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GFP in olfactory neurons which we show represent an authentic rag] expression site in 

zebrafish. 
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INTRODUCTION 

A. Statement of the Problem 

The ability of the immune system to respond to an endless number of foreign 

antigens is conferred by V(D)J recombination, which occurs specifically in 

immature lymphocytes and is controlled by the highly conserved recombination 

activating genes, rag] and rag2 (Oettinger et .al., 1990; Mombaerts et al., 1992; 

Shinkai et al., 1992). Despite the essential roles played by the rag genes, the 

mechanisms responsible for restricting their expression to lymphoid cells are 

undefined. Transcriptional regulation of the rag genes is strictly controlled during 

development. Concurrent expression of the rag genes has been detected only in 

immature B and T cells actively undergoing V(D)J recombination (Schatz et al., 

1989; Oettinger et al., 1990). In each species where the rag genes have been 

identified, they are closely linked and convergently transcribed. This unique, and 

-evolutionarily conserved, chromosomal organization has led to speculation that a 

strong repressor (Zarrin et al., 1997) or locus control region (Fuller and Storb, 

1997) suppresses rag] expression in non-lymphoid tissues. The human and 

mouse rag I in vitro data suggest that distal regulatory elements (not included in 

the reporter constructs tested), such as enhancer and silencer elements, operate in 

conjunction with the promoter region to direct a high level of rag] expression that 

is restricted to lymphoid tissues (Kitagawa et al., 1996; Kurioka et al., 1996; 

Brown et al., 1997; Fuller and Storb, 1997; Zarrin et al., 1997). However, the 

existence and location of regulatory elements that direct tissue-specific expression 

of the rag genes are unknown.· 

1 
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The identification of transcriptional control elements located within the rag 

intergenic region or many kilobases away (e.g. elements 5' of rag2 that control 

expression of rag 1) requires the use of reporter constructs containing large 

regions of genomic flanking sequence. In addition, it is important to examine the 

regulatory capacities of rag 1 flanking sequences in the context of a transgenic 

animal system where spatial and temporal tissue expression patterns can be 
. . 
observed. "The fine tuning of gene expression levels and the regulation of tissue-

and developmental stage-specific expression patterns are often controlled by 

distal cis-elements located several kilo bases (kb) upstream or downstream of a 

gene. As a result, decisions concerning the inclusion of such elements have to be 

made during the design of transgene reporter constructs. Since the maximum 

cloning-capacity of typical plasmid vectors is approximately 20 kb, critical cis

regulatory elements, known or unknown, often cannot be included. Bacterial and 

Pl-derived artificial chromosomes (BACs and PACs, respectively) are high 

capacity cloning vectors capable of maintaining DNA fragments up to 300 kb in 

length. However, an efficient method for modifying these artificial chromosomes 

at precise locations ( e.g. through the insertion of a reporter gene) does not exist. 

Such a technique would greatly expand the length of examinable genomic 

sequence and thereby facilitate the identification of distal cis-regulatory elements. 

In this study we wanted to develop a technique for inserting reporter genes into 

BACs and P ACs for the purpose of analyzing gene expression in zebrafish. In 

addition, we sought to analyze tissue-specific expression of the zebrafish rag 1 

gene using various reporter constructs including artificial chromosomes. The 

experimental results show that: 
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1. Properly oriented Chi sites can stimulate homologous recombination between a 

linearized targeting construct and BACs or PACs contained within a 

recombination proficient bacterial strain. 

2. BACs and P ACs modified by insertion of the GFP reporter gene can be purified 

and microinjected intact into zebrafish embryos. 

3. Modified BACs and PACs directed expression of the GFP gene in both transiently 

and germline transgenic zebrafish. 

4. Reporter constructs that included up to 8.1 kb of rag] 5' flanking sequence or the 

rag intergenic region directed GFP expression in lymphoid and non-lymphoid 

tissues including skeletal muscle, cranial neural crest derivatives, and olfactory 

neurons. 

5. A 125 kb rag PAC with 80 kb of 5' and 45 kb of 3' rag] flanking sequences that 

was modified by insertion of the GFP gene at the rag] ATG translation initiation 

codon directed GFP expression in lymphoid tissues and olfactory neurons 

suggesting that a negative regulatory element(s) was included. 

6. A 75 kb rag BAC with 57 kb of 5' and 18 kb of 3' rag] flanking sequences that 

was modified by insertion of the GFP gene also directed GFP expression in 

lymphoid tissues and olfactory neurons. 

7. Using the modified rag PAC as a source for further reporter constructs, we found 

that a negative regulatory element that specifically suppresses GFP expression in 

skeletal muscle is located between 6.9 and 12.3 kb 5' of the rag] transcription 

start site. 

8. Zebrafish rag 1 is expressed in embryonic olfactory neurons and in the adult 

olfactory epithelium. 
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These results demonstrate that BACs and PACs can easily be modified using Chi

stimulated homologous recombination and demonstrate the advantage of 

combining artificial chromosome transgenesis with zebrafish embryology to 

decipher the complexity of developmental gene regulation. Using artificial 

chromosome transgenesis in zebrafish, we have found the first evidence showing 

that distal negative regulatory elements are critical to silence inappropriate ragl 

expression and have identified the olfactory tissues as a novel rag 1 expression site 

in zebrafish. 



B. Review of Related Literature 

Hematopoiesis 

5 

Hematopoiesis involves the self-renewal of rare pluripotential hematopoietic stem 

cells (HSC's), the maintenance and proliferation of multipotential progenitor cells, 

and the coJ.pmitment of these progenitor cells to individual blood cell lineages 

(Orkin, 1995). Each of these differentiated blood lineages performs a specialized 

task throughout the life .of an organism. The derivation of HSC's, and therefore 

the development of blood, is thought to involve the differentiation of ventral 

mesoderm and to require ventralizing 'signals (Orkin, 1995; Zon, 1995; Turpen et 

al., 1997). More specifically, classical fate map studies identified the C4 

blastomere of the 32-cell stage Xenopus embryo as the predominant cell fated to 

form blood (Dale and Slack, 1~?7; Kelley et al., 1994; Walmsley et al., 1994; 

Hemmati-Brivanlou and Thomsen, 1995). However, recent studies have 

suggested that blood formation involves contributions from both ventral and 

dorsal regions of the embryo (Tracey et al., 1998) and that many of the 32-cell 

stage blastomeres can serve as progenitors for red blood cells although ventral 

mesoderm more consistently contributes to blood formation (Lane and Smith, 

1999; Mills et al., 1999). Although the exact embryonic origin of those cells 

destined to become blood is still controversial, it is clear from these and other 

studies that the cellular and molecular mechanisms responsible for dorsal/ventral 

patterning also influence the specification of these cells to a hematopoietic fate 

(Orkin, 1995; Zon, 1995; Huber and Zon, 1998). 

During vertebrate embryogenesis, hematopoiesis is viewed as two distinct waves 

each characterized.by their location and genetic program. In mammals, birds, and 

amphibians, primitive (embryonic) hematopoiesis occurs in the extraembryonic 
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blood islands of the yolk sac and mainly produces embryonic red blood cells that 

will enter the circulation (Orkin, 1995; Zon, 1995). It has been proposed that the 

HSC's of the yolk sac play a minor and transitory role in contributing to 

hematopoiesis in the fetal liver (Millier et al., 1994). Higher vertebrates have an 

additional intraembryonic hematopoietic cell population that will later colonize 

the fetal sites of blood cell formation and initiate definitive (adult) hematopoiesis 

(Dieterlen-Lievre, 1975; Lassila et al., 1978). In mammals, this region is derived 

from dorsal mesoderm and is called the para-aortic splanchnopleura (Godin et al., 

1993) or AGM region (aorta-gonad-mesonephros; Kubai and Auerbach, 1983; 

Medvinsky et al., 1993; Medvinsky and Dzierzak, 1996). Amphibians have an 

analogous structure called the dorsal lateral plate region where HSC's give rise to 

lineages that ultimately colonize the definitive hematopoietic organs (Turpen et 

al., 1981; Turpen and Knudson, 1982; Kau and Turpen, 1983; Maeno et al., 1985; 

Huber and Zon, 1998). A hallmark feature of definitive hematopoiesis is the 

changes in hemoglobin chain synthesis that occur as the sites of blood cell 

formation move from embryonic to fetal to adult (Neinhuis and Maniatis, 1987). 

In mammals, HSC's that colonize the fetal liver will ultimately populate the 

spleen, thymus, and adult bone marrow (Zon, 1995). In contrast, the chicken does 

not use the fetal liver but instead maintains erythropoietic activity in the yolk sac 

and in the mesoderm-derived intraembryonic tissues until blood formation is 

established in the bone marrow (Zon, 1995). 

The sites of hematopoiesis in teleosts (bony fish) such as zebrafish have been 

described and are analogous to those identified in other species (Al-Adhami and 

Kunz, 1977; Zapata et al., 1995). In zebrafish, primitive hematopoiesis occurs in 

a dorsal-lateral compartment (Al-Adhami and Kunz, 1977; Detrich et al.,_ 1995) 
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called the intermediate cell mass (ICM) of Oellacher (Oellacher, 1872). The ICM 

is derived from ventral-lateral mesoderm and is analogous to the yolk sac in other 

species (Willett et al., 1999). The hematopoietic cells comprising the ICM enter 

the circulation (Detrich et al., 1995) shortly after 24 hours post-fertilization (pf). 

Although still controversial (Willett et al., 1999), the initial sites of definitive 

hematopoiesis in zebrafish appear to be the ventral wall of the dorsal aorta and a 

region in the tail posterior to the ICM and ventral to the axial vein (Liao et al., 

1998; Thompson et al., 1998). These structures may be the zebrafish analogs to 

the AGM region identified in mammals. The hematopoietic cells that ultimately 

populate the adult thymus and kidney presumably originate in either the ICM or 

the putatjve AGM region (Willett et al., 1999). By 4 days pf, hematopoietic cells 

are identified in the developing pronephros (head kidney), and this is the main 

hematopoietic organ in adult zebrafish and is analogous to the bone marrow (Al

Adhami and Kunz, 1977; Willett et al., 1997b). The zebrafish mesonephros 

(trunk kidney) is also hematopoietic, but its role is predominantly filtration 

(Willett et al., 1997b). The zebrafish thymic primordium are first visible by 54 

hours pf (Willett et al., 1997b) and begins to accumulate ·significant numbers of 

hematopoietic cells by 72 hours pf (Zapata et al., 1997). The zebrafish thymus 

was initially identified by expression of ragl and rag2 which are first evident by 

92 hours pf and presumably are markers of maturing lymphocytes (Willett et al., 

1997b). The lymphoid-specific transcription factor Ikaros (Georgopoulos et al., 

1992), a candidate upstream regulator of ragl and rag2, is detected in the thymic 

primordium by 72 hours pf (Willett et al., 1999). The· thymus continues to 

enlarge to its adult crescent sh~pe and becomes filled with a heterogeneous 

population of maturing T lymphocytes (Willett et al., 1997b; Willett et al., 1999). 
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The recombination activating genes (rag] and rag2) 

During the development of B and T lymphocytes, their antigen receptor genes 

undergo a series of site-specific DNA rearrangements whereby variable, diversity, 

and joining gene segments are combined (Tonegawa, 1983). This process, known 

as V(D)J recombination, generates the diverse repertoire of immunoglobulin (lg) 

and T cell receptors (TCRs) capable of binding any potential antigenic 

determinant. The ragl and rag2 genes encode lymphoid-specific components of 

the V(D)J recombination machinery (Oettinger et al., 1990). RAG proteins 

initiate recombination by creating double-stranded DNA breaks at conserved 

recombination signal sequences contained within lg and TCR variable-region 

gene segments (Weaver and Alt, 1997). Targeted disruption of either rag gene in 

the mouse results in a total absence of mature B artd T lymphocytes due to an 

inability to initiate V(D)J recombination (Mombaerts et al., 1992; Shinkai et al., 

1992). Recently, mutations in the rag genes have been implicated in Omenn 

syndrome, a genetic disease characterized by severe immunodeficiency caused by 

a decreased efficiency of V(D)J recombinatio_n (Villa et al., 1998; Villa et al., 

1999). 

Although ragl and rag2 were initially identified because of their ability to 

recombine artificial substrates in 3T3 fibroblast cells (Schatz and Baltimore, 

1988), concurrent expression of the rag genes in vivo has been detected only in 

immature B and T cells actively undergoing V(D)J recombination (Schatz et al., 

1989; Oettinger et al., 1990). Individually, transcripts of both rag genes have 

been detected in lymphoid and non-lymphoid tissues. Greenhalgh et al. (1993) 

identified rag2 transcripts, but not rag], in the Xenopus ovary. In contrast, the 

presence of rag] transcripts, but not rag2, was shown in the zebrafish ovary 
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(Willett et al., 1997a). Selective expression of the rag2 gene was demonstrated in 

chicken bursa! cells undergoing immunoglobulin gene conversion (Carlson et al., 

1991). Expression of the mouse rag] gene, but not rag2, was detected in the 

central nervous system (CNS), particularly in regions of high neuronal cell 

density (Chun et al., 1991). No function for either ragl or rag2 has been 

convincingly shown in any of these tissues. It was reported that a reporter 

construct containing rag recombination signal sequences was recombined in the 

brain of transgenic mice (Matsu~ka et _al., 1991). However, upon further analysis 

it was concluded that meaningful somatic DNA recombination, similar to V(D)J 

recombination, probably does not occur in the mouse brain (Kawaichi et al., 1991; 

Abeliovich et al., 1992; Schatz and Chun, 1992). 

During T cell development, rag expression first occurs at the double negative 

(CD4-CD8-) stage of T cell differentiation and fluctuates with the rearrangement 

of TCR p, y, Ii, and a chains (Turka et al., 1991; Wilson et al., 1994). The 

~essation of rag expression occurs after double positive (CD4+CD8+) thymocytes 

expressing functional TCR ap heterodimers on their surface are positively 

selected in the thymus (Turka et al., 1991). Rag expression is also tightly 

controlled during B cell differentiation and is down-regulated after functional lg 

heavy and light chain gene rearrangement (Grawunder et al., 1995). In addition to 

their expression in immature lymphocytes, rag re-expression in mature B and T 

cells can lead to the further creation of diverse antigen receptors (Han et al., 

1996,1997; Hikida et al., 1996; Papavasiliou et al., 1997; Hikida and Ohmori, 

1998; McMahan and Fink, 1998). The cross-linking of surface lg receptors on 

mature lymphocytes (Verkoczy et al., 1995) can trigger such re-expression. The 

developmental regulation of rag expression is influenced by a variety of intra- and 
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extracellular signaling molecules. Menetski and Gellert (1990) have shown that 

intracellular concentrations of cAMP can influence the levels of rag 1 and rag2 

and subsequently V(D)J recombination. Furthermore, cross-linking of TCRs 

(Turka et al., 1991) or sl!rface lg receptors (Ma et al., 1992) after successful gene 

rearrangements leads to immediate loss of rag expression and the degradation of 

rag] transcripts (Neale et al., 1992). Extracellular factors known to influence rag 

expression include stromal cells and interleukins -3, -6, and -7 (Tagoh et al., 

1996). 

One circumstance limiting V(D)J recombination to immature lymphocytes is the 

restriction of rag gene transcription to these cells. Previous analyses of the 

human (Kitagawa et al., 1996; Kurioka et al., 1996; Zarrin et al., 1997) and mouse 

(Brown et al., 1997; Fuller and Storb, 1997) rag 1 promoter regions have 

identified putative binding· sites for lymphoid-specific and. ubiquitous 

transcription factors that may contribute to rag expression. Ikaros (Georgopoulos 

et al., 1992), a zinc finger DNA-binding protein that regulates several 

lymphocyte-specific genes, may regulate rag activation and V(D)J recombination 

(Georgopoulos et al., 1994). When this gene is knocked out in mice, there is a 

complete failure of lymphocyte development (Georgopoulos et al., 1994). There 

are several Ikaros consensus binding sites in the promoters of human (Zarrin et 

al., 1997), mouse (Brown et al., 1997) , and zebrafish (from Genbank rag] 

promoter sequence submitted by C.E. Willett, accession number AF074330) ragl 

and in the promoter of human rag2 (Zarrin et al., 1997), but whether any Ikaros 

isoforms bind these sites remains to be determined. 
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Sequences of several cDNA clones from thymus and pronephros suggest that the 

zebrafish rag] gene has one major transcription start site (C.E. Willett, personal 

communication), as does the mouse rag] gene (Brown et al., 1997; Fuller et al., 

1997). In contrast, the human rag] gene was shown to have four (Kurioka et al., 

1996; Zarrin et al., 1997) major transcription start sites. The zebrafish intron 

within the 5' untranslated region (UTR) is relatively small, 1085 bp, compared 

with 5.2 kb for human (Kurioka et al., 1996; Zarrin et al., 1997), and 12-15 kb for 

mouse rag] (Brown et al., 1997). Sequencing of 2.7 kb upstream of the human 

rag] gene has showed that this region contains no obvious TATA box, but does 

contain a CCAA T box and putative binding sites for several transcription factors, 

e.g. AP-1, Ikaros, and GATA factors (Kurioka et al., 1996; Zarrin et al., 1997). 

Similarly, 1.5 kb of the murine rag 1 gene upstream of the start of transcription 

has only a single weak homology to TATA, a CCAAT box, and several putative 

binding sites for Ikaros (Brown et al., 1997). The human and mouse ragl 

CCAAT elements are required for in vitro reporter gene activation in both 

lymphoid and non-lymphoid cell lines (Brown et al., 1997; Kurioka et al., 1996). 

Within 781 bp upstream of the start of transcription of the zebrafish rag] gene, 

there are four potential TATA boxes, one CCAAT box, and putative binding sites 

for GATA factors, Ik-2, AP-1, and E-box-containing sites for USF, MyoD, AP-4, 

and E47 (from Genbank rag] promoter sequence); 

Despite the presence of consensus binding sites for several transcription factors, 

an appreciable level of lymphoid-specific reporter gene expression has not been 

achieved with the human and mouse rag] promoter regions. Kurioka et al. (1996) 

demonstrated that both 110 bp and 2.7 kb of human rag] 5' flanking sequence 

direct only negligible reporter gene expression in a pre-B cell line suggesting that 
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an enhancer element is located outside of this region. Similar results were 

obtained by Kitagawa et al. (1996) using 110 bp and 2.8 kb of human rag] 5' 

sequence. It has also been shown that 1237 bp of human rag] 5' flanking 

sequence is active in both rag I expressing and rag] non-expressing cell lines 

(Zarrin et al., 1997), indicating that tissue-specific expression of the human rag] 

gene is controlled by elements located outside of this region. Likewise, studies of 

the murine rag I promoter region revealed that 1.5 kb of promoter sequence is 

active in both rag] expressing and rag] non-expressing cell lines (Brown et al., 

1997). In addition, unless combined with a·heterologous enhancer, the murine 

rag I promoter directs only negligible levels of reporter gene expression in 

transient transfection assays (Fuller and Storb, 1997). In contr_ast, Lauring and 

Schlissel (1999) demonstrated that 279 bp of the murine rag2 promoter direct 

significant reporter gene expression and is lymphoid-specific showing little 

activity in non-lymphoid cell lines. It was shown that 2696 bp of the major 

human rag2 promoter region is active in non-lymphoid cell lines (Zarrin et al., 

1997) suggesting that there may ,be differences in rag2 regulation between these 

organisms. 

The human and mouse rag I data suggest that distal regulatory elements (not 

included in the reporter constructs tested) operate in conjunction with the 

promoter region to direct tissue-specific rag I expression. It has been speculated 

that a strong repressor (Zarrin et al., 1997) or locus control region (Fuller and 

Storb, 1997) suppresses rag] expression in non-lymphoid tissues. Sequencing of 

the rag intergenic regions from different organisms including the mouse (Bertrand 

et al., 1998a) and zebrafish (Bertrand et al., 1998b) has identified consensus 

binding sites for a variety transcription factors that may participate in the 



13 

regulation of rag expression. However, the existence and location of regulatory 

elements that direct tissue-specific transcription of the rag genes are unknown. 

Such elements may be located within the rag intergenic region or several 

kilobases either upstream or downstream of either gene (e.g. elements 5' of rag2 

that control expression of rag]). 

The rag genes )iave been cloned in zebrafish and it was shown that their genomic 

structure (Figure 1) is similar to that reported for other species in that the genes 

are closely linked and convergently transcribed (Willett et al., 1997a). The 

intergenic distance is approximately 3 kb in zebrafish which is similar to the 2.8 

kb reported for trout (Hansen and Kaattari, 1995; Hansen and Kaattari, 1996) but 

different from Xenopus (Greenhalgh et al., 1993), chicken (Carlson et al., 1991), 

mouse (Gettinger et al., 1990), and humans (Gettinger et al., 1990) where this 

distance ranges from 6 to 15 kb. To date, teleosts are the only organisms where 

introns have been identified within the rag] coding sequence (Willett et al., 

1997a). Whereas trout possess one intron, the protein coding sequence for 

zebrafish ragl contains two introns. As in other vertebrates, the zebrafish rag2 

gene contains no introns within the coding sequence (Willett et al., 1997a). In 

zebrafish, concurrent expression of the rag genes has previously been detected 

only in the thymus, pronephros, and mesonephros with rag] levels being higher 

than rag2 (Willett et al., 1997a, 1997b). 
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Artificial chromosome transgenesis 

The introduction of transgenes into living embryos has had a profound effect on 

the study of gene function and regulation (Jaenisch, 1988; Hanahan, 1989). 

Traditionally, DNA constructs smaller than 20 kb are used for this purpose 

because of their accessibility to standard molecular manipulations. However, 

conventional plasmid-based reporter gene constructs sometimes fail to express in 

the appropriate tissues or express inappropriately in other tissues. This can be 

caused by the susceptibility of smaller constructs to integration position effects 

(Wilson et al., 1990) or a lack of the necessary cis-elements to correctly regulate 

gene expression (Grosveld et al., 1987). It has been shown that some genes 

require distal cis-regulatory elements, located many kilobases (sometimes > 100 

kb) 5' or 3' from the structural gene, to achieve tissue-specific expression at the 

appropriate level (Lakshmanan et al., 1998; Zhou et al., 1998; Lakshmanan et al., 

1999). With the development of artificial chromosome vectors capable of cloning 

DNA fragments up to 2 megabases long, it is now possible to use intact genomic 

loci as transgenes (Peterson et al., 1997). 
. . 

Transgenic mice have been produced with yeast artificial chromosomes (YACs; 

Burke et al., 1987) containing a variety of genetic loci (Jakobovits et al., 1993; 

Schedl et al., 1993a; Forget, 1993; Lamb and Gearhart, 1995). Linearized YAC 

vectors contain all of the necessary elements to allow their propagation and 

segregation in yeast as linear artificial chromosomes (Burke et al., 1987). These 

include a DNA replication origin, a centromere, and two termini ending in 

sequences that promote telomere formation. Although wild~type YACs are often 

used as transgenes, the inherently high frequency of homologous recombination 

in yeast (Orr-Weaver et al., 1981) makes it possible to precisely modify YACs by 
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deletion or insertion of exogenous DNA. This property can be exploited to 

precisely modify DNA sequences using linear targeting constructs containing 

regions of homology with any YAC (Reeves et al., 1990; Liu et al., 1997). These 

modifications can include insertion of a reporter gene (Lakshmanan et al., 1999) 

or introduction.of mutations that mimic genetic defects (Peterson et al., 1995). 

Given the large cloning capacity of YAC vectors (Burke et al., 1987), it is also 

possible to perform unique in vivo studies on large genes, gene clusters, and long-

. distance gene regulation. For example, YACs have successfully been used to 

identify the existence of distantly located cis-regulatory elements. Lakshmanan et 

al. (1999) showed that, as opposed to smaller constfllcts (Lieuw et al., 1997), a 

625 kb YAC containing the GATA-3 genomic locus was capable of recapitulating 

the developmental expression pattern of endogenous GATA-3. Interestingly, this 

Y AC clone was unable to direct reporter gene expression in a subset of ne-qral 

crest derivatives that normally express GATA-3 suggesting the existence of a very 

distant regulatory element. YACs modified with a reporter gene have been used 

to delimit the genomic locus boundaries that are required to achieve restricted 

expression patterns that mimic the endogenous gene. For example, a 170 kb Y AC 

that contained all of the elements necessary for expression of the hepatic nuclear 

factor 3y gene was used to identify and map two enhancer elements located in the 

3' UTR (Hiemisch et al., 1997). YAC transgenesis is also applicable to the 

cloning of genes contained in YACs by rescuing mouse mutant phenotypes 

(Capecchi, 1993). Because of the size of Y AC clones, there is an increased 

probability that all of a gene's regulatory elements are present. Therefore, YAC 

transgenes are likely to be expressed at levels similar to the endogenous gene. 

Indeed, a corollary exists between the ability of a Y AC clone to recapitulate gene 
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expression patterns and its ability to fully res~ue the mutant phenotype 

(Lakshmanan et al., 1998; Zhou et al., 1998). 

Despite the ease of modifying Y ACs using homologous recombination, the 

production of transgenic animals with such large molecules of DNA is a 

formidable task. Methods aimed at improving both the yield and integrity of 

purified YAC DNA have been established (Schedl et al., 1993b; Gnirke et al., 

1993), yet it is still difficult to purify YAC DNA that is both structurally intact 

and at a concentration sufficient for many experimental applications including 

zebrafish transgenesis. Additionally, both modified and wild-type YACs can 

exist in a single yeast (Peterson et al., 1997), which complicates purification and 

verification of the modified YAC. Alternative large-capacity cloning vectors 

have been developed that are widely available and easier to manipulate than 

YACs. BA Cs are Escherichia coli F factor-based vectors capable of maintaining 

cloned DNA fragments up to 300 kb (Shizuya et al., 1992). In contrast to YAC 

clones, BA Cs are maintained at a low copy number ( one or two copies per cell) 

thereby decreasing the chance of recombination between multiple clones within a 

single bacterium (Shizuya et al., 1992). PACs also are large-capacity cloning 

vectors and are capable of maintaining inserts in the range of 100-300 kb 

(Ioannou et al., 1994). This system improves upon the original Pl cloning system 

(Sternberg et al., 1990) by removing the size constraints on cloned DNA 

fragments and permitting propagation as a plasmid. Additionally, the PAC vector 

contains two replicons, one of which is a multicopy replicon that is under control 

of the inducible lac· operator. This feature allows the purification of higher yields 

of PAC DNA than is obtainable from BAC DNA. Because BA Cs and PACs are 

stably maintained in bacteria and are amenable to the same molecular 
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manipulations as conventional plasmid DNA, they do not suffer the from the 

same limitations as working with YACs. However, BAC/PAC transgenic 

technology is not yet a functional tool for studying gene regulation because 

efficient methods for modifying these artificial chromosomes at precise locations 

have not been established. A temperature-sensitive plasmid-based system 

designed to produce gene replacements and deletions in the E. coli chromosome 

through homologous recombination (Hamilton et al., 1989) was used to insert the 

lacZ gene into a BAC for the purpose of generating transgenic mice (Yang et al., 

1998). This technique relies on the detection of rare homologous recombination 

events in E. coli using multiple rounds of radioactive hybridization experiments. 

In E. coli, the chance that homologous recombination will occur at a particular 

chromosomal location is low. However, the bacterial genome does contain 

recombinational hotspots, called Chi sites (5'-GCTGGTGG-3'), where 

homologous recombination occurs preferentially (Lam et al., 1974; Stahl et al., 

1975; Smith et al., 1981; Smith, 1994). Chi sites stimulate recombination through 

the RecBCD pathway by modulating the activity of the multifunctional, 

heterotrimeric RecBCD enzyme (Dixon and Kowalczykowski, 1991). The 
' 

RecBCD pathway is the main E. coli pathway for homologous recombination 

during conjugation, transduction, and the repair of double-stranded DNA breaks 

created by DNA replication and high energy irradiation (Kowalczykowski et al., 

1994). The RecBCD enzyme binds to double-stranded DNA breaks and unwinds 

while simultaneously degrading the DNA (Taylor and Smith, 1985). The DNA 

strand that terminates 3' in relation to the entry site for the RecBCD enzyme is 

preferentially degraded (Dixon and Kowalczykowski, 1991, 1993). Upon 

encountering a properly oriented Chi site, the exonuclease activity of the RecBCD 
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enzyme on the 3' terminal DNA strand is attenuated and the exonuclease activity 

on the 5' terminal strand is increased (Anderson and Kowalczykowsk.i, 1997a). 

As the DNA is further unwound with increased 5' to 3' degradation, the resulting 

product is a single-stranded DNA (ssDNA) fragment with a 3' overhang ending in 

Chi (Anderson and Kowalczykowsk.i, 1997a). By convention, the top strand 

DNA sequence (5' of Chi) is considered to be the downstream Chi-specific 

fragment. It was shown that Chi-activated RecBCD enzyme facilitates nucleation 

of the RecA protein onto the downstream Chi-specific fragment (Anderson and 

Kowalczykowsk.i, 1997b). This enhancement by the RecBCD enzyme permits 

. RecA to out-compete ssDNA binding protein for the downstream Chi-specific 

: fragment. As a result, the 3' ssDNA fragment ending with Chi is coated with 

RecA protein and is ready to invade and pair with homologous DNA for 

subsequent joint formation (Anderson and Kowalczykowsk.i, 1997b ). The joint 

molecules are subsequently resolved into recombinants or repaired molecules 

through the actions of RuvABC and other proteins (West, 1996). Recently it was 

shown that the RecBC subunit of the RecBCD holoenzyme is capable of 

nucleating RecA protein onto ssDNA without the presence of Chi (Churchill et 

al., 1999). It was proposed that the RecD subunit blocks loading of the RecA 

protein onto ssDNA by the RecBCD holoenzyme in the absence of Chi (Churchill 

et al., 1999). Chi interactions with the RecBCD enzyme result in inactivation by 

disassembly of the holoenzyme into its three subunits (Taylor and Smith, 1999). 

The ability of Chi sites to stimulate the transfer of cis-linked DNA sequen_ces to 

homologous DNA by recombination through the RecBCD path~ay has been 

applied to the modification of DNA in E. coli. Dabert and Smith (1997) have 

used linear DNA fragments flanked by Chi sites to intentionally modify the E. 
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_ coli chromosome through homologous recombination. Using recombination 

proficient bacterial strains, average gene replacement frequencies of 1.4-6.4 per 

transformation were obtained with a linear Chi-containing targeting construct 

(Dabert and Smith, 1997). 

Zebrafish transgenesis 

Interest in the zebrafish (Dania rerio) as a vertebrate model system for 

understanding normal developmental processes grew out of studies in the late 

1970s showing that developmentally important genes could be identified by 

saturation mutagenesis in Drosophila melanogaster (Niisslein-Volhard and 

Wieschaus, 1980). Since this seminal achievement, two large-scale genetic 

screens for zebrafish mutants have revealed that the same approach is applicable 

to a vertebrate organism (Driever et al., 1996; Haffter et al., 1996). In these 

studies, N-ethyl-N-nitrosourea was used to randomly introduce point-mutations in 

zebrafish sperm which were then used to fertilize eggs in vitro (Solnica-Krezel et 

al., 1994). During mutagenesis screens, the visual identification of zebrafish 

embryos with mutant phenotypes is facilitated by the accessibility of embryos to 

manipulation. Zebrafish reach sexual maturity by three months and development 

of the transparent embryos is easily studied using a dissecting microscope. 

Embryos develop rapidly outside of the mother and many rudimentary organs are 

visible by 24 hours pf. 

The many benefits of zebrafish embryology have also led to the development of 

techniques for introducing nucleic acids into embryos. These include the use of 

microprojectiles (Zelenin et al., 1991), electric field-mediated gene transfer 

(Powers et al., 1992; Muller et_ al., 1993), transposable elements (Ivies et al., 
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1999), retroviral infection (Lin et al., 1994a), and microinjection (Stuart et al., 

1988). Retroviral infection of zebrafish is being pursued as an alternative to 

chemical mutagenesis for the purpose of mutating developmentally important 

genes through proviral insertions. Replication-defective derivatives of the 

Moloney murine leukemia retrovirus are commonly used for DNA transfer into 

mammalian cells. However, this virus has a limited tropism and cannot be used to 

infect zebrafish cells unless it is first modified. Pseudotyping (Weiss et al., 1974) 

of this virus with the envelope G-protein from the pantropic vesicular stomatitis 

virus (Wagner, 1972) has allowed the infection of fish cells (Lin et al., 1994a; 

Gaiano et al., 1996a). It was shown that this pseudotyped retrovirus could be 

microinjected into blastula-stage embryos and that germline transgenic zebrafish 

could be established. After infection, the provirus randomly integrates into the 

genome where it stably remains and, if integration occurred in a germ cell, is 

transmitted to subsequent generations. Founder fish, with germline integration of 

the retroviral genome, pass the foreign DNA to some percentage of their progeny, 

the Fl generation. Fl fish are not mosaic and will transmit the transgene in a 

Mendelian fashion to 50% of their offspring. Using a high titer virus, retrov~ral 

infection is an efficient means to deliver multiple insertions of foreign DNA into 

the gerrnline for the purpose of disrupting essential_ genes (Meisler, 1992). It is 

this attribute that has made it possible to use retroviral infection to conduct a 

small-scale insertional mutagenesis screen in zebrafish (Allende et al., 1996; 

Gaiano et al., 1996b). The advantage of using a retrovirus as opposed to a 

chemical mutagen is that by knowing DNA sequences in the retrovirus, inverse 

PCR can be employed as a starting point to clone mutated genes (Amsterdam and 

Hopkins, 1999). 
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The analysis of gene regulation using transgenic animals has predominantly been 

accomplished using DNA microinjection to introduce reporter genes under the 

control of specific regulatory sequences. The first transgenic zebrafish were 

generated by Stuart et al. (1988) who showed that microinjected plasmid DNA 

could integrate into the genome and be passed through the germline in a 

Mendelian fashion. It has since been slrown that foreign DNA can routinely be 

injected into single-cell zebrafish embryos and transmitted through the germline 

(Stuart et al., 1990; Culp et al., 1991; Westerfield et al., 1992; Gibbs et al., 1994; 

Lin et al., 1994b; Amsterdam et al., 1995; Amsterdam et al., 1996; Long et al., 

1997; Higashijima et al., 1997; Meng et al., 1999a). The efficiency for germline 

transmission of plasmid DNA is usually below 10% (Amsterdam et al., 1995; 

Bayer and Campos-Ortega, 1992; Lin et al., 1994b; Stua_rt et al., 1988) but can be 

higher (Culp et al., 1991). 

Transgenic zebrafish provide·a unique system for identifying and analyzing the 

complex control elements of developmentally regulated genes as they occur in 

vivo (Meng et al., 1997, 1999a). As opposed to tissue culture systems, reporter 

gene constructs microinjected into zebrafish embryos must respond to the three 

dimensional environment of a multicellular organism .. The ability to generate and 

maintain several transgenic zebrafish lines makes it practical to compare the 

activities of several reporter gene constructs (Meng et al., 1999b ). The green 

fluorescent protein (GFP) has proved to be a useful reporter gene in zebrafish 

because its expression can be observed in living transparent embryos (Amsterdam 

et al., 1995; Amsterdam et al., 1996; Meng et al., 1997; Long et al., 1997; 

Higashijima et al., 1997; Meng et al., 1999a). Putative promoter regions can be 

ligated to the GFP gene and analyzed for expression at different developmental 
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stages simply using fluorescence microscopy. The zebrafish system has 

successfully been used to identify positive and negative cis-regulatory elements 

involved in tissue-specific expression of the zebrafish GATA-I (Meng et al., 

1999a) and GATA-2 genes (Meng et al., 1997). In each of these studies, a 
' 

deletion series of GFP reporter constructs generated using the polymerase chain 

reaction (PCR) was used to map the location of cis-elements critical for high 

levels of tissue-specific expression. Subsequent fine mapping of cis-elements was 

achieved using PCR primers containing base substitutions .to generate additional 

reporter constructs (Meng et i!l-, 1997;··Meng et al., 1999a). 
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C. Rationale and Specific Aims 

Previous studies of the human (Kitagawa et al., 1996; Kurioka et al., 1996; Zarrin 

et al., 1997) and mouse (Brown et al., 1997; Jluller and· Storb, 1997) rag] 

promote~ ·regions showe_d that these sequences are incapable of directi~g a high 

level of reporter gene expression that is restricted to rag] expressing lymphoid 

cell lines. These results suggest that the reporter constructs used in these studies 

lacked the necessary cis-elements to correctly recapitulate the developmental 

expression pattern of rag 1. It is also possible that the in vitro environment of 

tissue culture cells is inadequate to control rag 1 expression. Indeed, He and 

Burch (1997) showed that the failure of GATA-6 enhancer elements to function in 

vitro could be overcome by using transgenic mice. Each of the questions raised 

by previous rag 1 studies can be addressed by expanding the regions of the rag 

genomic locus under analysis and examining their abilities to drive reporter gene 

expression in a transgenic animal system. It has been suggested that a common 

cis-regulatory element controls the expression of both rag 1 and rag2 (Fuller and 

Storb, 1997; Zarrin et al., 1997). The use of large reporter gene constructs, such 

as BACs and PACs, that include both genes provides a means to examine what 

influence rag2 control elements have on rag 1 expression. By using transgenic 

zebrafish as an in vivo reporter system, the abilities of different rag genomic 

sequences to direct expression in particular_ tissues can be determined. In 

addition, the reporter gene expression patterns observed in transgenic zebrafish 

may reveal new sites of rag gene expression. 

The modification of BACs and PACs using Chi sites to stimulate homologous 

recombination between a linear DNA fragment and the artificial chromosome 

represents a novel and alternative method for gene modification in E. coli. In 
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contrast to the cumbersome method reported by Yang et al. (1997) that relies on 

the detection of rare recombinational events, Chi sites promote homologous 

recombination 5- to 10-fold in their vicinity (Dabert and Smith, 1997). The 

development of this technology and its application to zebrafish transgenesis 

should facilitate our understanding of genes, such as rag] and rag2, with complex 

and developmentally regulated expression patterns. 

The specific aims of this study were: 

1) Develop a technique for inserting the GFP reporter gene into artificial 

chromosomes using Chi sites to stimulate homologous recombination in E. coli. 

This technique was developed using the zebrafish GATA-2 gene because its 

expression pattern during early zebrafish development has been characterized 

(Meng et al., 1997). 

2) Determine whether modified GATA-2 BACs can drive tissue-specific GFP 

expression in living zebrafish embryos. 

3) Examine the regulation of tissue-specific expression of the zebrafish rag] gene 

using artificial chromosomes and a series of smaller GFP reporter gene constructs 

containfog various lengths of rag I flanking sequence. 

4) Generate germline transgenic zebrafish that express GFP in their lymphoid 

organs. 



MATERIALS AND METHODS 

Section A. Chi-Stimulated Homologous Recombination 

1. Creating a GATA-2 targeting construct 

A pUC19-based plasmid, pRM4, containing triple Chi sites flanking a multiple 

cloning site (MCS) and a pBR322 origin of replication (ori) flanked by EcoRI 

sites for linearization was kindly provided by Dr. Gerald Smith (Fred Hutchinson 

Cancer Research Center, Seattle, WA). The ori-EcoRI fragment of pRM4 was 

removed by EcoRI digestion and replaced with a 700 bp fragment containing the 

pUC19 ori generated using PCR. Except where noted, PCR was performed using 

2.5 units Taq DNA polymerase (Boehringer Mannheim) and deoxynucleotide 

triphosphates (dNTP's) at a final concentration of 200 µM and 50 picomoles of 

each primer per reaction. PCR conditions, except where indicated, were 30 cycles 

of denaturation at 94oc for 30 seconds, annealing at 55°C-65°C (depending on 

the Tm of the primers) for 30 seconds, and extension at 72°C for varying lengths 

of time depending on product size. Primers containing Not! restriction sites were 

used for this PCR to create an ori with Not! sites at each end. The Eco RI digested 

pRM4 vector and pUC19 ori DNA fragments were blunt-ended by adding 2.5 

units of the Kienow fragment of E. coli DNA polymerase I (New England 

Biolabs) and 100 µM dNTP's and incubating at 30°C for 15 minutes. The ori 

fragment was also treated with T4 polynucleotide kinase (New England Biolabs) 

as directed by the manufacturer prior to ligation with T4 DNA ligase (New 

England Biolabs). Except where not~d, XLl-Blue competent cells (Stratagene) 

26 
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· were transformed with all ligation products as follows: 50 µl competent cells plus 

the ligation reaction were incubated on ice 50 minutes, at 42°C for 1.5 minutes, 

on ice for 2 minutes, and after the addition of 800 µl Luria-Bertani (LB) medium 

(DIFCO Laboratories), at 37°C with shaking for 1 hour followed by plating onto 

LB agar plates containing the correct antibiotic for selection. When the correct 

clone was identified, deletion of the EcoRI sites and addition of NotI sites were 

verified by restriction enzyme digestion performed as recommended by the 

manufacturer. This plasmid, pRM4-N (Figure 2), was used to create the GATA-2 

(see below) and rag] (see Sections C-4 and C-5) homologous recombination 

targeting constructs used in this study. 

Zebrafish GATA-2 genomic fragments containing 3.6 kb of DNA 5' to the ATG 

translation initiation codon (SacI/BamHI fragment from P1GM2, Meng et al., 

1997) and 1.7 kb beginning at the first intron after the ATG and extending into the 

second exon were ligated into the MCS of pRM4-N (see Figure 3 for the cloning 

strategy). The 1.7 kb fragment was generated using the high fidelity Expand™ 

Long Template PCR system (Boehringer Mannheim) with a_5' primer containing 

BamHI and Sall restriction sites at its 5' end and a 3' primer downstream of an 

endogenous HindIII restriction site. The vector used as a template for this PCR 

contained a GATA-2 insert spanning several kilobases 3' of the GATA-2 ATG 

translation initiation codon. The PCR product was digested with BamHI and 

HindilI to release the 1.7 kb fragment that was subsequently cloned into the 

pRM4-N vector. The 1 kb GFP reporter gene (Cormack et al., 1996) engineered 

with an SV40 polyadenylation sequence at its 3' end and the 1.24 kb kanamycin 

antibiotic resistance gene from pUC4Km (Vieira and Messing, 1982) were 

inserted between the 5' and 3' GATA-2 genomic fragments with the GFP gene 
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adjacent to the 5' GATA-2 fragment. The GFP gene was ligated between the 5' 

and 3' fragments as a BamID/SalI fragment while the kanamycin gene was 

_subsequently· cloned 3' of GFP as a Sa/I fragment. This constituted the 10.6 kb 

GATA-2 homologous recombination targeting construct (G2BACTC; Figure 9C 

shown without ori). 



Figure 2. The pRM4-N vector used to create homologous recombination 

targeting constructs. 

The original pBR322 ori contained within pRM4 was replaced with a pUC19 ori flanked 

by Not! restriction sites. The poly linker and MCS are located within the lacZ gene. Three 

Chi sites (underlined) flank the MCS that contains several unique restriction enzyme sites 

(identical to the pUC19 MCS except no Eco RI). The CCA sequences located between Chi 

sites were added during design of the original pRM4 vector to create MscI restriction sites 

used for insert identification. Digestion with Not! linearized the pRM4-based targeting 

constructs while simultaneously removing the ori to prevent autonomous replication in E. 

coli. 



Natl 

Poly linker cloning---> 
· and Chi sites 

Natl 

pRM4-N 
(3.1 kb) 

3'-GGTGGTCG GGTGGTCG ACCGGTGGTCG-5' -SacI-KpnI-BamHI-XbaI
SalI-Pstl-SphI-HindIII- 5'-GCTGGTGGCCA GCTGGTGG GCTGGTGG-3' 

29 



Figure 3. Strategy used to create the GATA-2 BAC homologous 

recombination targeting construct (G2BACTC). 

To create the G2BACTC, GATA-2 genomic fragments flanking the first coding exon were 

iigated to the pRM4-N vector (Figure 2). PCR was used to add the necessary restriction 

enzyme sites. Inserted between the 5' and 3' fragments were the GFP reporter gene and 

the kanamycin resistance gene. The GFP gene contains its owq. polyadenylation sequence 

thus reducing the occurrence of GFP/kanamycin resistance fusion proteins. 
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2. Mapping and preparation of GATA-2 BACs for homologous recombination 

Four zebrafish GATA-2 BAC genomic clones were kindly provided by Dr. 

Leonard Zon (Harvard Medical School, Boston, MA). In conjunction with 

restriction enzyme mapping of each of the BAC clones, PCR was performed 

using the Expand™ Long Template PCR system (Boehringer Mannheim) for 30 

cycles (94°c for 10 seconds; 55-65°C for 30 seconds; 68°C for 10 minutes) to 

determine the extent of the 5' and 3' sequences. These PCR reactions contained 

400 ng of BAC template, 50 picomoles of each primer, and 400 µM dNTP's. For 

the 5' long PCR, we used two primers, separated by 500 bp, that bind in anti-sense 

orientation 10 kb upstream of the GATA-2 ATG initiation codon. The 3' long 

PCR was performed using three primers that bind in sense orientation 5' of the 

GATA-2 polyadenylation site. These six primers were used in combination with 

either T7 or SP6 primers whose sequences are present in the pBeloBAC 11 BAC 

vector (Genome Systems). 

Prior to homologous recombination with the G2BACTC, the GATA-2 BACs were 

transferred to a recombination proficient bacterial strain (Figure 4). BAC DNA 

was purified from DHlOB bacteria using Qiagen's Plasmid Maxi kit (an alkaline 

lysis method) as directed by the manufacturer and electrocompetent MC1061 

bacteria (ATCC; Casadaban and Cohen, 1980) [F- araD139 L1(ara-leu)7697 galU 

galK16 L1(lac)X74 rpsL (Strr) hsdR2 (rk-mk+) mcrA mcrBJ] were electroporated 

with the BAC DNA. To prepare MC1061 for electroporation, a 5 ml overnight 

culture was used to inoculate 500 ml of LB medium that was subsequently 

incubated at 37°C with shaking until the O.D.550 was approximately 0.8. The 
. 

. bacteria were centrifuged at 2,600 x g for IO minutes at 4°C and the pellet was 

resuspended in 250 ml of sterile and ice-cold 10% (v/v) glycerol in double 
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distilled H2O (ddH2O). Centrifugation was repeated an additional time.and the 

pellet was resuspended in 1 ml of the 10% glycerol solution and stored at -80°C 

in 100 µl aliquots. For electroporation 50 µl of the MC1061 bacteria, 50 µl of 

10% glycerol solution, and 100 ng of DNA were added to a 0.2 cm gap 

electroporation cuvette (Bio-Rad) on ice. Electroporation was performed at 2.5 

kV, 25 µF capacitance, and 400 Q in a Gene Pulser II (Bio-Rad). After the 

addition of 400 µl LB, the cuvette was incubated at 37°C for 1 hour. 

Transformants were plated on LB agar plates containing 12.5 µg/ml 

chloramphenicol (Sigma) and grown overnight at 37°C. The presence of intact 

BAC DNA in the MC1061 bacteria was verified by comparison of BAC DNA 

from chloramphenicol-resistant colonies with BAC DNA from the original 

DHlOB bacterial strain after digestion with various restriction enzymes. For 

transformation with linearized G2BACTC DNA, MC1061 bacteria containing 

GATA-2 BAC DNA were made competent using a CaCl2 method (Morrison, 

1979). An overnight 5 ml culture of GATA-2 BAC-containing MC1061 bacteria 

was used to inoculate 250 ml of LB medium. This culture was incubated at 37°C 

with shaking until the O.D.550 was approximately 0.5. The cultures were 

incubated on ice for 10 minutes and then centrifuged at 4,000 x g for 10 minutes 

at 4oc. The pellet was resuspended in 62.5 ml of ice-cold 0.1 M MgCl2 and 

centrifuged as above. The pellet was resuspended in 62.5 ml of 0.1 M CaCl2 and 

incubated on ice for 20 minutes. The bacteria were centrifuged again as above 

and resuspended in 12.5 ml of 0.1 M CaCl2 containing 15% glycerol and aliquots 

were stored at -sooc. 
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3. Transformation and selection of recombinants 

Linearized targeting construct DNA was prepared by digesting the G2BACTC 

plasmid with Natl overnight at 37°C and purifying the 9.9 kb targeting construct 

from the 700 bp ori using a GENECLEAN kit (BiolOl) as directed by the 

manufacturer. For each transformation, 200-400 ng of linearized G2BACTC 

DNA were diluted in 10 µl of 0.5x TE (5 mM Tris, 0.5 mM EDTA, pH 8.0), and 

120 µl of CaCl2 competent MC1061 cells, containing the BAC clone of interest 

(Figure 4), were added. The mixture was incubated on ice for 50 minutes, heat

shocked at 42°C for 1.5 minutes, returned to ice for 2 minutes, and after the 

addition of 1 ml of LB medium, the bacteria were incubated at 37°C for 1 hour 

with shaking. Cells were centrifuged at 4,000 x g for 2 minutes and 900 µI of LB 

was removed. The bacteria _were resuspended in the remaining LB and plated on 

one LB agar plate containing 50 µg/ml kanamycin (Sigma) and 12.5 µg/ml 

chloramphenicol. After overnight incubation at 37°c, selected colonies were 

grown overnight at 37°C in 10 ml of liquid LB containing kanamycin and 

chloramphenicol as described above. Aliquots from colonies that grew in liquid 

culture were streaked onto LB agar plates containing 100 µg/ml ampicillin 

(Sigma) and incubated overnight at 37°C. Because the ampicillin-resistance gene 

is located outside of the 5' and 3' regions of GATA-2 homology in the targeting 

construct, ampicillin-resistance is lost when homologous recombination occurs. 

Consequently, only ampicillin-sensitive colonies were further analyzed at the 

molecular level. 



Figure 4. Experimental design of the method to modi() artificial 

chromosomes using homologous recombination in E. coli. 

Recombination proficient MCI061 bacteria containing the artificial chromosome are 

transformed with a Chi-containing linearized homologous recombination targeting 

construct. Interaction of Chi sites with the RecBCD enzyme leads to the creation of 

recombinogenic ssDNA fragments coated in the RecA protein. Homologous recombination 

results in insertion of the GFP reporter gene and antibiotic selectable marker. Modified 

artificial chromosomes are purified for microinjection into zebrafish embryos. 
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4. Molecular analysis to verify homologous recombination 

BAC plasmid DNA from kanamycin/chloramphenicol-resistant and ampicillin

sensitive colonies was prepared from 10 ml cultures using a Wizard Plus 

Minipreps kit (Promega) following the manufacturer's recommendations for endA 

positive bacterial strains. This included an additional wash with a 40% 

isopropanol/4.2 M guanidine hydrochloride solution. PCR was performed using 

primers designed to generate products spanning the regions of GATA-2 homology. 

Primer Pl (5'-GGAGAATGATAAATGCGCGGTG-3') binds 95 bp upstream of 

the 5' GATA-2 fragment in the G2BACTC and primer P2 (5'

TTCCGTATGTTGCATCACCTTCACC-3') binds 100 bp downstream from the 

GFP ATG initiation codon, creating a 5' PCR product of 3.8 kb. Primer P3 (5'

AATGTATCAATCATGGCAGAC-3') binds 470 bp downstream from the GFP 

ATG initiation codon and primer P4 (5'-CTGAGGAGGGTACCGGGATGAA-

3') binds the second coding exon of GATA-2 120 bp downstream of the 3' GATA-

2 fragment in the G2BACTC, creating a 3' PCR product of 3.6 kb. 

The modified GATA-2 BAC plasmid DNA was digested at unique restriction sites 

present within the GATA-2 genomic locus and GFP and kanamycin genes to 

produce fragments of predictable size and_ the resulting patterns compared with 

those from wild-type BAC DNA using Southern hybridization analysis (Southern, 

1975). The gels were treated with 0.25 M HCl for 30 minutes to nick (depurinate) 

the DNA and facilitate transfer of the larger fragments. Next, the DNA was 

denatured by soaking gels twice for 15 minutes each in 1.5 M NaCl plus 0.5 M 

NaOH with gentle shaking. Gels were neutralized by soaking twice for 15 

minutes each in 1.5 M NaCl plus 1 M Tris, pH 7.5. The gels were washed in 

ddH2O and then inverted and placed onto sheets of Whatman 3MM paper that 
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served to wick !Ox SSC buffer (from stock 20x SSC; 3 M NaCl, 0.3 M 

Na3citrate.2H2O, pH 7.0) during the transfer. On top of the gel was placed a 

sheet of Biodyne B positively charged nylon membrane (GIBCO-BRL), 3 sheets 

of Whatman 3MM paper presoaked in !Ox SSC, 3 sheets of dry Whatman paper, 

1-2 inches of paper towel, and approximately 500 g.of weight. Transfer went 

overnight and then the nylon membranes were placed between sheets of dry 

Whatman paper and baked at so0 c for 2 hours. Pre-hybridizations were 

performed using sodium phosphate hybridization buffer (0.5 M NaHPO4, 1 mM 

EDTA, 7% SDS, 1 % BSA) for 1-2 hours at 65°C. The pre-hybridization solution 

was replaced with fresh solution containing l00µg/ml denatured Herring sperm 

DNA (Sigma) and 3 x 105-1 x 106 cpm/ml denatured probe. Probes and sperm 

DNA were denatured by heating at I00°C for 7 minutes. A 2 kb wild-type 

ClaIJEcoRV GATA-2 genomic fragment, extending from the 5' UTR to the first 

intron after the ATG initiation codon, was used as a probe after labeling with [ u-

32pj dCTP using a Random Primed DNA Labeling kit (Boehringer Mannheim) as 

directed by the manufacturer. This fragment spans the GFP and kanamycin genes 

in the modified BAC. Therefore, restriction fragments that extend 5' and 3' of the 

inserted GFP and kanamycin genes will be labeled. Radiolabeled probes were 

purified from unincorporated [o;-32pj dCTP using Quick Spin G-50 Sephadex 

columns (Boehringer Mannheim) as directed by the manufacturer. After 

overnight hybridization, blots were washed with 2x SSC/0.1 % SDS twice for 30 

minutes at 65°C followed by 0.2x SSC/0.1 % SDS one~ for 30 minutes and 0. lx 

SSC/0.1 % SDS once for 30 minutes at 65°C. Blots were then washed once in 

2xSSC to remove the SDS prior to exposure to either Phosphorimager screens 

(Molecular Dynamics) or X-ray film (Kodak). X-ray films were exposed with 

and without intensifying screens overnight at either room temperature or -80°C. 
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Parts of the 5' and 3' regions of homology between the G2BACTC and the wild

type BACs were sequenced using primers Pl and P4 described above (all 

sequenci,ng performed in this· study was don_e by the Molecular Biology Core 

Facility, Medical College of Georgia, Augusta, GA). One modified BAC clone 

representing each of the three GATA-2 BAC clones was sequenced. 

5. Preparation of BAC DNA for microinjection 

Modified BAC plasmid.DNA was prepared from 500 ml LB cultures containing 

50 µg/ml kanamycin and 12.5 µg/ml chloramphenicol using Qiagen's Plasmid 

Maxi kit. Two 70% ethanol washes were performed and the DNA pellet was 

resuspended in 100 µI of lx TE (10 mM Tris, 1 mM EDTA, pH 8.0). For 

microinjection of BAC plasmid, the DNA was diluted to 80-120 ng/µl in sterile 

ddH2O, making the final TE concentration approximately 0.5x, and KC! was 

added to a final concentration of 100 mM. Linearized BAC DNA was prepared 

for microinjection by digesting the BAC plasmid with Notl to release the genomic 

insert from the BAC vector followed by phenol:chloroform extraction (1: I v/v), 

precipitation with 1/10 volume 3 M sodium acetate (pH 5.3) and 3 volumes 100% 

ethanol, and dilution as described above for plasmid DNA. After linearization, 

only cut-off pipet tips were used to manipulate the BAC DNA to avoid shearing. 

Sheared DNA would compromise the experiments because the regulatory effects 

of potential long-distance elements would go unnoticed. The BAC vector and 

genomic insert were coinjected. Prior to loading injection needles (see Section B-

3), the DNA samples were spun at high speed in a microcentrifuge for 2 minutes 

to sediment any contaminating particulates. 
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6. Pulsed-field gel electrophoresis 

The integrity of BAC DNA after linearization and after ejection from a 

microinjection needle were assessed using a CHEF-DR III pulsed-field 

electrophoresis system (Bio-Rad). A typical gel was made using 1-1.2% Agarose 

MP (Boehringer Mannheim) and 0.5x TBE (45 mM Tris, 45 mM borate, 1 mM 

EDTA, pH 8.0) and_ standard run conditions were 11-24 hours at 14°C with a 

switch time of 1-6 seconds at a 120° angle using a voltage gradient of 6 V/cm. 

Run and switch times were either increased or decreased for the separation of 

l~ger or shorter DNA fragments, respectively. 

Section B. Microinjection and Analysis of Zebrafish Embryos 

1. Preparation of rnicroinjection plates 

Both the lid and bottom dish of a 60 mm Petri dish were used to make 

microinjection plates. Plates were formed by pouring 12.5 ml of warm 1.2% 

agarose (prepared in ddH2O) into a lid or di~h and placing a glass microscope 

slide (5 x 7.5 cm) onto the agarose at a 20-30° angle. After the agarose had 

solidified at room temperature, the glass slide was removed leaving a groove for 

the embryos. Plates were thoroughly rinsed after each use and stored in ddH20 or 

wrapped in cling film at 4°c. 

2. Microinjection setup 

The microinjection system consisted of an SV6 Zeiss stereomicroscope, a 

micromanipulator, a magnetic stand, a syringe, a plastic two-way stopper, Teflon 

tubing, a needle holder, injection needle capillaries, and a microinjection plate. 

The micromanipulator (Model MN-151; Narishige Scientific Instrument Lab, 

Japan) was attached to the magnetic stand (Model GJ-1; Narishige) which was 
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securely fastened to a metal surface. The 10cc syringe (Popper and Sons) was 

filled with 3-4 ml of light mineral oil and directly connected to the two-way 

stopper. This stopper was connected to approximately 3 feet of Teflon tubing 

that, at the other end, was connected to the injection needle holder (Model HI-6-1; 

Narishige). The needle holder was attached to the micromanipulator. 

3. Preparation of microinjection needles 

Microinjection needles were made with a Flaming/Brown Micropipette Puller 

(Model P-91; Sutter Instrument Company) using fine glass 1.2 mm injection 

capillaries (Clark Electromedical Instruments). The tip of the injection needle 

was broken to approximately 0.05 mm using a clean and sharp forceps. The 

needle was attached to the needle holder and filled with mineral oil by pushing oil 

from the syringe through the Teflon tubing and into the needle. Depending on 

ho':"' many embryos were to be injected, 2-10 µl of DNA was transferred onto a 

clean glass depression slide and overlaid with a few drops of mineral oil to 

prevent evaporation. The DNA was loaded by placing the needle tip into the 

DNA solution using the micromanipulator and gently pulling the 10cc syringe. 

4. Zebrafish aquaculture and collection and preparation of embryos 

Zebrafish are maintained in a controlled environment at a room temperature of 

28.5°C and a 14 hour:10 hour light:dark cycle (lights on at 8 AM). Zebrafish are 

kept in 5 gallon tanks that are continuously supplied with filtered dH20 

containing enough Instant Ocean 1M salt (Aquaculture Systems) to give a salinity 

reading of 450-500 uS (referred to as fish water). Zebrafish are fed in the 
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morning and evening with brine shrimp and at lunchtime with general fish flake 

food. 

On the day prior to microinjection, several pairs of wild-'type male and 

female zebrafish were placed in mouse cages (Nalgene) containing breeding traps 

and a divider (Aquaculture Supply) to separate the fish. In the morning, prior to 

injection and after the lights had come on, the breeding trap (with the fish and the 

divider still inside) was moved to a new mouse cage half full with fresh fish 

water. The fish were joined by removing the divider. Embryos were collected in 

a 50 ml beaker approximately 10 minutes after the fish were released. The fish 

water in the beaker was replaced with 15-20 ml of a diluted pronase solution and 

the beaker was placed in a 28.5°c incubator for several minutes (Sigma; 30 

mg/ml pronase stock solution was made in ddH2O, pH 7.0; stock solutions were 

self-digested at 37°C for 1 hour and stored in 10 ml aliquots at -20°C; for chorion 

removal, approximately 1 mg/ml pronase was made in Holtfreter's solution; 7.0 g 

NaCl, 0.4 g NaHCO3, 0.2 g CaCI2 (anhydrous), 0.1 g KC!; dissolved in 2 liters 

ddH2O with 50 µI of concentrated HCI, final pH of 6.5-7.0; made fresh daily). 

When approximately 5-10 chorions dropped off, the embryos were very gently 

washed 5-7 times with Holtfreter' s solution to remove all traces of chorions and 

pronase. 

5. Microinjection 

Microinjection plates (Section B-1) were filled with Holtfreter's solution. The 

dechorionated embryos were gently transferred into the groove of the 

microinjection plate using a Pasteur pipette. Approximately 200 embryos were 

lined up in the groove of a plate. Using the micromanipulator to position the 

needle in the cytoplasm (Figure 5), single-cell stage embryos were injected by 
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gently pushing the syringe plunger. The injected DNA normally occupied 

approximately 1/10 the volume of the single-cell as observed under a 

stereornicroscope. Embryos not in the correct position for injection were properly 

oriented using tqe injection needle. 

Microinjected embryos were transferred into several Petri dishes containing fresh 

Holtfreter's solution and incubated at 28.5°c. Four to five hours after injection, 

unfertilized and deformed embryos were removed. Developed embryos were 

grown overnight at the same temperature. The next day, dead and deformed 

embryos were removed and healthy embryos transferred into 1/4x Holtfreter's 

solution. After 48-hours of development, injected embryos were grown in fish 

water in mouse cages until approximately 2 weeks of development at which time 

they were transferred to 5 gallon tanks. 



Figure 5. Microiniection of single-cell stage zebrafish embryos. 

Microinjection needles are attached to a holder, loaded with DNA, and positioned using a 

micromanipulator. After dechorionation, single-cell stage embryos are transferred to an 

injection plate containing Holtfreter's solution. The needle is pushed into the cell and the 

DNA is ejected by gently pushing on· the syringe barrel. The DNA is injected until 

approximately 1/10 of the cell's volume is filled. 
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6. Microscopic analysis and imaging of GFP expression 

Microinjected embryos were examined under a fluorescein isothiocyanate filter 

(filter set 09; excitation BP 450-490 nm; beamsplitter FT 510; emission LP 520 

nm) on a Zeiss Axioplan 2 microscope with an AttoArc microscope illuminator 

(HBOl00w) equipped with a color video camera·system. The objectives used in 

this study included ACHROPLAN 40X/0,75W, 63X/0,90W, and plan

NEOFLUOR lOX/0,30, and 20X/0,50 (Carl Zeiss). Images were acquired using 

either the above mentioned video camera and Apple Video Player software or a 

digital camera (DCS 420, Kodak) and Adobe Photoshop 3.0/4.0 software. In both 

instances, images were analyzed and manipulated using Photoshop software and 

printed using a photographic printer (Codonics). Figures 14A and B, 19E, and 

23A-23C were generated by superimposing bright-field images onto fluorescent 

images using PhotoShop software. Embryos older than 48 hours pf were 

anesthetized using tricaine (Sigma; stock solution was 0.16% in ddH2O, pH 7.2) 

as described (Westerfield, 1995). For anesthetizing, an arbitrary dilution of stock 

tricaine solution (higher concentrations were used on older embryos and larger 

amounts were used on embryos in larger volumes of water) was added to the 

zebrafish prior to analysis. 

Section C. A11alysis of Zebrafish rag I Tra11scriptio11al Regulatio11 

1. Sequence analysis of the ragl promoter region 

The zebrafish rag 1 promoter region has been sequenced on both strands and 

submitted to Genbank by C.E. Willett (accession number AF074330). The 

presence of transcription factor consensus binding sites was determined using 

Matlnspector software (ver. 2.1, March 1997; Quandt et al., 1995). 
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2. Cloning rag] 5' sequences and generating reporter constructs . . 

SacI subclones from an 18.4 kb zeb~afish rag genomic 'A, phage clone (clones 8 

and 10; Willett et al., 1997a) were utilized to obtain ragl 5' fragments. Clone 8 is 

5.6 kb and contains approximately 4.7 kb of sequence 5' of the rag] ATG 

translation initiation codon. Clone 10 is 3.4 kb and contains sequence 

immediately 5' of clone 8. A primer containing a B amHI restriction site and 

sequence 5' to the rag 1 ATG translation initiation codon but in anti-sense 

orientation was synthesized (5'-TAGGATCCGGCGTCAGCTTATTCTCTGCT-

3'). This primer was used in a PCR in conjunction with the proper vector primer 

(T3 or TI) to generate a product of approximately 4.7 kb from clone 8. The PCR 

product was cut with SacI/BamHI and subcloned into pB!uescript KS

(Stratagene) containing a modified version of_ the GFP reporter gene (Cormack et 

al., 1996), that included an SV40 polyadenylation sequence, to create a 4.7/-3.5 

kb construct (distance from translation initiation site/distance from transcription 

start site) with the rag] sequence located immediately 5' of the GFP gene. Xbal 

and San restriction sites located within the 4.7 kb rag] 5' sequence were used to 

generate two additional ragl 5'/GF~ constructs, 1.5 kb/-251 bp and 3.4/-2.2 kb, 

respectively. A larger construct containing approximately 8.1 kb of sequence 5' 

of the rag] translation initiation site (8.1/-6.9 kb) was created by cloning the 3.4 

kb Sad fragment from clone 10 into the 4.7/-3.5 kb construct. The proper 

orientation of this fragment was verified by restriction enzyme mapping. 

3. Screening a zebrafish PAC genomic library 

An arrayed zebrafish PAC genomic library (Genome Systems) was screened 

following the protocol outlined by the manufacturer using the I. 7 kb zebrafish 

rag I third coding exon as a probe after labeling with [a-32P]dCTP and 
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purification as described in Section A-4. This approach involved hybridization to 

high-density colony filters (22 x 22 cm) that contained the entire PAC library 

representing approximately 18,000 to 29,000 individual clones. The colonies had 

been applied to the filters in grids as duplicates so that positive signals could be 

distinguished from background. From its position in the grid, a positive clone can 

be traced to its position within a microtiter plate where an aliquot can be gr~wn in 

LB medium and the DNA prepped for restriction enzyme analysis and Southern 

hybridization. A single 125 kb rag PAC clone containing the zebrafish rag locus 

was identified. The identity of this clone was verified using PCR with ragJ

specific primers and Southern hybridization. 

The 1.7 kb rag] third coding exon was obtained using PCR with the 18.4 kb 

zebrafish rag genomic A. phage clone (Willett et al., 1997a) as the template. The 

5' and 3' primers corresponded to the respective 5' and 3' boundaries of the exon. 

The PCR product was subcloned into the pCRlI vector using a TA cloning kit 

(Invitrogen) as directed by the manufacturer. This procedure is based on the fact 

that Taq DNA polymerase has a non-template-dependent activity that adds single 

deoxyadenylate nucleotides to the 3' ends of PCR products. Therefore, PCR 

products generated with Taq polymerase can be directly subcloned into a vector 

with overhanging 3' deoxythymidylate nucleotides. This clone was also used to 

generate RNA probes for in situ hybridization (Section D-2). 

4. Modification of the rag PAC using homologous recombination 

The rag PAC clone was modified using Chi-stimulated homologous 

recombination to insert the GFP reporter gene as described in Section A with the 

following modification. MC1061 bacteria containing the PAC DNA were grown 
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in SOC medium (SOB medium, DIFCO Laboratories; containing 20 mM filter 

sterilized glucose) and were made competent (:e:108 transformants/µg) as 

described (Hanahan et al., 1991). Several colonies of MC1061 bacteria 

containing intact rag PAC DNA (verified as described in Section A-2) were 

picked and placed in 1 ml of SOC medium, vortexed briefly, and the entire 1 ml 

was added to a 500 ml flask containing 50 ml of SOC containing 25 µg/ml 

kanamycin (Sigma). This culture was incubated at 30°C with 275 rpm shaking 

until the O.D.550 reached 0.3. The bacteria were placed in a centrifuge tube and 

set on ice for 10 minutes prior to centrifugation at 1000 x g for 15 minutes at 4°C. 

After removal of the supernatant, the bacteria were gently resuspended in 16.7 ml 

ofCCMB 80 (80 mM CaCl2.2H2O, 20 mM MnCl2.4H2O, 10 mM MgCl2.6H2O, 

10 mM potassium acetate fr.om a 1 M filter sterilized stock, pH 7.0 using KOH, 

10% (v/v) glycerol; the entire solution was adjusted to pH 6.4 using 0.1 N HCl, 

filter sterilized, and stored at 4°C) and incubated on ice 20 minutes. The bacteria 

were centrifuged at 1000 x g for 15 minutes at 4°C and the pellet was 

resuspended in 4.2 ml CCMB 80. The competent cells were stored in aliquots at 

-80°C. Competency was measured by transforming with 1 ng of plasmid and 

calculating the number of colonies that would have been obtained from 1 µg of 

plasmid DNA. 

A rag PAC homologous recombination targeting construct (rPACTC) was 

designed using the rag] 5' SacI/BamHI fragment from the 4.7/-3.5 kb construct 

described in Section C-2 and a 3' fragment from the previously described 18.4 kb 

rag genomic').. phage clone (Willett et al., 1997a). See Figure 6 for a flow chart 

of the general cloning strategy. An Expand'™ Long Template PCR system 

(Boehringer Mannheim) was used with the rag genomic ').. phage clone as the 
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template to obtain a 5.5 kb 3' fragment encompassing 24 bp of the second intron 

throngh a Hin dill restriction site located within the intergenic region. The 5' 

primer corresponded to the second intron and contained BamHI and XhoI 

restriction sites at its 5' end (5'-ATAGGATCCCTCGAGGCTTCTTGCTTGT

GTCCTATGTAG-3') and the 3' primer corresponded with sequence located 2.5 

kb 3' of the intergenic Hindlll site (5'-GATGTCCTGCGATAGCTCACT-3'). 

These two fragments were subcloned into pRM4-N digested with Sacl/HindIII. 

After restriction digestion with BamHI/Xhol, a single 2.7 kb Ba mHI/XhoI 

fragment that included a 1 kb modified version of the GFP reporter gene 

(Cormack et al., 1996) with an SV40 polyadenylation sequence and a 1.7 kb 

chloramphenicol resistance (Cmr) cassette was subcloned in between the rag] 5' 

and 3' fragments. This created the 13 kb rPACTC. The 1.7 kb cmr cassette was 

obtained hy PCR using the pBELOBACl 1 vector (Genome Systems) as template; 

the 5' PCR primer was designed with an Asel restriction site at its 5' end (5'

ATAGGCGCGCCAGGACAGACCACATCATGGTTCTG-3'). This fragment 

was blunt-ended as described in Section A-1 and subcloned 3' of the 1 kb GFP 

gene contained within pB!uescript KS- (Stratagene ), cut with Sall and also blunt

ended, so that the Asel restriction site was between the GFP gene and the Cmr 

cassette. Recombinants that had undergone the correct gene replacement event 

were identified by chloramphenicol and ampicillin selection and verified by 

Southern hybridization as described above for the modified GATA-2 BACs. 

M~dified PAC DNA was cut with a variety of restriction enzymes that cut within 

the rag genomic locus and the GFP and chloramphenicol genes to produce 

fragments of predictable lengths. Genomic fragments spanning 1.5 kb 5' of the 

rag] ATG translation initiation codon and 1.75 kb from the second coding exon 

to the third coding exon were labeled with [a.-32p] dCTP as described in Section 
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A-4 and used as probes in the Southern hybridization. These sequences flank the 

GFP and chloramphenicol genes in the modified PAC. For mapping, the 

modified rag PAC was digested with Not! and Asel to create rag] 5' and 3' 

fragments and a vector fragment. The two rag] fragments were purified from a 

pulsed-field gel and used in a PCR to determine which band represented rag] 5' 

sequence. This PCR was performed using primers that amplify the GFP gene 

(sequences shown in Section C-7). 



Figure 6. Strategy used to create the rag PAC homologous recombination 

targeting construct (rPACTC). · 

The rPACTC was designed using two genomic fragments flanking the rag] first coding 

exon and a small portion of the following intron. PCR was used to add the necessary 

restriction enzyme sites. A GFP/chlorarnphenicol resistance cassette was inserted between 

the 5' and 3' fragments. This cassette was designed with an Asel restriction site located 

between the GFP and chlorarnphenicol resistance gene (see Section C-4). 



rag] 
ATG 

----la--la[! 
BamHJJXhoI 
5' primer 

rag2 
H 

$ 
3' primer 

R and BamHJJHindIII 
gestion 

ATG , 

Sc 
(ATG) 

B B(X H 

Sc 

4.7 kb rag] 5' fragment from 
the 4.7/-3.5 kb construct 

Sc 

3' fragment from PCR 

14.7 kb 5' fragment ligated with 5.5 kb 
+3• fragment in pRM4-N 

B/X H 

I digested with BamHJJXhoI and 
.ligated with a GFP/Cmr cassette 

B Asel X 

GFP cmr 

H 

49 



50 

5. Modification of.a rag BAC using homologous recombination 

A 75 kb zebrafish rag BAC genomic clone was kindly provided by Dr. Leonard 

Zon (Harvard Medical School, Boston, MA) and was modified using Chi

stimulated homologous recombination to insert the GFP reporter gene as 

described in Section A. The position of the rag genes within this BAC clone was 

determined using the Expand™ Long Template PCR system (Boehringer 

Mannheim) and a primer that binds immediately upstream, but in anti-sense 

orientation, of the rag2 ATG translation initiation codon (5'

CTTTTTGAAGGTAGCTGTGT-3') and the pBeloBACll (Genome Systems) 

Sp6 vector primer. The PCR reaction was 30 cycles of 94°C for 30 seconds, 

60°c for 30 seconds, and 68°C for 6 minutes. 

A rag BAC homologous recombination targeting construct (rBACTC) was 

designed using the rag] 5' SacI/BamHl fragment from the 4.7/-3.5 kb construct 

described above and a 3' fragment from a previously described zebrafish rag 

genomic Sad subclone that spans from the rag] second coding exon to the rag2 

exon (clone 60; Willett et al., 1997a). See Figure 7 for a flow chart of the general 

cloning strategy. Clone 60 was digested with Sall and HindIII to release a 5 kb 

fragment spanning from the rag 1 second coding exon to the intergenic region. 

The Sall site is located 624 bp 3' of the beginning of the second coding exon. A 1 

kb BamHI/Sall fragment containing the GFP reporter gene (obtained from the 

GFP/pBluescript KS- clone describe above) and a 1.3 kb Sall fragment containing 

the kanamycin gene (obtained from pUC4Km described in Section A-1) were also 

purified: These four fragments were ligated simultaneously into the pRM4-N 

vector digested with SacI/HindIII to create the 12 kb rBACTC. Recombinants 

that had undergone the correct gene replacement event were identified by 



51 

kanamycin and ampicillin selection and verified by Southern hybridization as 

described above for the modified GATA-2 BACs. Modified BAC DNA was cut 

with a variety of restriction enzymes that cut within the rag genomic locus and the 
' . ' 

GFP and kanamycin genes to produce fragments of predictable lengths. Genomic 

fragments spanning 3 .4 kb S' of the rag I A TG translation initiation codon and 5 

kb 3' of the Sall restriction site located within the second coding exon were 

labeled with [a-32p] dCTP as 'described is Section A-4 and used as probes. These 

sequences flank t_he GFP and kanamycin genes in the modified BAC. 



Figure 7. Strategy used to create- the rag BAC homologous recombination 

targeting construct (rBACTC). 

The rBACTC was designed using two genomic fragments flanking the rag] first coding 

exon, the following intron, and a portion of the second coding exon. The 5', 3', GFP, and 

kanarnycin resistance fragments were ligated with the pRM4-N vector using a single 

ligation reaction. The kanarnycin resistance gene was oriented 5' to 3' with respect to the 

rest of the rBACTC. 
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6. MicroinjectioiI of rag-PAC and BAC DNA 

After appropriate restriction digestion of the 4.7/-3.5 kb and 8.1/-6.9 kb 

constructs, the four resulting rag] 5'/GFP fragments (8.1/-6.9 kb, 4.7/-3.5 kb, 

3.4/-2.2 kb, and 1.5 kb/-251 bp) were purified using a GENECLEAN kit (Bio 

101) as directed by the manufacturer and suspended in 0.5x TE (5 mM Tris, 0.5 

mM EDTA, pH 7.4-7.8). This DNA was dialyzed against 2 liters of the same 

solution on a floating dialysis membrane (VSWP 025 000; Millipore) overnight at 

room temperature. For these constructs, DNA was prepared for injection at a 

final concentration of75-250 ng/µL Modified rag PAC and BAC plasmid DNA 

were prepared using kb-100 columns (Genome Systems) as directed by the 

manufacturer and subsequently digested with Notl to release the genomic insert 

followed directly by dialysis as described above. The integrity of linearized PAC 

and BAC DNA was analyzed using pulsed-field gel electrophoresis as described 

in Section A-6. Modified rag PAC and BAC DNA were typically injected at 

greater than 200 ng/µL Wild-type zebrafish embryos were injected as described 

in Section B. 

7. PCR identification of germline transgenic zebrafish 

Founder fish (F0) capable of transmitting the transgene to their offspring were 

identified using PCR to detect the GFP gene as previously described (Figure 8; 

Meng et al., 1999b). Potential transgenic founder fish (2-3 months old) were 

mated to each other or to wild-type fish. Since transmission of a transgene to the 

Fl generation is often mosaic (ranging from 2% to 90%), >100 embryos from 

each founder fish were analyzed. Embryos from the injected fish were grown 24 

hours at 28.5°c and treated with pronase to remove their chorions as described in 

Section B-4. Approximately 100-200 embryos from each injected fish were 
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transferred to an Eppendorf tube containing 1 ml of DNA extraction buffer (from 

Westerfield, 1995; 10 mM Tris pH 8.2, 10 mM EDTA, 200 mM NaCl, 0.5% SDS, 

and 200 µg/ml pronase added fresh), vortexed briefly, and incubated at 55°C for 

2-4 hours. The tubes were vortexed briefly once during every hour of this 

incubation. The samples were then centrifuged at 14,000 rpm for 10 minutes at 

room temperature using a microcentrifuge. An aliquot of each supernatant ( 100 

µl) was combined with 300 µl of ice-cold 100% ethanol and centrifuged at 14,000 

rpm for 10 minutes at 4oc to pellet the DNA. The DNA pellets were washed 

with 70% ethanol, vacuum dried, and resuspended in 100 ml of lx TE (pH 8.0). 

These DNA samples were used in a PCR with GFP and efl a control primers to 

identify samples containing a transgene. The sense (5'-AATGTATCAA

TCATGGCAGAC-3') and anti-sense (5'-TGTATAGTTCATCCATGCCA

TGTG-3') GFP primers generated a 267 bp product while the efla primers 

generated a 460 bp product. Positive control DNA isolated from a mixture of one 

transgenic embryo in five hundred wild-type embryos was also included to ensure 

that the PCR conditions used were sensitive enough to detect low transgene 

concentrations. After a FO was identified by PCR, it was mated to a wild-type 

fish and the offspring were examined for GFP expression using fluorescence 

microscopy as described in Section B-6. The GFP expressing embryos 

represented the heterozygous Fl generation and were grown to adulthood for 

further analysis and mating to obtain homozygous transgenic lines. To examine 

GFP expression in adult Fl zebrafish, thymus, pronephros, and mesonephros were 

dissected from 1-6 month germline transgenic zebrafish, placed in phosphate

buffered saline on a glass depression slide, and immediately examined using 

fluorescence microscopy. 



Figure 8. PCR identification of germline transgenic zebrafish. 

Sexually mature zebrafish that had been microinjected with GFP reporter constructs were 

mated with wild-type fish. Genomic DNA was extracted from the progeny and analyzed 

for the presence of the GFP gene using PCR. Lane 9 depicts the PCR results from a 

transgenic zebrafish and shows both efl a and GFP bands. Lane 13 is a positive control 

PCR reaction performed using genomic DNA from a previously identified transgenic 

zebrafish. Lane 14 represents a negative control PCR reaction performed using wild-type 

genomic DNA. The PCR in lane 15 was performed without template DNA to assess for 

reagent contamination. 
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Adult Fl zebrafish were crossed to each other to produce 25% homozygotes 

carrying the transgene which were identified by crossing with wild-type zebrafish. 

A homozygous zebrafish (F2) was identified by the ability to pass the transgene to 

100% of its offspring. Homozygotes were grown to adulthood and crossed to 

obtain a larg_e population of homozygous zebrafish. 

8. Analysis of GFP expression in adult lymphoid tissues 

Expression of GFP in the adult thymus, pronephros, and posterior trunk region 

(representing muscle), was also examined by performing reverse transcription

PCR (RT-PCR) on total RNA isolated from these tissues. RNA was isolated 

using Trizol Reagent (GIBCO-BRL) and first strand cDNA was synthesized from 

1 µg of total RNA using the Superscript Preamplification System (GIBCO

BRL) as directed by the manufacturer. RNA samples were treated with DNase I 

(GIBCO-BRL) prior to first strand cDNA synthesis to remove contaminating 

genomic DNA. PCR was performed for 30 cycles (94°C for 30 seconds; 52°C 

for 30 seconds; 12°c for 30 seconds) using 2 µl of cDNA. The GFP-specific 

primers were the same described above to detect germline transgenic zebrafish 

embryos. The 5' ragl primer (5'-TAAGCTCTTTCGGGTCAGGT-3') 

corresponded with sequence in the first coding exon while the 3' rag] primer (5'

GATGAACCGTCTCCATATCG-3') corresponded to sequence in the second 

coding exon and together created a 406 bp PCR product from cDNA (a 494 bp 

product would be generated from genomic DNA). PCR using e/Ja-specific 

primers generated a 370 bp product from cDNA and served as a control. The 

PCR products were analyzed using Southern hybridization as described in Section 

A-4 and probed with previously characterized rag], GFP, and efl a fragments 

labeled with [a.-32P]dCTP and purified as described in Section A-4. 
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9. Isolation of reporter constructs from the modified rag PAC 

To test the rag intergenic region for its ability to influence tissue-specific 

expression of rag], a 15 kb reporter construct that included upstream sequence 5' 

of rag] through the rag2 gene was generated from the modified rag PAC. The 

Expand™ Long Template PCR system (Boehringer Mannheim) was used for 30 

cycles (94°C for IO seconds; 55°c for 30 seconds; 68°C for 12 minutes) with a 5' 

primer that .binds approximately 4.7 kb upstream of the rag] translation initiation 

site and a 3' primer that binds near the rag2 ATG initiation codon. The template, 

primer, and dNTP concentration used was similar to that described in Section A-2 

for the Long PCR used to map the GATA-2 BACs. 

The Asel restriction site inserted 3' of the GFP reporter gene during homologous 

recombination was used for the isolation of additional reporter constructs. The 

_ modified rag PAC was digested with rare cutting restriction enzymes (including 

EagI, MluI, NotI, NruI, and SnaBI) in conjunction with Asel. These fragments 

were analyzed by Southern hybridization using the GFP gene as a probe after 

labeling with [a-32P]dCTP and purification as described in Section A-4. To 

purify identified bands, restriction digested modified rag PAC DNA was 

separated using either standard or pulsed-field gel electrophoresis as described in 

Section A-6 under conditions suitable for the fragment size. Either regular 

(GIBCO-BRL) or pulsed-field grade (Bio-Rad) low melting point agarose was 

used for these separations. Fragments were cut from the gel, placed in a 

microfuge tube, and weighed. After melting at 68°C for IO minutes, the agarose 

was equilibrated at 40°c for 5 minutes. P-agarase (1 unit/µ!; New England 

Biolabs) was added at a final concentration of 1 unit per 100 mg of agarose and 

digestion was carried out at 40°C for 2 hours. The digested agarose was spun in a 
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microcentrifuge at 12,000 x g for 10 minutes and the supernatant spun through a 

Microcon-50 column (Amicon) at 14,000 x g until approximately 20-50 µl 

remained on the filter. The DNA was collected by inverting the column in a new 

tube and centrifuging briefly and purified for microinjection using dialysis as 

described above for modified rag PAC and BAC DNA. 

Section D. Analyzing ragl Expression in Olfactory and Other Tissues 

1.RT-PCR 

Expression of rag I in the adult olfactory rosette, heart, mesonephros, posterior 

trunk region (representing muscle), and thymus was examined by performing RT

PCR on total RNA isolated from these tissues as described in Section C-8. PCR 

was performed for 25 cycles (94°C for 30 seconds; 55°C for 30 seconds; 12°c 

for 30 seconds) using 2 µl of cDNA. The rag] and e/Ja-specific primers were 

the same as described in Section C-8. The PCR products were analyzed using 

Southern hybridization as described in Section A-4 and probed with previously 

characterized rag] and efl a fragments labeled with [o:-32P]dCTP and purified as 

described in Section A-4. The amount of PCR product generated from thymus 

RNA that was analyzed was one fourth that from the other tissues. 

2. Whole-mount RNA in situ hybridization 

This procedure was based on the protocol submitted to The Zebrafish Book 

(Westerfield, 1995) by S. S<;:hulte-Merker, J.H. Odenthal, and C. Nilsslein

Volhard and includes modifications made by members of Dr. Leonard Zon's 

laboratory (D.G. Ransom and S.J. Pratt) and by B.A. Moore and J.R. Jessen. 

Embryos younger than 48 hours pf were treated with pronase as described in 

Section B-4 to remove their chorions. Young and old embryos were fixed 
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overnight at 4°C in 4% parafon;naldehyde/PBS followed by washing and storage 

in methanol at -20°c. · Prior to in situ hybridization, embryos were brought to 

room temperature (RT). For rehydration, embryos were processed in batches 

according to age and proteinase K treatment (see below). A series of 

methanol/PBST (75% methanol in PBST (PBS with 0.1 % Tween-20), 50% 

methanol in PBST, 30% methanol in PBST) washes were performed at RT for 5 

minutes each followed by two 5 minute washes at RT in PBST. The embryos 
. 

were next digested with proteinase K (Boehringer Mannheim; diluted in PBST) as 

follows: 10 µg/ml at RT for 10 minutes (embryos 24 hours pf), 10 µg/ml at RT 

for 20 _minutes (embryos 2-4 days pf), and 10 µg/ml at RT for 30 minutes 

(embryos 5-10 days pf). Embryos were washed at RT for 5 minutes with 2 mg/ml 

glycine in PBST followed by two 5 minute washes at RT in PBST. The embryos 

were re-fixed in 4% paraformaldehyde/PBS at RT for 20 minutes followed by two 

5 minute washes at RT in PBST. The embryo batches were washed for 5 minutes 

at 50-65°C in pre-hybridization solution (50% formamide, 5x SSC final 

concentration, and 0.1 % Tween-20). This solution was replaced by an equal 

volume of hybridization solution (50% formamide, 5x SSC final concentration, 

0.1 % Tween-20, 5 mg/ml torula RNA (Sigma), and 50 µg/ml heparin) and the 

embryos were pre-hybridized at 50-65°c for 4 hours. 

Digoxigenin-labeled sense and anti-sense rag 1 probes were generated with a 

Genius 4 RNA Labeling kit (Boehringer Mannheim) as directed by the 

manufacturer using T7 and Sp6 RNA polymerases (Promega) for in vitro 

transcription. The template for the rag 1 probe was generated from the third 

coding exon whose subcloning was described in Section C-3. Prior to addition, 

probes were heated at 68°C for 5 minutes to remove any secondary structures that 
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may have formed. The embryos were sorted based on probe treatment, the 

hybridization solution was removed, and 300 µl of hybridization solution 

containing 300 ng of probe (I ng/µl final concentration) was added and the 

embryos were incubated overnight at 50-65°C. The embryos were washed twice 

for 30 minutes at 50-65°C in 50% formamide/2x SSCT final concentration (see 

Section A-4 for SSC recipe, SSCT includes 0.1 % Tween-20), washed 15 minutes 

at 50-65°C in 2x SSCT, and washed twice for 30 minutes at 50-65°C in 0.2x 

SSCT. The embryos were washed twice for 5 minutes at RT in MABT (100 mM 

maelic acid, 150 mM NaCl, pH 7.5, and 0.1 % Tween-20) followed by a 1 hour 

incubation at RT in blocking solution (2% BM blocking reagent from Boehringer 

Mannheim and 10% fetal bovine serum diluted in MABT). Digoxigenin Fab

alkaline phosphatase antibody (Boehringer Mannheim) was added at a dilution of 

1:5000 in fresh blocking solution and the embryos were gently rotated overnight 

at 4oc. The embryos were washed for 30 minutes at RT in MABT containing 

10% fetal bovine serum followed by three successive MABT washes for >30 

minutes each. The embryos were washed three times for 5 minutes each at RT in 

re-equilibration buffer (100 mM Tris, 100 mM NaCl, and 50 mM MgCl2, pH 9.5; 

filter sterilized) containing 1.2 mg/ml freshly added levamisole (Sigma). Staining 

was performed by adding 1 ml of BM Purple AP Substrate (Boehringer 

Mannheim) containing 1.2 mg/ml freshly added levamisole to the embryos and 

which were then transferred to a 24 well tissue culture plate. The plate was 

wrapped in foil to protect from light and staining proceeded for several hours to 

days. When the desired staining was observed, embryos were washed with PBST 

and stored in 4% paraforrnaldehyde/PBS at 4°C. For microscopic observation, 

embryos were transferred progressively from 30% glycerol/PEST to 70% 

glycerol/PEST and visualized/photographed as described in Section B-6. 



RESULTS 

Structure of Zebrafish GATA-2 BAC Clones 

The GATA-2 gene was chos(\n to test the feasibility of modifying artificial 

chromosomes for the purpose of zebrafish trans genesis because it has a complex, 

but very specific, expression pattern during early zebrafish development (Meng et 

al., 1997). Pulsed-field gel electrophoresis of Natl-digested BAC DNA revealed 

that all four clones contained inserts of 70-80 kb. Restriction enzyme analysis 

suggested that two clones were similar in their genomic structure ( data not 

shown). Therefore, only three BAC clones (clones 1, 3, and 4) were used for 

further studies. Using 5' long PCR, it was determined that GATA-2 BAC clone 1 

contained approximately 20 kb of 5' sequence. Using 3' long PCR, it was 

determined that GATA-2 BAC clone 4 had greater than 55 kb of 5' sequence. 

Neither 5' nor 3' long PCR yielded products with GATA-2 BAC clone 3, but 

restriction enzyme mapping suggested that this clone contained approximately 30 

kb of 5' sequence. The three overlapping BAC clones and their relationships to 

the GATA-2 ATG translation initiation codon are illustrated in Figure 9A. 

Homologous Recombination with BACs 

The BAC plasmids were originally propagated in E. coli strain DHIOB. Because 

this strain is mutated in the RecA gene required for homologous recombination 

(Grant et al., 1990), recombination proficient bacteria were transformed with the 

GATA-2 BAC clones. Strain MC1061, the parental strain ofDHl0B (Grant et al., 

61 
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1990), was chosen because it has an intact RecBCD recombination pathway and 

is commercially available. After electroporation, restriction enzyme digestions 

were performed on BAC plasmid DNA isolated from independent clones to 

assure that no detectable structural changes had occurred during the 

electroporation procedure. Typically, one third of the transformants had 

undergone some sort of change. Only those bacteria containing BACs that 

appeared to be identical to the original BAC clones from strain DHlOB were used 

for homologous recombination experiments. Modified BACs were maintained in 

strain MC1061 and there were no indications that additional rearrangements of 

the BAC DNA had occurred. 

These experiments used a targeting construct (Figure 9C) containing three Chi 

sites on each side of the DNA sequences that share homology with the GATA-2 

BAC clones. When strain MC1061 bacteria containing GATA-2 BACs were 

transformed with linearized G2BACTC DNA, a variable number of 

kanamycin/chloramphenicol-resistarit colonies was obtained. On average, 20 

colonies were obtained per transformation with 200-400 ng of linearized 

G2BACTC DNA. Although 14 of 84 (17%) of the kanamycin/chloramphenicol

resistant transformant colonies analyzed by ampicillin selection (Section A-3) 

were· ampicillin-sensitive, 11 of 14 (79%) of these colonies had the correct 

modification (Table I). Because eight independent transformation experiments 

were performed, this represents a frequency of 2. 8 gene replacements per 

transformation with 200-400 ng of G2BACTC DNA. The structure of the GATA-

2 genomic locus before and after homologous recombination with linearized 

G2BACTC DNA is shown in Figures 9B and 9D, respectively. Recombination 

between a Natl-linearized G2BACTC and the endogenous GATA-2 gene resulted 
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in replacement of the 226 hp first coding exon with 2.24 kb representing the GFP 

and kanamycin genes (Figure 9D). 

Verifying Homologous Recombination at the Molecular Level 

· PCR was used to initially identify recombined BAC plasmid DNA. The predicted 

3.8 kb and 3.6 kb fragments spanning the 5' and 3' regions of G2BACTC 

homology, respectively, were obtained from 11 of 14 of the ampicillin-sensitive 

colonies (data not shown). A comparison of restriction digestion patterns from 

these 11 modified BACs revealed that they were different from their wild-type 

counterparts. Furthermore, all of the modified clones, representing each of the 

GATA-2 BACs, had the expected restriction patterns suggesting that they were 

modified identically. 

Southern. blot analysis was performed on one modified clone from each of the 

original three GATA-2 BACs. A wild-type ClaI-EcoRV GATA-2 genomic 

fragment (Figure 9B) was used as a probe because it contains sequences lying on 

either side of the inserted GFP and kanamycin resistance genes. If homologous 

recombination occurs and the GFP and kanamycin resistance genes replace the 

first coding exon, then several new restriction sites will be added to this region of 

the gene (Figure 9D). These sites are unique to the modified BACs and provide a 

means of comparing them with the corresponding wild-type BACs. The use of 

Southern hybridization to determine whether accurate homologous recombination 

had occurred was feasible because of our extensive knowledge of the restriction 

sites present in the GATA-2 locus, the GFP gene, and the kanamycin resistance 

gene. Restriction digestion of BAC clone 3 with six different enzymes 

demonstrated that the modification occurred as predicted (Figure lOA). BAC 
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clones 1 and 4 were also show!), by both XhoI!BamHI and Sall restriction enzyme 

digestion (Figure lOB ), to be modified correctly. In each case, a single larger 

wild-type restriction fragment was cleaved into smaller fragments due to the 

inserted restriction sites present within the GFP and kanamycin resistance genes. 

The size predictions for these smaller fragments were based on previous mapping 
. ' 

and sequence analysis of the GATA-2 genomic locus (Meng et al., 1997) and the 

GFP and kanamycin resistance (Vieira and Messing, 1982) genes. As a further 

test that the gene replacement was fully homologous, without the formation of 

additional deletions or rearrangements, 800 bp spanning the edges of homology 

between the G2BACTC DNA and the GATA-2 gene locus was sequenced using 

primers Pl and P4 (Figure 9D). When compared with the wild-type GATA-2 

genomic locus, no deletions or rearrangements were found at these locations ( data 

not shown). 



Figure 9. Schematic representation of the zebrafish GATA-2 genomic locus 

before and after homologous recombination with the linearized G2BACTC. 

(A) Genomic structure of the three GATA-2 BAC clones and their relationships to the ATG 

translation initiation codon. Arrows indicate the orientation of the GATA-2 gene. (B) 

Region of the wild-type GATA-2 gene locus targeted for homologous recombination. The 

hatched box represents the untranslated portion of the first coding exoil while the black 

boxes are coding exons I and 2. The probe used during Southern hybridization (Figure 

10) is designated. (C) The non-replicative G2BACTC DNA fragment containing Chi sites 

properly oriented to promote homologous recombination (solid arrows). The edges of the 

5' and 3' regions of homology with the GATA-2 gene locus are indicated by dashed lines. 

(D) GATA-2 gene locus after replacement of a portion of the first coding exon with the 

GFP and kanamycin genes. This modification added several restriction sites to the GATA-

2 gene as follows: B, BamHI; C, Clal; Rv, EcoRV; H, HindIII; N, Natl; Sc, Sacl; S, 

Sall; X, Xhol. Primers Pl/P2 and P3/P4 were used in a PCR to identify BAC DNA with 

the correct gene replacement. Primers Pl and P4 were used to sequence the edges of the 5' 

and 3' regions of homology, respectively. 
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Table I. Chi-stimulated gene targeting to GATA-2 BACs in recombination proficient bacteria. 

No. of colonies 
No. of transformation analyzed by No. of ampicillin No. of gene 

BACclone experiments ampicillin selection sensitive colonies targeting events 

1 4 58 8 7 

3 2 14 4 2 

4 2 12 2 2 

Totals 8 84 14 11 

0\ 
0\ 



Figure 10. Southern blot analysis of three different GATA-2 BAC clones 

modified by homologous recombination. 

New restriction sites introduced by homologous recombination (Figure 9D) were used to 

digest both wild-type (lanes 1) and modified (lanes 2) BAC DNA. The sizes of the 

resulting restriction fragments were predicted using restriction maps of the GATA-2 locus 

and reported sequences of the GFP and kanamycin resistance genes. (A) GATA-2 BAC 

clone 3 was digested with the indicated enzymes and probed with a 2 kb wild-type Clal

EcoRV genomic fragment (Figure 9b). A 9 kb wild-type EcoRV fragment became 8.8 kb 

and 2 kb fragments after homologous recombination; An 11 kb wild-type Xhol/BamHl 

fragment became 9 kb and 2 kb fragments; A 20 kb wild-type Sall fragment became 12 kb 

and 8.6 kb fragments (see below); A 10.5 kb wild-type Clal fragment became 9.5 kb and 

1.7 kb fragments; A 13.5 kb wild-type HindIII fragment became 12 kb. and 2.5 kb 

fragments. GATA-2 BAC clones 1 and 4 (B) also contained the desired gene replacement. 

The precise locations of the Sall restriction sites are unknown except that they flank the 

region of the GATA-2 locus analyzed. Homologous recombination results in the insertion 

of two Sall sites into the GATA-2 locus and the creation of three fragments, two of which 

are labeled by the Clal-EcoRV probe. 
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GFP Expression in Embryos Microinjected with Modified GATA-2 BA Cs 

Through microinjection of smaller plasmid DNA constructs, Meng et al. (1997) 

demonstrated that GFP can be used to monitor GATA-2 enhancer/promoter 

activities in multiple tissues of living zebrafish embryos. This provides a 

reference to determine whether a GFP-modified GATA-2 BAC can recapitulate 

the expression pattern of GATA-2 during the early development of zebrafish. We 

chose to purify BAC plasmid DNA for injection using a Qiagen kit because 

reported methods for purifying BACs for injection (Yang et al., 1997) produce 

DNA at a concentration too low for zebrafish transgenesis. With this method, we 

were able to obtain greater than 20 µg of plasmid DNA from a 500 ml liquid 

culture. To determine whether the BAC DNA remained intact throughout the 

injection procedures, DNA was first loaded into and ejected from an injection 

needle and analyzed by pulsed-field gel electrophoresis and ethidium bromide 

staining. Minimal shearing of either plasmid or Notl-linearized BAC DNA 

occurred after this procedure as evidenced by DNA smearing of only a small 

proportion ( <1 % ) of the total amount of DNA loaded in the gel ( data not shown). 

GFP expression in microinjected embryos was examined at a number of distinct 

developmental stages using fluorescence microscopy. For all three BAC clones, 

GFP expression was observed in the superficial proliferating skin enveloping 

layer (EVL) cells beginning approximately 4 hours after injection (data not 

shown). By the shield stage (6 hours), GFP-positive cells were observed in the 

ventral ectoderm (Figure 1 lA). Analogous with previous results with 7 .3 kb and 

4.7 kb GATA-2 promoter/GFP constructs (Meng et al., 1997), modified GATA-2 

BAC injected embryos developed GFP-positive hematopoietic cells (Figures llB 

and llD), proliferating skin EVL cells (Figures llE and 11 G), and neurons 
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(Figure 1 lF). These expression patterns were identical when either plasmid or -
Natl-linearized BAC DNA was used. In contrast, when linearized G2BACTC 

DNA was injected, only proliferating skin EVL cells and some hematopoietic 

cells displayed GFP fluorescence (data not shown). This indicated that an 

additional enhancer required for neuronal expression of GATA-2 was provided by 

the BAC clones. Indeed, based on prev.ious studies (Meng et al., 1997) we know 

that the G2BACTC DNA is missing a neuronal enhancer located at -3,812 bp 

from the GATA-2 ATG translation initiation codon. Since all of the injected 

GATA-2 BACs produced GFP expression in the CNS, it can be further concluded 

that the targeting construct recombined correctly with the GATA-2 BACs to 

produce the desired modification. 

Compared with embryos microinjected with smaller DNA constructs that also 

produced GFP expression in skin EVL cells, neurons, and blood, embryos 

injected with BACs were less mosaic. GFP expression in the EVL cells was 

evenly distributed throughout the bodies of injected embryos. In some embryos 

injected with the modified BACs, GFP expression in the ICM (Figure 1 lB) 

was similar to the pattern of GATA-2 expression detected by whole-mount RNA 

in situ hybridization (Figure 11C), and was more extensive in the posterior ICM 

than observed with a 7.3 kb GATA-2 promoter construct (Meng et al., 1997). To 

assess GFP expression in hematopoietic cells, we examined circulating blood 

cells in 48 hour pf embryos. Similar GFP expression patterns in hematopoietic 

cells were obtained with each of the three modified GATA-2 BAC clones (data 

not shown). This was indicated by the percentage of 48 hour pf embryos 

possessing fluorescent circulating blood cells. We observed that 45% (n >200) of 

modified BAC clone 4 injected embryos had GFP expression in circulating blood 
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cells. This contrasts with the patterns observed with smaller constructs containing 

7.3 kb or less of GATA-2 promoter where 1-15% (n >1,000) of the embryos had 

GFP expression in circulating blood cells (Meng et al., 1997). These results 

suggest that the modified GATA-2 BAC clone 4 contains a regulatory element that 

specifically enhances GATA-2 expression in hematopoietic cells. 



Figure 11. GFP expression from modified GATA-2 BACs in living 

zebrafish embryos. 

(A) GFP expression driven by modified BAC clone 4 in the ventral ectoderm of a 6 hour 

shield stage embryo. Arrow indicates the dorsal shield. (B) GFP expression driven by 

modified BAC clone 4 in the posterior ICM (arrow) of a 20 hour embryo. (C) GATA-2 

expression pattern in a 18 hour embryo as detected by whole-mount RNA in situ 

hybridization. Arrow indicates staining in the ICM. (D) GFP expression driven by 

modified BAC clone 3 in circulatin~ hematopoietic cells (arrow) of a 48 hour embryo. 

GFP expression driven by modified BAC clone 4 in the EVL CE and G) and in a 

motoneuron (F, arrow) of 48 hour embryos. 
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Characterization of the Zebrafish ragl Promoter Region 

Analysis of the rag] promoter region (Genbank accession number AF074330, 

submitted by C.E. Willett) identified a 5' exon of-147 bp followed by an intron of 

1085 bp (Figure 12). Exon 2 contains an additional 21 bp of untranslated 

sequence upstream of the ATG translation initiation codon. Putative TATA 

(TATAAAWR; Bucher, 1990) and CCAAT (RRCCAATSR; Benoist and Mathis, 

1990) boxes and binding sites for the GATA factors (AffGATAA/G; Ko and 

Engel, 1993), Ik-2 (YGGGAW; Molnar and Georgopoulos, 1994), AP-1 

(RSTGACTMNW; Karin et al., 1997) and E-box-containing binding sites for 

USF (CACGTG; Sawadogo, 1988), MyoD (CANCTGNY; Sun and Baltimore, 

1991), AP-4 (CAGCTG; Hu et al., 1990) and E47 (GCAGGTGKNC; Sun and 

Baltimore, 1991) are diagrammed in Figure 12. 

Transient GFP Expression Driven by ragl Flanking Sequences 

The ability of different rag I 5' flanking sequences to drive transient GFP reporter 

gene expression was assessed in zebrafish embryos. Promoter fragments 

containing between 1.5 and 8.1 kb of DNA 5' of the rag] translation initiation site 

(between 251 bp and 6.9 kb 5' of the transcription start site, respectively) were 

linked to the GFP reporter gene (Figures 13A-13D) and microinjected into single 

cell-stage wild-type zebrafish embryos. All of the DNA sequence 5' of the 

translation initiation site was included to avoid omitting potential regulatory 

elements contained within the 5' UTR. Analysis of the transient GFP expression 

patterns driven by the two smallest reporter constructs, 1.5 kb/-251 bp and 3.4/-

2.2 kb (distance from translation initiation site/distance from transcription start 

site), indicated that by 24 hours pf, 33% of the injected embryos had GFP 
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expression in the developing skeletal muscle (myotomes) cif the trunk (Figure 

14A, Table TI). Furthermore, the 4.7/-3.5 kb and 8.1/-6.9 kb reporter constructs 

directed GFP expression in the muscle of 81 % of 24 hour pf embryos (Table TI). 

' Transient GFP expression was rarely detected in the thymus (Figure 14B). This 

can be attributed to the highly mosaic transgene expression that is observed in 

transiently transgenic zebrafish (Amsterdam et al., 1995). The non-thymic GFP 

expression patterns were inconsistent with rag 1 whole-mount RNA in situ 

hybridization results (Figure 14C and Willett et al., 1997b) and suggested that 

these reporter constructs lacked a regulatory element(s) necessary to suppress 

rag 1 expression in muscle. 



Figure 12. Schematic representation of tlze zebrafislz rag] 5' flanking 

region. 

A single major transcription start site (located at the beginning of the 147 bp first exon) is 

located 1253 bp upstream from the ATG translation initiation codon. Consensus binding 

sites (unproven) for several transcription factors were identified using Matlnspector 

software and are shown. 
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Figure 13. GFP reporter constructs containing 7,ebrafish ragl 5' flanking 

sequences. 

GFP reporter constructs containing 1.5 kb/-251 bp (A), 3.4/-2.2 kb (B), 4.7/-3.5 kb (C), 

and 8.1/-6.9 kb (D) of rag] 5' flanking sequences (numbers refer to distance from 

translation initiation site/distance from transcription start site) were analyzed in transiently 

and germline transgenic zebrafish. Hatched boxes represent the first exon following the 

transcription start site. The GFP gene was inserted with the GFP ATG translation initiation 

~odon replacing that of rag 1. Restriction erizyme sites are indicated. 
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Figure 14. Transient GFP expression in zebrafish embryos. 

All four reporter gene constructs (Figure 13A-13D) directed transient GFP expression in 

the developing trunk skeletal muscles. (A) Embryo microinjected with the 4.7/-3.5 kb 

construct (24 hours pf, dorsal is to the top with anterior to the left) with GFP expression in 

the myotomes of the trunk. (B) Transient GFP expression in the thymic primordium 

(arrow) was rarely detected due to the mosaicism of transient transgene expression in 

zebrafish. (C) Whole-mount RNA in situ hybridization showing ragl expression in the 

thymic primordium (arrow) of an albino embryo at 5 days pf. Lateral view with anterior to 

the left and dorsal to the top. 
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Table II. Transient expression of GFP in the muscle of 24 hour embryos. 

No. of embryos No. of embryos with Muscle expression levels• 
Construct observed muscle expression (%) + ++ +++ ++++ 

3.4/-2.2 kb 324 107 (33) 76 22 8 I 

4.7/-3.5 kb 293 237 (81) 70 74 70 23 

125 kb rag PAC 386 28 (7) 28 0 0 0 

75 kb ragBAC 318 20 (6) 20 0 0 0 

•Expression levels were arbitrarily judged with one + representing Jes~ than four OPP-positive cells 

:::l 
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This possibility was tested using 125 kb and 75 kb zebrafish genomic rag PAC 

and BAC clones, respectively, to drive GFP expression in zebrafish embryos. 

After modification (see below), it was determined that the rag PAC contains 80 

kb of 5' and 45 kb of 3' sequences flanking rag I. The rag BAC clone was 

mapped using long PCR. A 7 kb PCR product spanning from the rag2 ATG 

translation initiation codon to the BAC vector was obtained suggesting that the 

BAC contains an insert with approximately 57 kb of 5' and 18 kb of 3' sequences 

flanking rag I. The structures of the rag PAC and BAC clones and their 

relationships with the rag I and rag2 ATG translation initiation codons are 

depicted in Figures 15A and 17 A, respectively. These artificial chromosomes 

were modified with the GFP reporter gene using the Chi-stimulated homologous 

recombination technique described above. 

The rag] locus (Figure 15B) within the rag PAC was modified using a targeting 

construct (Figure 15C) that contained 4.7 kb and 5.5 kb of 5' and 3' regions of 

homology, respectively. Homologous recombination between the rPACTC 

(Figure 15C) and the rag I genomic locus resulted in replacement of the 308 bp 

first coding exon and 64 bp of the following intron with 2.7 kb representing the 

GFP gene and Cmr cassette separated by an Asel site (Figure 15D). The structure 

of the modified rag PAC was verified by Southern hybridization (Figure 16) as 

described above for the GATA-2 BACs. The modified PAC DNA was digested 

with several restriction enzymes that cut at known locations within the rag 

genomic DNA and the GFP and chlorainphenicol resistance genes. Based upon 

knowledge of the restriction sites within the rag locus and the GFP and 

chloramphenicol resistance genes, the restriction fragments resulting after 

homologous recombination were predictable. Although the agarose gel 
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electrophoresis conditions used could not resolve small differences between 

restriction fragments ( <100 bp ), precise modification of the rag PAC was 

assumed based upon the extensive analysis of the modified GATA-2 BAC clones. 

The rag] locus (Figure 17B) within the rag BAC was modified using a targeting 

construct (Figure 17C) that contained 4.7 kb and 5 kb of 5' and 3' regions of 

homology, respectively. Homologous recombination between the rBACTC 

(Figure 17C) and the rag 1 genomic locus resulted in replacement of the 308 bp 

first coding exon, the 88 bp following intron, and 624 bp of the second coding 

exon with the GFP and kanamycin resistance genes (Figure 17D). The structure 

of the modified rag BAC was also verified by Southern hybridization (Figure 18) 

as described above for the GATA-2 BACs and the rag PAC. That the correct gene 

replacement event occurred was indicated by the creation of new restriction 

fragments of a predictable size in the modified rag BAC. 

Embryos microinjected with the modified rag PAC and BAC clones were 

analyzed for GFP expression at various developmental stages. In contrast with 

the smaller reporter constructs, the modified rag PAC and BAC clones directed 

little transient GFP expression in the muscle of 7% ·of 24 hour pf embryos (Table 

Il) with no other detectable non-lymphoid expression. This amount of muscle 

expression is similar to that observed when a promoter-less GFP construct is 

injected (data not shown). Similar to the smaller constructs, transient GFP 

expression was rarely observed in the thymus of embryos injected with either the 

modified rag PAC or BAC. 



Figure 15. Schematic · representation of the zebrafish ragl genomic locus 

before and after homologous recombination with the rPACTC. 

(A) A 125 kb rag PAC that included 80 kb of ragl 5' and 40 kb of 3' flanking sequences 

was identified by screemng a zebrafish genomic PAC library. . Arrows indicate the 

locations of the ATG translation initiation sites for the ragl and rag2 genes. (B) The region 

of the wild-type zebrafish rag] locus modified with the GFP reporter gene. Hatched boxes 

represent 5' untranslated ragl exons and black boxes coding exons. (C) The rPACTC, 

containing properly oriented Chi sites (solid arrows), was designed to modify the ragl 

locus. Regions of 5' and 3' ragl homology and their relationship with the ragl locus are 

indicated by dashed lines. The rPACTC was digested with Not! (N, Not!) to linearize and 

simultaneously release the ori prior to homologous recombination. (D) ragl locus after 

recombination with the rP ACTC. Portions of the fust coding exon and the following 

proximal intron were replaced with the GFP gene and a Cmr cassette. The probes used 

during Southern hybridization (Figure 16) are designated. The added Asel site 3' of the 

GFP gene facilitated the isolation of additional reporter constructs from the modified rag 

PAC (see methods). Hatched boxes represent 5' untranslated ·ragl exons and black boxes 

coding exons. Other restriction sites are designated as follows: B, BamHI; RI, EcoRI; H, 

HindIII; P, Pstl; Sc, Sad; S, Sall; Sp, Spel; Xb, Xbal; X, Xhol. 
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Figure 16. Southern blot analysis of the rag PAC clone modified by 

homologous recombination. 

New restriction sites introduced by homologous recombination (Figure 15D) were used to 

digest both wild-type (lanes 1) and modified (lanes 2) PAC DNA. The rag PAC was 

digested with the indicated enzymes and probed with the fragments shown in Figure 15D. 

The sizes of the labeled fragments were predicted using previous sequence and restriction 

enzyme analysis. Ten and 1.75 kb wild-type EcoRI fragments became 9.1, 1.75, and 1.7 

kb bands after homologous recombination. Wild-type HindIII fragments of 7.2 kb and 

>18 kb became 7.8 kb and >19.7 kb, respectively, and a 3.5 kb wild-type Pstl fragment 

became 2.5 and 3.1 kb. Wild-typeXhoI fragments of 6.8 and 3;0 kb became 9.2 and 2.9 

kb fragments. A wild-type XbaUAscI fragment >14 kb became approximately 300 bp 

smaller and an additional 2.6 kb band was created. 



10 kb -

7 kb -

3 kb -

2 kb -

EcoRI 

2 

HindIII 

2 

rag PAC 

Pstl 

2 

Xhol 

2 

Xbal/ 
Asel 

2 

-

81 



Figure 17. Schematic representation of the zebrafish rag] genomic locus 

before and after homologous recombination with the rBACTC. 

(A) A 75 kb rag BAC that included 57 kb of rag] 5' and 18 kb of 3' flanking sequences 

was modified using the Chi-stimulated homologous recombination technique. Arrows 

indicate the locations of the ATG translation initiation sites for the rag] and rag2 genes. 

(B) The region of the wild-type zebrafish rag I locus modified with the GFP reporter gene. 

Hatched boxes represent 5' untranslated rag] exons and black boxes coding exons. (C) 

The rBACTC, containing properly oriented Chi sites (solid arrows), was designed to 

modify the rag] locus. Regions of 5' and 3' rag] homology and their relationship with the 

ragl locus are indicated by dashed lines. Digestion of the rBACTC with Not! (N, Not!) 

simultaneously released the ori and linearized the construct prior to homologous 

recombination. (D) rag] locus after recombination with the rBACTC. The entire first 

coding exon, the following intron, and half of the second coding exon were replaced with 

the GFP and kanarnycin resistance (Kan') genes. The probes· used during Southern 

hybridization (Figure 18) are designated. Hatched boxes represent 5' untranslated rag] 

exons and black boxes coding exons. Other restriction sites are· designated as follows: B, 

BamID; C, Clal; R1, EcoRI; H, HindIII; ·p, Pstl; Sc, Sac!; S, Sall; Sp, Spel; Xb, Xbal; 

X,XhoI. 
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Figure 18. Southern blot analysis of the rag BAC clone modified by 

homologous recombination. 

New restriction sites introduced by homologous recombination (Figure 17D) were used to 

digest both wild-type (lanes 1) and modified (lanes 2) BAC DNA. The rag BAC was 

digested with the indicated enzymes and probed with the fragments in Figure 17D. The 

· sizes of the resulting fragments were predicted using previous sequence and restriction 

enzyme analysis. After homologous recombination, 5.5 and 6.2 kb wild-type Sac! 

fragments became a single 13.3 kb fragment. Wild-type 6.5 and 14 kb Xhol fragments 

became 8.7 and 13.5 kb. Wild-type 5.8 and 7 kb Hindlll fragments became 5.9 and 7.3 

kb while a single 20 kb wild-type Clal fragment became ·19 and 3 kb. A wild-type 5 kb 

XbaI/EcoRJ. fragment became 2.2 and 3.9 kb. Additional radiolabeled bands in this figure 

represent fragments common between wild-type and modified BAC DNA that also had 

homology with the probes. 
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Expression of GFP Driven by ragl Flanking Sequences in Germline Transgenic 

Zebrafish 

The abilities of the smaller constructs and the modified rag PAC and BAC clones 

to drive GFP expression in every tissue and cell type were examined in germline 

transgenic zebrafish. The GFP expression patterns observed in rag] germline 

transgenic zebrafish are summarized in Table III. Promoter constructs containing 

1.5 kb/-251 bp and 3.4/-2.2 kb of rag] 5' sequence both directed weak levels of 

GFP expression in the thymic primordium, otic cristae (thickened patches of 

sensory epithelium within the ear), olfactory neurons, cranial neural crest 

derivatives, and skeletal muscle of transgenic embryos (Figure 19A). Using 

fluorescence microscopy, GFP expression was not detected in adult thymus, 

pronephros, or mesonephros tissues isolated from 1.5 kb/-251 bp and 3.4/-2.2 

kb transgenic zebrafish; however, RT-PCR showed that the 1.5 kb/-251 bp 

construct directed GFP expression within the adult thymus and pronephros 

(Figure 20). These results indicate that within 251 bp of sequence 5' of the 

transcription start site lie at least some of the cis-elements required for basal rag J 

expression in lymphoid tissues. 

Embryos transgenic with the 4.7/-3.5 kb and 8.1/-6.9 kb reporter constructs 

possessed high levels of GFP expression in the thymic primordium (Figure 19B), 

but they also had strong expression in several non-lymphoid tissues (Figures 19B 

and 19C). These non-lymphoid tissues included skeletal muscle, otic cristae, 

olfactory sensory neurons, and several cranial neural crest derivatives in the head 

and jaw regions. GFP expression in these embryos was observed first in the 

dorsal shield at 6 hours pf, and in the developing somites beginning at 

approximately 11 hours pf (data not shown). Seven day pf embryos had extensive 
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GFP expression in the skeletal muscle, pharyngeal arches, and cartilage of the 

lower jaw (Figures 19B and l 9C). GFP expression in these tissues persisted 

throughout adulthood. GFP expression in the otic cristae (Figures 19A-19C) was 

evident by 72 hours pf and continued throughout ear development. The beginning 

of GFP expression within the olfactory sensory neurons (data not shown) 

coincided with the onset of odorant receptor expression between 24 and 38 hours 

pf (Byrd et al., 1996). Identification of the GFP expressing cells as olfactory 

sensory neurons, and not pioneer neurons (Whitlock and Westerfield, 1998), is 

consistent with their location on the apical surface of the olfactory placode (see 

below). 

Germline transgenic zebrafish were also identified from embryos microinjected 

with the GFP-modified 125 kb rag PAC and the 75 kb rag BAC. The modified 

rag BAC produced an identical GFP expression pattern to the rag PAC (data not 

shown). With the exception of olfactory sensory neurons and otic cristae, GFP 

was not detected in the non-lymphoid tissues (muscle and cranial neural crest 

derivatives) observed with the smaller constructs suggesting that these artificial 

chromosomes contain a regulatory element(s) that suppresses GFP expression in 

these tissues. The modified rag PAC directed GFP expression in the thymus at 

levels comparable to the 4.7/-3.5 kb and 8.1/-6.9 kb reporter constructs (Figure 

19D). In agreement with previous northern (Willett et al., 1997a) and in situ 

hybridization (Willett et al., 1997b) data on rag] expression, GFP expression was 

detected within the thymic primordium at approximately 80 hours pf (data not 

shown). Whole-mount RNA in situ hybridization analysis of transgenic embryos 

demonstrated that the GFP was expressed within the developing thymus ( data not 

shown). This expression steadily increased during thymus development and was 
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clearly visible at 2 weeks pf (Figure 19E). In adult zebrafish transgenic with the 

modified rag PAC, GFP expression was visible in the thymus just dorsal to the 

gill arches (data not shown). Adult lymphoid organs dissected from these 

transgenic zebrafish were also examined for GFP expression using fluorescence 

microscopy. The crescent-shaped thymus was easily identified by its GFP 

expression while GFP was barely visible in the pronephros and mesonephros 

(data not shown). RT-PCR confirmed that the rag PAC directed GFP expression 

within the pronephros (Figure 20). 



Table III. GFP expression in germline transgenic zebrafish embryos. 
Expression 

No. of transgenic Olfactory 
Construct lines Thymus Muscle neurons 

1.5 kb/-251 bp 2 + + + 

3.4/-2.2 kb 4 + + + 

4.7/-3.S kb 2 ++++ ·++++ ++++ 

8.1/-6.9 kb 2 ++++ ++++ ++++ 

125 kb rag PAC 2 ++++ - ++++ 

75kbragBAC 5 ++++ - ++++ 

13.5/-12.3 kb 2 ++++ - +++ 

•Other tissues include otic cristae and cranial neural crest derivatives 
bLimited to the otic cristae 

Other• 

+ 

+ 

++++ 

++++ 

+b 

+b 

++++ 
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Figure 19. GFP expression in germline transgenic 7,ebrafish. 

(A-D), Lateral views with anterior to the left and dorsal to the top. (E), Dorsal view with 

anterior to the left. (A) GFP expression in lymphoid (arrow indicates thymus) and non

lymphoid tissues. of a 7 day pf embryo transgenic with the 1.5 kb/-251 bp construct. 

Expression in the otic cristae is visible as three patches of fluorescent cells dorsal to the 

thymus. (B) Embryo transgenic with the 4.7 /-3.5 kb construct displayed increased levels 

of GFP expression in the thymus (arrow) and in several non-lymphoid tissues including 

otic cristae and neural crest derivatives (pharyngeal arches and ceratobranchial, ~eratohyal, 

and Meckel's cartilage of the lower jaw) .. (C) 8.1/-6.9 kb transgenic embryo at 7 days pf 

with significant GFP expression in non-lymphoid tissues including the skeletal muscles of 

the trunk. (D) Seven day pf embryo transgenic with the modified rag PAC showing 

prominent GFP expression in the thymus (arrow and insert), but not in, the non-lymphoid 

tissues observed in A-C. (E) GFP expression in the thymus of 2- week pf embryo 

transgenic with the modified rag PAC. 
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Figure 20. GFP expression driven by 1.5 kb!-251 bp construct and rag 

. PAC in lymphoid tissues. 

RT-PCR was performed to detect the expression of GFP transcripts in adult lymphoid 

tissues of zebrafish transgenic with the 1.5 kb/-251 bp construct and rag PAC. Control 

RT-PCR reactions were performed on thymus, pronephros, and trunk (muscle) total RNA 

samples using rag] and efl a primers. Thymus PCR products were diluted 1:4 prior to 

Southern hybridization and efl a served as an internal and gel-loading control. 
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Mapping a Negative Regulatory Element 5' of ragl 

The above findings have demonstrated that the rag PAC and BAC clones contain 

a regulatory element(s), not present in the smaller reporter constructs, that 

suppresses GFP expression in inappropriate tissues. This element may lie further 

than 8.1 kb 5' of the rag] ATG translation initiation codon, within the rag 

intergenic region, or 5' of the closely linked rag2 gene. Given the correlation 

between the frequency and levels of transient GFP expression in the muscle and 

the transgenic muscle expression data, transient analysis was used initially to 

delimit the location of cis-regulatory elements. The rag intergenic region was 

examined first for its role in regulating tissue-specific rag I expression. A 

reporter construct that included from 4.7 kb of rag] 5' flanking sequence through 

the rag2 ATG translation initiation codon directed levels of GFP expression in the 

muscle comparable to the 4.7/-3.5 kb construct (data not shown). The rag] 

5' flanking region was then examined using the modified rag PAC to isolate 5' 

fragments greater than 8.1 kb linked to the GFP reporter gene and analyzed their 

abilities to drive transient GFP expression in zebrafish embryos. GFP expression 

data from the 4.7/-3.5 kb reporter construct and the modified rag PAC (Table II) 

served as indicators of a DNA fragment's ability to drive GFP expression in 

muscle. A fragment containing approximately 13.5 kb 5' of the rag] ATG 

translation initiation codon (12.3 kb 5' of the transcription start site) was found 

that consistently directed minimal transient GFP expression in the muscle of less 

than 10% of microhijected embryos. This pattern was similar to that elicited by 

the rag PAC and BAC clones and less than that observed in embryos injected 

with the same molar ratio of the 8.1/-6.9 kb reporter construct. Transgenic lines 

obtained from the rag] 13.5/-12.3 kb reporter construct expressed GFP in several 

cranial neural crest derivatives including pharyngeal arches, cartilage of the lower 
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jaw (Figure 21A), and cranial neurons (Figure 21B), but failed to express GFP in 

the skeletal muscle (Figure 21C). These results suggest that a negative regulatory 

element(s) that suppresses rag] expression in the muscle is located between 8.1 

and 13.5 kb 5' of the rag] ATG translation initiation codon. 

Zebrafish ragl Expression in Olfactory Tissues 

Although the modified rag PAC and BAC clones directed predominantly 

lymphoid-specific GFP expression in germline transgenic zebrafish, GFP 

expression in embryonic olfactory sensory neurons and in adult olfactory 

epithelium remained. This GFP expression pattern was observed in all of the 

transgenic lines but was weakest in those generated from the 1.5 kb/-251 bp and 

3.4/-2.2 kb reporter constructs. These results indicated either that the artificial 

chromosomes lacked the necessary element(s) to suppress this expression or that 

endogenous zebrafish ragl is expressed within olfactory tissues. To determine 

whether GFP expression observed in the olfactory sensory neurons represents 

authentic ragl expression, whole-mount RNA in situ hybridization and RT-PCR 

were used to analyze rag] expression. GFP expression in the olfactory sensory 

neurons of transgenic zebrafish embryos was observed in two olfactory placodes · 

located anterior and dorsal to the eyes (Figures 22A and 22B). This expression 

continued through adulthood and was visible in the sensory (neuron containing) 

epithelium extending approximately halfway up each side of the lamella (Barth et 

al., 1996) of the adult olfactory rosettes (Figure 22C). Transcripts of rag] were 

detected in the olfactory placodes of zebrafish embryos using whole-mount RNA 

in situ hybridization with an anti-sense ragl probe (Figures 22D and 22E). Sense 

control embryos had no staining other than the thymus ( data not shown). The 

cells stained by the rag] anti-sense probe are indeed olfactory sensory neurons as 
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evidenced by neuronal staining near the apical surface of the placode visible at 

high magnification (Figure 22F). 

To examine rag] expression in adult olfactory tissues, RT-PCR was performed 

using total RNA isolated from various tissues including olfactory rosettes. 

Oligo(d}') primers were used for reverse-transcription and the resulting cDNA's 

were PCR-amplified using primers that bind to different exons of rag]. Correctly 

spliced rag 1 transcripts were detected in RNA from olfactory rosettes, 

mesonephros, and thymus tis·sues (Figure 220). In contrast, no ragl transcripts 

were detected in the heart or posterior trunk (muscle) region. Taken together, 

these results show that zebrafish rag 1 is expressed in embryonic olfactory sensory 

neurons and in adult olfactory' rosettes and discredit the possibility that GFP 

expression in these tissues represents a lack of regulatory information in the rag 

PAC or BAC clones. 



Figure 21. GFP expression driven by 13.5/-12.3 kb ra,:1 reporter 

construct in ,:ermline trans,:enic zebrafish. 

Using the modified rag PAC, a GFP reporter construct containing 13.5 kb of sequence 5' 

of the ragl ATG translation initiation codon was isolated and expressed in transgenic 

zebrafish. This construct directed GFP expression in the otic cristae and cranial neural 

crest derivatives including cartilage of the lower jaw (A). Arrow designates Meckel's 

cartilage of the mandibular arch. (B) GFP expression was also observed in cranial neurons 

(arrow). (C) In contrast to the 8.1/-6.9 kb construct which directed expression in the 

skeletal muscle (Figure 19C), embryos transgenic with the 13.5/-12.3 kb rag] construct 

did not possess GFP expression in the skeletal muscles of the trunk. 
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Figure 22. GFP and ragl expression in 7,ebrafish olfactory tissues. 

GFP expression iri ·the olfactory placodes of a 5 day pf zebrafish embryo transgenic with 

the modified rag PAC (A, dorsal view with anterior to the top; B, frontal view with dorsal 

to the top). (C) GFP expression in the sensory epithelium of an olfactory rosette dissected 

from a 3 month zebrafish transgenic with the modified rag PAC. Zebrafish rag] 

expression in the olfactory placodes (arrows) of a 5 day pf albino embryo (D, dorsal view 

with anterior to the top; E, frontal view with dorsal to the top) detected using a 1. 7 kb anti

sense digoxigenin-labeled probe corresponding to the rag] third coding exon. (F) 

Olfactory placode (dorsal view) of 5 day pf albino embryo at 630X magnification after in 

situ hybridization. Staining _is visible in olfactory sensory neurons near the apical surface 

of the placode (arrow indicates staining of an axon). (G) RT-PCR was performed to detect 

the expression of rag] transcripts in adult olfactory rosettes. Positive control RT-PCR 

reactions were performed on mesonephros and thymus total RNA samples and negative 

control reactions on heart and trunk (muscle) samples. Thymus PCR products were diluted 

1:4 prior to Southern hybridization and efla served as an internal and gel-loading control. 
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DISCUSSION 

In this study the zebrafish was used as a vertebrate model system for analyzing 

transcriptional regulation of the rag] gene. Using the novel approach of artificial 

chromosome transgenesis in zebrafish, we found that a combination of long

distance negative regulatory elements contribute to tissue-specific expression of 

rag]. The transgenic zebrafish lines generated in this study also express GFP in 

olfactory tissues. Our results. show that rag 1 is expressed in the embryonic 

olfactory sensory neurons and the adult olfactory rosettes which represent novel 

rag 1 expression sites in zebrafish. This finding is intriguing because of 

speculation that some form of DNA rearrangement is involved during the 

selective expression of individual odorant receptor genes (Chess, 1998). 

Modification of Artificial Chromosomes Using Chi-Stimulated Homologous 

Recombination 

The ability to target homologous recombination to precise chromosomal locations 

in vitro has provided opportunities for the study of gene expression in whole 

animal systems (Capecchi, 1989). Modification of Y ACs through gene targeting 

and the generation of transgenic mice with these artificial chromosomes makes it 

possible to study many aspects of gene regulation during both normal 

development and the course of genetic disease (Peterson et al., 1997). However, 

given the difficulties encountered when working with Y AC DNA, the 

development of a less cumbersome method whereby BACs and PACs can be 
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modified through targeted homologous recombination would be advantageous. 

These artificial chromosomes can easily be purified intact and in a concentration 

suitable for zebrafish transgenesis. 

In this study a technique was developed that uses linearized targeting constructs 

containing properly oriented Chi sites to promote homologous recombination with 

artificial chromosomes in E. coli. The feasibility of this procedure was tested by 

modifying three BAC clones containing the zebrafish GATA-2 genomic locus. 

The result W(IS precise replacement of the first coding exon of GATA-2 with the 
~ - . 

GFP and kanamycin resistance genes. For the Chi-stimulated recombinational 

event to occur, a recombination proficient bacterial strain possessing an intact 

RecBCD pathway was used. In this environment, a Chi-containing linear DNA 

molecule interacts with the RecBCD enzyme resulting .in homologous 

recombination with the bacterial (Kowalczykowski et al., 1994; Smith, 1994; 

Dabert and Smith, 1997) or artificial chromosome (this study). The precision of 

the gene targeting· event is an important aspect of this technique because it means 

that desired modifications can be introduced into artificial chromosomes with 

accuracy. 

The chance that homologous recombination will occur at a particular 

chromosomal location is increased by Chi sites; however, this is still a rare event. 

Therefore, we used a positive-negative antibiotic selection procedure to select for 

bacterial colonies containing modified BACs. Positive selection identified those 

BAC-containing bacteria that integrated the kanamycin resistance gene. Negative 

selection identified bacteria that were ampicillin-sensitive which is consistent 

with homologous recombination because the ampicillin resistance gene is located 
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outside of the regions of homology in the targeting construct. Through this 

enrichment process, it was possible to minimize the number of bacterial colonies 

requ_iring further analysis. Molecular analysis of the 14 ampicillin-sensitive 

colonies revealed that 11 had undergone the correct gene targeting event. This 

represents a frequency of 2.8 gene replacements per transformation experiment 

using 200-400 ng of G2BACTC DNA. With other recombination proficient 

bacterial strains, Dabert and Smith (1997) obtained average gene replacement 

frequencies of 1.4-6.4 per transformation with 100 ng of DNA when usjng a 

linear Chi-containing DNA construct to target the E. coli chromosome. 

Consequently, the results of our study demonstrate that gene targeting to BACs 

using Chi-stimulated homologous recombination can occur with an efficiency 

similar to targeting the E. coli chromosome. 

A targeting construct containing 3.6 kb and 1.7 kb of 5' and 3' homologous DNA 

sequence, respectively, was used to target recombination with the zebrafish 

GATA-2 genomic locus. Chi can function over several kilobases of heterologous 

sequence (Myers et al., 1995), and the minimum length of homologous DNA 

required for this event to occur may be as little as 25 bp (Shen and Huang, 1986). 

However, the efficiency for this gene targeting event was increased when larger 

regions of homology were used in the design of ragl targeting constructs (see 

below). The rBACTC contained 4.7 kb of 5' and 5 k~ of 3' homologous DNA 

sequences. After one transformation experiment with linearized rBACTC, it was 

found that 14 of 15 (93%) of the kanamycin/chloramphenicol-resistant colonies 

were ampicillin-sensitive, and all 14 of these colonies contained BACs with the 

desired gene replacement. 
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Previously, the GFP reporter gene has been used as part of DNA constructs less 

than 20 kb to study gene regulation in zebrafish (Amsterdam et al., 1995; 

Amsterdam et al., 1996; Moss et al., 1996; Higashijima et al., 1997; Meng et al., 

1997; Long et al., 1997). The results of this study demonstrate that BACs (and 

PACs, see below) can correctly drive the expression of a reporter gene in living 
"\ 

zebrafish embryos. Specifically, embryos injected with GFP-modified GATA-2 

BAC clones had GFP expression in developing skin EVL cells, neurons, 

circulating blood cells, and tlie ICM. It was reported that smaller plasmid-based 

constructs produced GFP expression in the EVL when microinjected into 

zebrafish embryos (Meng et al., 1997). Because GATA-2 expression in EVL cells 

has not been demonstrated in the literature, it is possible that a silencer element 

that would normally suppress EVL expression was missing from these smaller 

constructs. However, given the extensive 5' and 3' sequences in the GATA-2 

BAC clones, the results of our study suggest that endogenous GATA-2 is 

expressed in EVL cells. Identification of the EVL as an authentic GATA-2 

expression site in zebrafish will require further analysis such as in situ 

hybridization. The percentage of BAC-injected 48 hour pf embryos with GFP 
' 

expression in hematopoietic cells was higher than previously reported for smaller 

GATA-2 promoter constructs (Meng et al., 1997). These results suggest that the 

GFP-modified GATA-2 BACs more accurately duplicated the endogenous GATA-

2 expression pattern that occurs in hematopoietic cells. This difference was 

probably caused by the increased susceptibility of smaller plasmid constructs to 

position effects (Wilson et al., 1990) but may be attributable to an enhancer 

element present in the BAC clones but absent from smaller constructs. It is 

notable that a hematopoietic regulatory element has been identified between 100 

and 150 kb 5' of the murine GATA-2 structural gene (Zhou et al., 1998). 
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The ability to expediently modify artificial chromosomes for transgenic 

experiments should facilitate in vivo genetic studies, not only in zebrafish but in 

any organism amenable to transgenic methods. In addition to studying gene 

regulatory elements, modified BACs or PACs carrying mutations that mimic 

genetic lesions can be used to study genetic defects in whole animal systems. 

Recent chemical mutagenesis screens in zebrafish have generated thousands of 

different mutants with defects in most developmental processes (Driever et al., 

1996; Haffter et al., 1996). The findings of this study indicate that DNA 

constructs microinjected into zebrafish embryos as part of large genomic 

fragments can display the correct tissue- and developmental stage-specific gene 

expression pattern. Given the availability of zebrafish BAC and PAC libraries, it 

should be possible to supplement positional cloning efforts at identifying genes 

responsible for these mutations by microinjecting artificial chromosomes into 

zebrafish embryos. 

A Transgenic Approach for Studying ragl Transcriptional Regulation 

A variety of reporter constructs containing zebrafish rag 1 flanking sequences 

were generated and tested for their abilities to drive GFP expression both 

transiently and in germline transgenic zebrafish. Constructs containing less than 

3.4 kb 5' of the zebrafish rag] translation initiation site directed weak GFP 

expression in both lymphoid and non-lymphoid tissues. The smallest reporter 

construct that produced low levels of GFP expression in both lymphoid and non

lymphoid tissues contained 251 bp of promoter sequence and the 5' UTR. Within 

251 bp upstream of the transcription start site there are Ikaros and GATA 

consensus binding sites that may contribute to tissue-specific zebrafish rag 1 

expression. There is also a CCAAT box at -122 bp that may be required for basal 
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transcription as was shown for the human (Kurioka et al., 1996) and mouse 

(Brown et al., 1997) rag] promoters. Transgenic zebrafish produced with 

constructs containing 4.7 and 8.1 kb of 5' flanking sequence had increased GFP 

expression not only in the thymus, but also in several non-lymphoid tissues. 

These results are consistent with the human (Kitagawa et al., 1996; Kurioka et al., 

1996; Zarrin et al., 1997) and mouse (Brown et al., 1997) data showing that rag] 

5' flanking sequences drive reporter gene expression in rag] expressing and rag] 

non-expressing tissue culture cell lines. The most dramatic non-_lymphoid GFP 

expression was observed in cranial neural crest derivatives and the skeletal 

muscle. Although there are consensus sites in the proximal rag I promoter region 

for the myogenic transcriptiori factor MyoD, only reporter constructs containing 

greater than 3.4 kb of sequence 5' of the ATG translation initiation codon directed 

substantial GFP expression in the muscle of transgenic zebrafish. The weaker 

GFP expression directed by constructs containing less than 3.4 kb of 5' sequence 

compared with the 4.7/-3.5 kb reporter construct suggests that a positive 

regulatory element(s) exists between 3.4 and 4.7 kb 5' of the ATG translation 

initiation codon. This regulatory element enhanced GFP expression in both 

lymphoid and non-lymphoid tissues suggesting that another control mechanism is 

necessary to limit this activity to tissues that normally express rag I. The 

identification of an enhancer element greater than 2.2 kb 5' of the zebrafish rag I 

transcription start site supports speculation that additional elements, outside of the 

minimal promoter region, are required for rag 1 activation (Kitagawa et al., 1996). 

To determine whether the zebrafish rag genomic locus contains an element that 

silences inappropriate rag I expression, we generated transgenic zebrafish using 

125 kb rag PAC and 75 kb rag BAC clones. These large genomic clones were 
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modified with the GFP reporter gene using the Chi-stimulated homologous 

recombination technique developed in this study. Unlike transgenic zebrafish 

generated with the smaller reporter constructs, transgenic zebrafish generated with 

either the modified rag PAC or BAC clone displayed GFP expression patterns 

mimicking that of the endogenous rag 1 gene. The lack of GFP expression in 

several non-lymphoid tissues suggests that a negative element(s), required to 

restrict rag 1 expression to appropriate tissues, was included in the PAC and BAC 

clones. Recent studies have suggested that the rag intergenic region contains 

elements that may regulate tissue- and developmental stage-specific expression of 

the rag genes (Bertrand et al., 1998a, 1998b). However, a reporter construct that 

included the zebrafish rag intergenic region also directed significant transient 

GFP expression in non-lymphoid tissues suggesting that this region may have 

little influence on tissue-specific rag 1 expression. The much larger human and 

mouse rag intergenic regions (Oettinger et al., 1990) may contain cis-elements 

that control rag 1 gene expression in these organisms and any influence of the 

zebrafish rag intergenic region on rag2 expression remains to be determined. 

Using the modified rag PAC as a source for further GFP reporter constructs, it 

was found that a construct containing 13.5 kb of sequence 5' of the ATG 

translation initiation codon contained an element that prevented GFP expression 

in the skeletal muscle of gerrnline transgenic zebrafish. These fish continued to 

express GFP in several non-lymphoid tissues including cranial neural crest 

derivatives, otic cristae, and olfactory neurons suggesting that an additional 

element(s) present in the rag PAC and BAC clones is required to suppress ragl 

expression in inappropr~ate tissues. 



102 

Negative Regulation of Zebrafish ragl 

Analyses of the human (Kitagawa et al., 1996; Kurioka et al., 1996; Zarrin et al., 

1997) and mouse (Brown et al., 1997; Fuller and Storb, 1997) rag] promoter 

regions have demonstrated that elements proximal to the transcription start site 

are required for basal transcription in vitro. This study shows that the zebrafi~h 

ragl promoter proximal region (including -251 bp and the 5' UTR) also contains 

elements necessary for basal rag I transcription, but that additional positive and 

negative regulatory elements operate in conjunction with the promoter to achieve 

a high level of rag 1 expression that is limited to the appropriate tissues (Figure 

23). The positive element identified 5' of rag] did not show tissue-specificity, but 

instead directed a high level of GFP expression in several non-lymphoid tissue. It 

is possible that the negative regulatory elements located within the rag PAC and 

BAC clones act to suppress this putative enhancer in rag] non-expressing tissues. 

There is a precedent in the lymphoid system where a promiscuous enhancer is 

tissue-restricted by a silencer element (Goodboum et al., 1986; Imler et al., 1987; 

Winoto and Baltimore, 1989). In one example an enhancer of the CD4 gene, 

located 13 kb upstream of the transcription start site (Sawada and Littman, 1991), 

is inactivated in CDS single positive T cells (CD4-CD8+) by a silencer located in 

the first intron of the CD4 gene (Sawada et al., 1994; Siu et al., 1994). 

The use of negative regulatory elements to spatially restrict ·gene expression 

during· development has been shown for a variety of genes (Lee et al., 1994; 

Pathak et al., 1994; Schoch et al., 1996; ·Gupta et al., 1998; Weber and Skene, 

1998; Liu et al., 1999;'Reecy et al., 1999). In the majority of these studies it was 

found that a combination of positive and negative regulatory elements cooperate 

with the basal promoter to direct a high level of gene expression that is restricted 
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to a subset of tissues. The muscle-specific negative element identified between 

8.1 kb and 13.5 kb upstream of the rag] ATG translation initiation codon may or 

may not have the properties of a classical, position- and orientation-independent, 

silencer element (Brand et al., 1985). Identification as a silencer element or as a 

negative regulatory element has important functional implications because it is 

often the silencer itself and its context within a given genomic locus that 

determine the mode of repression (Ogbourne and Antalis, 1998). A silencer 

element actively suppresses transcription through a direct interaction with either 

the basal transcription apparatus or with a regulatory element such as an enhancer. 

In contrast, negative regulatory elements are often position-dependent and 

passively direct transcriptional repression. Such elements can act over a great 

distance from the transcription start site to alter chromatin structure and silence 

gene expression by rendering DNA transcriptionally inactive (Bienz, 1992; Roth, 

1995; Felsenfeld, 1996). As was shown for human (Kitagawa et al., 1996) and 

mouse (Fuller and Storb, 1997) rag] , the zebrafish rag] genomic locus may exist 

in a chromatin structure that is different between rag I expressing and rag I non

expressing cells. If this is the case, it is possible that the negative regulatory 

element identified in the rag PAC and BAC clones either suppresses rag I 

transcription by inducing a heterochromatinized state in rag I non-expressing cells 

or has an anti-silencing activity that opens the chromatin structure of the rag locus 

in rag I expressing cells. Whatever the mechanism, it is clear from this study that 

multiple long-distance negative regulatory elements are required to restrict 

zebrafish rag] expression to appropriate tissues. A complete understanding of the 

elements controlling tissue-specific rag I expression will require characterization 

of both positive and negative elements and the trans-acting factors they bind. Our 
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identification of regulatory elements several kilobases upstream of the rag I gene 

should facilitate such future studies. 



Figure 23. Schematic representation of zebrafish rag] regulatory elements. 

Within -251 bp of the rag] transcription start site (shaded orange) were sufficient cis

elements to direct weak GFP expression in the thymus. A positive regulatory element was 

identified between -2.5 and -3.5 kb of the rag] transcription start site (red circle) that 

enhanced GFP expression in both lymphoid and non-lymphoid tissues. A negative 

regulatory element (blue circle) located between -12.3 and -6.9 kb of the rag] transcription 

start site suppressed GFP expression in the skeletal muscle, but had not effect on 

expression in other non-lymphoid tissues. An additional regulatory element(s ), contained 

within the rag PAC and ~AC clones, was required to suppress GFP expression in cranial 

neural crest derivatives. This element(s) is probably located 5' of the rag2 ATG translation 

initiation codon or 5' of-12.3 kb of the ragl gene, but may be located within the intergenic 

region. 
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ZebrafISh ragl Transcripts in Olfactory Tissues: Implications for Odorant Receptor 

Expression? 

Although the modified rag PAC and BAC clones restricted GFP expression to 

predominantly lymphoid tissues (thymus, pronephros, and mesonephros) in 

germline transgenic zebrafish, they also directed significant GFP expression in 

embryonic olfactory neurons and adult olfactory sensory epithelium. This 

observation could be explained by a requirement for additional regulatory 

elements outside the boundaries of the 125 kb PAC or, alternatively, by the 

expression of endogenous rag 1 in olfactory tissues. The latter was confirmed 

using RNA in situ hybridization and RT-PCR to show the presence of rag] 

transcripts in the olfactory neurons of zebrafish embryos and in adult olfactory 

rosettes, respectively. The olfactory tissues represent a novel site of rag 1 

expression in zebrafish where previously, expression was detected in the thymus, 

kidney, and ovary (Willett et al., 1997a, 1997b). Zebrafish transgenic with a 6.5 

kb rag2 promoter construct express GFP exclusively within lymphoid tissues and 

olfactory sensory neurons (see Appendix I). Consequently, zebrafish olfactory 

tissues may represent the first example of concurrent rag gene expression in a 

non-lymphoid tissue. In the mouse, rag] expression, but not rag2, was detected 

in the CNS including low levels in the developing olfactory bulb and epithelium 

(Chun et al., 1991). This report renewed interest in the idea that site-specific 

DNA recombination occurs in the CNS. Shortly thereafter Matsuoka et al. (1991) 

reported the detection of somatic DNA recombination in the mouse brain using an 

artificial recombination substrate as a transgene. However, it was determined that 

site-specific recombination similar to V (D)J recombination does not occur in the 

brain (Kawaichi et al., 1991; Abeliovich et al., 1992; Schatz and Chun, 1992). It 

is notable that GFP expression has not been detected in the CNS of the transgenic 
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zebrafish generated in our study. Recent studies have shown that recombination

related genes, such as those involved in V(D)J recombination, are also required 

during neuronal development (Chun and Schatz, 1999). In particular, it was 

found that mice lacking either DNA ligase IV (Barnes et al., 1998; Frank et al., 

1998) or XRCC4 (Gao et al., 1998) have defects in lymphopoiesis and DNA end

joining with the latter causing late embryonic lethality. It was speculated that a 

specific neuronal recombination process may generate the DNA double strand 

breaks that go unrepaired and cause defective neurogenesis in XRCC4 and DNA 

ligase IV deficient embryos (Gao et al., 1998). 

What role might ragl (and rag2) have in zebrafish neuronal development and/or 

the process of odorant receptor gene expression? In teleosts such as catfish and 

zebrafish, it has been estimated that there are as many as 100 different odorant 

receptor genes (Ngai et al., 1993a; Barth et al., 1996; Byrd et al., 1996). In 

mammals, the olfactory receptor genes are clustered in at least 10 arrays in the 

genome (Sullivan et al., 1996) and individual olfactory neurons express only one 

or a few odorant receptor subtypes (Chess et al., 1992; Ngai et al., 1993b; Ressler 

·et al., 1993). The process whereby individual neurons select which receptor 

gene(s) to express is stochastic as is the zonal distribution of neurons expressing 

specific odcirant receptor genes (Chess et al., 1992; Ngai et al., 1993a, 1993b). 

Clustering of odorant receptor genes has also been observed in zebrafish (Barth et 

al., 1997), but the onset of odorant receptor expression is not simply stochastic, 

occurring asynchronously during development (Barth et al., 1996). Although 

there is no evidence supporting the generation of odorant receptor diversity 

through a process of site-specific recombination similar to V(D)J recombination, 

it is possible that rearrangement is the mechanism by which one receptor gene is 
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selected from all of the others (Chess et al., 1994; Chess, 1998). In this model, 

gene rearrangement could move an odorant receptor gene proximal to a cis

regulatory eleinent through either gene conversion or the removal of intervening 

DNA and thereby mediate the choice of which odorant receptor gene in a given 

locus is expressed (Chess, 1998). It is this process that is analogous to the choice 

of one variable, diversity, or joining gene segment during V(D)J recombination. 

Similarities between the olfactory and immune systems have been identifi~d. 

Chess et al. ( 1994) demonstrated that expression of individual olfactory neurons 

derives exclusively from one allele and that the other allele is randomly 

inactivated in a manner similar to X chromosome inactivation in females. 

However, the function of allelic inactivation of odorant receptor genes is most 

likely to assure that only one receptor is expressed per cell (Chess et al., 1994), 

which is the same function served by allelic exclusion in the immune system. 

Determining whether the rag proteins play a functional role in zebrafish odorant 

receptor specification that is analogous to the immune system will require the 

identification and analysis of recombined DNA substrates in vivo. 



SUMMARY 

In this study we have used zebrafish as a vertebrate model system to analyze 

transcriptional regulation of the rag I gene. Specifically, we wanted to determine 

if the zebrafish rag locus contains an element(s) that restricts rag] expression to 

lymphoid tissues. Because of the unique chromosomal organization of the rag 

locus, we and others (Fuller and Storb, 1997; Zarrin et al., 1997) have speculated 

that distal cis-elements participate in the regulation of tissue-specific expression 

of the rag I and rag2 genes. Such elements may be located within the rag 

intergenic region or several kilobases upstream or downstream of either gene 

(e.g., elements 5' of rag2 that control expression of rag]). Since the maximum 

capacity of typical plasmid-based cloning vectors is approximately 20 kb, we 

have developed a technique whereby artificial chromosomes (BACs and PACs) 

can be modified in E. coli. This method utilizes properly oriented Chi sites 

(Dabert and Smith, 1997) to promote homologous recombination between a 

linearized targeting construct and the artificial chromosome. We showed that 

BACs modified by insertion of the GFP reporter gene can recapitulate 

endogenous gene expression patterns in multiple tissues upon microinjection into 

zebrafish embryos. 

To identify regulatory elements that restrict zebrafish rag expression to lymphoid 

tissues (Willett et al., 1997a, 1997b), we analyzed the abilities of genomic 

sequences flanking rag I to drive GFP reporter gene expression in germline 
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transgenic zebrafish. As observed with both human (Kitagawa et al., 1996; 

Kurioka et al., 1996; Zarrin et al., 1997) and mouse (Brown et al., 1997; Fuller 

and Storb, 1997) rag] promoter regions, a few kilobases of zebrafish ragl 5' 

flanking sequence directed reporter gene expression in lymphoid and non

lymphoid tissues of germline transgenic zebrafish. Increasing the length of 5' 

flanking sequence did not affect these expression patterns but significantly 

increased GFP expression levels, indicating the inclusion of a positive regulatory 

element(s). These results suggested that our reporter constructs lacked a 

regulatory element(s) necessary to suppress rag] expression in non-lymphoid 

tissues. Therefore, we expanded the region of the rag] locus under analysis by 

using 125 kb PAC and 75 kb BAC rag] genomic clones. In contrast with smaller 

constructs, the rag PAC and BAC clones mediated a high level of GFP expression 

in a pattern reflective of endogenous rag 1 indicating that a distal negative 

regulatory element(s) was included in these large transgenes. Using the GFP

modified rag PAC as a source for further reporter constructs, we identified a 

region between 8.1 and 13.5 kb 5' of rag] that suppressed GFP expression in the 

skeletal muscle of germline transgenic embryos. In addition to lymphoid organs, 

our rag PAC and BAC gerrnliJ?,e transgenic zebrafish had GFP expression in 

embryonic and adult olfactory tissues. Using whole-mount RNA in situ 

hybridization and RT-PCR, we detected endogenous rag] transcripts in the 

olfactory sensory neurons of zebrafish embryos and in the adult olfactory rosettes, 

respectively. 

The findings of this study show for the first time that distal negative regulatory 

elements are required to suppress rag 1 expression in inappropriate tissues. This 

study demonstrates the advantage of combining artificial chromosome 
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transgenesis with zebrafish embryology to decipher the complexity of 

developmentally regulated gene expression. In addition, we have identified the 

olfactory tissues as a novel rag] expression sites in zebrafish. This finding may 

have implications for the regulation of odorant receptor gene expression in 

vertebrates. 
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APPENDIX I 

Expression of GFP Driven by rag2 Flanking Sequences in Germline Transgenic 

Zebrafish 

The rag PAC (Section C-3) was used to map the rag2 5' flanking region and 

subclone promoter fragments. An Eagl restriction site is located 326 bp 3' of the 

rag2 ATG initiation codon and so PAC DNA was digested with Eagl plus a 

variety of other enzymes and the resulting fragments were analyzed using 

Southern hybridization (data not shown) as described in Section A-4. A probe 

was generated using PCR with the 18.4 kb zebrafish rag genomic tc phage clone 

(Willett et al., 1997a) as a template. This clone contains approximately 1.5 kb of 

rag2 sequence 5' of the A TG initiation codon. A primer that binds near the ATG 

was used in conjunction with the T7 primer located in the phage vector arm to 

generate a 1.5 kb PCR product containing rag2 5' sequence. This fragment was 

labeled with [a.-32P]dCTP and purified as described in Section A-4. A 6.8 kb 

EagIJXhoI fragment, containing·approxii:iiately 6.5 kb of sequence 5' of the rag2 

translation initiation site, was labeled positive by the Southern hybridization and 

subsequently subcloned into pBluescript KS- (Stratagene). Using the T3 vector 

primer and a primer that binds immediately upstream, but in anti-sense 

orientation, of the rag2 translation initiation codon and contains a Bamm 

restriction site at its 5' end (5'-CCAGGATCCCTTTTTGAAGGTAGCTGTGT-

3'), PCR was performed using the Expand™ Long Template PCR system 

(Boehringer Mannheim) for 30 cycles (94°C for 30 seconds; 60°C for 30 

seconds; 68°C for 6 minutes). The 6.5 kb PCR product was restriction digested 
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with BamHI and Xhol and subcloned 5' of the GFP reporter gene contained within 

pBluescript KS- (described in Section C-2) to create a 6.5 kb/GFP rag2 reporter 

construct. 

A single gerrnline transgenic zebrafish line was generated from the 6.5 kb/GFP 

rag2 reporter construct. These embryos expressed GFP weakly within the thyrnic 

primordium beginning at approximately 80 hours pf. Expression increased as 

thymus development proceeded and was clearly visible at 1 week (Figure 24A) 

and 2 weeks pf (Figure 24B). Other than the thymus, the 6.5 kb rag2 5' flanking 

sequence directed GFP expression only within the olfactory sensory neurons 

(Figure 24C) of zebrafish embryos. The onset of GFP expression in the olfactory 

neurons of rag2 transgenic embryos was consistent with the appearance of GFP 

when driven by rag 1 flanking sequences. The rag2 transgenic zebrafish 

continued to express GFP in the olfactory epithelium throughout adulthood. This 

data suggests that zebrafish rag2 is also expressed in olfactory tissues. The lack 

of GFP expression in other tissues ( e.g. contrast with rag 1 promoter constructs, 

Figure 19A-19C) is in agreement .with studies performed with murine rag2 . 
' 

showing that minimal promoter sequence is necessary to achieve lymphoid cell

specific reporter gene expression in tissue culture cells (Lauring and Schlissel, 

1999). 



145 




