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ABSTRACT (ENGLISH) 

Hematopoiesis is a precisely regulated process, dependent on the activity of hematopoietic 

cytokines and their receptors. Due to an extra round of whole genome duplication in teleost 

fish, two paralogs of many important genes, including some hematopoietic cytokines and their 

receptors, are present in the zebrafish (Danio rerio) genome. In this project, we have been 

investigating the role of zebrafish Kit ligands in hematopoiesis. Kit ligand is a pleiotropic 

cytokine, which is essential for vertebrate erythropoiesis; however, in zebrafish, no such role 

has been reported so far. To determine the function of zebrafish paralogs of Kit ligand (Kitlga 

and Kitlgb) in hematopoiesis, we performed in vivo and ex vivo gain- and loss-of-function 

experiments. Strikingly, we were the first to report the synergistic cooperation of zebrafish 

Kitlga with erythropoietin and dexamethasone, enabling the growth of kidney 

marrow-derived suspension cells and providing optimal conditions for the expansion of adult 

erythroid progenitors. We assume that by using different cytokine combinations, optimal 

conditions for the growth of other hematopoietic cell types can be established, and therefore, 

this new approach now available for the zebrafish model will be particularly useful for studies 

of normal and aberrant hematopoiesis (e.g. using hematopoietic mutant lines and disease 

models). Finally, we developed an intuitive fish tracking database system, Zebrabase, and we 

are providing it as a hosted service to the zebrafish community. Zebrabase is currently used in 

more than 40 zebrafish facilities worldwide and is continuously gaining popularity as a tracking 

solution of choice for both small and large facilities.  Taken together, the results of this project 

reinforce the role of zebrafish as a relevant model for human hematopoiesis.  
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ABSTRAKT (CZECH) 

Hematopoetická regulace závisí z velké části na aktivitě hematopoetických cytokinů a jejich 

receptorů. Díky celogenomové duplikaci je u kostnatých ryb včetně Dánia pruhovaného (Danio 

rerio) mnoho duplikovaných paralogů, mimo jiné i pro některé hematopoetické cytokinové 

geny. V tomto projektu jsme se zabývali rolí duplikovaného Kit ligandu v hematopoeze 

D. rerio.  Kit ligand (Kitlg) je cytokin s pleiotropním efektem, který je zcela zásadní pro 

erytropoezu u obratlovců, ale u D. rerio tato role zatím nebyla prokázána. Za účelem ověření 

této funkce jsme použili in vivo a ex vivo nástroje a gain-of-function i loss-of-function přístupy. 

Jako první jsme prokázali synergistickou kooperaci rybího Kitlga s erythropoetinem (Epo) a 

dexamethasonem (Dex), která umožňuje kultivovat buňky ledvinné dřeně v suspenzi a vytváří 

optimální podmínky pro expanzi dospělých erytroidních progenitorů. Předpokládáme, že námi 

navržené podmínky bude dále možné optimalizovat za pomocí dalších cytokinových kombinací 

tak, aby umožňovaly růst a expanzi jiných typů hematopoetických buněk. Proto bude tento 

přístup velmi užitečný pro studium normální a aberantní hematopoezy, například za využití 

rybích hematopoeitckých mutantních linií a modelů onemocnění. Dále jsme vyvinuli intuitivní 

rybí databázi pro rybí chovy, Zebrabase, a poskytujeme ji vědecké komunitě jako hostovanou 

službu. Zebrabase je momentálně používána ve více než čtyřiceti laboratořích po celém světě 

a stává se stále více populární jako databázové řešení pro sledování zvířat v malých i velkých 

chovech. Závěrem, výsledky tohoto projektu upevňují roli D. rerio jako relevantního modelu 

pro studium lidské hematopoezy.  
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INTRODUCTION 

 

1. Vertebrate hematopoiesis 

In vertebrates, the multistep process of formation and turnover of all blood is tightly regulated 

by a complex network of intrinsic and extrinsic factors (Kaushansky 2006, Orkin and Hochedlinger 

2011). The core elements of the hematopoietic regulation are cytokines and growth factors 

that bind to their cognate receptors, triggering downstream signaling events. Consequently, 

by controlling the activity of transcriptional repressors and activators, cellular responses like 

proliferation, self-renewal or differentiation are modulated. Typically, cytokines are 

functionally pleiotropic, affecting a wide range of cell types (Nicola 1994). 

The process of hematopoiesis first occurs already early in the development, in the primitive 

wave of the production of red blood cells and macrophages that provide the crucial support 

to the developing embryo. The primitive wave of hematopoiesis is independent of 

hematopoietic stem cells (reviewed in Galloway and Zon 2003). On the other hand, during 

definitive hematopoiesis, the whole network is secured by proliferation, self-renewal and 

differentiation of hematopoietic stem cells (HSCs), as well as cells with reduced self-renewal 

capabilities - hematopoietic multipotent progenitor cells (MPPs) and lineage restricted 

progenitors. With the exception of a subset of tissue resident macrophages, all erythroid and 

myeloid cells are derived from HSCs (Ginhoux et al. 2010). The classical hierarchical model of 

definitive hematopoiesis (Akashi et al. 2000, Reya et al. 2001) claims that HSCs lose their long-term 

self-renewing capabilities in an asymmetrical manner, which results in the formation of MPPs 

that further give rise to the common myeloid progenitor (CMP) and common lymphoid 

progenitor (CLP). CMPs differentiate into bipotent megakaryocyte-erythrocyte progenitors 

(MEPs) and restricted common granulocyte-monocyte progenitors (GMPs) (Figure 1).  
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Figure 1 | Classical hierarchical model of mammalian definitive hematopoiesis. LT-HSCs give rise to 
ST-HSCs and MPPs. MPPs differentiate into CLPs crucial for lymphoid production and CMPs that give 
rise to GMPs and bi-potent MEPs. MEPs can further differentiate through several subsequent steps 
into megakaryocytes and erythrocytes. LT-HSC – long term hematopoietic stem cell, ST-HSC – short 
term hematopoietic stem cell, MPP – multipotent progenitor cell, CLP – common lymphoid progenitor, 
CMP - common myeloid progenitor, BFU-E – burst forming unit-erythroid, 
CFU-E - colony forming unit-erythroid, GMP – granulocyte-monocyte progenitor (figure adapted from 
Akashi et al. 2000) 

2. Hematopoietic regulation of the erythro-myeloid lineage 

The precise spatiotemporal orchestration of the entire hematopoietic network is essential 

both in the course of development and in adult organisms. When disrupted, severe 

hematopoietic disorders may occur, such as myeloid leukemia, anemia, thrombocytopenia, or 

neutropenia, often linked to defects in the erythro-myeloid compartment (Wickrema and Crispino 

2007, Crispino and Weiss 2014).  
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In vertebrates, Kit ligand (KITLG, or Stem Cell Factor, SCF) and erythropoietin (EPO), are the 

major regulators of the process of red blood cell (RBC) development from bipotent 

mammalian  MEPs or non-mammalian TEPs through committed burst and colony forming 

units – erythroid (BFU-E, CFU-E). Moreover, erythroid development is further supported by 

insulin (INS) and insulin-like growth factor (IGF1) that promote self-renewal of erythroid 

progenitors (Miyagawa et al. 2000), transforming growth factor a (TGFa) and TGFb family 

members (Krystal 1994, Huber et al. 1998, Gandrillon et al. 1999, Fuchs et al. 2002, Harandi et al. 2010), 

interleukin 3 (IL3), and fibroblast growth factor 2 (FGF2) (Bartunek et al. 2002). 

On the other hand, the cytokine critical for the development of thrombocytes from TEPs and 

the formation of platelets from polyploid megakaryocytes is thrombopoietin (TPO) (Kaushansky 

et al. 1995, Kato et al. 1998). TPO binds to TPOR (c-MPL), its cognate receptor, to trigger 

downstream signaling essential for proper thrombopoiesis (de Sauvage et al. 1994, Alexander 1999a, 

Alexander 1999b). Other factors involved in megakaryocytic maturation and platelet formation 

are IL12 and SDF1 (Gordon and Hoffman 1992). In the thrombo-erythroid development, lineage 

restricted cytokines are complemented by those with a broader effect, especially interleukins 

(IL3, IL6, IL11), G-CSF and GM-CSF (McNiece et al. 1991, Gordon and Hoffman 1992) and KITLG 

(Steinlein et al. 1995, Broudy 1997), which are able to promote both erythroid and thrombocytic 

differentiation. 

Other myelo-monocytic cell types originate from CMPs – granulocytes, 

monocytes/macrophages and dendritic cells (Akashi et al. 2000), whose differentiation and 

proliferation from hematopoietic stem and progenitor cells (HSPCs) is controlled by 

granulocyte colony-stimulating factor (G-CSF or CSF3), macrophage colony-stimulating factor 

(M-CSF or CSF1), granulocyte-macrophage CSF (GM-CSF or CSF2), and interleukin 3 (IL3) 

(Metcalf and Nicola 1983, Metcalf 1985, Migliaccio et al. 1991, Lieschke et al. 1994, Lieschke et al. 1994, Liu et 

al. 1996). These cytokines bind to their corresponding receptors - CSF receptor (M-CSFR, or 

CSF1R), G-CSF receptor (G-CSFR, or CSF3R), GM-CSF receptor (GM-CSFR, or CSF2RA) and 

interleukin 3 receptor (IL3RA), respectively. 
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3. Mammalian versus non-mammalian hematopoiesis 

The process of hematopoiesis is well conserved in vertebrates and all three major lineages – 

myeloid, erythroid and lymphoid – are present from fish to men. Similarly, also the sequential 

waves of the hematopoietic development, finally leading to a fully functional adult 

hematopoietic system, have been described in all vertebrate models, including the zebrafish 

(reviewed in Davidson and Zon 2004, de Jong and Zon 2005). However, especially in the 

erythro-megakaryocytic lineages, there are subtle differences between mammalian and 

non-mammalian hematopoiesis that have to be taken into account when using 

non-mammalian models (Svoboda and Bartunek 2015). In mammals, bi-potent MEPs give rise 

either to enucleated erythrocytes (Muir and Kerr 1958, Simpson 1967) or to endoreduplicated 

megakaryocytes (Svoboda et al. 2014) that serve as precursors for platelet biogenesis. On the 

contrary, non-mammalian vertebrates possess the bi-potent thrombocyte-erythrocyte 

progenitors (TEPs) instead, capable of differentiation into functional platelet homologs, 

termed thrombocytes, or to nucleated erythrocytes (Ratnoff 1987, Schneider and Gattermann 1994, 

Svoboda et al. 2014). However, besides these differences, the rest of the hematopoietic hierarchy 

is well conserved between mammalian and non-mammalian organisms (reviewed in Svoboda 

and Bartunek 2015).  

As suggested earlier by my colleagues (Svoboda and Bartunek 2015), the investigation of precise 

relationship between mammalian and non-mammalian hematopoiesis is essential for future 

hematopoietic research. The use of non-mammalian models can help overcome the obstacles 

posed by the erythroid and megakaryocytic enhancements in mammals (e.g. megakaryocyte 

endoreduplication, platelet formation and erythroid enucleation), which are complicating the 

task of identifying novel key regulators of cell fate determination. 

Due to substantial sequence divergence between teleost and mammalian cytokines, most of 

the mammalian cytokines are generally not effective in zebrafish cultures (Stachura et al. 2009, 

Stachura et al. 2011, Stachura et al. 2013, Svoboda et al. 2014). The same fact also makes the 

identification of zebrafish orthologs challenging but in spite of it, many successful attempts to 

identify and use recombinant zebrafish cytokines have been reported in the recent years 

(reviewed in Svoboda et al. 2016). 
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4. D. rerio as a model of hematopoiesis 

Small fish species are gradually gaining popularity in research as a useful alternative to rodent 

model organisms. Zebrafish (D. rerio) is a freshwater cyprinid fish originating from eastern 

Asia. There are multiple advantages that make it a powerful vertebrate model organism – 

especially optical transparency of the embryos, high fecundity and external fertilization. 

Moreover, zebrafish are genetically amenable and combined with the extensive toolbox for 

genetic manipulation, this fact provides a great basis for the establishment of transgenic and 

mutant strains. Finally, due to rapid early development and small size of the embryos, 

zebrafish are suitable for developmental imaging and screening in vivo. In the past, zebrafish 

have been used to answer number of questions related to hematopoiesis (reviewed in de Jong 

and Zon 2005, Boatman et al. 2013, Carroll and North 2014).  

The zebrafish hematopoietic development initiates with the generation of primitive 

macrophages and granulocytes before 24 hours post fertilization (hpf) (Herbomel et al. 1999, Le 

Guyader et al. 2008), followed by the development of primitive erythroid cells from intermediate 

cell mass (ICM) and their entering of circulation at about 26 hpf (Long et al. 1997). These primitive 

blood cells arise only transiently in the development and are independent of HSCs or MPPs. In 

the following temporary phase, multipotent erythro-myeloid progenitors (EMPs) presumably 

arise from the posterior blood island (PBI) at around 28 hpf, giving rise to adult-type of 

erythroid and myeloid cells in the zebrafish embryo (Bertrand et al. 2007, Bertrand et al. 2010). The 

final stage begins with transdifferentiation of the endothelium of ventral aorta into HSCs, 

which migrate into caudal hematopoietic tissue (CHT). Finally between 36 – 72 hpf, HSCs 

colonize the definitive sites of adult hematopoiesis in zebrafish – kidney and thymus (North et 

al. 2007, Bertrand et al. 2008, Kissa et al. 2008, Bertrand et al. 2010) - to further generate erythroid, 

myeloid, and lymphoid cells for the rest of the life of the animal.  

5. Genome evolution in teleost 

In teleost, the extra round of whole genome duplication (WGD) occurred approximately 

320-350 million years ago (Hoegg et al. 2004, Amores et al. 2011), resulting in two paralogs of many 

important genes in zebrafish, including some of the hematopoietic cytokine genes. After such 

an event, very often, one of the duplicated paralogs is lost after detrimental mutations 
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accumulate in its genomic sequence in a process called pseudogenization (Nei and Roychoudhury 

1973, Takahata and Maruyama 1979, Watterson 1983). Alternatively, the two paralogs of the ancestral 

gene can be retained and either split the original function (subfunctionalization) or acquire 

new functions (neofunctionalization) (Force et al. 1999). 

Naturally, the event of duplication leads to an increased complexity of the signaling network, 

especially in cases, when both the duplicated receptors and ligands are retained. The 

understanding of potential functional differences, binding specificities, and differences in 

spatiotemporal expression are crucial for the utilization of zebrafish as a model organism for 

further studies. Although some functions of the duplicated erythro-myeloid cytokines have 

been already reported (Hultman et al. 2007, Wang et al. 2008, Stachura et al. 2013, Butko et al. 2015), as 

described in the next section, there are still many unknowns.  

Nevertheless, in addition to duplication, genome evolution in teleost also brought some losses 

of individual hematopoietic cytokine genes or whole gene clusters, including some of the 

class I cytokine family members (Liongue and Ward 2007). One example is a missing cluster of 

genes belonging to the il3 family, including ligands and receptors for il3, il5 and gmcsf. These 

factors are the regulators of the myelo-monocytic lineage, but it has been suggested that they 

might be functionally substituted by different cytokines in zebrafish (Stachura et al. 2013). 

Another example of a potentially missing cytokine is flt3l, a crucial regulator of myeloid cells 

and HSCs (Guermonprez et al. 2013, Jacobsen et al. 2016, Tornack et al. 2017), which has so far not been 

identified in the zebrafish genome, although its receptor is present and expressed (He et al. 

2014, Macaulay et al. 2016, Tang et al. 2017). 

6. Duplicated erythro-myeloid cytokines in D. rerio 

This section gives a brief overview of the current knowledge regarding the functional 

diversification or redundancy of duplicated zebrafish cytokines and their receptors with 

respect to the erythro-myeloid lineage. Part of this chapter has been included in the review 

article: Oltova, J, Svoboda, O & Bartunek, P. Hematopoietic Cytokine Gene Duplication in 

Zebrafish Erythroid and Myeloid Lineages. Frontiers in Cell and Developmental Biology, 

2018. (10.3389/fcell.2018.00174) 

https://doi.org/10.3389/fcell.2018.00174
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6.1. Kitlga/b 

In vertebrates, proliferation and differentiation of erythroid cells is regulated most 

prominently by two cytokines, erythropoietin (EPO) and Kit ligand (KITLG or stem cell factor, 

SCF), which ensure erythroid lineage commitment by binding to their cognate receptors, 

which in turn triggers specific signaling events (Krantz 1991, Broudy 1997, Panzenbock et al. 1998).  

The proper balance between Epo and Kit signaling is essential to control erythroid progenitor 

self-renewal and proliferation versus terminal differentiation of erythrocytes (Wessely et al. 

1999, Munugalavadla and Kapur 2005, Dzierzak and Philipsen 2013). 

KITLG is a pleiotropic cytokine that, besides its role in erythropoiesis, affects a wide range of 

tissues and cells and it is an important regulator of many processes, both in the adult organism 

and during the development (Ding et al. 2012, Lennartsson and Ronnstrand 2012). In mammals, KIT 

signaling has been reported in neurogenesis, pigmentation (Grabbe et al. 1994, Alexeev and Yoon 

2006, Lennartsson and Ronnstrand 2012, Gong et al. 2019), as well as erythro-myelopoiesis (Hayman et 

al. 1993) and primordial germ cell development (De Miguel et al. 2002). Two distinct forms 

naturally occurring in vivo, transmembrane and soluble, are associated with different 

processes. Transmembrane form has been reported in regulation of stem cells in their niches, 

whereas the soluble form is transported in circulation, and can affect distant tissues (Ashman 

1999, Lennartsson and Ronnstrand 2012). Upon binding of the Kit ligand to its cognate receptor, KIT, 

a receptor tyrosine kinase type-III family member, dimerization and autophosphorylation of 

the receptor leads to triggering of various signaling cascades, e.g. PI-3K, MAPK, SRC and JAK 

kinase pathways (Ashman 1999, Abbaspour Babaei et al. 2016).  

In teleost, the whole Kit ligand-receptor signalosome has been duplicated, which makes the 

scenario more complex. The understanding of diversification of the functions of both ligands 

(Kitlga, Kitlgb) and receptors (Kita, Kitb), including their binding specificities, is essential for 

future studies. Current available data indicate that both Kit receptor and ligand paralogs have 

subspecialized during evolution. This is demonstrated by their different tissue specific 

expression in the development: Kita is expressed in melanocytes and melanoblasts, lateral 

mesoderm (the location of hematopoietic precursors), and notochord (Parichy et al. 1999). On 

the other hand, Kitb  was detected in neural  tube and otic vesicles (Mellgren and Johnson 2005). 

Moreover, there are also functional differences between the two receptors: kita receptor 

mutants (kitab5/b5 or sparse) exhibit defects in pigmentation (Parichy et al. 1999), whereas kitb 
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has not been associated with melanogenesis so far (Mellgren and Johnson 2005, Mahony et al. 2018). 

Regarding the ligands, a similar diversification has been observed in gain-of-function studies. 

Hyperpigmentation phenotype was reported after overexpression of Kitlga (Hultman et al. 2007) 

but so far, no role in pigmentation has been observed for Kitlgb (Mahony et al. 2018). These 

findings suggest that pigmentation might be controlled specifically by the Kitlga – Kita pair. 

Interestingly, although the homology of the genomic sequence of zebrafish Kit ligands with 

their murine counterpart is relatively low, the exon intron structure is remained conserved as 

showed in Figure 2 (Hultman et al. 2007) 

 

Figure 2 | Genomic structure of duplicated zebrafish kit ligands aligned with murine Kitlg. Exons are 
numbered according to their homology with murine sequence. Although the sequence is quite 
diverged - zfKitlga 29% identity, 43% similarity and zfKitlgb 20% identity and 50% similarity with the 
murine coding sequence, the intron-exon locations are conserved. TM – transmembrane domain. 
(figure reproduced from Hultman et al. 2007) 

Despite extensive studies, the role of Kit signaling in hematopoiesis of zebrafish has remained 

unnoticed for a long time. Even though Kit receptors are expressed in hematopoietic tissues 

(Parichy et al. 1999, Mahony et al. 2018), under steady state conditions hematopoiesis is not 

affected in the adult kitab5/b5 (sparse) mutants lacking the functional Kita receptor (Parichy et al. 

1999). This is in contradiction to the findings in other vertebrate models, where the absence of 

c-kit leads to severe anemia and is embryonically lethal (Geissler et al. 1988). So far, there are 

only two reports indicating potential roles of zebrafish Kit signaling in zebrafish hematopoiesis. 

Mahony et al. observed a mild increase in the number of HSCs after overexpression of Kitlgb 

(Mahony et al. 2016), and also a decrease in the number of HSCs after downregulation of Kitb 

(Mahony et al. 2018). The authors concluded that in agreement with previous studies, the role of 

Kita and Kitlga is likely restricted to melanocyte formation, with no involvement in the process 

of hematopoiesis.  
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6.2. Epoa/b 

In vertebrates, the major regulator of the development of red blood cells is erythropoietin 

(EPO), which mediates self-renewal, survival and differentiation of erythroid cells by binding 

to its cognate receptor, EPOR (Krantz 1991). EPO binding leads to homodimerization of EPOR, 

which results in autophosphorylation of JAK2 bound to Box1/2, which then phosphorylates 

other signaling molecules, like STAT5 (signal transducers and activators of transcription), PI-3K 

(phosphatidylinositol 3-kinase) or MAPK (mitogen-activated protein kinase), as well as the EPO 

receptor itself (Drachman and Kaushansky 1997, Constantinescu et al. 1999). Two copies of the 

zebrafish epo gene have been previously identified in our laboratory, epoa and epob. The role 

of epoa seems to be similar to its mammalian orthologue - stimulation of proliferation and 

differentiation of erythroid cells (Paffett-Lugassy et al. 2007, Stachura et al. 2011) but epob has not 

been associated with any hematopoietic process so far (Svoboda O., Bartunek P., unpublished) 

and it is possible that it even formed a pseudogene without any biological function. It was 

shown that recombinant zebrafish Epoa is able to promote the expansion and differentiation 

erythroid cells ex vivo (Stachura et al. 2009) and when combined with other factors (Gcsfa, Tpo), 

it promotes multilineage erythro-myeloid cell fates in semisolid media (Stachura et al. 2011, 

Svoboda et al. 2014). For simplicity, I will use the designation Epo/epo for Epoa/epoa in the whole 

dissertation. So far, only a single erythropoietin receptor has been identified in zebrafish 

(Paffett-Lugassy et al. 2007).  

6.3. Csf1a/b and IL34 

The main regulator of a majority of myeloid cells, such as monocytes, macrophages, dendritic 

cells, microglia, osteoclast and also Langerhans and Kupffer cells in mammals is the 

Colony stimulating factor  1 (CSF1, or Macrophage colony-stimulating factor – M-CSF), playing 

also an important role in disease development (Hamilton 2008, Hamilton and Achuthan 2013). The 

ligand binds to the CSF1 receptor (CSF1R), a RTKIII family member, which leads to activation 

of JAK2/STAT5, PI3K and MEK signaling (Pixley and Stanley 2004, Martinez and Gordon 2014). In 

addition to CSF1, in certain tissues (Langerhans cells and microglia), the receptor can be also 

activated by IL34 (Greter et al. 2012, Wang et al. 2012).  
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In zebrafish, also csf1 have been identified in the form of two paralogs  (csf1a/b) (Wang et al. 

2008). Along with two csf1 receptors (csf1ra/b), this in another relatively unique example of 

duplication of the whole ligand-receptor signalosome (Braasch et al. 2006). Even though two 

copies of IL34 have been reported in salmon (Pagan et al. 2015), in zebrafish, only a single copy 

has been identified so far. Csf1a and Il34 signaling has been associated with microglia 

development in the retina (Huang et al. 2012) as well as pigment pattern formation during 

development (Patterson et al. 2014) (Csf1a only). IL34 has been show to regulate macrophages 

and microglial precursors (Kuil et al. 2018, Wu et al. 2018). Moreover, csf1ra mutant fish (panther) 

display decreased numbers of microglia and macrophages (Herbomel et al. 1999, Pagan et al. 2015) 

but any information about the role of csf1rb are missing so far.  

6.4. Csf3a/b 

Colony stimulating factor 3 (CSF3), also known as Granulocyte colony stimulating factor 

(G-CSF), is a cytokine essential for survival, proliferation and differentiation of macrophages, 

monocytes and neutrophils (Metcalf and Nicola 1983, Nicola et al. 1983, Nicola et al. 1985, Lieschke et al. 

1994, Liu et al. 1996). Its action is mediated by its receptor, CSF3R. Ligand binding triggers 

signaling cascades including JAK2/STAT5 and MAPK pathway, crucial for the production of 

neutrophils both in steady state and under stress conditions (Touw and van de Geijn 2007). 

In zebrafish, two paralogs of Csf3 have been reported, whose function are slightly diversified 

(Stachura et al. 2013), although both paralogs stimulate granulocytic and monocytic/macrophage 

differentiation, as reported in mammals (Nicola et al. 1983, Nicola et al. 1985, Migliaccio and Migliaccio 

1988). However, in zebrafish hematopoiesis, they appear to play a broader role, including the 

specification and expansion of HSCs. Both paralogs are expressed differentially in the course 

of development, with csf3a expression being low in the early development and rising gradually 

over time, whereas csf3b expression being high from 6 hpf, but decreasing over time. 

Gain-of-function studies indicate functional redundancy, although changes in binding kinetics 

to Csf3r receptor have been reported, potentially serving as another mechanism of 

spatiotemporal control of Csf3a/b activity (Stachura et al. 2013). Although in adult kidney 

marrow, the main site of hematopoiesis in zebrafish, Csf3b expression was predominant, both 

ligands retain their ability to trigger differentiation of myeloid progenitors ex vivo. It was 

shown that as in mammals, Csf3 is important for both primitive and definitive waves of 
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generation of myelo-monocytic cells also in zebrafish (Stachura et al. 2013). Altogether, the 

results indicate that Csf3 was involved in many different levels of hematopoiesis, but after the 

diversification of mammals, other specialized cytokines have likely taken over some parts of 

the original Csf3 function (Avery et al. 2004, Huising et al. 2006, Stachura et al. 2013)  

 

Figure 3 | Overview of duplicated hematopoietic cytokines and receptors regulating the 
erythro-myeloid lineage in Danio rerio. Various cytokine receptors have been proposed to act at the 
level of hematopoietic stem cells (Kitb, Csf3r), the myeloid lineage (Csf1ra/b, Csf3r), or the erythroid 
lineage (Epor, Kita/b) in D. rerio binding the corresponding ligands. Some duplicated paralogs seem to 
have lost their function in hematopoiesis (e.g., Epob), whereas other have undergone 

sub-specialization (e.g. Kitlga/b). The function of missing cytokines (Il-3, Il-5, GM-CSF, Flt3l) is most 
likely compensated by other factors. LT-HSC, long-term hematopoietic stem cells; ST-HSC, short-term 
hematopoietic stem cells; MPP, multipotent progenitor cells; GMP, granulocyte-macrophage 
progenitors; CMP, common myeloid progenitors; TEP, thrombo-erythroid progenitors; BFU-E, burst 
forming unit-erythroid, CFU-E, colony forming unit-erythroid; CFU-T, colony forming 
unit-thrombocytic. 
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7. Zebrafish tracking and reporting 

As mentioned earlier, zebrafish is a powerful and popular model organism. The zebrafish 

community has been growing rapidly and so is the amount of resources in the form of 

genetically modified fishlines, further accelerated by the rapid development in the field of 

zebrafish genome editing – especially CRISPR technology (Ablain et al. 2015, Burger et al. 2015) and 

site specific transgenesis (Mosimann and Zon 2011, Mosimann et al. 2013, Felker and Mosimann 2016). 

Therefore, the proper animal tracking system and organization of animal-related records is 

more important than ever. A database system that would facilitate tracking of the fish of the 

F0 and F1 generations of newly created genetically modified lines, as well as the fish stocks of 

already established lines, would be of great benefit. Without a well-designed tool, this task is 

both highly laborious and space demanding and requires a high level of organization in the 

facility. 

Notably, in zebrafish inbred lines are not established, as is common in the mouse model. 

Rather, the animals defined by their backgrounds based on the origin of the founder 

population and its characteristics (for a list of wild-type backgrounds, see 

https://zfin.org/action/feature/wildtype-list). The reason is that zebrafish are sensitive to 

inbreeding depression and therefore require outcrossing preferably every second or third 

generation (Monson and Sadler 2010), otherwise, substantial issues can arise, including 

detrimental developmental defects, low productivity and poor survival of the embryos.  

Moreover, there is basically no simple way to distinguish fish individuals, unless they possess 

a distinguishable phenotypic feature caused by their genotype or background. Up to day, 

there is no cost-effective system designed to distinguish single fish individuals in a tank, and 

although emerging technologies such as subdermal chipping are developing fast, the 

technology is not yet sufficiently miniaturized to enable its routine use in tracking small fish 

species, although some significant advances have been reported using the radio frequency 

identification microtags (Cousin et al. 2012). The workaround of keeping the fish in solitude or in 

sexually dimorphic pairs is suboptimal due to social requirements of D. rerio, and should be 

avoided when possible as it is detrimental to the development and health of the animals 

(Spence et al. 2008, Alestrom et al. 2019), and moreover, it is also very space inefficient. Rather, 

https://zfin.org/action/feature/wildtype-list
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zebrafish should be kept within a specified density range, preferably with both males and 

females present in a single tank (Castranova et al. 2011, Ribas et al. 2017).  

According to the 3R’s replacement principle (Russell and Burch 1959, Kirk 2018) and EU Directive 

on protection of laboratory animals (Alestrom et al. 2019)  researches should always prefer the 

evolutionary lowest animal model relevant for the specific study. Therefore, promoting 

non-mammalian models and establishing proper conditions for their utilization, tracking and 

reporting should be of broad interest of the scientific community. Nevertheless, the options 

available for tracking of zebrafish were rather limited at the time when we started our own 

facility in 2014. Scientist were using outdated software solutions or simple spreadsheets. One 

element contributing to the fact was that the requirements for aquatic organism tracking 

significantly differ from the rodent tracking, wherein systems such as PyRat 

(https://www.scionics.com/pyrat.html) or open-source JAX Colony Management System 

(Donnelly et al. 2010) have long been established as a standard. In contrast to the individually 

identifiable rodents, the aquatic animal tracking requires following groups of animals and their 

rearrangement, as explained earlier, and therefore also a completely different database 

design.  

A handful of solutions designed for fish tracking was available in 2014, either commercial 

(e.g., www.daniodata.com, www.scionics.com/pyrat_aquatic.html) or open-source (Anderson 

et al. 2010, Hensley et al. 2012, Yakulov and Walz 2015) (http://zebase.bio.purdue.edu, 

http://aqacs.uoregon.edu/zf/files, https://zebrafish.jimdo.com); however, none of them was 

predominant in the zebrafish community. This was possibly due to the fact that each of them 

was tailored to a specific set of requirements but none presented a universal solution that 

would work well for both small and large zebrafish facilities. The main drawbacks we could 

identify was the price, which made the commercial databases unsuitable for small or starting 

facilities on a budget, and dedication to a single platform (e.g. iPad in the case of Danio Data). 

Even more importantly, the sustainability of both open-source and commercial solutions 

proved to be limited in long term. This aspect should not be underestimated because 

switching from one system to another can be very tedious and recovering the whole tracking 

history can be in some cases even impossible. Finally, a feature which was missing in most of 

the existing database systems was a simple way to view detailed fish usage statistics that 

would enable the export of animal reports, which are required by legal authorities.   

https://www.scionics.com/pyrat.html
http://www.daniodata.com/
http://www.scionics.com/pyrat_aquatic.html
http://zebase.bio.purdue.edu/
http://aqacs.uoregon.edu/zf/files
https://zebrafish.jimdo.com/
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AIMS OF THE PROJECT 

 

The objective of this project is to reinforce the role of zebrafish as a model for human 

hematopoiesis using in vivo and ex vivo approaches. Zebrafish is continuously gaining 

popularity in the field of blood development, due to the numerous practical advantages it has 

to offer. Therefore, we believe that by elucidating specific questions about evolutionary 

conservation of hematopoietic system and providing novel experimental tools and 

approaches to study it, we can significantly contribute to the field and help to establish the 

zebrafish as model organism of choice for studying normal and aberrant hematopoiesis. 

Specifically, we will focus on these aims:  

1. Investigate the role of zebrafish Kit ligands in hematopoiesis.  

Kit signaling is crucial for mammalian hematopoiesis but strikingly, no such role has been 

reported in zebrafish. Using in vivo and ex vivo approaches, we will investigate the role of 

the two zebrafish Kit ligand paralogs, especially with respect to erythropoiesis.  

 

2. Develop new approaches to study hematopoiesis that were previously missing.  

Although the expansion of erythroid progenitors ex vivo has been described in different 

vertebrates, a similar approach in zebrafish is missing. We believe that establishing proper 

condition for ex vivo suspension culture of kidney marrow cells, together with already 

available protocols for clonal assay, will provide a set of indispensable tools to study 

normal and aberrant hematopoiesis.  

 

3. Provide a novel tool for systematic tracking of the animals.  

We aim to establish an animal tracking system tailored specifically to small fish species 

that will enable advanced fish tracking, data visualization and reporting, experiment 

planning and facility management. We aim to optimize the user interface to be intuitive 

and providing excellent user experience. Moreover, the system must be compliant with 

the national legislation and EU directives for the use of vertebrate animals for scientific 

purposes.  
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MATERIALS AND METHODS 

Animal stocks and embryos 

Fish were raised, housed and staged according to zebrafish husbandry recommendations 

(Westerfield 2000, Alestrom et al. 2019). For animal housing, ZebTEC aquatic system with 

recirculation (Tecniplast) was used and animals were tracked using our dedicated database 

solution, Zebrabase (Oltova et al. 2018). For visualization of specific cells types, we used 

gata1:DsRed transgenic animals for visualization of erythroid progenitors (Traver et al. 2003) and 

LCR:EGFP animals, with locus control region upstream of b-globin promoter, for strong and 

specific erythrocyte visualization (Ganis et al. 2012). Moreover, we used the kita mutant line 

(kitab5/b5 or sparse), with a 1 nucleotide deletion resulting in a premature stop codon and the 

absence of the tyrosine kinase domain of the receptor (Parichy et al. 1999), as well as and wild-

type animals of the AB background. Here I would like to thank Leonard Zon and David Traver 

for providing the genetically modified animals. 

The experimental and animal care procedures were approved by the Animal Care Committee 

of the Institute of Molecular Genetics of the Czech Academy of Sciences (13/2016 and 

96/2018), in compliance with national and institutional guidelines. 

Ex vivo cultures 

For isolation of kidney marrow cells, we used 6-month old adult zebrafish animals. We 

performed the procedure as previously described (Svoboda et al. 2016) and plated and cultivated 

the cells in zfS13 medium (see Table 1 for composition). The crucial component of the medium 

is carp serum, which was obtained as described previously (Svoboda et al. 2016). Specific 

cytokines were added at 100 ng/ml and dexamethasone was added at 1uM final 

concentration. To ensure optimal growth in suspension, 30% of the medium was exchanged 

every other day. Cells were counted using a CASY Cell Counter. To study the colony forming 

capabilities, we also performed assays in semi-solid media, which prevents the movement of 

single cells and enables colony growth. A detailed protocol was published previously (Svoboda 

et al. 2016).  
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Table 1 | Composition of zebrafish S13 medium.  

 

Generation of recombinant cytokines and cytokine mRNA 

The zebrafish Kitlga/b amino acid sequence was first inspected by Phobius tool 

(http://phobius.sbc.su.se/) to predict protein structure and hydrophobicity. Putative signal 

peptide (SP) and transmembrane (TM) domains were identified in amino acid positions 1 to 

24 and 206 to 224 of Kitlga, and amino acid positions 1 to 31 and 185 to 209 of Kitlgb 

(see Figure 4A).  

zf S13 medium final concentration 

DMEM  (Gibco, cat. no. 41966-029)   

Distilled Water  (Gibco, cat. no. 15230-089)   

FBS, embryonic-stem-cell qualified (Biosera, cat. no. FB-1001S/500) 10% 

Carp Serum 2% 

BSA 10% (StemCell Technologies, cat. no. 09300) 0.5% 

NaHCO3, 7.5% 0.2% 

beta-Mercaptoethanol (Sigma-Aldrich, cat. no. M6250) 0.1 mM 

L-Glutamine, 0.2 M (Gibco, cat. no. 25030-081) 4 mM 

Hypoxanthine (Sigma-Aldrich, cat. no. H9636) 200mg/100ml 

FE-SIH iron supplement, 1000x (Sigma-Aldrich, cat. no. I3153)   

Penicillin-streptomycin, 100× (Gibco, cat. no. 15140122)   

solution A (1000x)   

solution B (50x)   

  

solution B in water final concentration 

L-Methionine 10 mM 

L-Phenylalanine 20 mM 

L-Alanine 10 mM 

Glycine 50 mM 

L-Threonine 40 mM 

L-Isoleucine 40 mM 

L-Proline 10 mM 

L-Valine 40 mM 

L-Aspartic Acid 10 mM 

L-Glutamic Acid 25 mM 

  

solution A in water final concentration 

Biotin (Sigma B4639) 0.1% 

http://phobius.sbc.su.se/
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To produce the soluble form of both Kitlga and Kitlgb, we used sequence specific primers 

(Table 2) for the amplification of cDNA fragments corresponding to amino acid 25 to 182 

(Kitlga) and 31 to 187 (Kitlgb) from adult zebrafish retina. To produce recombinant cytokines 

in sufficient quantities, we used the baculoviral expression system. The amplified fragment 

was cloned into pAc-GP67-B vector supplemented with 6xHis tag sequence. By cotransfection 

of pAc-His-Kitlga/b and BaculoGold Bright Baculovirus DNA into sf21 insect cells, we generated 

the recombinant baculovirus. Infected GFP-positive cells secreted recombinant cytokines into 

the medium, which were then purified on a Ni2+-NTA agarose column (Figure 4B). Plasmids 

for cytokine expression are available from Addgene with the accession numbers 

140292 (pAc-His-zfKitlga), and 140293 (pAc-His-zfKitlgb). 

To generate constructs for in vitro transcription of kitlga/b mRNA for microinjection, we 

amplified the full length cDNA fragment using sequence specific primers (Table 2) and the 

fragment was cloned into pCS2+ vector. We transcribed mRNAs from the linearized plasmid 

using the mMessage mMachine SP6 kit (Roche) and purified the transcript by lithium chloride 

extraction. 

Recombinant Epo protein and epo mRNA were prepared as described previously (Paffett-Lugassy 

et al. 2007, Stachura et al. 2009, Svoboda et al. 2016). 

Table 2 | Primers for cloning of kit ligands. 

 Forward primer Reverse primer 

 
Protein expression 

Kitlga  CGGGATCCATTGAAATAGGAAATCCCAT GCGGATCCTTACTCATTTGTACTATGTTGCGC 

Kitlgb  GCGGATCCGGGAGCCCTTTAACAGATGA GCGGATCCTTAATGAACCGCAGAGTTCATGCC 

 
mRNA microinjection 

kitlga  GCGGATCCGGTTTCGCTGACATTGGAGT GCGGATCCTTTGTTCCTGTAGGTTGGGC 

kitlgb  GCGGATCCGGAGACACGGCTGATTTGTT GCGGATCCATCCCGTTCTGGATATTCCC 

mRNA microinjections and dexamethasone treatment 

Embryos were injected immediately after fertilization, at the 1-cell stage, using 600 pg of each 

mRNA per embryo. Zebrafish embryos have been kept according to the approved animal care 
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procedures until reaching 24 hpf. Then, they have been dechorionated using pronase and 

optionally, treated with 50μM dexamethasone diluted in E3 medium. Treatment has been 

exchanged every day until 72 hpf. 

Benzidine staining and image analysis 

72 hpf zebrafish larvae were anesthetized by Tricane (MS-222), while incubated on ice for 5 

minutes. The purpose of this procedure is to stop the blood flow gradually before staining to 

prevent artifacts. Anesthetized larvae were washed with cold PBS and fresh benzidine solution 

was added immediately (composition: o-dianisidine (Sigma-Aldrich, D9143) (0.6 mg/ml), 

sodium acetate pH 4.5 (0.01 M), hydrogen peroxide (0.65%) and ethanol (40%)) and incubated 

for 10 mins in the dark. Staining solution was washed away and larvae were imaged in glycerol. 

Imaging and image analysis 

For Imaging of benzidine stained larvae, we used Zeiss Axio Zoom.V16 with 

Plan Neofluar Z 1.0x objective equipped with Zeiss Axiocam 105 mono camera. Z-stacks were 

processed using the Extended Depth of Focus module in ZEN blue 2.3 software and images 

were quantified using a custom developed FiJi script (see Script 1 in the supplement). Images 

of gata1:DsRed larvae were acquired on Zeiss Axio Zoom.V16 with Zeiss Axiocam 506 mono 

camera and ZEN Blue software. 

Images of cells cultured ex vivo were acquired on Olympus IX70 inverted microscope equipped 

with the Olympus DP72 camera using a 20x objective (suspension cultures) and 10x objective 

(colony assays). Moreover, colony assays were also imaged using Zeiss Axio Zoom.V16 with 

Plan Neofluar Z 1.0x objective and Zeiss Axiocam 506 mono camera and analyzed 

automatically using custom developed FiJi script (see Script 2 in the supplement). 

FACS Sorting of embryos and RNA isolation 

We treated the embryos at 24 hpf, 48 hpf and 72 hpf with 100x diluted Liberase TM (Roche, 

05401119001) in PBS. Samples were incubated at 37°C for 1, 1.5 or 2.5 hours, respectively for 

each stage. We filtered cell suspension using a 30um filter, centrifuged and resuspended in 
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PBS. We collected sorted cells into TRI Reagent (Sigma, T3934). RNA was isolated with RNeasy 

Plus Mini Kit (Qiagen, 74136). 

Isolation of RNA from whole embryos and tissues and qPCR 

We isolated RNA from whole injected or uninjected embryos or tissues using PureLink Micro 

Kit (Invitrogen, 12183-016), following the manufacturer’s instruction, including DNase I 

treatment. cDNA was synthesized using iScript™ cDNA Synthesis Kit (Bio-Rad). We run qPCR 

in triplicates on a LightCycler 480 machine using SYBR Green I (Roche). For normalization of 

the RNA content we used ef1a and mob4 housekeeping genes and we calculated the relative 

expression levels using the ΔΔCt method. The list of qPCR primers is in Table 3. 

Table 3 | Primers of qPCR analysis.  

 Forward primer Reverse primer 

gata1a GTTTACGGCCCTTCTCCACA CACATTCACGAGCCTCAGGT 

hbbe1 CTTGACCATCGTTGTTG GATGAATTTCTGGAAAGC 

kita CTATGTTGTCAAAGGCAATGCT CCAGACGTCACTCTCAAAGGT 

kitb GGATACAGAATGAGTGAGCCTGA CTCCAGCACCATCTCATCAC 

efa1 GAGAAGTTCGAGAAGGAAGC CGTAGTATTTGCTGGTCTCG 

mob4 CACCCGTTTCGTGATGAAGTACAA GTTAAGCAGGATTTACAATGGAG 

RNAseq and transcriptomics 

We isolated total RNA from 6-7×106 kidney marrow cells cultivated either in the presence of 

Epo, Dex or Epo, Dex, Kitlga in biological duplicates using Purelink Micro kit (Invitrogen). We 

assessed the quantity of isolated RNA on NanoDrop ND 1000 (Thermo Fisher Scientific) and 

analyzed its integrity on Agilent 2100 Bioanalyser (Agilent Technologies). The RNA integrity 

number ranged between 9.5 and 10. Samples were sequence on Illumina NextSeq® 500 

instrument using 75bp single-end configuration yielding on average 47 million reads per 

sample. 

The criterion for differentially expressed genes was statistical significance (adjusted p-value) 

of  <0.1 and minimal absolute log2-fold change value of -2.32 (for the genes that were 

downregulated in Epo, Dex, Kitla treatment) or 1 (for the genes that were upregulated in Epo, 

Dex, Kitla treatment). These candidates were further analyzed and visualized. Next, gene 
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ontology (GO) enrichment was analyzed for the up and down regulated genes fulfilling the 

criteria of log2-fold change > 0.415 and adjusted p-value < 0.1. GO terms with the cutoff of 

log2-fold change > 0.3 and p<0.0001 sorted by Odds ratio are shown in the Supplementary 

Table 3. For more details on the library preparation, library size distribution, and 

bioinformatical pipeline used for data processing, please, refer to the supplemental 

information of the submitted manuscript:  Oltova, J, Svoboda, O, Machonova, O, Svatonova, 

P, Traver, D, Kolar, M, Bartunek, P. Zebrafish Kit ligands cooperate with erythropoietin to 

promote erythroid cell expansion, Blood Advances, 2020 (preprint version available online: 

10.1101/2020.02.03.931634) 

RNAseq data were uploaded to ArrayExpress under accession number E-MTAB-8800. 

Database development and architecture 

Zebrabase is a cross-platform web application (Windows, Mac OS, Android, iOS, Linux-based 

systems) that works in all modern internet browser. We create a dedicated PostgreSQL 

database (https://www.postgresql.org/) for every Zebrabase customer (e.g. facility or 

laboratory) to ensure high data separation, security and consistency. The application back-end 

is using Python programming language (https://www.python.org/) with the Django web 

framework (https://www.djangoproject.com/) that ensures data exchange between the 

database and web browser. On the other hand, front-end part of the application is utilizing 

the latest HTML5/CSS3 and Bootstrap framework for high responsibility, interactivity and data 

visualization.  

Communication of the users with the Zebrabase system is secured by SSL connection. 

Database dumps are created every day and stored for 6 months. The system is operated with 

utmost effort to ensure service availability – virtual server environment used to run the system 

consists of two clusters of hardware servers in different data centers of the Institute of 

Molecular Genetics and the system is replicated from the primary to secondary cluster twice 

per hour, so that the service can be restored in case the primary cluster becomes unavailable.  

For more details on database development and system architecture, please, refer to the 

publication: Oltova, J*, Jindrich, J*, Skuta, C, Svoboda, O, Machonova, O & Bartunek, P. 

Zebrabase: An Intuitive Tracking Solution for Aquatic Model Organisms. Zebrafish, 2018, 15: 

642-647 (10.1089/zeb.2018.1609) 

https://doi.org/10.1101/2020.02.03.931634
https://www.postgresql.org/
https://www.python.org/
https://www.djangoproject.com/
https://doi.org/10.1089/zeb.2018.1609
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RESULTS 

1. The role of Zebrafish Kit ligands in hematopoiesis in D. rerio 

Results presented in this chapter have been included in the submitted manuscript :  Oltova, J, 

Svoboda, O, Machonova, O, Svatonova, P, Traver, D, Kolar, M, Bartunek, P. Zebrafish Kit 

ligands cooperate with erythropoietin to promote erythroid cell expansion, Blood Advances, 

2020 (preprint version is available on bioRxiv: 10.1101/2020.02.03.931634) 

1.1. Cytokine expression 

First, we cloned and expressed zebrafish Kit ligands, to obtain the recombinant proteins to use 

in ex vivo assays. Using sequence specific primers, we amplified the mature form of zebrafish 

kitlga and kitlgb from adult retina. As shown in (Figure 4A), the amplified region was devoid 

of signal-peptide, intracellular and transmembrane region. The amplified fragment was cloned 

into baculoviral expression vector to produce the soluble form of recombinant Kitlga and 

Kitlgb using the sf21 insect cells (Figure 4B).  

 

Figure 4 | Cloning and expression of zebrafish Kitlga and Kitlgb. (A) Sequence encoding the mature 
extracellular form of each of the Kit ligands was amplified using RT-PCR from adult zebrafish retina and 
cloned into pAc-GP67-B vector to generate recombinant His-tagged Kitlga and Kitlgb proteins. 
SP - signaling peptide, EC – extracellular part, TM – transmembrane domain, C – cytosolic part, 
6xHis - 6x histidine tag. (B) sf21 insect cells were co-transfected with BaculoGold Bright DNA 
(BD Biosciences) and Kitlga/b transfer vector. Virus-infected cells were GFP-positive (top). 
Recombinant proteins were secreted from infected cells, purified using affinity chromatography and 
detected using anti-His antibody (bottom). This figure has been reproduced from the submitted 
manuscript (Oltova et al., 2020). 

https://doi.org/10.1101/2020.02.03.931634
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In the following ex vivo experiments, we used these His-tagged purified proteins. For mRNA 

injections, we amplified the full-length cDNA fragment using sequence specific primers (Table 

2) and cloned it into pCS2+ vector. Epo protein and mRNA have been prepared according to 

previously published studies (Paffett-Lugassy et al. 2007, Stachura et al. 2009, Svoboda et al. 2016). 

1.2. The effect of Kit ligands on zebrafish kidney marrow cells  

With the purpose of testing the biological activity of recombinant Kit ligands, we isolated 

kidney marrow cells from adult zebrafish as described previously (Svoboda et al. 2016) and 

treated the cells with various cytokines, or their combination, and subsequently counted them 

at specific time points. The potential enhancement in the myeloid lineage was assessed after 

3 days in culture. We added both Kit ligands, either separately or combined with Gcsfa, which 

has been previously shown to support myeloid cell fate (Stachura et al. 2013), and we also tested 

Gcsfa alone. In all conditions, we observed an increase in cell number compared to untreated 

control, however, only Gcsfa boosted the growth of kidney marrow cells significantly and the 

effect was further potentiated by the addition of either of the Kit ligands. The Kit ligands alone 

exhibited mild activity, which was reproducible but statistically not significant (Figure 5A). 

Furthermore, Kit ligands were tested for their role in erythroid cell expansion. Cells were 

treated with each of the two Kit ligands, either separately or combined with Epo. The number 

of cells was quantified after 7 days in culture. In agreement with previous studies, Epo alone 

was able to boost the growth significantly (Paffett-Lugassy et al. 2007, Stachura et al. 2009), and 

again, we noticed a mild increase in the number of cells when treated with any of the Kit 

ligands alone. Interestingly, when we combined Epo with Kitlga, the number of cells was 

significantly higher than in Epo alone, implying cooperation of the two factors exceeding the 

level of a simple additive effect (Figure 5B). Taken together, our results showed that zebrafish 

Kit ligands are able to promote the growth of erythroid and myeloid cells ex vivo.  
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Figure 5 | The effect of Kitlga and Kitlgb on erythroid and myeloid expansion of zebrafish kidney 
marrow cells. Quantification of the number of kidney marrow cells after treatment with PBS (control) 
or specific cytokines for 3 days (A) and 7 days (B). Statistical significance was determined using standard 
one-way ANOVA. This figure has been reproduced from the submitted manuscript (Oltova et al., 2020).  

 

Our next aim was to maximize the expansion of erythroid progenitors from kidney marrow 

cells. As a starting point, we took the Epo + Kitlga combination that was the most potent in 

the previous experiments and tested the addition of other factors in the culture of kidney 

marrow cells isolated from gata1:DsRed transgenic animals. Although no reports of the 

suspension culture of kidney marrow cells in zebrafish was reported previously, we 

hypothesized that conditions functional in other vertebrates could be effective in zebrafish as 

well (Panzenbock et al. 1998, Kolbus et al. 2003). As the addition of particular steroids was associated 

with self-renewal and proliferation of erythroid progenitors in other vertebrates (Schroeder et 

al. 1993, Kolbus et al. 2003, Leberbauer et al. 2005, England et al. 2011), we included dexamethasone as 

one of the factors. In agreement with previous findings in vertebrates, Kitlga, Epo and Dex 

acted synergistically in ex vivo cultures, promoting erythroid expansion of kidney marrow cells  

(Figure 6A). Moreover, cells treated with Epo, Dex and Kitlga formed islets of round, highly 

gata1:DsRed-positive cells, corresponding to erythroid progenitors (Figure 6B).  
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Figure 6 | Optimizing culture conditions for erythroid cell expansion of zebrafish kidney marrow 
cells. Left - Growth curve for ex vivo culture of whole kidney marrow cells with different cytokine 
combinations. Each point represents a mean of a biological duplicate with SD. Right - Representative 
images of whole kidney marrow cells isolated from transgenic gata1:DsRed fish treated with PBS 
(control) or a specific cytokines and cultivated for 8 days. Scale bar represents 100 um. This figure has 
been reproduced from the submitted manuscript (Oltova et al., 2020). 

Also in colony forming assays, we observed that Epo can cooperate with Kitlga to promote the 

growth of large erythroid colonies (Figure 7A). When Kitlga was combined with Epo, we 

observed significantly more, highly gata1:DsRed-positive colonies that were also noticeably 

larger, compared to those growing in Epo alone (Figure 7B, C). However, neither in liquid 

cultures nor semisolid media, we observed a similar cooperation of Epo with Kitlgb (data not 

shown).  
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Figure 7 | Cooperation of Kiltga with Epo in colony forming assays. (A) Quantification of the number 
of colonies formed from kidney marrow cells plated in semisolid media after the treatment with PBS 
(control) or specific cytokines for 7 days. Each condition was counted in three separate wells from 
images acquired on Zeiss Axio Zoom.V16. Each bar represents mean with SD. Statistical significance 
was determined by one-way ANOVA. (B) Quantification of the size of the colonies in (A). Each bar 
represents a triplicate mean with SD. Statistical significance has been determined by t-test.(C) 
Representative brightfield (top) and gata1:DsRed fluorescence (bottom) images of gata1:DsRed 
positive colonies for each cytokine and their combination. Images were acquired on Olympus IX70 
inverted microscope. Scale bar represents 200 um. This figure has been reproduced from the 
submitted manuscript (Oltova et al., 2020). 

1.3. The mechanism of erythroid expansion ex vivo 

With the aim to gain better understanding of the mechanism of Kitlga cooperation with the 

other factors, we performed an RNAseq experiment, comparing Epo, Dex, Kitlga-treated cells 

that were reaching the first point of substantial expansion after 8 days in culture, to Epo, Dex-

treated cells. Our goal was to see what are the early changes in response to Kitlga, that could 

help us clarify the erythroid expansion later (see the arrow in Figure 6A, left). The analysis 
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revealed that in both culture conditions, erythroid hallmarks are prominent (data not shown) 

but the addition of Kitlga to Epo and Dex caused an additional increase in the erythroid gene 

expression. We identified several erythroid (g6fl, lias) and cell cycle (cdc27) specific genes 

among the upregulated differentially expressed genes (Figure 8D and Supplementary Table 1), 

confirming additional erythroid cell expansion when Epo and Dex were combined with Kitlga. 

Downregulated genes, on the other hand, were mostly associated with myeloid cell fate 

(e.g. pigrl2.3, blnk, nfkbiz, alox5a, inpp5d). These data indicate that the expansion induced by 

Epo, Dex, Kitlga led to an erythroid-enriched cell population compared to Epo, Dex culture 

alone, which exhibited slightly more myeloid character.  

 

Figure 8 | RNA sequencing data showing differences between Epo, Dex, Kitlga- and Epo, Dex-treated 
cells after 8 days in liquid culture. An expression heatmap of Epo, Dex- and Epo, Dex, Kitlga-treated 
cells showing the top predicted differentially expressed genes (A) and representative markers of 
erythroid differentiation (B). Color coding by z-score for heatmaps in A and B. This figure has been 
reproduced from the submitted manuscript (Oltova et al., 2020). 

Finally, we analyzed separately changes in expression of erythroid genes and revealed that, 

compared to cells treated with Epo, Dex, cells treated with all three factors exhibited an 

increase in expression of many of the erythroid genes, namely globin genes (hbae1.1, hbaa1), 

genes involved in heme and iron metabolism (e.g. urod, slc11a2, steap3), erythroid 

cytoskeleton (e.g. rhd, sptb, eph41b) and signaling (gata1a, jak3) (Figure 8B, Supplementary 

Table 2). Based on Gene Ontology terms prediction, we revealed categories enriched in 
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upregulated genes, that were associated with translation (GO:0006412, GO:0002181, 

GO:0000028, GO:0000027), erythropoiesis (GO:0042541, GO:0030218, GO:0048821) and cell 

cycle regulation (GO:0051726). For a full list of enriched GO terms in all three standard GO 

term categories, please, refer to Supplementary Table 3. Interestingly, when we examined the 

expression of both kit receptors, the expression of kita was predominant both in the Epo, Dex 

and Epo, Dex, Kitlga samples, whereas kitb expression was almost negligible.  

1.4. The role of Kit ligands in vivo 

Next, we microinjected cytokine mRNA(s) into 1-cell stage embryos, to test the function of 

both Kit ligands in vivo. When combined with epo, both kitlga and kitlgb lead to an increase in 

number of gata1:DsRed-positive cells (Figure 9A) and enhanced hemoglobinization  at 72 hpf, 

visualized by the whole mount benzidine staining. Also, in agreement with previous studies, 

we noticed an increase in pigmentation in embryos injected with kitlga mRNA (Figure 9B). 

 

Figure 9 | In vivo effects of kitlga and kitlgb at 72 hpf. (A) Representative images of 72 hpf 
gata1:DsRed+ transgenic reporter larvae after injection of corresponding mRNAs. Control represents 
uninjected larvae. Images were acquired on Zeiss Axio Zoom.V16. (B) Representative images of 
benzidine stained tails of larvae at 72 hpf after the injection of corresponding mRNAs. Control 
represents uninjected embryos. Note the increase in pigmentation in epo, kitlga-injected embryos. 
Z-stacks were acquired on Zeiss Axio Zoom.V16 and processed using Extended Depth of Focus module 
(ZEN blue software). This figure has been reproduced from the submitted manuscript (Oltova et al., 

2020).  

 

http://amigo2.berkeleybop.org/amigo/term/GO:0006412
http://amigo2.berkeleybop.org/amigo/term/GO:0002181
http://amigo2.berkeleybop.org/amigo/term/GO:0000028
http://amigo2.berkeleybop.org/amigo/term/GO:0000027
http://amigo2.berkeleybop.org/amigo/term/GO:0042541
http://amigo2.berkeleybop.org/amigo/term/GO:0030218
http://amigo2.berkeleybop.org/amigo/term/GO:0048821
http://amigo2.berkeleybop.org/amigo/term/GO:0051726
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Furthermore, we performed an automated image analysis using a custom developed script for 

Fiji and quantified the differences in benzidine staining, which confirmed the observed trend. 

Moreover, also in quantitative PCR (qPCR) analysis from whole injected embryos there was a 

subtle increase in the expression of erythroid markers at 72 hpf (Figure 9D) when epo was 

combined with either of the ligands. In a following experiment, we combined mRNA 

microinjection with in vivo dexamethasone (Dex) treatment and we could observe that Dex 

could further enhance hemoglobinization, although the effect was rather subtle.  

 

 

 

 

 

 

 

Figure 10 | Quantification of the benzidine staining in 
tails and qPCR analysis of erythroid markers at 72 hpf.    
(A) Quantification of the benzidine stained embryonic tails 
in (Figure 9B). Values were plotted relative to the mean of 
epo (expression fold 1). Each point refers to staining in one 
zebrafish larva. (B) qPCR expression analysis of gata1a and 
hbbe1 from whole injected embryos at 72 hpf. Data were 
normalized using mob4 as the housekeeping gene and 
plotted relative to the mean of uninjected control (relative 
expression fold 1). Bars represent a mean of three 
replicates with standard deviations. (C) Quantification of 
the benzidine stained embryonic tails after the 
microinjection and dexamethasone treatment. Values are 
plotted relative to the epo + kiltga (left part) or epo + kitlgb 
(right part). Statistical significance was determined by 
t-test. (A) and (B) have been reproduced from the 
submitted manuscript (Oltova et al., 2020). 
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1.5. Spatiotemporal expression of kita and kitb 

With the aim to investigate the mechanism of cooperation of epo with kit ligands, we used 

qPCR to analyze the expression of both kit receptors in tissues and during the development. 

In tissues, we could observe the highest kita expression in kidney, the major site of definitive 

hematopoiesis, (Figure 11A) and the highest kitb expression in retina (Figure 11B). In the 

course of embryonic development, the expression of both kit receptors was gradually 

increasing with the highest level at 7 dpf (kita) and 72 hpf (kitb), respectively.   

 

 

Figure 11 | Expression of zebrafish kit receptors. (A) qPCR expression analysis of kita (left) and kitb 
(right) in various adult tissues. Data was normalized using ef1a as the housekeeping gene and using 
the ovary sample as relative expression fold 1. (B) qPCR expression analysis of kita (left) and kitb (right) 
during development. Data was normalized using ef1a as the housekeeping gene and using the ovary 
sample as relative expression fold 1. This figure has been reproduced from the submitted manuscript 
(Oltova et al., 2020).  
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Based on the ex vivo erythroid expansion of gata1:DsRed+ cells from adult animals, we next 

analyzed the receptor expression in erythroid cells in the development. We FACS-sorted 

gata1:DsRed+ cells corresponding mostly to erythroid progenitors and erythrocytes (Figure 

12A) and LCR:EGFP+ (b-globin reporter) corresponding mostly to erythrocytes (Figure 12B) 

from transgenic embryos at three developmental stages. Interestingly, we could observe a 

gradual increase in the expression of both receptors in the course of development (Figure 12). 

 

Figure 12 | Expression of kita and kitb in erythroid development. (A) FACS-sorting of 
gata1:DsRed-positive cells from transgenic embryos at 24 hpf (to left). qPCR analysis of gata1a (top 
right], kita (bottom left) and kitb (bottom right) expression. (B) FACS-sorting of LCR:EGFP-positive cells 
(expressing b-globin) from transgenic embryos at 24 hpf (to left). qPCR analysis of gata1a (top right), 
kita (bottom left) and kitb (bottom right) expression. (A, B) Data was normalized using ef1a as a 
housekeeping gene and 24hpf DsRed+ or EGFP+ positive sample as the relative expression fold 1. This 
figure has been reproduced from the submitted manuscript (Oltova et al., 2020).  

1.6. The role of Kita receptor in erythroid expansion 

Finally, we wanted to investigate the mechanism of the erythroid expansion effect we 

observed when epo was combined with kit ligands.  For that purpose, we used sparse mutant 

fish (kitab5/b5) lacking the functional Kita receptor. When we injected epo together with either 

of the kit ligands, we failed to observe the cooperation like we have seen previously in 

wild-type animals, suggesting that Kita is required for Kitlg-dependent erythroid expansion 

in vivo. Moreover, also qPCR from whole embryos using erythroid marker genes gata1a and 
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hbbe1 did not reveal any cooperation of epo and any of the kit ligands in sparse mutants 

(Figure 13B). Interestingly, we noticed a slight decrease in the number of erythrocytes in 

mutant uninjected control compared to wild-type uninjected control (data not shown). 

However, the effect of epo mRNA alone remained on a similar relative level as in wild-type 

embryos (Figure 13A). 

 

Figure 13 | The effect of kit ligands in sparse mutants. (A) Benzidine staining quantified in uninjected 
control or injected wild-type or sparse embryos. Values are plotted relatively to the mean of epo 
samples, which corresponds to 1. Note that for demonstrative purposes, part A, left is reused from 
Figure 10. (B) The expression of gata1a and hbbe1 in whole injected embryos analyzed by qPCR using 
mob4 as a housekeeping gene and the mean of uninjected control as the relative expression fold 1. 
Bars represent mean of three replicates with SD.  This figure has been reproduced from the submitted 
manuscript (Oltova et al., 2020).  

Summary 

We cloned and expressed both paralogs of the zebrafish Kit ligand, either in the soluble form 

for ex vivo assays or in full-length form for in vivo mRNA microinjection.  We tested various 

cytokines in the culture of kidney marrow cells using the purified recombinant cytokines and 

established an optimal factor combination consisting of Epo, Kitlga and dexamethasone. 

Moreover, in gain-of-function experiments we revealed that both kitlga and kitlgb cooperate 

with epo to increase the number of erythroid cells in zebrafish larvae. Finally, using the kitab5/b5 

(sparse) mutants, we showed that Kitlg-dependent erythroid expansion in vivo is mediated by 

the Kita receptor. 



 
 
 

RESULTS 
  

52 

 

2. A novel tracking solution for aquatic model organisms 

 

 

Part of the results presented in this chapter were included in the manuscript: Oltova, J, 

Jindrich, J, Skuta, C, Svoboda, O, Machonova, O & Bartunek, P. Zebrabase: An Intuitive 

Tracking Solution for Aquatic Model Organisms. Zebrafish, 2018, 15: 642-647 

(10.1089/zeb.2018.1609). Zebrabase is continuously developed and new features are added 

with every release. For more information about the current version, please visit 

zebrabase.org. For testing of the database demo, please visit public.zebrabase.org. 

2.1. Origins of the project (preface) 

Shortly after I started my Ph.D. studies, our animal facility significantly expanded, and also the 

number of genetically modified animals we had to track was gradually increasing. Therefore, 

it became obvious that a proper tracking system that would allow browsing the animals stocks, 

filtering, and searching was essential to manage our facility data. Due to lack of any other 

solution that would fulfill our requirements, we decided to design one on our own, with the 

help of the skilled database developers at CZ-OPENSCREEN. Although we originally had no 

intention to develop Zebrabase as a community tool, soon we were asked by a number of our 

collaborators and colleagues to provide the service to their facilities. Being convinced by their 

interest that a tool like Zebrabase is really needed in the community, we built an 

interdisciplinary team of zebrafish researchers, programmers, database developers and web 

designers, which is able to react to the dynamically evolving needs of the zebrafish community 

and the legal requirements associated with the use of this model (EU directives, FELASA 

guidelines and recommendations). From version 2.0, Zebrabase is available for any external 

scientific institution or non-profit organization via our website 

(https://zebrabase.org/contact). As our initial idea was to help promote and establish 

zebrafish as a model organism, small and starting facilities can use Zebrabase completely free 

of charge. 

The following chapters will relate to the current version of the software at the time when I 

was writing this dissertation (Zebrabase 2.7.5). 

https://doi.org/10.1089/zeb.2018.1609
file:///C:/Users/Jana/AppData/Local/Packages/Microsoft.Office.OneNote_8wekyb3d8bbwe/LocalState/EmbeddedFileFolder/0-17/zebrabase.org
file:///C:/Users/Jana/AppData/Local/Packages/Microsoft.Office.OneNote_8wekyb3d8bbwe/LocalState/EmbeddedFileFolder/0-17/public.zebrabase.org
https://zebrabase.org/contact
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2.2. General concept and basic operation principles 

Zebrabase is a web-based solution developed specifically for tracking of aquatic animals. It is 

cross-platform (accessed via web browser), supporting both desktop and mobile use on 

Windows, Mac, Linux, Android and iOS. The access to the database is ensured via an optimized 

interface that enables browsing, creating and editing fish stock records. One of the features 

of Zebrabase is a built-in QR code generator and reader functionality that can help to 

streamline the workflow significantly, especially in larger facilities. Zebrabase provides a 

tracking platform to follow the animals from birth to death, and to store detailed records 

about all fish stocks. Every action performed in the software creates a record in the database 

that can be later used for reporting purposes. Optimization for touch devices has been 

included to all main parts of the database including the homepage (Figure 14). 

 

Figure 14 | Zebrabase Home Page. Desktop (A) and mobile optimized (B) version of the homepage. 
The page serves as a hub to get quickly to all the important functions of the database – fish stocks, 
facility overview, calendar, statistics and administrator interface.  

The cornerstone of Zebrabase is comprehensive tracking of the animals, which is based on 

systematic fish characterization and grouping. All facility animals are divided into fishlines 

defined by the database administrator by their genomic features (genotypes, for short), the 

date of their establishment or import and other auxiliary information. Fishlines are further 

separated into stocks – groups of fish sharing the same genotype and background (defined by 

the fishline), as well as parents and date of birth (DOB). Because in reality, the number of fish 
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in a stock can often exceed the capacity of a single tank, we introduced another level of animal 

grouping – so-called substocks, which refer to a defined stock subset sharing a single container 

(e.g. a tank or Petri dish) and represent the basic trackable unit in the database (Figure 15). In 

the user interface, animals are identified by an internal stock and substock ID. In line with the 

grouping logic, stock ID is a common identifier for a group of siblings originating from a single 

crossing event, whereas substock ID is a unique identifier for each of the fish group sharing a 

single container. 

 

Figure 15 | Schematic representation of fish grouping logic in Zebrabase. Fishlines are defined by 
their genotypes and background. Stocks are groups of fish within a single fishline originating from a 
single crossing event and are defined by date of birth (DOB) and parents. Substocks reflect the physical 
group of fish in the facility and correspond to stock subgroups sharing the same container (e.g. tank or 
a dish) 

In Zebrabase, generation of the fishline names are based on the ZFIN nomenclature 

(https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines). The names are 

generated automatically from the information about genotypes of the specific fishline (type 

of modification, driver, triggered gene, affected gene, allele etc.). Alternatively, for specific 

fishlines the administrator can opt for the use an alias instead of the generated names. This is 

https://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines
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particularly useful for lines that have a well-known trivial name (for examples see Table 4) or 

those a very long generated name, e.g. in the case of multiple complex genomic features. 

Moreover, background can be specified in a dedicated field and also a suffix can be appended 

to the generated name with additional information about the fishline.  

Table 4 | Examples of commonly used trivial names for zebrafish mutant lines 

Trivial name Affected gene Phenotypic defect 

casper mitfa, mpv17 pigmentation 

panther csf1ra pigmentation 

sparse kita pigmentation 

moonshine trim33 erythroid development 

cloche npas4l hematopoietic and endothelial development 

vlad tepes gata1 erythroid development 

spadetail tbx16 mesodermal and hematopoietic development 

Zebrabase also enables users to store attachments and effectively organize publications or 

genotyping protocols associated with a particular fishline.  Same is true for visual content – 

for instance, observed phenotypes of mutant lines, or transgenic reporter expression patterns 

can be stored as .jpg files associated with a particular fishline.  

2.3. Animal tracking 

For efficient spatial tracking of the substocks, we developed an intuitive positional widget 

called Facility (Figure 16), which serves as a visual interface for user-defined rooms, racks and 

tanks. The status of each substock is consistently color-coded (more on that topic later), which 

provides a useful reference for the users. Clicking on a position opens the action menu for 

quick actions, whereas when clicked twice, the substock record (Figure 17A) pops up. 

Alternatively, the QR code printed on tank labels also serves as a direct link to the substock 

record (Figure 17C). From the substock record page, various actions associated with the 

animals can be performed. Moreover, an interactive pedigree is visualized at the bottom of 

the page, which provides links to all the substock in the whole hierarchy, as well as the 

corresponding action records (Figure 17B). Also, action history for the particular substock and 
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links to all the living siblings and offspring in the database are also provided at the substock 

record page. Finally, under the Fish tab there is a complete list view of all the substocks, 

including the dead ones (Figure 18). The list view also includes an extensive filtering section 

and quick search function, which enables to search efficiently by genomic features, IDs, 

owners or project licenses.  

2.4. Animal age and productivity  

The visualization of animal age and productivity is an essential feature of an animal tracking 

database. Therefore, we implemented color-coded statuses that are determined by 

productivity (the ability to spawn), age and auxiliary information entered by the database 

users. Each status type is consistently visualized by using a specific color throughout the 

database:  

 grey - juvenile and unproductive fish 

 green – productive adult fish  

 yellow – adult fish with a temporary alert status entered by a database user (default 
options: progeny survival low, temporary unproductive) 

 red – retired fish (default threshold: 18 month of age) 

Based on the standard operating procedures (SOP), each facility manager can decide 

independently, what are the specific reason to assign a temporary status - e.g. embryonic 

survival rate below 30% (“progeny survival low”), or three consecutive unsuccessful crossing 

attempts (“temporary uproductive”). Productivity changes are reported by a dedicated action 

Productivity in Zebrabase. 
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Figure 16 | Zebrabase Facility View. Facility view is a visual facility interface that enables users to 
browse the racks within the facility and to perform the actions. Combined with the room and rack 
name, each position is uniquely defined within the whole facility using rows (letters) and column 
(numbers) identifiers. On mouse over, additional information appear in the tooltip. When clicked, the 
action menu appears and enables users to perform all actions available for a particular substock. When 
double clicked, the substock records pops up.  

2.1. Actions 

In Zebrabase, a number of actions can be performed virtually with the fish tank. We tried to 

reflect most accurately the real situations in a fish facility. The currently implemented actions 

include basic record update, count, crossing, split, transfer, productivity, genotyping, 

termination, adding request for a specific substock and printing a QR code. All of these can be 

fully tracked and browsed in the action history accessible to the administrators. The action 

history is also a part of the substock record, to provide an indication of the actions associated 

with a particular tank of fish. Examples of the functionalities provided by specific actions are 

provided later in this chapter. Recently, we implemented the batch support for actions, which 

enables to select multiple substocks and apply the action at once (currently available for 

record update, count, productivity and termination). Also, batch QR code print option is 

available in the Facility view. 



 

Figure 17 | Substock record page.  (A) The substock record 
provides an overview of the essential information about a 
particular substock. It can be accessed either via the database 
itself from the Fish list or Facility view, or alternatively, by 
scanning the QR code on a tank. (B) Parent tree shows past 
generations and actions that lead to the creation of the 
current substock. All parts of the pedigree are interactive, 
providing links to the respective parts of the database. 
(C) QR code tank label that serves as a direct link to the 
substock record in the database when scanned.   

 



 

Figure 18 | Zebrabase List View. Accessible from the Fish tab, list view is an interface designed for browsing, filtering and searching for specific substock 
records. It shows all the relevant information like fishline, background, date of birth, status, number, position and owner, as well as the corresponding fishline 
responsible user. Moreover, project ID/ IACUC codes can be specified in the Project field and also Workgroup information is displayed if available. This interface 
allows to perform quick actions via the action menu button on left hand side of each row.  



2.2. Breeding management  

A dedicated Crossing action serves for incrossing and outcrossing of substocks. Thanks to the 

internal database structure, when outcrossing substocks with different genotypes, new 

fishline with the corresponding genotype combination is created automatically, in case the 

combination is unique. The action can, consistently with the other actions, be initialized from 

the Facility view or the Fish list. Moreover, zygosity is determined automatically for the 

progeny substock from the information available for the parents – for example incrossing 

homozygotes for a certain genomic feature will yield homozygous progeny. In case where the 

parental information is not sufficient to determine the zygosity, “?” sign is shown for the 

particular genotype in the substock name.  

2.3. Calendar  

To streamline the communication between researchers and the facility staff, users can submit 

requests via a dedicated interface in the Calendar or they can choose the Add request option 

from the Action menu or from the substock record page. A handful of request types are 

available from the dropdown menu, like genotyping or terminating substocks, setting up fish 

for crossing, and importing and exporting the animals. The number of request types is still 

growing based on the feedback we get from Zebrabase users. Every new entry is visualized in 

the Calendar (Figure 19) and email notification is sent to facility staff users. Members of the 

facility staff are then able to accept the requests, mark them as performed, or decline them, 

optionally attaching an explanatory note to the researcher. Using the same interface, 

researchers can plan their experiments by checking the “self-request” box when creating the 

request record. Such an entry is then only visible to the user who entered it.  

2.4. Data management 

Automated data import from previous database or spreadsheet is possible with the use of the import 

template we provide. Complete dataset, including the breeding history, can be imported to a new 

Zebrabase database. On the other hand, data can be exported to .csv or .xls including a current 

substock data, action history and statistics. Moreover, we are also able to provide complete database 

dumps from the daily backups, if required by the customer.  
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For the not uncommon situation where multiple research groups are sharing the zebrafish 

facility and wish to have their data separated, we have designed an option to 

compartmentalize the data in the user interface. This not only means that a portion of the 

data can stay undisclosed, but it also prevents users from other workgroups to mistakenly edit 

or delete records that do not belong to them, and therefore the use of Workgroups is always 

recommended for large facilities. This data separation takes place at the level of fishlines and 

can be adjusted by the database administrator. Typically, fish facility staff and animal 

caretakers still retain the right to see and use the full dataset. Within each workgroup, the 

permission groups can further refine the user rights in more detail ranging from the view-only 

guest access to the most advanced administrator rights.  

 

Figure 19 | Calendar interface. The calendar serves for entering requests for the animal facility staff 
or research plans for researchers themselves (designated by a horizontal line). These can be typically 
requests or plans for crossing, genotyping or termination of a tank. The number of request types is 
continuously growing based on the user feedback. Color coding: grey – new requests, blue – accepted 
request, green – performed requests, red – declined request. 
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2.5. Statistics and reporting 

We implemented an in-built comprehensive reporting system of animal usage or death mediated by 

the action Count. First, a so-called “Start count” must be specified for a fish substock, which is typically 

performed when the juvenile fish are introduced into the facility system.  Once this number is available 

for a particular substock, all subtractive count types (Died, Euthanized, Used for experiment) are used 

to create animal reports in the Statistics. For the count type “Used for experiment”, it is also possible 

to specify the experiment type, which can be also linked to specific Project ID. All the records are then 

visualized in the Statistics (Figure 20), which include a detailed filtering section and can be used for 

creating custom animal reports.  

 
 

Figure 20 | Facility statistics. (A) Pie chart overview of the current number of fish and fishlines in the 
facility. (B) Bar chart section with detailed statistics per month (default, can be changed to daily or 
weekly statistics), which can be filtered by various characteristics and displayed for a defined date 
range.  
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2.6. Zebrabase 3.0 

After five years of development, complete update of the code to the new programming 

languages and frameworks was inevitable, because the older version were either no longer 

supported or they were restricting the development of new features. The redesigned 

version 3.0 will include significant functional improvements, like drag and drop support, 

position sharing and merging, improved configuration for administrators or enhanced 

communication functionalities, to name a few.  

Summary 

We developed a scalable, cross-platform tracking database designed specifically for small fish 

species, which is suitable for zebrafish facilities of any size. Zebrabase is optimized for mobile 

devices as well as the use on desktop computers and it provides also the QR code functionality 

for efficient record browsing and editing. We implemented a smart user interface, interactive 

view of the data and facility, comprehensive animal tracking features and detailed statistics 

and reporting functionalities. New features are continuously added based on the user 

feedback and a completely redesigned version 3.0 is planned to be released in the 

summer 2020.   
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DISCUSSION 

 

Duplicated erythro-myeloid cytokines in zebrafish 

In teleost including zebrafish, an extra round of whole genome duplication 250-350 million 

years ago resulted in formation of multiple paralogs of many important genes (Hoegg et al. 2004, 

Amores et al. 2011), including hematopoietic cytokines. After such an event, multiple scenarios 

can occur -  pseudogenization often leading to a loss of function of one of the paralogs (Nei and 

Roychoudhury 1973, Takahata and Maruyama 1979, Watterson 1983),  subfunctionalization, 

neofunctionalization or functional redundancy of the duplicated counterparts (Force et al. 1999). 

In the introductory part of this dissertation, particular examples of all of these outcomes are 

discussed including examples of cytokines regulating the development of zebrafish 

erythro-myeloid lineage - e.g. epob loss of function, potential sub-specialization of kitlga/b, or 

the partial redundancy between csf3a/b. In addition, we hypothesize that some specific gene 

duplications might even have enabled or compensated for the loss of particular genes or 

clusters in the zebrafish genome (GM-CSF/IL3 cluster). 

Despite the fact, that zebrafish is gaining popularity in the hematopoietic field, zebrafish 

genome duplication brought an increased level of complexity of the regulatory network that 

needs to be dissected and elucidated to fully utilize this model organism. Even though several 

reports have addressed the question of duplicated cytokines in zebrafish, many functional 

links are still missing - especially in cases, when the whole ligand-receptor signalosome has 

been duplicated (e.g. kitlg/kit, csf1/csf1r) and the ligand-receptor specificities are unclear. 

Moreover, also the functions of specific cytokines are in some cases yet to be defined. 

An example can be IL11, a cytokine essential for megakaryocyte maturation (Paul et al. 1990) 

that triggers the activation of JAK/STAT pathway via binding to IL11Rα and gp130 (Heinrich et 

al. 2003). In teleost, two paralogs of il11 have been identified (Huising et al. 2005) but data 

indicating their respective functions are not yet available.  

To reinforce zebrafish as a relevant non-mammalian model organism to study hematopoietic 

cell maintenance and differentiation during developmental and adult hematopoiesis, it is 

essential to investigate functions of yet uncharacterized cytokines and to decipher specific 
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roles of the duplicated paralogs. Only then we can take the full advantage of the powerful in 

vivo and ex vivo tools available for the zebrafish model and use it for modelling of human 

hematopoietic defects and malignancies in simplified and evolutionary conserved settings.  

 

The role of Kit ligands in erythropoiesis in D. rerio 

The main goal of the experimental part of this project was to investigate the function of two 

retained zebrafish paralogs of a crucial hematopoietic cytokine, the KIT ligand (KITLG or Stem 

Cell Factor / SCF), designated as Kitlga and Kitlgb. The role of Kit signaling in erythropoiesis has 

not been reported in zebrafish so far (Parichy et al. 1999, Hultman et al. 2007), which is in contrast 

to previous studies in human (Broudy 1997, Panzenbock et al. 1998, von Lindern et al. 1999, Ding et al. 

2012), mouse (Chabot et al. 1988, Huang et al. 1990, Antonchuk et al. 2004) and chicken (Hayman et al. 

1993, Dolznig et al. 1995, Bartunek et al. 1996), where the essential role of KITLG in  proper erythroid 

development was demonstrated. 

Here we employed ex vivo clonal (Stachura et al. 2009, Stachura et al. 2011, Svoboda et al. 2016) and 

suspension culture assays, as well as in vivo gain- and loss-of-function experiments to study 

the function of Kit ligands. Due to the fact that the reported cross-reactivity of mammalian 

hematopoietic cytokines in zebrafish is rather limited (Svoboda et al. 2016), we first cloned and 

expressed recombinant proteins for ex vivo experiments and transcribed mRNAs of bona fide 

zebrafish Kit ligands. In a similar manner as described previously (Andrews et al. 1991, Bartunek et 

al. 1996, Stachura et al. 2009, Svoboda et al. 2016), for the ex vivo experiments we cloned specifically 

the extracellular portion of the cDNA devoid of the cytosolic part and transmembrane domain, 

technically generating the soluble forms of Kit ligands that we later used for stimulation of 

kidney marrow progenitor cells. On the other hand, for mRNA injection, we cloned the 

sequence corresponding to the full-length kit ligands, including all the domains that are 

schematically depicted in Figure 4, in agreement with the previously published strategy 

(Mahony et al. 2018).  

Importantly, in this study, we observed and reported for the first time that Kit signaling can 

contribute to zebrafish erythroid progenitor cell expansion. We demonstrated that treatment 

with Kitlga, but not Kitlgb, in combination with Epo, master regulator of erythropoiesis (Paffett-

Lugassy et al. 2007, Stachura et al. 2011), enabled erythroid expansion in both suspension cultures 
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and clonal assays, which is in agreement with the results obtained in other vertebrates (Krantz 

1991, Broudy 1997, Panzenbock et al. 1998, von Lindern et al. 1999, Katakura et al. 2015). Next, we also 

tested the effect of of dexamethasone (Dex) treatment, which has been previously shown to 

prolong the proliferation and self-renewal of erythroid progenitors and reduce the rate of 

spontaneous differentiation (Panzenbock et al. 1998, Bauer et al. 1999, von Lindern et al. 1999, Kolbus et 

al. 2003, Leberbauer et al. 2005, England et al. 2011). In addition, it was previously reported that in 

stress erythropoiesis (e.g. in response to hypoxia or anemia), defective glucocorticoid (GR) 

signaling can lead to the inability increase self-renewal of the erythroid progenitors (Bauer et 

al. 1999). In agreement with these studies, the combination of Epo, Dex and Kitlga in the 

suspension media led to synergistic erythroid expansion of kidney marrow cells; however, 

without Kitlga, Dex was not sufficient to trigger substantial expansion of the erythroid 

progenitors in cooperation with Epo alone. These results suggest that the combination of all 

three factors – Epo, Kitlg and Dex - is required for self-renewal of adult erythroid progenitors 

also in zebrafish. 

To understand the mechanism that ensures the erythroid expansion and specifically the role 

of Kitlga in this process, we performed an RNAseq analysis, where we compared the effect of 

Epo, Dex versus Epo, Dex, Kitlga treatment of kidney marrow cells isolated from adult animals. 

As we expected due to the fact that both conditions contained Epo, prominent expression of 

erythroid-specific genes was revealed in both conditions. Nevertheless, we observed changes 

in expression between both cultures. Compared to the distinct erythroid fingerprint of Epo, 

Dex, Kitlga culture, the character in Epo, Dex–treated cells was more mixed, with enhanced 

expression of myeloid-specific genes. This effect can be explained by the fact that the isolated 

kidney marrow contains, in addition to progenitor cells, also a myeloid cell fraction, which is 

able to survive in culture. However, during erythroid expansion of cells treated with Epo, Dex, 

and Kitlga, myeloid cells were overgrown by erythroid progenitors. Moreover, the gene 

ontology (GO terms) analysis of the upregulated genes revealed an increase in expression of 

translation and erythroid-specific genes in Epo, Kitlga, Dex cultures. These results indicate that 

Kiltga-enhanced erythroid expansion happens in a similar manner like in other vertebrate 

species - by induction of proliferation (Dolznig et al. 1995, Leberbauer et al. 2005), as well as 

enhancing protein translation. This is in agreement with studies in other vertebrates showing 
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that translation is enhanced before and during the terminal erythroid cell differentiation 

(Alvarez-Dominguez et al. 2017, Khajuria et al. 2018).  

To further support out findings, we tested the role of Kit ligands in zebrafish erythropoiesis 

in vivo, using full-length cytokine mRNA injection. In contrast to ex vivo cultures, where only 

Kitlga was able to cooperate with Epo to promote erythroid expansion, both kit ligands were 

potent in vivo in the expansion of the erythroid cells in 72 hpf larvae, when injected together 

with epo mRNA into single cell stage embryos. Moreover, we were able to enhance this effect 

by additional dexamethasone treatment of the embryos; however, the increase in the number 

of erythrocytes was not as prominent as in ex vivo experiments. This might be due to the 

presence of endogenous GR-signaling in developing embryos that is already employed, and 

therefore the dexamethasone treatment is only providing an additional enhancement of the 

already present effect.  

Next, we hypothesize that the discrepancy between the activity of Kitlgb in cultures versus in 

injected embryos is likely connected to the fact that we were using two different forms of both 

ligands – soluble for ex vivo experiments, and full-length for in vivo experiments, in line with 

previous studies (Mahony et al. 2018). The function of both isoforms has proved to be different 

(Lennartsson and Ronnstrand 2012) – the soluble form, which has been shown to be sufficient for 

erythroid signaling in cultured cells (Hayman et al. 1993), is transported in circulation and can 

affect distant tissues, whereas the transmembrane form acts predominantly in stem cell 

niches (Lennartsson and Ronnstrand 2012).  Our data also indicate that in addition to HSPCs 

expansion that was previously reported (Mahony et al. 2018), the full-length Kitlgb can contribute 

to erythroid expansion in vivo. Kitlgb activity might require a specific tissue architecture that 

cannot be replicated ex vivo.  Alternatively, since we have seen the effect of Kitlgb only in the 

course of development, it is possible that it does not play a role in adult organism. However, 

data supporting such a hypothesis are missing.  

Lastly, we investigated if Kita receptor is dispensable for erythroid cell expansion mediated by 

Kitlg in vivo using kita receptor mutant (sparse or kitab5/b5) and we failed to observe the 

cooperation of epo with either of the kit ligands in erythroid expansion, which we have seen 

in wild-type larvae. That suggests that Kita receptor is indeed the main receptor mediating Kit 

signaling in zebrafish erythroid cells, and although Kitb might also be involved, it could not 
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fully compensate for kita deficiency in our experiments. Moreover, our RNAseq data show 

that in ex vivo cultures of adult erythroid kidney marrow cells, the expression of kita receptor 

was overall much higher than the one of kitb. Therefore, we conclude that zebrafish Kita 

receptor seems to be required for Kitlg-mediated erythroid expansion in vivo.  

 

In summary, we used in vivo and ex vivo approaches to address the questions of the role of 

zebrafish kit ligands in erythropoiesis. Importantly, we optimized the culture conditions for 

the expansion of erythroid progenitors from kidney marrow and we believe that together with 

previously established colony assays, the suspension cultures we established will be 

particularly useful for hematopoietic research of both normal and aberrant hematopoiesis, 

especially utilizing the hematopoietic mutant strains (e.g. moonshine, mindbomb) (Ransom et 

al. 1996) or disease models available in zebrafish. Moreover, the approach we present will 

enable further proteomic, genomic and biochemical analysis of ex vivo cultured and expanded 

cells, which was previously not possible. Finally, we assume that by using different cytokine 

combinations, optimal conditions for the growth of other zebrafish hematopoietic cell types 

can be established.  

To conclude, there is a partial functional redundancy between zebrafish Kitlga and Kitlgb: 

Kitlga has been repeatedly associated with roles in melanogenesis and pigmentation, which 

have been probably lost in the case of Kitlgb. However, in gain-of-function experiments, both 

ligands seem to contribute to the overall process of zebrafish erythroid commitment and 

development in vivo and although it is not yet clear whether this function is necessarily 

required for erythroid development in steady state, its significance can increase under stress 

conditions (e.g. anemia or hypoxia). Nevertheless, the exact mechanism by which the 

diversification is controlled is yet to be elucidated. Here, we demonstrated that to a certain 

extent, the role of Kit signaling with respect to erythroid development is conserved from 

human to fish, as previously unnoticed (Figure 21) and our findings provide the support for 

the use of zebrafish as a model to study normal and aberrant human hematopoiesis.  



 
 
 

DISCUSSION 
  

70 

 

 

Figure 21 | Model of zebrafish Kit ligand cooperation with Epo in erythroid cell expansion. The proper 
balance between Epo and Kit signaling is essential to control erythroid progenitor self-renewal and 
proliferation versus terminal differentiation of erythrocytes. Zebrafish Kit ligands (Kitlg) cooperate with 
erythropoietin (Epo) to promote the expansion of erythroid progenitors. On the other hand, without 
the addition of Kitlg, cells differentiate into erythrocytes.  
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Zebrabase – the vision beyond husbandry and standardization 

In the second part of this work I focused on another, more general aspect of animal research, 

which we soon found to be critical to make the use of the zebrafish model even possible. In 

addition to all the advantages zebrafish has to offer, the increasing popularity of small fish 

species in research might partially owe to the concept of 3R (Russell and Burch 1959, Kirk 2018) - 

especially to the principle of replacement, which states that using the lowest suitable species 

to answer a specific research question must be always preferred. Moreover, despite the 

strengths of the mouse as a mammalian model, there are experimental limitations that restrict 

its utility in certain research areas including large-scale studies and screens, where zebrafish 

can present a relevant alternative to rodents (reviewed in Lieschke and Currie 2007, Ablain and Zon 

2013, Rasighaemi et al. 2015).  

For a long time, proper animal tracking has been neglected in the zebrafish field, but that has 

changed in the recent years. Even though zebrafish are non-mammalian vertebrates, their use 

is a subject of legal regulations by the EU Directive 2010/63 on the protection of animals for 

scientific purposes and the recommendations issued by FELASA and EuFishBioMed 

associations (Alestrom et al. 2019), which require relatively high standards of animal 

identification, tracking and reporting. Moreover, also the emphasis on reproducibility and 

standardization of the experiments has become much more prominent in the last years in the 

zebrafish community. Finally, based on the recommendations by the Zebrafish Nomenclature 

committee (see zfin.org), all the names of zebrafish lines must follow a common naming 

standard that should be used consistently in reports, manuscripts and in the tracking system 

itself. All these demands make it practically impossible to conduct research on zebrafish 

without a detailed and purpose-designed database system.  

Therefore, a zebrafish husbandry database, which would be compliant with these 

requirements, was critically missing back in 2014. Existing alternatives were displaying a 

number of shortcomings, including poor sustainability, limited exporting options or a single 

platform commitment, which allowed to use the database only from a particular type of a 

device (e.g. iPad). This situation prompted us to develop Zebrabase - a novel tracking solution 

for fish facilities optimized specifically for the use with small fish species or other aquatic 

animals housed in tanks. With Zebrabase, we aimed to address the aforementioned issues and 

file:///C:/Users/Jana/AppData/Local/Packages/Microsoft.Office.OneNote_8wekyb3d8bbwe/LocalState/EmbeddedFileFolder/6-2/zfin.org
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meet the needs of our modern zebrafish facility. Although our original plan was to develop 

Zebrabase solely for our own purposes, we were soon convinced by our collaborators and 

colleagues that the spread of this solution will lead to significant improvement in the workflow 

of both the researchers and zebrafish facility staff, and that we should contribute to the 

community by sharing this tool.   

Zebrabase is a web-based solution, providing a cross-platform access and full support of 

mobile devices. For the users, the service is maintenance-free, and thanks to the hosted 

character of Zebrabase, we are able to provide automatic backup and recovery or instant 

version upgrades. Moreover, QR code functionalities including in-app camera integration are 

provided to ensure maximum versatility and data accessibility, which can be very beneficial 

for the real-life use of the application.  To our knowledge, this set of features in unparalleled 

by any other solution.  

The cornerstones of Zebrabase functionalities are comprehensive fish tracking, an interactive 

breeding history and advanced management features that allow users to keep animal-related 

records, actions and statistics efficiently organized within a single platform. We optimized the 

tracking logic to address the key specificities of fish tracking, especially following a group of 

the animals and its rearrangement, as opposed to individual animals, which, on the other 

hand, is the core of tracking solutions for non-aquatic models.  

During the development of the application, we have also emphasized the reporting 

capabilities of the database, as this topic is gradually getting more important due to legal 

requirements associated with the use of laboratory animals. The export function of the 

database allows users to store fish census and usage reports for the whole facility or for a 

specific subset of the data (e.g. specific room, user, fishline or project license) in a standard 

spreadsheet file. This report provides an overview of all the animals that were born, died, 

euthanized or used for experiments in the facility. Moreover, it is also possible to export a full 

or any custom subset of fish stock records with a single click. Lastly, based on the feedback 

from the Zebrabase users, we implemented two modes in the Calendar interface – requests 

for the facility staff and requests for the user himself, which are comprehensibly visualized in 

the user interface and provide a platform for time-efficient planning of the animal-related 

actions (e.g. genotyping, breeding or transfers).  
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Although our initial mission was to provide an affordable but smart solution for small and 

starting facilities, soon we began to attract the larger ones, with the biggest facility currently 

housing 12,000 aquarium tanks spread between multiple rooms and buildings. Therefore, we 

were prompted to develop a set of features, which are particularly useful for large data 

handling. In large facilities, data separation and security is a necessity, because very often, 

many scientific groups share one animal facility but the records are not to be shared. For that 

reason, we developed Workgroups that allow to efficiently separate the data that should be 

only accessible to a specific subset of Zebrabase users. Another degree of separation is 

achieved by different various user rights (guest, standard user, administrator, facility staff). 

These two features can be combined to create a versatile system, where data are secured and 

cannot be mistakenly changed by users that should not have an access to it.  

Also during the last year, we have significantly improved Zebrabase functionalities. First, based 

on the EU directive, we have implemented a dedicated Project function, which enables to 

enter Project licenses/IACUC codes for tracking of animals under a project license. We are 

currently working on enhancement of this system to enable also reporting of all the individual 

procedures under a specific project license. Second, we implemented batch actions, especially 

useful for big facilities with large datasets, which are currently available for counting, 

termination, basic record update and productivity changes that help to significantly speed up 

the otherwise tedious and repetitive tasks. 

Initially, the development of a proper tracking database that would allow users to keep their 

animal-related records efficiently organized, seemed to be a straightforward assignment; 

however, as with time the significance and impact of the project was increasing, so was the 

complexity. An important question was how to ensure sustainability of the project, as both 

the technical and human resources that are used to develop Zebrabase and provide support 

to the users are not negligible and there are expenses associated with providing the service 

that have to be covered. Although Zebrabase is a non-profit project, we finally opted for a 

mixed model: To support small and starting facilities in using the zebrafish model and to 

motivate them to store the animal records systematically right from the beginning, we are 

providing Zebrabase in a free mode, which offers up to 150 tanks free of charge. After 

exceeding this limit, a yearly fee covering the initial setup, version updates, server 
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maintenance, daily data backup and recovery, and user support is charged according to the 

size of the facility (for details, see https://zebrabase.org/faq). 

 

Figure 22 | An overview of zebrafish facilities using Zebrabase up to date. To date, more than 40 
laboratories world-wide are using Zebrabase as their main fish tracking database (red dots) and over 
100 more are testing it.  

The direction of the development of the application is largely determined by a combination of 

our personal communication with the experts in the field of husbandry and animal welfare, as 

well as the feedback we get from researchers using Zebrabase. All the suggestions are 

regularly collected and assessed to prioritize the development of features which are most 

critical. In the near future, we plan to implement for instance the enterprise resource planning 

to streamline the workflow of researchers and facility managers, and to enable automated fee 

collection for the use of facility services. Moreover, currently the completely redesigned 

version of Zebrabase (version 3.0) is under intensive development and it should be released 

in summer 2020, which will include a handful of frequently requested functionalities as well 

as significant user interface improvements (e.g. drag and drop support).  For the current 

information about new features, please visit our webpage (https://zebrabase.org/news).  

https://zebrabase.org/faq
https://zebrabase.org/news
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Finally, we also believe that the concept of Zebrabase could be expanded to develop a 

common repository of shared fish stocks, where users would upload their stock information 

to the repository directly from their own Zebrabase database. The stock record in such a 

virtual stock center would then contain contact information and physical location of the stock 

and its status would be synchronized with the original database. That would greatly help to 

streamline the process of importing of genetically modified lines and would enhance 

collaboration in the community. We are convinced that such a practical tool, providing 

information about animals physically available, would be highly appreciated by the 

researchers, and together with the ZFIN database, which contains an complete virtual set of 

all the existing strains and alleles, it would provide a set of powerful tools that will help to 

efficiently select and manage genetically modified zebrafish lines.  

 

To summarize, our general goal was to reinforce the zebrafish as a model of choice for 

hematopoietic research. The presented database solution, Zebrabase is a supportive tool for 

the community that can help to streamline the workflow of zebrafish experiments, record 

entering and reporting, and as such, it falls within the range of our initial objectives. Moreover, 

we are continuously developing the application so that it meets the requirements of both 

small and large facilities. As Zebrabase starts to be a predominant solution within the 

community, the responsibility for the future development and support of the project is high 

but with our growing team and more than 5 years of experience, we are ready to accept this 

challenge.  
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CONCLUSIONS 

 

 We established suspension culture conditions for ex vivo erythroid expansion of 

zebrafish kidney marrow cells. Moreover, we assume that by using different cytokine 

combinations, optimal conditions for the growth of other hematopoietic cell types can be 

established. This new approach now available for the zebrafish model will be particularly 

useful for studies of normal and aberrant hematopoiesis (e.g. using hematopoietic mutant 

lines, disease models). 

 

 

 Kit signaling in hematopoiesis is conserved from human to zebrafish, making zebrafish a 

valid non-mammalian model to study self-renewal, proliferation and differentiation of 

hematopoietic cells. These findings strengthen the zebrafish as a relevant 

non-mammalian model of human hematopoiesis and provide important insights for future 

studies of zebrafish hematopoietic development.  

 

 

 

 We developed an intuitive fish tracking database system, Zebrabase, and provided it as 

a hosted service to the zebrafish community. We were able to fulfill our initial goals and 

implemented all the features we believed were essential for usefulness and usability of 

the application, while following conventions, nomenclature and husbandry requirements 

and recommendations. Zebrabase is currently used in more than 40 zebrafish facilities 

worldwide and is continuously gaining more popularity as a tracking solution of choice for 

both small and large facilities.   
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SUPPLEMENTARY DATA 

Supplementary Table 1 | Statistics of differentially expressed genes in cells treated with Epo, Dex 
and Kitlga compared to cells treated with Epo, Dex only. 

Ensembl Accession ID symbol log2FoldChange p-adjusted 

ENSDARG00000114387 CU499336.2 -2.46 1.40E-25 

ENSDARG00000098680 si:zfos-2326c3.2 -3.61 6.26E-23 

ENSDARG00000044694 fybb -2.36 4.25E-19 

ENSDARG00000069542 si:dkey-8e10.2 3.01 5.19E-17 

ENSDARG00000042722 blnk -4.77 9.04E-16 

ENSDARG00000101641 trpm2 -2.35 1.77E-14 

ENSDARG00000102389 ved -2.50 6.59E-14 

ENSDARG00000060871 mctp1b -3.31 6.27E-13 

ENSDARG00000058476 stc1l -3.10 3.74E-12 

ENSDARG00000074283 inpp5d -2.44 4.71E-12 

ENSDARG00000069966 alox5b.3 1.30 8.62E-12 

ENSDARG00000052826 runx3 -2.41 7.49E-11 

ENSDARG00000037861 slc2a3b -2.34 1.94E-10 

ENSDARG00000104820 psd3l -2.42 1.18E-09 

ENSDARG00000076534 si:ch211-14a17.10 -3.59 1.28E-08 

ENSDARG00000018263 pdia2 2.73 1.05E-07 

ENSDARG00000057273 alox5a -2.37 3.96E-07 

ENSDARG00000077673 nlrp16 -6.32 9.60E-07 

ENSDARG00000073686 heatr6 2.17 2.55E-06 

ENSDARG00000068745 map4l -2.40 8.18E-06 

ENSDARG00000092862 si:ch211-260p9.3 -2.35 9.11E-06 

ENSDARG00000022845 lias 3.25 9.80E-06 

ENSDARG00000067672 card9 -3.64 1.02E-05 

ENSDARG00000056258 cdc27 1.24 3.74E-05 

ENSDARG00000094732 mical3b -2.85 3.88E-05 

ENSDARG00000045230 cox6b1 1.12 7.34E-05 

ENSDARG00000100809 g6fl 1.58 8.46E-05 

ENSDARG00000059933 plpp3 1.03 1.30E-04 

ENSDARG00000062956 dagla -2.59 2.12E-04 

ENSDARG00000059925 usp24 1.01 2.12E-04 

ENSDARG00000089582 si:dkey-265e15.2 -2.93 2.31E-04 

ENSDARG00000013838 sulf2b -2.95 4.49E-04 

ENSDARG00000116660 pigrl2.3 -2.35 5.11E-04 

ENSDARG00000042641 cyp51 1.48 5.66E-04 

ENSDARG00000063527 elmo2 -4.40 6.38E-04 

ENSDARG00000036776 aldh8a1 -2.75 9.79E-04 

ENSDARG00000102097 nfkbiz -2.42 1.13E-03 

ENSDARG00000044774 pou5f3 -2.77 1.44E-03 

http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000114387
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000098680
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000044694
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000069542
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000042722
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000101641
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000102389
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000060871
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000058476
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000074283
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000069966
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000052826
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000037861
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000104820
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000076534
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000018263
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000057273
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000077673
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000073686
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000068745
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000092862
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000022845
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000067672
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000056258
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000094732
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000045230
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000100809
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000059933
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000062956
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000059925
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000089582
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000013838
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000116660
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000042641
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000063527
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000036776
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000102097
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000044774
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ENSDARG00000018206 nck2a 2.55 1.56E-03 

ENSDARG00000036728 si:dkey-211g8.1 -4.17 2.02E-03 

ENSDARG00000021948 tnc -2.70 2.62E-03 

ENSDARG00000014386 galnt6 -2.47 2.68E-03 

ENSDARG00000104890 si:ch211-76m11.3 6.07 5.99E-03 

ENSDARG00000090038 BX248410.1 -2.72 6.08E-03 

ENSDARG00000059832 adgrb3 -2.76 6.48E-03 

ENSDARG00000077710 nlgn1 -3.42 8.15E-03 

ENSDARG00000090164 si:ch73-362m14.2 -2.90 8.32E-03 

ENSDARG00000057378 selenou1a 1.25 9.60E-03 

ENSDARG00000060631 GARNL3 3.66 1.18E-02 

ENSDARG00000062370 bcl2l13 1.02 1.40E-02 

ENSDARG00000016470 anxa5b -2.52 1.49E-02 

ENSDARG00000099470 muc5.3 1.57 1.70E-02 

ENSDARG00000003635 mogat3b -2.32 1.71E-02 

ENSDARG00000074590 wdpcp 2.36 1.86E-02 

ENSDARG00000102395 CABZ01063602.1 3.48 2.07E-02 

ENSDARG00000095142 si:ch211-208h16.4 2.63 2.27E-02 

ENSDARG00000004318 cbwd 1.30 2.31E-02 

ENSDARG00000044688 dusp4 1.03 2.32E-02 

ENSDARG00000090369 zgc:86896 1.12 3.17E-02 

ENSDARG00000079900 shroom4 1.12 3.62E-02 

ENSDARG00000101214 pkd1l2b 1.21 3.81E-02 

ENSDARG00000068400 znf131 1.72 4.40E-02 

ENSDARG00000079946 sqlea 1.09 4.56E-02 

ENSDARG00000058557 il11b 1.05 5.54E-02 

ENSDARG00000008278 rcor2 1.47 6.54E-02 

ENSDARG00000096849 si:dkey-16p21.8 1.13 6.64E-02 

  

http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000018206
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000036728
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000021948
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000014386
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000104890
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000090038
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000059832
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000077710
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000090164
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000057378
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000060631
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000062370
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000016470
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000099470
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000003635
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000074590
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000102395
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000095142
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000004318
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000044688
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000090369
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000079900
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000101214
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000068400
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000079946
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000058557
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000008278
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000096849
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Supplementary Table 2 | Statistics of the difference in expression of selected erythroid genes in cells 
treated with Epo, Dex, Kitlga compared to cells treated with Epo, Dex only. 

Ensembl Accession ID symbol log2FoldChange p-adjusted 

ENSDARG00000002194 bcl2l13 1.02 1.40E-02 

ENSDARG00000003462 rhd 0.84 5.84E-03 

ENSDARG00000006818 tfr1a 0.55 1.06E-02 

ENSDARG00000008840 hbae1.1 0.54 1.77E-01 

ENSDARG00000010252 gata1a 0.52 5.65E-02 

ENSDARG00000013477 bcl2l10 0.52 1.18E-01 

ENSDARG00000017400 epb41b 0.49 3.78E-02 

ENSDARG00000019930 hmbsa 0.48 6.30E-02 

ENSDARG00000024295 slc11a2 0.45 9.81E-02 

ENSDARG00000026766 hbaa1 0.38 3.55E-01 

ENSDARG00000029019 ppox 0.38 1.89E-01 

ENSDARG00000030490 klf1 0.37 2.68E-01 

ENSDARG00000062370 sptb 0.35 1.71E-01 

ENSDARG00000075641 urod 0.35 2.19E-01 

ENSDARG00000088330 jak3 0.33 4.21E-01 

ENSDARG00000097011 fech 0.32 2.76E-01 

ENSDARG00000101322 steap3 0.32 4.57E-01 

ENSDARG00000102167 tal1 0.32 3.54E-01 

 

http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000002194
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000003462
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000006818
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000008840
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000010252
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000013477
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000017400
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000019930
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000024295
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000026766
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000029019
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000030490
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000062370
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000075641
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000088330
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000097011
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000101322
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000102167
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Supplementary Table 3 | GO enrichment analysis in in cells treated with Epo, Dex, Kitlga compared 
to cells treated with Epo, Dex only. 

BIOLOGICAL PROCESSES 

Accession GO.Term Odds.Ratio P.value 

GO:0000028  ribosomal small subunit assembly 60 6.34E-12 

GO:0002181  cytoplasmic translation 53.8 2.63E-18 

GO:0000027  ribosomal large subunit assembly 50 1.38E-12 

GO:0042541  hemoglobin biosynthetic process 38.4 4.01E-07 

GO:0030218  erythrocyte differentiation 31.1 3.08E-15 

GO:0006412  translation 30.8 1.61E-73 

GO:0048821  erythrocyte development 22.7 9.68E-06 

GO:0043009  chordate embryonic development 18.7 1.55E-18 

GO:0006414  translational elongation 17.8 2.65E-05 

GO:0035162  embryonic hemopoiesis 15.1 2.91E-05 

GO:0051726  regulation of cell cycle 12 1.42E-06  

CELLULAR COMPARTMENT 

Accession GO.Term Odds.Ratio P.value 

GO:0022625 cytosolic large ribosomal subunit 77 1.22E-52 

GO:0022627 cytosolic small ribosomal subunit 72.9 9.55E-37 

GO:0015935 small ribosomal subunit 70 1.05E-10 

GO:0005840 ribosome 47.7 7.56E-82 

GO:0015934 large ribosomal subunit 41.6 3.67E-06 

MOLECULAR FUNCTION 

Accession GO.Term Odds.Ratio P.value 

GO:0003735 structural constituent of ribosome 46.7 9.27E-80 

GO:0019843 rRNA binding 31.8 1.67E-07 

GO:0003723 RNA binding 5.14 5.75E-11 

 

 

http://amigo2.berkeleybop.org/amigo/term/GO:0000028
http://amigo2.berkeleybop.org/amigo/term/GO:0002181
http://amigo2.berkeleybop.org/amigo/term/GO:0000027
http://amigo2.berkeleybop.org/amigo/term/GO:0042541
http://amigo2.berkeleybop.org/amigo/term/GO:0030218
http://amigo2.berkeleybop.org/amigo/term/GO:0006412
http://amigo2.berkeleybop.org/amigo/term/GO:0048821
http://amigo2.berkeleybop.org/amigo/term/GO:0043009
http://amigo2.berkeleybop.org/amigo/term/GO:0006414
http://amigo2.berkeleybop.org/amigo/term/GO:0035162
http://amigo2.berkeleybop.org/amigo/term/GO:0051726
http://amigo2.berkeleybop.org/amigo/term/GO:0022625
http://amigo2.berkeleybop.org/amigo/term/GO:0022627
http://amigo2.berkeleybop.org/amigo/term/GO:0015935
http://amigo2.berkeleybop.org/amigo/term/GO:0005840
http://amigo2.berkeleybop.org/amigo/term/GO:0015934
http://amigo2.berkeleybop.org/amigo/term/GO:0003735
http://amigo2.berkeleybop.org/amigo/term/GO:0019843
http://amigo2.berkeleybop.org/amigo/term/GO:0003723
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Script 1 | Optimized FiJi image analysis script for batch analysis of zebrafish benzidine staining in the 
tails. The script (IJ1 macro) was specifically optimized to distinguish brown benzidine staining from the 
black pigment cells, which were enhanced in some injection conditions. The Lab stack algorithm has 
been used for color thresholding. The properties the analysis can be finetuned by binary adjustments 
(e.g. Dilate, Erode, or Fill Holes).  

 

1 input = getDirectory("Input directory"); 
2 output = getDirectory("Output directory"); 
3  
4 Dialog.create("File type"); 
5 Dialog.addString("File suffix: ", ".jpg", 5); 
6 Dialog.show(); 
7 suffix = Dialog.getString(); 
8 processFolder(input); 
9  
10 function processFolder(input) { 
11 list = getFileList(input); 
12 for (i = 0; i < list.length; i++) { 
13 if(File.isDirectory(input + list[i])) 
14 processFolder("" + input + list[i]); 
15 if(endsWith(list[i], suffix)) 
16 processFile(input, output, list[i]); 
17 } 
18 } 
19  
20 function processFile(input, output, file) { 
21 open(input + file); 
22  
23 name = getTitle;  
24 dotIndex = indexOf(name, ".");  
25 title = substring(name, 0, dotIndex);  
26 selectWindow(name); 
27 run("Duplicate...", "title = copy_" + name); 
28 close(name); 
29 selectWindow(title + "-1" + ".jpg"); 
30  
31 min=newArray(3); 
32 max=newArray(3); 
33 filter=newArray(3); 
34 a=getTitle(); 
35 run("Lab Stack"); 
36 run("Convert Stack to Images"); 
37 selectWindow("L*"); 
38 rename("0"); 
39 selectWindow("a*"); 
40 rename("1"); 
41 selectWindow("b*"); 
42 rename("2"); 
43 min[0]=6; 
44 max[0]=255; 
45 filter[0]="pass"; 
46 min[1]=6; 
47 max[1]=166; 
48 filter[1]="pass"; 
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49 min[2]=0; 
50 max[2]=162; 
51 filter[2]="pass"; 
52 for (i=0;i<3;i++){ 
53 selectWindow(""+i); 
54 setThreshold(min[i], max[i]); 
55 run("Convert to Mask"); 
56 if (filter[i]=="stop")  run("Invert"); 
57 } 
58 imageCalculator("AND create", "0","1"); 
59 imageCalculator("AND create", "Result of 0","2"); 
60 for (i=0;i<3;i++){ 
61 selectWindow(""+i); 
62 close(); 
63 } 
64 selectWindow("Result of 0"); 
65 close(); 
66 selectWindow("Result of Result of 0"); 
67 rename(a);  
68 //run("Erode"); 
69 //run("Dilate");  
70 //run("Fill Holes"); 
71 run("Analyze Particles...", "pixel display summarize"); 
72 saveAs("Tiff",  output + title + "_mask.tif"); 
73 run("Measure"); 
74 selectWindow("Results"); 
75 saveAs("Results",  output + title + ".xls");  
76 run("Close"); 
77 run("Close"); 
78 print("Processing: " + input + file); 
79 print("Saving to: " + output); 
80 } 
81 selectWindow("Summary"); 
82 saveAs("Results", output + "Results.xls"); 
83 run("Close"); 
84 selectWindow("Log"); 
85 run("Close"); 
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Script 2 | Optimized FiJi image analysis script for batch analysis of colony forming assays. This script 
(IJ1 macro) was specifically developed for batch quantification of fluorescent colonies acquired on an 
automated upright microscope, where removing light scattering artifacts as well as small 
autofluorescent objects present in the semisolid media was necessary. The script is using bandpass 
filtering and thresholding. The properties of the analysis can be further adjusted using binary 
operations (e.g. Dilate, Erode, or Fill Holes).  

 

1 input = getDirectory("Input directory"); 
2 output = getDirectory("Output directory"); 
3  
4 Dialog.create("File type"); 
5 Dialog.addString("File suffix: ", ".jpg", 5); 
6 Dialog.show(); 
7 suffix = Dialog.getString(); 
8  
9 processFolder(input); 
10  
11 function processFolder(input) { 
12 list = getFileList(input); 
13 for (i = 0; i < list.length; i++) { 
14 if(File.isDirectory(input + list[i])) 
15 processFolder("" + input + list[i]); 
16 if(endsWith(list[i], suffix)) 
17 processFile(input, output, list[i]); 
18 } 
19 } 
20 function processFile(input, output, file) { 
21 open(input + file); 
22 name = getTitle;  
23 dotIndex = indexOf(name, ".");  
24 title = substring(name, 0, dotIndex);  
25 selectWindow(name); 
26 run("Duplicate...", "title=kopie1"); 
27 close(title); 
28 selectWindow("kopie1"); 
29 run("8-bit"); 
30 //Filtering 
31 //run("Subtract Background...", "rolling=100"); 
32 run("Bandpass Filter...", "filter_large=25000 filter_small=10 suppress=None tolerance=5"); 
33 //Thresholding 
34 setAutoThreshold("IJ_IsoData dark"); 
35 run("Threshold..."); 
36 setThreshold(25, 255); 
37 setOption("BlackBackground", true); 
38 //Binary adjustments 
39 run("Convert to Mask"); 
40 run("Erode"); 
41 run("Watershed"); 
42 run("Dilate"); 
43 run("Watershed"); 
44 selectWindow("Threshold"); 
45 run("Close"); 
46 //Analysis and saving of the mask and .txt files 
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47 run("Analyze Particles...", "size=10-25000 circularity=0.7-1 show=Masks display exclude clear 
summarize"); 

48 saveAs("Jpeg",  output + title + "_mask.jpg");  
49 run("Close"); 
50 selectWindow("Summary");  
51 saveAs("Results",  output + title + "_summary.txt");  
52 run("Close"); 
53 selectWindow("Results");  
54 saveAs("Results",  output + title + "_particles.txt");  
55 run("Close"); 
56 run("Close"); 
57 print("Processing: " + input + file); 
58 print("Saving to: " + output); 
59 run("Close");  
60 } 
61 selectWindow("Log"); 
62 run("Close");  
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