C.; Shi, P. Autonomous system for cross-organ investigation of
ethanol-induced acute response in behaving larval zebrafish. Biomicrofluidics 2016, 10, 024123. [CrossRef] [PubMed]

Choi, VW.; Ng, C.Y.; Cheng, S.H.; Yu, K.N. «-Particle irradiated zebrafish embryos rescued by bystander unirradiated zebrafish
embryos. Environ. Sci. Technol. 2012, 46, 226-231. [CrossRef] [PubMed]

Maximino, C.; Lima, M.G; Olivera, K.R.; Pican¢o-Diniz, D.L.; Herculano, A.M. Adenosine A1, but not A2, receptor blockade
increases anxiety and arousal in zebrafish. Basic Clin. Pharmacol. Toxicol. 2011, 109, 203-207. [CrossRef]

Miller, N.; Greene, K.; Dydinski, A.; Gerlai, R. Effects of nicotine and alcohol on zebrafish (Danio rerio) shoaling. Behav. Brain Res.
2013, 240, 192-196. [CrossRef] [PubMed]

Penglase, S.; Moren, M.; Hamre, K. Labs animal: Standardize the diet for zebrafish model. Nature 2012, 491, 333. [CrossRef]
[PubMed]

Francis, G.; Makkar, H.P.,; Becker, K. Antinutritional factors present in plant-derived alternate fish feed ingredients and their
effects in fish. Aquaculture 2001, 199, 197-227. [CrossRef]

Hansen, A.C.; Rosenlund, G.; Karlsen, &.; Koppe, W.; Hemre, G.I. Total replacement of fish meal with plant proteins in diets for
Atlantic cod (Gadus morhua L.) I—Effects on growth and protein retention. Aquaculture 2007, 272, 599-611. [CrossRef]

Kokou, E; Fountoulaki, E. Aquaculture waste production associated with antinutrient presence in common fish feed plant
ingredients. Aquaculture 2018, 495, 295-310. [CrossRef]


http://doi.org/10.1089/zeb.2012.0803
http://doi.org/10.1089/zeb.2006.9997
http://www.ncbi.nlm.nih.gov/pubmed/18041940
http://doi.org/10.1016/j.aquaculture.2007.04.077
http://doi.org/10.1177/0023677219869037
http://www.ncbi.nlm.nih.gov/pubmed/31510859
http://doi.org/10.1093/ilar.53.2.179
http://www.ncbi.nlm.nih.gov/pubmed/23382349
http://doi.org/10.1093/ilar.53.2.144
http://www.ncbi.nlm.nih.gov/pubmed/23382346
http://doi.org/10.1111/brv.12831
http://www.ncbi.nlm.nih.gov/pubmed/34983085
http://doi.org/10.1016/j.aquaeng.2018.03.004
http://doi.org/10.1089/zeb.2006.0501
http://www.ncbi.nlm.nih.gov/pubmed/18041930
http://doi.org/10.1038/291293a0
http://doi.org/10.1371/journal.pone.0036630
http://doi.org/10.1093/bfgp/elz006
http://www.ncbi.nlm.nih.gov/pubmed/31034029
http://doi.org/10.1089/zeb.2013.0918
http://www.ncbi.nlm.nih.gov/pubmed/24611601
http://doi.org/10.3791/51989
http://www.ncbi.nlm.nih.gov/pubmed/25490519
http://doi.org/10.1089/zeb.2016.1250
http://doi.org/10.1089/zeb.2016.1403
http://doi.org/10.1039/c0lc00443j
http://doi.org/10.1021/acs.est.5b03838
http://doi.org/10.1039/c3lc50099c
http://doi.org/10.1039/C4LC01186D
http://www.ncbi.nlm.nih.gov/pubmed/25406521
http://doi.org/10.1063/1.4946013
http://www.ncbi.nlm.nih.gov/pubmed/27158291
http://doi.org/10.1021/es2016928
http://www.ncbi.nlm.nih.gov/pubmed/22103474
http://doi.org/10.1111/j.1742-7843.2011.00710.x
http://doi.org/10.1016/j.bbr.2012.11.033
http://www.ncbi.nlm.nih.gov/pubmed/23219966
http://doi.org/10.1038/491333a
http://www.ncbi.nlm.nih.gov/pubmed/23151568
http://doi.org/10.1016/S0044-8486(01)00526-9
http://doi.org/10.1016/j.aquaculture.2007.08.034
http://doi.org/10.1016/j.aquaculture.2018.06.003

Appl. Sci. 2022,12, 10961 13 of 14

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Krogdahl, A.; Penn, M.; Thorsen, J.; Refstie, S.; Bakke, A.M. Important antinutrients in plant feedstuffs for aquaculture:
An update on recent findings regarding responses in salmonids. Aquac. Res. 2010, 41, 333-344. [CrossRef]

Moldal, T.; Lekka, G.; Wilik-Nielsen, J.; Austbg, L.; Torstensen, B.E.; Rosenlund, G.; Dale, O.B.; Kaldhusdal, M.; Koppang, E.O.
Substitution of dietary fish oil with plant oils is associated with shortened mid intestinal folds in Atlantic salmon (Salmo salar).
BMC Vet. Res. 2014, 10, 60. [CrossRef] [PubMed]

Kwasek, K.; Wojno, M.; Iannini, F.; McCracken, V.J.; Molinari, G.S.; Terova, G. Nutritional programming improves dietary plant
protein utilization in zebrafish Danio rerio. PLoS ONE 2020, 15, €0225917. [CrossRef] [PubMed]

Martins, S.; Monteiro, J.F,; Vito, M.; Weintraub, D.; Almeida, J.; Certal, A.C. Toward and integrated zebrafish health management
program supporting cancer and neuroscience research. Zebrafish 2016, 13 (Suppl. 1), S47-S55. [CrossRef] [PubMed]

Varga, Z.M. Aquaculture, husbandry, and shipping at the Zebrafish International Resource Centre. Methods Cell. Biol. 2016, 135,
509-534. [CrossRef]

Wallace, K.N.; Pack, M. Unique and conserved aspects of gut development in zebrafish (Danio rerio). Dev. Biol. 2003, 255, 12-29.
[CrossRef]

Wallace, K.N.; Akther, S.; Smith, E.M.; Lorent, K.; Pack, M. Intestinal growth and differentiation in zebrafish. Mech. Dev. 2005, 122,
157-173. [CrossRef]

Westerfield, M. The Zebrafish Book. In A Guide for the Laboratory Use of Zebrafish (Danio rerio), 5th ed.; University of Oregon Press:
Eugene, OR, USA, 2007.

Best, J.; Adatto, I.; Cockington, J.; James, A.; Lawrence, C. A novel method for rearing first-feeding larval zebrafish: Polyculture
with Type L saltwater rotifers (Brachionus plicatilis). Zebrafish 2010, 7, 289-295. [CrossRef]

Kaushik, S.J.; Seiliez, I. Protein and amino acid nutrition and metabolism in fish: Current knowledge and future need. Aquac. Res.
2010, 41, 322-332. [CrossRef]

Carvalho, A.P; Araujo, L.; Santos, M.M. Rearing zebrafish (Danio rerio) larvae without live food: Evaluation of a commercial, a
practical and a purified starter diet on larval performance. Aquac. Res. 2006, 37, 1107-1111. [CrossRef]

Tye, M.; Rider, D.; Duffy, E.A.; Seubert, A.; Lothert, B.; Schimmenti, L.A. Nonhatching decapsulated artemia cysts as a replacement
to Artemia nauplii in juvenile and adult zebrafish culture. Zebrafish 2015, 12, 457-461. [CrossRef]

Sorgeloos, P.; Dhert, P.; Candreva, P. Use of the brine shrimp, Artemia spp., in marine fish larviculture. Aquaculture 2001, 200,
147-159. [CrossRef]

Tizol-Correa, R.; Carreon-Palau, L.; Arredondo-Vega, B.O.; Murugan, G.; Torrentera, L.; Maldonado-Montiel, T.; Maeda-Martinez,
A.M. Fatty acid composition of Artemia (Branchiopoda: Anostraca) cysts from tropical salterns of Southern Mexico and Cuba.
J. Crustacean Biol. 2006, 26, 503-509. [CrossRef]

Hej, L.; Bourne, D.G.; Hall, M.R. Localization, abundance and community structure of bacteria associated with Artemia: Effects of
nauplii enrichment and antimicrobial treatment. Aquaculture 2009, 293, 278-285. [CrossRef]

McIntosh, D.; Ji, B.; Forward, B.S.; Puvanendran, V.; Boyce, D.; Ritchie, R. Culture-independent characterization of the bacterial
populations associated with cod (Gadus morhua L.) and live feed at an experimental hatchery facility using denaturing gradient
gel electrophoresis. Aquaculture 2008, 275, 42-50. [CrossRef]

Tye, M.T.; Montgomery, J.E.; Hobbs, M.R.; Vanpelt, K.C.; Masino, M.A. An adult zebrafish diet contaminated with chromium
reduces the viability of progeny. Zebrafish 2018, 15, 179-187. [CrossRef] [PubMed]

Tye, M.; Masino, M.A. Dietary contaminants and their effects on zebrafish embryos. Toxics 2019, 7, 46. [CrossRef] [PubMed]
Naciff, ].M.; Overmann, G.J.; Torontali, S.M.; Carr, G.J.; Tiesman, J.P.; Daston, G.P. Impact of the phytoestrogen content of
laboratory animal feed on the gene expression profile of the reproductive system in the immature female rat. Environ. Health
Perspect. 2004, 112, 1519-1526. [CrossRef]

Sassi-Messali, S.; Gibert, Y.; Bernard, L.; Nishio, S.; Ferri Lagneau, K.; Molina, J.; Andersson-Lendahl, M.; Benoit, G.; Balaguer, P,;
Laudet, V. The phytoestrogen genistein affects zebrafish development through two different pathways. PLoS ONE 2009, 4, e4935.
[CrossRef] [PubMed]

Kaushik, S.; Georga, I.; Koumoundorous, D. Growth and body composition of zebrafish (Danio rerio) larvae fed a compound feed
from first feed onward: Toward implications on nutrient requirements. Zebrafish 2011, 8, 87-95. [CrossRef]

Siccardi, A.J., 3rd; Garris, H.W.; Jones, W.T.; Moseley, D.B.; D’Abramo, L.R.; Watts, S.A. Growth and survival of zebrafish (Danio
rerio) fed different commercial and laboratory diets. Zebrafish 2009, 6, 275-280. [CrossRef]

Fowler, L.A.; Williams, M.B.; Dennis-Cornelius, L.N.; Farmer, S.; Barry, R.J.; Powell, M.L.; Watts, S.A. Influence of Commercial
and Laboratory Diets on Growth, Body Composition, and Reproduction in the Zebrafish Danio rerio. Zebrafish 2019, 16, 508-521.
[CrossRef] [PubMed]

Watts, S.A.; D’Abramo, L.R. Standardized Reference Diets for Zebrafish: Addressing Nutritional Control in Experimental
Methodology. Annu. Rev. Nutr. 2021, 41, 511-527. [CrossRef]

Reed, B.; Jennings, M. Guidance on the Housing and Care of Zebrafish Danio rerio; Royal Society for the Prevention of Cruelty to
Animals: West Sussex, UK, 2010.

Lawrence, C.; Best, ].; James, A.; Maloney, k. The effects of feeding frequency on growth and reproduction in zebrafish (Danio
rerio). Aquaculture 2012, 368, 103-108. [CrossRef]

Gonzales, .M., Jr.; Law, S.H.W. Feed and feeding regime affect growth rate and gonadosomatic index of adult zebrafish (Danio
rerio). Zebrafish 2013, 10, 532-540. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1365-2109.2009.02426.x
http://doi.org/10.1186/1746-6148-10-60
http://www.ncbi.nlm.nih.gov/pubmed/24606841
http://doi.org/10.1371/journal.pone.0225917
http://www.ncbi.nlm.nih.gov/pubmed/32142555
http://doi.org/10.1089/zeb.2015.1198
http://www.ncbi.nlm.nih.gov/pubmed/26959533
http://doi.org/10.1016/bs.mcb.2016,01.007
http://doi.org/10.1016/S0012-1606(02)00034-9
http://doi.org/10.1016/j.mod.2004.10.009
http://doi.org/10.1089/zeb.2010.0667
http://doi.org/10.1111/j.1365-2109.2009.02174.x
http://doi.org/10.1111/j.1365-2109.2006.01534.x
http://doi.org/10.1089/zeb.2014.1031
http://doi.org/10.1016/S0044-8486(01)00698-6
http://doi.org/10.1651/S-2691.1
http://doi.org/10.1016/j.aquaculture.2009.04.024
http://doi.org/10.1016/j.aquaculture.2007.12.021
http://doi.org/10.1089/zeb.2017.1514
http://www.ncbi.nlm.nih.gov/pubmed/29293412
http://doi.org/10.3390/toxics7030046
http://www.ncbi.nlm.nih.gov/pubmed/31500302
http://doi.org/10.1289/ehp.6848
http://doi.org/10.1371/journal.pone.0004935
http://www.ncbi.nlm.nih.gov/pubmed/19319186
http://doi.org/10.1089/zeb.2011.0696
http://doi.org/10.1089/zeb.2008.0553
http://doi.org/10.1089/zeb.2019.1742
http://www.ncbi.nlm.nih.gov/pubmed/31381491
http://doi.org/10.1146/annurev-nutr-120420-034809
http://doi.org/10.1016/j.aquaculture.2012.09.022
http://doi.org/10.1089/zeb.2013.0891
http://www.ncbi.nlm.nih.gov/pubmed/23902461

Appl. Sci. 2022,12, 10961 14 of 14

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

Dametto, ES.; For, D.; Idalencio, R.; Rosa, J.G.S.; Fagundes, M.; Marqueze, A.; Barreto, R.E.; Piato, A.; Barcellos, L.].G. Feeding
regimen modulates zebrafish behavior. Peer J. 2018, 6, €5343. [CrossRef]

Blanco-Vives, B.; Sanchez-Vazquez, FJ. Synchronization to light and feeding time of circadian rhythms of spawning and locomotor
activity in zebrafish. Physiol. Behav. 2009, 98, 268-275. [CrossRef]

Sanchez-Vazquez, EJ.; Madrid, J.A. Feeding anticipatory activity in fish. In DF Houlihan. Food Intake in Fish; Boujard, T., Jobling,
M., Eds.; Blackwell Science: Oxford, UK, 2001; pp. 216-232.

Cahill, G.M. Clock mechanisms in zebrafish. Cell. Tissue Res. 2002, 309, 27-34. [CrossRef]

Lopez-Olmeda, J.F.,; Madrid, J.A.; Sanchez-Vazquez, FJ. Light and temperature cycles as Zeitgebers of zebrafish (Danio rerio)
circadian activity rhythms. Chronobiol. Int. 2006, 23, 537-550. [CrossRef]

del Pozo, A.; Sanchez-Férez, J.A.; Sanchez-Vazquez, FJ. Circadian rhythms of self-feeding and locomotor activity in zebrafish
(Danio rerio). Chronobiol. Int. 2011, 28, 39—47. [CrossRef]

Maed, H.; Fukushima, N.; Hasumi, A. Standardized method for the assessment of behavioral responses of zebrafish larvae.
Biomed 2021, 9, 884. [CrossRef]

Grigura, V.; Barbier, M.; Zarov, A.P.; Kaufman, C.K. Feeding amount significantly alters overt tumor onset rate in a zebrafish
melanoma model. Biol. Open 2018, 7, bio030726. [CrossRef] [PubMed]

Candelier, R.; Bois, A.; Tronche, S.; Mahieu, ].; Mannioui, A. A Semi-Automatic Dispenser for Solid and Liquid Food in Aquatic
Facilities. Zebrafish 2019, 16, 401-407. [CrossRef] [PubMed]

Li, D.L.; Wang, Z.H.; Wu, S.Y.; Miao, Z.; Dy, L.; Duan, Y.Q. Automatic recognition methods of fish feeding behavior in aquaculture:
A review. Aquaculture 2020, 528, 735508-735518. [CrossRef]

Wu, T.H.; Huang, Y.I; Chen, ].M. Development of an adaptive neural-based fuzzy inference system for feeding decision-making
assessment in silver perch (Bidyanus bidyanus) culture. Aquac. Eng. 2015, 66, 41-51. [CrossRef]

Argenton, F; Pivotti, L. Multiple Fishtank Feeding Doser. IT102016000045868, 4 May 2016.

Oltova, J.; Barton, C.; Certal, A.C.; Argenton, F.; Varga, Z.M. 10th European Zebrafsh Meeting 2017, Budapest: Husbandry
Workshop Summary. Zebrafish 2018, 15, 213-215. [CrossRef]

Tangara, A.; Paresys, G.; Bouallaguae, F.; Cabirou, Y.; Fodor, ].; Llobet, V.; Sumbre, G. An open-source and low-cost feeding
system for zebrafish facilities. bioRxiv 2019, 1-15. [CrossRef]

Yang, P.; Yamaki, M.; Kuwabara, S.; Kajiwara, R.; Itoh, M. A newly developed feeder and oxygen measurement system reveals the
effects of aging and obesity on the metabolic rate of zebrafish. Exp. Gerontol. 2019, 127, 110720. [CrossRef]

Doyle, ].M.; Merovitch, N.; Wyeth, R.C.; Stoyek, M.R.; Schimdt, M.; Wilfart, F,; Fine, A.; Croll, R.P. A simple automated system for
appetitive conditioning of zebrafish in their home tanks. Behav. Brain Res. 2017, 317, 444-452. [CrossRef]

Lange, M.; Solak, A.C.; Kumar, S.V.; Kobayashi, H.; Yang, B.; Royer, L.A. ZAF-The First Open Source Fully Automated Feeder for
Aquatic Facilities. Elife 2021, 10, e74234. [CrossRef]

Brocca, M.; Frangelli, G. Automated System for Controlled Distribution of Substances to Animal Containment Devices in an
Animal Housing Facility. U.S. 8,499,719 B2, 6 August 2013.


http://doi.org/10.7717/peerj.5343
http://doi.org/10.1016/j.physbeh.2009.05.015
http://doi.org/10.1007/s00441-002-0570-7
http://doi.org/10.1080/07420520600651065
http://doi.org/10.3109/07420528.2010.530728
http://doi.org/10.3390/biomedicines9080884
http://doi.org/10.1242/bio.030726
http://www.ncbi.nlm.nih.gov/pubmed/29362277
http://doi.org/10.1089/zeb.2019.1733
http://www.ncbi.nlm.nih.gov/pubmed/31237527
http://doi.org/10.1016/j.aquaculture.2020.735508
http://doi.org/10.1016/j.aquaeng.2015.02.001
http://doi.org/10.1089/zeb.2017.1548
http://doi.org/10.1101/558205
http://doi.org/10.1016/j.exger.2019.110720
http://doi.org/10.1016/j.bbr.2016.09.044
http://doi.org/10.7554/eLife.74234

	Introduction 
	Standard Rearing Conditions/Parameters 
	Designed Culture Systems 
	Feeding Requirements 
	Formulated Diets 
	Feeding Management 

	Automated Feeding Systems 
	Conclusions and Future Challenges 
	References

