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No standard reference diet currently exists 
for zebrafish studies

• Live feed, a variety of commercial and laboratory diets used in studies

• They contain differing macro- and micro-nutrient profiles
• Protein: 31 to 60%
• Lipids: 5 to 34%
• Carbohydrates: 1 to 30%
• Varying amounts of minerals and vitamins
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Diet can influence the physiology of zebrafish

• Siccardi et al. 2009: Differences in weight 
and length but not body condition

• Fowler et al. 2019: Live feed, commercial 
and laboratory diets influence  
physiological differences

• Nutritional differences can influence 
undefined variation in studies

Fish Haus

Influence of Commercial and Laboratory Diets
on Growth, Body Composition, and Reproduction

in the Zebrafish Danio rerio

L. Adele Fowler,1,2 Michael B. Williams,2 Lacey N. Dennis-Cornelius,2

Susan Farmer,3 R. Jeff Barry,2 Mickie L. Powell,1,2 and Stephen A. Watts1,2

Abstract

The value of the zebrafish (Danio rerio) as a model organism continues to expand. In developing the model,
current feeding practice in zebrafish laboratories includes the use of commercially available diets. In this study,
we compared outcomes in growth, body composition, and reproduction among zebrafish fed five highly utilized
commercial diets and one formulated chemically defined reference diet. Wild-type zebrafish larvae were raised
on live feed until 21 days postfertilization and then fed diets for 16 weeks. All fish received a daily ration of
>5% of body weight (adjusted biweekly). Growth varied among diets throughout the feeding trial, and at study
termination (week 16), significant differences among diets were observed for terminal weight gain, body
condition index, body fat deposition, and reproductive outcomes. In addition, the proportion of viable embryos
produced from females fed the formulated reference diet was high relative to the commercial diets. These data
suggest that metabolic profiles, most likely reflecting nutrient/energy availability, utilization, and allocation,
vary relative to diet in zebrafish. Undefined differences in metabolic profiles could result in erroneous pre-
dictions of health outcomes and make comparisons among laboratories more challenging. We recommend that
dietary standards should be defined for zebrafish to support their common utility in biomedical research.
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Introduction

The zebrafish (Danio rerio) is a valuable model or-
ganism with applications in basic biological, environ-

mental, aquacultural, and biomedical research.1–6 Several
features, including their genetic similarity to humans, rapid
development, high fecundity, ease of genetic manipulation,
and relatively low maintenance costs have contributed to the
growing popularity of this model system.1,4,7,8 However, a
poor understanding of their nutritional requirements and the
corresponding absence of a standardized reference diet have
led to inconsistencies in nutrient provision and feeding
practices within and among zebrafish laboratories.9,10

Lack of nutritional control among laboratories remains
a concern relative to research inconsistencies that may oc-
cur. Similar concerns regarding nutritional requirements and
diet standardization were addressed in rodent models several
decades ago, leading to the development and adoption of

standardized reference and open formulation diets of specific
composition.11 As observed in mammals, specific nutrients
and dietary ingredients, or the lack thereof, can potentially
alter physiology, behavior, and/or molecular pathways in
zebrafish,12–25 whereas other researches suggested that nu-
trient content of diets fed to adult zebrafish can even influence
the development and health of their offspring.26–31

All these evidences suggest that for zebrafish, diet is an
important environmental factor that can potentially compro-
mise and confound outcomes related to the question of study;
Therefore, a lack of nutritional control in zebrafish laboratories
could affect the interpretation of both past and future research.32

At present, a wide variety of commercial diets is utilized in
zebrafish research laboratories, and in some cases, include
live animal supplementation (paramecia, rotifers, and brine
shrimp) during early or other life stages.33 Singular and
combination diets provide reasonable growth and fecundity
for zebrafish culture.34
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Abstract

The need to develop standardized diets to support zebrafish (Danio rerio) research is supported by the
knowledge that specific dietary ingredients, nutrients, or antinutritional factors in diets have been shown to
affect development and growth of adult D. rerio and their offspring. In this study, there were seven dietary
treatments consisting of five commercially available diets and two laboratory-prepared diets, three replicates
per treatment. Fish were fed ad libitum twice daily for 9 weeks. At 9 weeks, both weight and length were
recorded to determine condition indices. D. rerio fed one of the laboratory-prepared diets had significantly
higher weights than individuals fed any of the other diets and exhibited significantly higher lengths than those
fed five of the six remaining diets. Although there were significant differences in general growth demographics
(length=weight) after the 9-week feeding trial, no significant differences in overall health of D. rerio were
observed for the different dietary treatments as determined by statistical analysis of condition factor indices
(K! [weight"100]=length3). The success achieved with the laboratory-prepared diets represents the foundation
for establishing an open-formulation nutritional standard to ensure that the D. rerio model for research does not
generate confounding research results caused by nutritional vagaries.

Introduction

Zebrafish (Danio rerio) are an important laboratory
model to study development, genetics, and human dis-

ease, as they undergo rapid development, display genetic
similarities to humans,1 and can develop many disease pa-
thologies2 by induction. Of major concern, however, is the
lack of nutritional control due to the absence of a standardized
reference diet.3 Many ingredients that are common compo-
nents of aquatic fish diets contain compounds that can alter
the physiology and behavior of the organism.4,5 Of recent
interest are soy isoflavones, commonly found in aquatic flake
foods, which have been implicated as biocontaminants (es-
trogen mimics), and may compromise the interpretation of
experimental results.6–8 Epidemiological studies of several
mammalian species suggest that prenatal and perinatal diets
are important determinants of the health of an organism.9–12

Markovich et al.13 observed that D. rerio fed a flake diet pro-
duced significantly fewer eggs than those fed other diets,

while Jaya-Ram et al.14 demonstrated that the level of dietary
highly unsaturated fatty acid affected D. rerio egg production
and hatchability. These results suggest that diet affects D. rerio
as similarly observed in mammals and support the need to
establish and use a dietary standard.

Within the existing variability of D. rerio feeding protocols,
few studies have evaluated the effect of diet on adult D. rerio
growth and survival. Meinelt et al.15,16 determined that growth
and fertilization rates of adult D. rerio were affected by the
dietary level of n-6 polyunsaturated fatty acids, indicating that
the presence or absence of specific nutrients can affect normal
physiological processes in D. rerio. Our objective was to assess
the overall growth responses among D. rerio fed different
commercially available feeds that have been commonly used
to maintain adult D. rerio for experimentation. In addition, we
report the ingredient content and comparative efficacy of two
laboratory-prepared diets formulated and tested to serve as
the prototype diets toward realizing the ultimate goal of
establishing an open-formulation nutritional standard.
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Abstract
The ideal of experimental methodology in animal research is the reduction
or elimination of environmental variables or consistency in their application.
In lab animals, diet has been recognized as a very in"uential response vari-
able. Reproducibility in research using rodents required the development of
a unique diet of consistent ingredient and nutrient composition to allow for
cross-comparisons of lab results, spatially and temporally. These diets are
commonly referred to as standard reference diets (SRDs). The established
validity of published nutritional requirements combined with the coopera-
tion of commercial partners led to species-speci!c reference diets commonly
used by the research community. During the last several decades, zebra!sh
(Danio rerio) have become awidespread alternative animalmodel, but speci!c
knowledge of their nutrition is lacking. We present a short-term approach
for developing an SRD for zebra!sh, similar to that eventually attained for
rodents over decades. Imminent development of an open-formulation, com-
mercially produced SRD for zebra!sh will notably advance translational
biomedical science.
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Diet can influence zebrafish microbiota

• Rawls et al. 2015: high- and low-fat 
diets manifested differential 
microbiota compositions

• Arias-Jayo et al. 2018: high-fat diet 
induced dysbiosis and intestinal 
inflammation of 30 dpf zebrafish

• Diet influence gut microbiomes of 
other organisms as well

Ontogenetic Differences in Dietary Fat Influence Microbiota Assembly
in the Zebrafish Gut

Sandi Wong,a,b W. Zac Stephens,c Adam R. Burns,d Keaton Stagaman,d Lawrence A. David,a Brendan J. M. Bohannan,d

Karen Guillemin,c John F. Rawlsa,e
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University of Oregon, Eugene, Oregon, USAd; Department of Cell Biology and Physiology, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USAe

ABSTRACT Gut microbiota influence the development and physiology of their animal hosts, and these effects are determined in
part by the composition of these microbial communities. Gut microbiota composition can be affected by introduction of mi-
crobes from the environment, changes in the gut habitat during development, and acute dietary alterations. However, little is
known about the relationship between gut and environmental microbiotas or about how host development and dietary differ-
ences during development impact the assembly of gut microbiota. We sought to explore these relationships using zebrafish, an
ideal model because they are constantly immersed in a defined environment and can be fed the same diet for their entire lives.
We conducted a cross-sectional study in zebrafish raised on a high-fat, control, or low-fat diet and used bacterial 16S rRNA gene
sequencing to survey microbial communities in the gut and external environment at different developmental ages. Gut and envi-
ronmental microbiota compositions rapidly diverged following the initiation of feeding and became increasingly different as
zebrafish grew under conditions of a constant diet. Different dietary fat levels were associated with distinct gut microbiota com-
positions at different ages. In addition to alterations in individual bacterial taxa, we identified putative assemblages of bacterial
lineages that covaried in abundance as a function of age, diet, and location. These results reveal dynamic relationships between
dietary fat levels and the microbial communities residing in the intestine and the surrounding environment during ontogenesis.

IMPORTANCE The ability of gut microbiota to influence host health is determined in part by their composition. However, little is
known about the relationship between gut and environmental microbiotas or about how ontogenetic differences in dietary fat
impact gut microbiota composition. We addressed these gaps in knowledge using zebrafish, an ideal model organism because
their environment can be thoroughly sampled and they can be fed the same diet for their entire lives. We found that microbial
communities in the gut changed as zebrafish aged under conditions of a constant diet and became increasingly different from
microbial communities in their surrounding environment. Further, we observed that the amount of fat in the diet had distinct
age-specific effects on gut community assembly. These results reveal the complex relationships between microbial communities
residing in the intestine and those in the surrounding environment and show that these relationships are shaped by dietary fat
throughout the life of animal hosts.
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Starting at the beginning of their lives, the intestinal tracts of
animals are colonized by microbes acquired from the sur-

rounding environment (1–3) which assemble into communities
as the host ages (4–6). The resulting gut microbiotas exert influ-
ences on diverse aspects of host development and physiology (7)
which can vary as a function of gut microbiota composition (8–
10). Alterations to microbiota composition during early life stages
are associated with effects on microbiota and host phenotypes at
adult stages (2, 3, 11, 12). An improved understanding of pro-
cesses governing gut microbiota assembly during early life stages is
therefore warranted. Gut microbiota assembly typically occurs in
the context of host development and age-associated diet altera-
tions, with ample opportunities for microbial exchange between
the gut and environment. However, an understanding of how

these factors combine to influence gut microbiota assembly has
remained elusive.

The nutrient environment is known to be a potent force shap-
ing microbial communities. Feeding status and diet composition
have been correlated with different gut microbiota compositions
(13–17). Dietary fat is a key nutrient class often associated with
changes in gut microbiota (15, 16, 18) and is a rich source of
energy and substrates that potentially influence both gut and en-
vironmental microbial ecologies. However, most prior studies ex-
amining the impact of different levels of dietary fat on gut micro-
biota have focused on relatively short-term diet alterations (16, 18,
19) and have been conducted in mammals, where nursing limits
the experimental capacity for diet manipulations during critical
early postnatal stages (20). To date, no studies have examined the
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HOST MICROBE INTERACTIONS

High-Fat Diet Consumption Induces Microbiota Dysbiosis and Intestinal
Inflammation in Zebrafish

Nerea Arias-Jayo1 & Leticia Abecia2 & Laura Alonso-Sáez3 & Andoni Ramirez-Garcia4 & Alfonso Rodriguez5 &

Miguel A. Pardo1

Received: 22 February 2018 /Accepted: 27 April 2018 /Published online: 7 May 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Energy-dense foods and overnutrition represent major starting points altering lipid metabolism, systemic inflammation and gut
microbiota. The aim of this work was to investigate the effects of a high-fat diet (HFD) over a period of 25 days on intestinal
microbiota and inflammation in zebrafish.Microbial composition of HFD-fed animals was analysed and compared to controls by
16S rRNA sequencing and quantitative PCR. The expression level on several genes related to inflammation was tested.
Furthermore, microscopic assessment of the intestine was performed in both conditions. The consumption of the HFD resulted
in microbial dysbiosis, characterised by an increase in the relative abundance of the phylum Bacteroidetes. Moreover, an
emerging intestinal inflammation via NF-!" activation was confirmed by the overexpression of several genes related to signal-
ling receptors, antimicrobial metabolism and the inflammatory cascade. The intestinal barrier was also damaged, with an increase
of goblet cell mucin production. This is the first study performed in zebrafish which suggests that the consumption of a diet
enriched with 10% fat changes the intestinal microbial community composition, which was correlated with low-grade
inflammation.

Keywords Zebrafish .Microbiota . Inflammation . High-fat diet

Introduction

Overweight and obesity are defined as abnormal or excessive
fat accumulation and a low-grade systemic inflammatory tone
in the presence of a positive energy balance, representing a

major risk factor for a number of chronic diseases in-
cluding cancer, cardiovascular diseases, diabetes and pre-
mature mortality [1]. The consumption of a high-fat diet
(HFD) is one of the main factors contributing to the
development of obesity [2]. Human and animal studies
have shown that both HFD and obesity are associated
with changes in the gut microbiota, reducing the abun-
dance and diversity of microorganisms [3, 4] and
impacting both immunological and metabolic functions
of the host [5, 6]. To date, studies performed in zebrafish
describe microbial community changes or inflammation
developed by the consumption of a high-fat, high-protein
diet [7–9] or a high-cholesterol diet (HCD) [10].

Studies performed in rodents have shown that the
prolonged exposure to a high-fat diet (HFD) can alter the
intestinal microbiota and perturb immune homeostasis, induc-
ing intestinal inflammation [11]. These alterations lead to the
activation of an innate immunity-mediated chronic low-grade
inflammation known as meta-inflammation (metabolically
triggered inflammation) [12], suspected to be chronically ac-
tivated and modulated by pro-inflammatory cytokines. These
molecules are likely to play a key role in metabolic disease
pathogenesis which develops locally, but becomes systemic
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In!uence of"diet on"the gut microbiome 
and"implications for"human health
Rasnik K. Singh1, Hsin-Wen Chang2, Di Yan2, Kristina M. Lee2, Derya Ucmak2, Kirsten Wong2, Michael Abrouk3, 
Benjamin Farahnik4, Mio Nakamura2, Tian Hao Zhu5, Tina Bhutani2 and Wilson Liao2* 

Abstract 
Recent studies have suggested that the intestinal microbiome plays an important role in modulating risk of several 
chronic diseases, including inflammatory bowel disease, obesity, type 2 diabetes, cardiovascular disease, and cancer. 
At the same time, it is now understood that diet plays a significant role in shaping the microbiome, with experiments 
showing that dietary alterations can induce large, temporary microbial shifts within 24 h. Given this association, 
there may be significant therapeutic utility in altering microbial composition through diet. This review systematically 
evaluates current data regarding the e!ects of several common dietary components on intestinal microbiota. We 
show that consumption of particular types of food produces predictable shifts in existing host bacterial genera. Fur-
thermore, the identity of these bacteria a!ects host immune and metabolic parameters, with broad implications for 
human health. Familiarity with these associations will be of tremendous use to the practitioner as well as the patient.

Keywords: Diet, Health, Metabolism, Microbiome, Microbiota, Nutrition
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Background
The gut microbiome
!e human gut microbiome encompasses  1014 resident 
microorganisms, including bacteria, viruses, fungi, and 
protozoa, that are commensal with the human intestinal 
tract [1]. Among these, bacteria represent the most well 
studied group and will be the main focus of this review. 
Overall the predominant bacterial groups in the micro-
biome are gram positive Firmicutes and gram negative 
Bacteroidetes [2, 3]. Recently, it has been shown that 
microbiota can e"ectively be subdivided into di"erent 
enterotypes, each enriched by particular bacterial genera, 
but that all seem to share high functional uniformity [4]. 
!is uniformity exists regardless of several host proper-
ties, such as age, sex, body mass index, and nationality 
[5].

!e majority of microorganisms reside within the 
more distal parts of the digestive tract, where their bio-
mass surpasses  1011 cells per gram content [6]. Microbes 

in the distal gut contribute to host health through bio-
synthesis of vitamins and essential amino acids, as well 
as generation of important metabolic byproducts from 
dietary components left undigested by the small intes-
tine [7]. Short chain fatty acid (SCFA) byproducts such 
as butyrate, propionate, and acetate act as a major energy 
source for intestinal epithelial cells and may therefore 
strengthen the mucosal barrier [8]. Additionally, studies 
conducted using germ-free mice suggest that the micro-
biota directly promote local intestinal immunity through 
their e"ects on toll-like receptor (TLR) expression [9], 
antigen presenting cells, di"erentiated T cells, and lym-
phoid follicles [10, 11], as well as by a"ecting systemic 
immunity through increased splenic  CD4+ T cells and 
systemic antibody expression [12].

!ese recorded benefits and more have led to growing 
interest in the ability to modify the gut microbiota. An 
acute change in diet—for instance to one that is strictly 
animal-based or plant-based—alters microbial com-
position within just 24# h of initiation, with reversion to 
baseline within 48# h of diet discontinuation [13]. Fur-
thermore, the gut microbiome of animals fed a high-fat 
or high-sugar diet is more prone to circadian rhythm 
disruption [14]. Studies also suggest that overwhelming 
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The microbiome plays an important role 
in mediating host health

• Immune system, metabolism, nervous system

• Alterations in gut microbiota composition can negatively impact 
health

• Microbiome-targeted interventions could promote health

• Reproducibility across microbiome-targeted zebrafish studies
5



Are there diet dependent differences in 
zebrafish gut microbiomes?
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Physiological Results

• Weight

• Body condition score
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Diet and sex associate with weight

GLM(weight ~ Diet + Sex + Diet:Sex)

Term Statistic P-value

Diet 19.05 <0.001

Sex 20.70 <0.001

Diet:Sex 5.28 0.071
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Only sex associate with body condition score

Body Condition Score = 
(Weight / Length*Width2)

GLM(Body Condition Score ~ Diet + Sex + Diet:Sex)

Term Statistic P-value

Sex 5.78 0.016

Diet 3.73 0.155

Diet:Sex 0.02 0.989



Microbiota Results

• Alpha diversity

• Beta diversity

• Differential Abundance
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Term Statistic P-value

Diet 21.42 <0.001

The ZIRC diet had the highest alpha-diversity score
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Term Statistic P-value

Body Condition 8.10 0.004

Body condition score positively associated with alpha-diversity score

Body Condition Score = 
(Weight / Length*Width2)



Interindividual variation associates with diet

22

Term Statistic P-value

Diet 16.73 0.001

Homogeneity test of dispersion

Term P-value
Gemma-Watts 0.003

Gemma-ZIRC 0.010

Watts-ZIRC 0.625

PERMANOVA:  



Interindividual variation associates with sex

23

Term Statistic P-value

Sex 5.13 0.001

PERMANOVA:  Homogeneity test of dispersion

Term P-value

Female-Male 0.019



Differential Abundance

• Which ASVs are significantly more or less abundant in a diet

• Negative binomial general linear model

• After quality filtering, 175 of 2015 ASVs significantly associated with a 
diet

26



Aeromonas ASVs less abundant in Gemma diet
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ZOR0006 was more abundant in Watts diet
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Plesiomonas less abundant in ZIRC diet

FDR: 2.441e−01
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Conclusion: Common laboratory diets differentially 
impact composition of the gut microbiome in zebrafish

Alpha-diversity:
• Alpha-diversity impacted by diet, higher in the ZIRC diet

Beta-diversity:
• Compositional variation differed between all three diets
• Gemma had the least beta dispersion compared to Watts and ZIRC diets

Differential abundance:
• 175 ASVs were positively or negatively associated with one or more diets

35



Establishing a standard reference diet is important 
for microbiome-targeted zebrafish studies

• Standard reference diet will:
• Improve understanding of zebrafish health and nutrition
• Advance knowledge of how the diet and microbiome interact
• Support reproducibility and interpretability of studies

• Unclear which diet is “best” to study microbiome

• Challenges: development of a germ-free diet that is nutritionally equivalent

36



Future directions

• Clarify how nutrient profile of diets associates with microbiome 
composition and health outcomes

• Investigate how microbiome, diet and intestinal infection interact 
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