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The generation of expressed sequence tags (ESTs) has proven to be a rapid and economical approach by which
to identify and characterize expressed genes. We generated 5102 ESTs from a 3-d-old embryonic zebrafish heart
cDNA library. Of these, 57.6% matched to known genes, 14.2% matched only to other ESTs, and 27.8%
showed no match to any ESTs or known genes. Clustering of all ESTs identified 359 unique clusters comprising
1771 ESTs, whereas the remaining 3331 ESTs did not cluster. This estimates the number of unique genes
identified in the data set to be approximately 3690. A total of 1242 unique known genes were used to analyze
the gene expression patterns in the zebrafish embryonic heart. These were categorized into seven categories on
the basis of gene function. The largest class of genes represented those involved in gene/protein expression
(25.9% of known transcripts). This class was followed by genes involved in metabolism (18.7%), cell
structure/motility (16.4%), cell signaling and communication (9.6%), cell/organism defense (7.1%), and cell
division (4.4%). Unclassified genes constituted the remaining 17.91%. Radiation hybrid mapping was performed
for 102 ESTs and comparison of map positions between zebrafish and human identified new synteny groups.
Continued comparative analysis will be useful in defining the boundaries of conserved chromosome segments
between zebrafish and humans, which will facilitate the transfer of genetic information between the two
organisms and improve our understanding of vertebrate evolution.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
nos. BE693120–BE693210 and BE704450.]

The Human Genome Project (HGP) has amassed a vast
quantity of sequencing data; over 90% of the human
genes have been deposited into GenBank (June 2000).
However, functional interpretation of this sequence
data has proven more challenging. Much of this work
has involved the study of model organisms because
functional inferences based on interspecies compari-
son of sequences have identified implied function of
many orthologous human sequences (Makalowski and
Boguski 1998).

Recently the zebrafish, Danio rerio, has been recog-
nized as a useful model for the study of development
biology and genetics (for review, see Driever and Fish-
man 1996). One significant advantage of using the ze-
brafish as a model organism for developmental study is
the external development and transparency of the ze-

brafish embryo. This permits the study of subtle devel-
opmental phenotypes in vivo. The zebrafish is also well
suited for studies in cardiovascular development be-
cause a beating heart is formed and functions within 1
d of fertilization. In addition, the zebrafish embryo
does not require blood flow for survival during the first
2 d of development. Thus, zebrafish mutants lacking a
circulatory system can still develop normally in the
first 2 d (Warren and Fishman 1998) and this allows for
studies of mutations that affect the development of the
zebrafish heart. Despite all these advantages, the ze-
brafish suffers from the major drawback of being a new
model organism. For example, the number of genes
that have been characterized from this species is small
compared with other model organisms such as mouse,
Drosophila, and Caenorhabditis elegans.

Expressed sequence tags (ESTs) have proven to be a
powerful and rapid approach to identify new genes
that are preferentially expressed in certain tissue or cell
types (Hwang et al. 1997; Liew et al. 1994; Adams et al.
1995). ESTs have also been used for physical mapping,
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as has been demonstrated in the development of the
human and mouse gene maps (Hayes et al. 1996; Mc-
Carthy et al. 1997; Deloukas et al. 1998). Currently, the
number of zebrafish ESTs in the public databases is still
small compared with mammalian sequences, and there
are relatively few tissue-specific cDNA libraries.

Mutational screens in the zebrafish have identified
several thousand mutations that affect normal devel-
opment of the embryo (Development, Dec. 1996), in-
cluding many with essential functions during embry-
onic heart development (Chen et al. 1996; Stainier et
al. 1996). However, the usefulness of these mutations
remains limited until the genes responsible for the ob-
served phenotypes are cloned. This is limited in part by
a paucity of ordered genes on the zebrafish gene map.
Linkage maps based on rapid amplified polymorphic
DNAs and microsatellite markers have been produced
(Postlethwait et al. 1994, 1999; Johnson et al. 1996;
Knapik et al. 1996, 1998; Shimoda et al. 1999). Because
linkage mapping requires polymorphic markers for
map construction, radiation hybrid (RH) mapping pro-
vides a complementary approach to rapidly assign
genes and ESTs on the zebrafish map because RH map-
ping is able to map virtually any marker. Two recent
RH maps (Geisler et al. 1999; Hukriede et al. 1999) of
more than 3000 markers, genes, and ESTs have dramati-
cally increased the density of the zebrafish gene map and
should facilitate the cloning of many identified mutants.

Given the potential and importance of the ze-
brafish as a model organism for the studies of cardiac
development, there is a need for development of EST
resources from zebrafish heart cDNA libraries. Here we
report the characterization of 5102 ESTs from a 3-d-old
zebrafish embryonic heart cDNA library. We also re-
port new map positions for 98 zebrafish ESTs identified
in this cDNA library by RH mapping (Table 1) and
identification of new synteny groups between ze-
brafish and human. This EST database represents a new
genomic tool for studying aspects of cardiovascular de-
velopment and disease in the zebrafish and a resource
of genes for novel candidate gene discovery.

A total of 5102 EST sequences were processed with
the TIGR Assembler to estimate the number of unique
transcripts represented in the EST set. A total of 359
clusters composed of 1771 ESTs were generated,
whereas the remaining 3331 ESTs did not cluster. The
number of unique transcripts identified from the ze-
brafish embryonic heart EST set was therefore esti-
mated at up to 3690.

RESULTS

Overview of ESTs from the Zebrafish Embryonic
Heart cDNA Library
A unidirectional cDNA library was constructed from
3-d-old zebrafish embryonic hearts. A total of 5102

random clones were partially sequenced from this
cDNA library to generate ESTs. In total, 2937 (57.6%)
showed significant identity to known sequences in the
nonredundant nucleotide and peptide databases; of
these, 946 were zebrafish entries. Another 722 (14.1%)
ESTs matched to other ESTs in dbEST but not to any
known sequences. The remaining 1418 (27.8%)
showed no match to any known sequences and were
designated as novel genes (Table 2).

A total of 5102 EST sequences were processed with
the TIGR Assembler to estimate the number of unique
transcripts represented in the EST set. A total of 359
clusters composed of 1771 ESTs were generated,
whereas the remaining 3331 ESTs did not cluster. The
number of unique transcripts identified from the ze-
brafish embryonic heart EST set was therefore esti-
mated at up to 3690.

Known Gene Expression Profile in Zebrafish
Embryonic Heart
ESTs matching to known genes were categorized into
seven categories on the basis of general functions of
the genes (cell division, cell signaling/communication,
cell structure/motility, cell organism/defense, gene/
protein expression, metabolism, and unclassified) (Ad-
ams et al. 1995; Hwang et al. 1997). In total, 1242
unique known genes were represented and the per-
centage of transcripts in each category was calculated.
The largest class of genes represented those involved in
gene/protein expression (25.9%). This class was fol-
lowed by genes involved in metabolism (18.7%), cell
structure/motility (16.4%), cell signaling and commu-
nication (9.6%), cell/organism defense (7.1%), and cell
division (4.4%). Genes lacking enough information to be
classified constituted the remaining 17.9% (Table 3).

Consistent with the high proportions of ESTs in-
volved in gene/protein expression, ribosomal proteins
were some of the most abundantly expressed (Table 4).
Among other abundantly expressed genes, nine copies
of the bone morphogenetic protein 4 (BMP4) were
identified. Within the category cell structure/motility,
the largest groups of ESTs represented contractile pro-
teins, cytoskeletal proteins, and components of extra-
cellular matrix. The high frequency of these transcripts
was not unexpected for the heart, on the basis of our
previous experience. However, an unusually high
number of keratin proteins (75 clones) and cytokeratin
proteins (77 clones) were identified, perhaps due to
inclusion of some noncardiac tissues during the isola-
tion of the embryonic hearts.

Comparative Analysis of Gene Expression Profile
between Human Fetal Heart and Zebrafish
Embryonic Heart
To determine similarities and differences between the
two-chambered zebrafish and the four-chambered hu-
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man heart, we compared proportions of genes in each
functional category by using human fetal data from
Hwang et al. (1997). Significant differences were de-
tected in five different functional categories. It was
found that in the zebrafish embryonic heart, there
were significantly fewer transcripts encoding proteins
that function in cell division (P < .005), cell signaling/
communication (P < .001), and gene/protein expres-
sion (P < .001), whereas those involved in cell struc-
ture/motility and cell/organism defense were signifi-
cantly increased (P < .001) relative to human fetal
heart (Fig. 1; Table 5). Detailed analysis of subcatego-
ries found that the decrease in cell division-related
transcripts in zebrafish was due to a lower proportion
of transcripts representing the general factors of cell
division, whereas the decrease in cell/signaling com-
munication was a result of the relative scarcity of iden-
tifiable growth factors and hormones in the zebrafish
(Table 6). However, the number of transcripts repre-
senting effectors/modulators was significantly higher
in the zebrafish. This increase could be attributed to a
large number transcripts for parvalbumin, a calcium
sequesterer detected in fish cardiac muscle (Laforet et
al. 1991). Analysis of the cell structure/motility cat-
egory revealed that extracellular matrix was the only
subcategory that showed a significant decrease. How-
ever, the number of transcripts representing cytoskel-
etal proteins was much higher in the zebrafish. This
increase was due to the large number of keratin and
cytokeratin transcripts present. In the gene/protein ex-

pression category, the transcription factors, postrans-
lational modification, ribosomal proteins, and transla-
tion factors subcategories all decreased significantly in
the zebrafish.

Significantly more ESTs were detected in the cell/
organism defense category in the zebrafish, due largely
to increases in three subcategories: general homeosta-
sis, carrier proteins, and stress response. Although sig-
nificant change was not detected in overall levels of
transcripts devoted to metabolism, some subcategories
exhibited significant changes. Specifically, the nucleo-
tide and transport subcategories showed significant in-
creases, but the sugar/glycolysis subcategory showed
decreases. There were also significantly more ADP/ATP
carrier proteins and ion-transporting ATPases identi-
fied in the zebrafish than in the human heart.

RH Mapping of Embryonic Heart ESTs
Primers were designed for 127 selected ESTs. Of these,
101 (79%) successfully amplified a zebrafish PCR prod-
uct. Eleven of the primer pairs (9%) failed to amplify a
detectable PCR product from zebrafish DNA, and prim-
ers for another 8 (6%) ESTs produced Hamster PCR
products that could not be clearly distinguished from
Zebrafish PCR products. Two primer pairs (2%) were
designed for ESTs that are not covered in the hybrid
panel (retentions frequency 0%) and primers for 5 (3%)
other ESTs produced wrong size PCR products and were
discarded. In total, mapping reactions were reproduc-
ibly scored for 102 genes represented in the EST set. Of
these, 98 (96%) were successfully assigned to single
linkage groups (LG), with 23 of 25 groups represented
(Table 1). Linkage group 16 contained the most genes
(n = 10), followed by LG 7 (n = 8), LG1 (n = 7), and LG6
(n = 6). No genes demonstrated significant linkage to
LG21 or LG25 in this analysis (Table 1).

Synteny Analysis
To further analyze the conservation of synteny be-
tween zebrafish and humans, we compared positions
of the mapped zebrafish ESTs and their human coun-
terparts. Following the method described by Gates et
al. (1999), we have identified one new conserved syn-
tenic group between zebrafish and human and added
more genes to the previously identified groups. Com-
paring map positions of zebrafish ESTs and human or-
thologs identified a new syntenic group belongs to
linkage group 16 in zebrafish and chromosome 19 in
human and added one to two extra genes to each of
five previously identified groups (Table 6).

DISCUSSION
The generation of ESTs has proven to be a useful and
rapid means to identify and isolate large numbers of
expressed sequences (Adams et al. 1992, 1993; Hwang
et al. 1994, 1995; Liew et al. 1994). Although extensive

Table 2. Summary of ESTs from the Zebrafish
Embryonic Heart

Unmatched–novel 1418 (27.8%)
ESTs matching to known sequences

Matched to other ESTs 722 (14.1%)
Matched to known genes 2242 (43.9%)
Mitochondrial DNA 237 (4.6%)
Ribosomal proteins & RNA 447 (8.8%)
Repetitive elements 11 (0.2%)
Vector 25 (0.5%)

Total 5102 (100.0%)

Table 3. Functional Distribution of Known Genes

Functional Category No. of Unique Genes, %

Cell division 55 (4.4%)
Cell signaling/communication 119 (9.6%)
Cell structure/motility 204 (16.4%)
Cell/organism defense 88 (7.1%)
Gene/protein expression 322 (25.9%)
Metabolism 232 (18.7%)
Unclassified 222 (17.9%)

Total 1242 (100%)
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EST-based resources exist for human and other mam-
malian models such as mouse and rat, the EST database
for the zebrafish presently contains approximately
100,000 ESTs and is still being developed (Gong et al.

1997; Gong 1999). In this report, we characterized the
transcriptional profile of 3-d-old embryonic zebrafish
hearts by generation of 5102 ESTs. Clustering of 5102
ESTs estimated the maximum number of unique genes

Table 4. Most Abundant Genes Expressed in the Embryonic Zebrafish Heart

Identity
Frequency

(%) Identity
Frequency

(%)

Cell division (n = 2) Ribosomal protein S8 10
Nonhistone chromosomal protein HMG-17 6 Ribosomal protein L17 10
Prothymosin alpha 6 Ribosomal protein L8 10
Cell signaling/communication (n = 4) Ribosomal protein L41 10
Parvalbumin, beta 26 Ribosomal protein L19 9
Calmodulin 11 Ribosomal protein L6 9
Bone morphogenetic protein 4 precursor (BMP4) 9 Ribosomal protein L11 8
Receptor for activated protein kinase C (RACK1) 6 Elongation factor 2 8
Cell structure/motility (n = 22) Ribosomal protein L27 7
Myosin heavy chain, fast skeletal muscle 62 Ribosomal protein L3 7
Actin, alpha skeletal 53 Ribosomal protein S2 7
Actin, beta 42 Ribosomal protein S18 7
Keratin 37 Ribosomal protein L13 7
Cytokeratin S 35 Ribosomal protein L13A 7
Myosin light chain 2, fast skeletal muscle (mlc2f) 16 Ribosomal protein S3 7
Tropomyosin, alpha skeletal muscle 14 Homeobox protein LIM-3 6
Cytokeratin II 14 Ubiquitin 6
Cytokeratin 8 11 Ribosomal protein L18a 6
Myosin light chain 1a, fast skeletal 10 Ribosomal RNA large subunit 6
Cytokeratin type I (cytl) 10 Ribosomal protein L10 6
Collagen alpha-2 type I 9 Ribosomal protein S17 6
Myosin light chain 3, fast skeletal 9 Ribosomal protein S19 6
Actin, alpha cardiac 9 Acidic ribosomal protein P2 6
Tubulin, alpha 8 Ribosomal protein SA (P40) 6
Keratin, type II 7 Ribosomal protein S20 6
Myosin regulartory light chain 2A, atrial muscle 6 Ribosomal protein L22 6
Desmin 5 Ribosomal protein S9 6
Fibronectin 5 Ribosomal protein S10 6
Keratin, type II (58 kD) 5 Ribosomal protein L32 6
Myosin heavy chain, alpha cardiac 5 Ribosomal protein L1a 6
Myosin light chain 20-kD (MLC-2) 5 Ribosomal protein S11 6
Cell/organism defense (n = 10) Ribosomal large subunit 26S 6
Globin, beta embryonic 1 (bE1) 31 Ribosomal protein L18 5
Heat shock cognate (hsc70) 31 Ribosomal protein S14 5
Globin 2, alpha-type embryonic 15 Ribosomal protein L1 (L4) 5
zfY1–A cold shock protein 11 Ribosomal protein L5 5
Heat shock protein hsp90beta 10 Ribosomal protein L14 5
Creatine kinase M2-CK 6 Ribosomal protein L9 5
Globin, alpha 6 Ribosomal protein S12 5
Globin, alpha-type embryonic 6 Metabolism (n = 9)
Globin, beta 6 ADP/ATP carrier protein 19
Glutathione S-transferase 5 Cytochrome b 18
Gene/protein expression (n = 50) NADH ubiquinone oxidoreductase subunit 4L 12
Elongation factor 1 alpha 43 Apolipoprotein A-I precursor protein 11
Acidic ribosomal phosphoprotein P0 16 Cytochrome C oxidase subunit III 8
Cathepsin L 15 Apolipoprotein E precursor protein 7
Elongation factor l-gamma 14 NADH dehydrogenase subunit I 7
Ribosomal protein S7 13 ATP synthetase beta-subunit 5
Ribosomal protein L7A 13 ATPase, calcium, sarcoplasmic/endoplasmic

reticulum 1 B 5
Polyadenylate-binding protein 12 Isocitrate dehydrogenase 5
Ribosomal protein S4 isoform 11 Unclassified (n = 3)
Ribosomal protein S6 11 Translationally controlled tumor protein P23 (TCTP) 12
Ribosomal protein L30 11 Ependymin beta and gamma chains (Epd) 7
Ribosomal protein S3A 10 SMT3A protein 7
Ribosomal protein L4 10

Genes are categorized in seven different functional categories and are listed in descending order according to their frequencies.
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represented in this set at 3690. Because this analysis
was performed on 5� end sequences that may arise
from multiple nonoverlapping segments of the same
gene, the true number of unique genes is almost cer-
tainly lower.

Of known gene matches, a number of genes

thought to be involved in cardiogenesis were identified
in the data set. These included nine copies of BMP4,
which has been found to be involved in the regulation
of left-right asymmetries of the zebrafish heart (Chen
et al. 1997; Schilling et al. 1999). Other important fac-
tors known to regulate cardiogenesis were also identi-

Table 5. Relative Levels of Gene Expression in the Embryonic Zebrafish and Fetal Human Hearts

No. of ESTs Proportion of ESTs

Z H Z H EXP OBS/EXP �2

Cell division
General 17 154 0.65% 1.42% 36.97 0.46 10.95†
DNA synthesis/replication 8 24 0.31% 0.22% 5.76 1.39 0.87
Apoptosis 6 11 0.23% 0.10% 2.64 2.27 4.28
Cell cycle 20 92 0.77% 0.85% 22.09 0.91 0.20
Chromosome structure 23 149 0.88% 1.37% 35.77 0.64 4.63

Category subtotal 74 430 2.84% 3.96% 103.24 0.72 8.63*

Cell signalling/communication

Cell adhesion 11 93 0.42% 0.86% 22.33 0.49 5.80
Channel/transport proteins 10 78 0.38% 0.72% 18.73 0.53 4.10
Effectors/modulators 60 156 2.30% 1.44% 37.45 1.60 13.77†
Hormones/growth factors 27 297 1.04% 2.74% 71.31 0.38 28.32†
Intracellular transducers 27 242 1.04% 2.23% 58.10 0.46 17.04†
Metabolism 0 28 0.00% 0.26% 6.72 0.00 6.74
Protein modification 25 166 0.96% 1.53% 39.86 0.63 5.62
Receptors 29 97 1.11% 0.89% 23.29 1.25 1.41

Category subtotal 189 1157 7.25% 10.66% 277.79 0.68 31.83

Cell structure/motility

General 12 48 0.46% 0.44% 11.52 1.04 0.02
Contractile proteins 229 868 8.79% 8.00% 208.40 1.10 2.22
Cytoskeletal 324 537 12.43% 4.95% 128.93 2.51 310.75†
Extracellular matrix 69 410 2.65% 3.78% 98.44 0.70 9.16*
Microtubule-associated/motors 3 0 0.12% 0.00% 0.00 n/a n/a
Vesicular transport 4 33 0.15% 0.30% 7.92 0.50 1.95

Category subtotal 641 1896 24.60% 17.47% 455.22 1.41 92.17

Cell/organism defense

General 52 100 2.00% 0.92% 24.01 2.17 30.63*
DNA repair 18 64 0.69% 0.59% 15.37 1.17 0.45
Carrier protein/membrane transport 96 303 3.68% 2.79% 72.75 1.32 7.65
Stress response 62 146 2.38% 1.35% 35.05 1.77 21.00†
Immunology 7 54 0.27% 0.50% 12.97 0.54 2.76

Category subtotal 235 667 9.02% 6.15% 160.14 1.47 38.74†

Gene/protein expression

RNA synthesis
RNA polymerases 3 28 0.12% 0.26% 6.72 0.45 2.07
RNA processing 61 335 2.34% 3.09% 80.43 0.76 4.85
Transcription factors 79 458 3.03% 4.22% 109.96 0.72 8.33*

Protein synthesis
Posttranslational modification/targetting 56 341 2.15% 3.14% 81.87 0.68 8.45*
Protein turnover 54 151 2.07% 1.39% 36.25 1.49 8.81*
Ribosomal proteins 449 2232 17.23% 20.56% 535.89 0.84 17.81†
tRNA synthesis/metabolism 6 33 0.23% 0.30% 7.92 0.76 0.47
Translation factors 103 685 3.95% 6.31% 164.47 0.63 24.54†

Category subtotal 811 4263 31.12% 39.28% 1023.53 0.79 73.41

(Continues)
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fied, including homeobox transcription factors
Nkx2.3/2.5, Mef2A/2C, and atrial natriuretic factor.

Although comparative analyses of DNA sequences
have been performed between model organisms and
humans (Koop 1995; Makalowski et al. 1996;
Makalowski and Boguski 1998), little attention has
been paid to studying the patterns of gene expression
variations between model organisms and humans on a
global scale. Understanding similarities and differences

between identical tissues in different species is essen-
tial in establishing “synexpression” data sets, defining
groups of genes that share a similar functional pathway
(Niehrs and Pollet 1999). To investigate similarities
and differences in gene expression profiles in the de-
veloping heart between zebrafish and humans, we ana-
lyzed relative levels of expression of genes with related
functions. Despite limitations of comparing these two
data sets at different stages of development, these find-

ings provide us with a first look at global dif-
ferences in overall physiological status be-
tween the two-chambered zebrafish and the
four-chambered human heart, though for
the most part, the analysis was too small to
reliably reveal differences in the transcrip-
tion of specific genes. Nevertheless, the re-
sults of this analysis suggest several interest-
ing differences in patterns of expression. For
example, the high frequency of transcripts
detected in the cell/organism defense cat-
egory in the zebrafish may indicate differ-
ences in homeostatic requirements between
zebrafish and human hearts. A proportion-
ally high number of heat shock cognate 70
transcripts (hsc70) was detected in the ze-
brafish heart, with 31 ESTs representing this
gene (0.6% of all ESTs). This represents a sig-
nificant increase in proportion of hsc70 ex-
pression over human fetal heart (0.1% of all
ESTs; Hwang et al. 1997). Heat shock cognate
70 functions as a chaperone and is known to
protect cells against apoptosis (Hohfeld
1998). Heat shock proteins can also be in-

Figure 1 Comparison of relative levels of gene expression between embryonic
zebrafish and human fetal hearts. Represented are levels of gene expression in
the embryonic zebrafish and fetal human hearts in seven different functional
categories. The �2 test was used to determine statistical significance (*P = .005;
+P = .001).

Table 5. (Continued)

No. of ESTs Proportion of ESTs

Z H Z H EXP OBS/EXP �2

Metabolism

General 10 28 0.38% 0.26% 6.72 1.52 1.6
Amino acid 22 79 0.84% 0.73% 18.97 1.14 0.49
Cofactors 0 12 0.00% 0.11% 2.88 0.00 2.88
Energy/TCA cycle 144 556 5.53% 5.12% 133.49 1.10 0.87
Lipid 51 177 1.96% 1.63% 42.50 1.23 1.73
Nucleotide 32 78 1.23% 0.72% 18.73 1.70 9.48*
Protein modification 9 64 0.35% 0.59% 15.37 0.60 2.65
Sugar/glycolysis 50 363 1.92% 3.34% 87.15 0.56 16.40*
Transport 75 146 2.88% 1.35% 35.05 2.16 46.15†

Category subtotal 393 1503 15.08% 13.85% 360.86 1.10 3.3

Unclassified 263 936 10.09% 8.62% 224.73 1.15 7.14

Total 2606 10854

*P = .005; †P = .001
(Z) Embryonic zebrafish; (H) Fetal human; (EXP) expected no. of transcripts; (OBS) observed no. of transcripts; (�2) chi square result.
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duced by environmental stress. Unlike human fetuses
that develop in a stable environment in utero, fish em-
bryos develop externally and it is plausible that the
increased levels of hsc70 in the zebrafish embryonic
heart may serve a protective role during embryonic de-
velopment in the face of a potentially changing envi-
ronment.

Beyond analysis of expression profiles, one imme-
diate application of this EST resource is as a substrate
for RH mapping. Recent reports have dramatically in-
creased the number of mapped zebrafish markers,
genes, and ESTs (Geisler et al. 1999; Hukriede et al.
1999). Here, we present mapping results for an addi-
tional 102 ESTs identified from our library that should
further facilitate the identification of zebrafish mutant
genes with essential functions during zebrafish embry-
onic development (Chen et al. 1996; Stainier et al.
1996).

Comparative analysis of map positions between
zebrafish and human has identified that gene or-
thologs that are syntenic in mammals are also syntenic
in zebrafish (Postlethwait et al. 1998). This discovery of
extensive sharing of chromosome segments between
zebrafish and humans has practical significance to the
HGP. For example, synteny between zebrafish and hu-
mans will enable researchers to identify human ortho-
log from a gene’s position in the zebrafish genome.
Reciprocally, and more importantly, the phenotype of
a zebrafish mutation can suggest function for the hu-
man gene (Postlethwait and Talbot 1997). However,

before any conclusive characterization can be made
about this conservation, more detailed analyses of
these conservations are needed to further define the
boundaries of conserved chromosome segments and
the extent to which gene order is maintained between
zebrafish and human. This information would be par-
ticularly useful in identifying candidate genes for po-
sitional cloning analyses. It is anticipated that the con-
tinuing development of a dense zebrafish map will
markedly increase its utility and facilitate the transfer
of genetics information between the zebrafish and hu-
man.

This collection of 5102 ESTs provides us with a
preliminary view into the gene expression profile of
the zebrafish embryonic heart. The identification of
many genes known to be involved in cardiogenesis
suggests that the generation of ESTs is an excellent
method for identifying additional genes with essential
roles in heart development. Further integration with
mapping data of these zebrafish ESTs will provide a
richer resource for identifying candidate genes for the
several thousand mutants that affect zebrafish devel-
opment. Construction and characterization of cDNA
libraries from additional stages of development, with
comparison of gene expression profiles between librar-
ies, should provide further valuable insights into the
molecular mechanisms of heart development and dis-
ease.

METHODS

RNA Isolation
Total RNA was isolated from 3-d-old zebrafish embryonic
heart samples by the method described by Chomczynski and
Sacchi (1987). Tissues were homogenized and extracted twice
with acidic guanidinium isothiocyanate-phenol-chloroform.
The poly(A)+ RNA fraction was isolated by oligo-dT cellulose
chromatography (Pharmacia). Purity and RNA integrity were
assessed by absorbance at 260/280 nm and agarose gel elec-
trophoresis.

cDNA Library Construction
Libraries were constructed in the �ZAP Express vector (Strata-
gene) according to the manufacturer’s protocols. First-strand
cDNA was synthesized with an XhoI-oligo(dT) adapter-primer.
After second-strand synthesis and ligation of EcoRI adapters,
cDNA was digested with XhoI, generating cDNA flanked by
EcoRI sites at 5� ends and XhoI sites at the 3� ends. Digested
cDNAs were size-fractionated with Sephacryl S-500 spin col-
umns and ligated into the �ZAP Express vector predigested
with EcoRI and XhoI. The resulting concatomers were pack-
aged by using Gigapack Gold packaging extracts. After titra-
tion, aliquots of primary packaging mix were stored in 7%
DMSO at –80°C as primary library stocks, and the remainder
was amplified to establish stable library stocks.

Partial Sequencing of 5� Ends of cDNA Inserts
Plaques were picked randomly and eluted into SM buffer.
Phage eluates (5 µL) were directly used for PCR reactions (50-

Table 6. Zebrafish-Human Syntenies

LG EST name Gene Reference Human location

1 Zeh0637 MLC1SA a 2q33–34
OTX3 b 2p13
DLX5 b 2q32

3 Zehn0229 HOXB2A a 17q21–q22
Zeh0389 RCH1 a 17q23.1–q23.3

PARA2B b 17q12
CDC27 b 17q12–q23.2
HOXB b 17q21–q22

7 Zehn0716 MYBPC2 a 11p11.2
CCND1 b 11q13
FGF3 b 11q13

Zehn873 TRADD a 16q22
VNC b 16
CK2A2 b 16q13

12 Zeh0348 COL1A1 a 17q21.31–q22.05
HOXBB b 17q21–q22
RARA2A b 17q12
DLX3 b 17q21.3–q22

13 Zehn2160 VCL a 10q22–q23
RET b 10q11.2
PAX2 b 10q24.3–q25.1

16 Zeh0068 PSG4 a 19q13.2
Zeh1311 APOE a 19q13.2

aThis paper.
bGates et al. (1999).
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µL final volume). Reaction mixtures contain 5 µL of 10X Taq
buffer, 125 µL of each dNTP, 10 pmol each of forward primer
(5�-GCCAAGCTCGAAATTAACCCTCACTAAAGGG-3�) and
reverse primer (5�-CCAGTGAATTGTAATACGACTCACTAT
AGGGCG-3�) and 1 U of Taq polymerase. The thermal cycle
profile consisted of an initial denaturation at 94°C for 5 min,
followed by 30 cycles of 94°C for 45 sec, 57°C for 30 sec, and
72°C for 3 min, and a final extension step of 72°C for 3 min.
After agarose gel electrophoresis to determine the purity and
concentration, 2 µL of PCR products were used directly for
cycle sequencing by using the AmpliCycle Sequencing Kit
(Perkin-Elmer) and 5 pmol of Cy5 labeled modified T3 primer
(5�-GAAATTAACCCTCACTAAAGG-3�). The conditions for
cycle sequencing were as follows: 94°C for 2 min, followed by
35 cycles of linear amplification (94°C, 30 sec; 50°C, 15 sec;
72°C, 1 min for 20 cycles and 94°C, 30 sec; 72°C, 1 min for 15
cycles). The reactions were stopped by addition of 0.5 v/v
loading buffer (95% formamide, 20 mmol/L EDTA, 10 mg/mL
blue dextran). Sequencing reactions were loaded onto 6%
acrylamide gels and electrophoresed with A.L.F. and A.L.F.
Express DNA sequencers (Pharmacia) (Hwang et al. 1995,
1997).

Bioinformatics
Sequence search analysis of all ESTs against the nonredundant
GenBank/EMBL/DDBJ nucleotide, nonredundant GenBank
CDS translation/PDB/SwissProt/PIR/PRF peptide, and dbEST
databases were performed with the BLAST algorithm (Altschul
et al. 1990; Gish and States 1993) on a Unix platform (Sun
Microsystems). Assignment of putative identities for ESTs re-
quired a minimum P value of 10–10. ESTs with known gene
matches were categorized into different functional groups ac-
cording to categories described in Hwang et al. (1997). Rela-
tive levels of gene expression were computed by summing the
number of ESTs matching to that particular gene and dividing
the sum by the total of ESTs that match to known genes
(Hwang et al. 1997). The combined 5102 ESTs were clustered
on the basis of sequence similarity by using TIGR Assembler
(Fleischmann et al. 1995). Parameters were set so that ESTs
were connected together only with a minimum of 95%
nucleotide identity in an overlap region of 40 nucleotides.
GenBank accession nos. of the Zebrafish Embryonic heart
ESTs are AI353073-AI354214; AI616386-AI618739; AI618836-
AI618858; AW453485-AW455194. Further clone informa-
tion can be found on the Internet at URL www.tcgu.med.
utoronto.ca.

Preparation of DNA Templates for 3�
End Sequencing
The cDNA clones were excised in vivo from the �ZAP Express
vector by using ExAssist/XLOLR helper phage system (Strata-
gene) before sequencing. Phagemid particles were excised by
coinfecting Escherichia coli XL1-BLUE MRF� cells with ExAssist
helper phage. Excised pBluescript phagemids were used to
infect E. coli XLOLR cells and selected by using kanamycin
resistance. Single colonies were grown overnight in LB-
kanamycin and DNA purified by using Qiagen plasmid puri-
fication kits. Purified DNA was then used for sequencing of 3�

ends.

Radiation Hybrid (RH) Mapping of cDNA Clones
A 94-hybrid zebrafish RH panel was purchased from Research
Genetics. 3�-end sequences of each EST were used to design

PCR primers with the assistance of the Williamstone Enter-
prises Primer Design program (http://www.williamstone.
com). Primers were generally 20-bp long and were chosen to
generate PCR products of 100–300 bp and a Tm range of 58–
60°C. Primer pairs that showed high complementarity to each
other or similarity to repeat sequences were discarded. ESTs
for which no satisfactory primer pair was found were not
used. Names, symbols, and primer sequences are summarized
in Table 1. Each primer pair was pretested for specificity with
zebrafish and hamster genomic DNA (Research Genetics).
Primer pairs that gave a specific zebrafish product were used
to screen the RH panel.

PCR amplification was performed in 10-µL reaction mix-
tures containing reaction buffer, 2mM each dNTP, 0.05 U Taq
polymerase, 4 pM each primer, and 5 ng each hybrid. The
thermal cycle profile consisted of an initial denaturation at
94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 58°C
for 1 min, and 72°C for 1 min, and a final extension step of
72°C for 10 min. PCR products were separated by gel electro-
phoresis in 2% agarose with 0.5X TBE, and photographed on
a UV transilluminator.

Each primer pair was tested in duplicate and positive
products were scored. In case of discrepancies (positive on one
plate but negative on the other), the band(s) were rescored.
Retention profiles were submitted to the Max Planck Institute
(Tubingen, Germany) for analysis by SAMapper 1.0 (Geisler et
al. 1999).

Statistical Analysis
Analysis of differences in expression levels between zebrafish
and human genes was performed by using 2606 and 10,854
unique genes respectively, with ESTs from the mitochondrial
genome excluded from calculations. The expected number of
zebrafish ESTs present in each functional category/
subcategory was calculated based on the frequency of the ob-
served number of ESTs in the fetal human heart cDNA library.
By using the same method for identifying differentially ex-
pressed genes from EST-based expression profiles as described
in Hwang et al. (2000), the statistical significance of the de-
viation of observed EST profiles from expected was tested with
the �2 test. For each category, the �2 value was calculated by
summing the �2 value for that category with the �2 value
calculated from the sum of the remaining category/
subcategories. Statistical significance of the deviation from
expectations was tested by the �2 value with one d.f. The
thresholds of significance were established at *P = .005 and
+P = .001. The statistical significance of deviation between the
two sample sizes was confirmed by using another method for
assessing significance of gene expression profiles as described
in Audic and Claverie (1997) (http://igs-server.cnrs-mrs.fr).

Phylogenetic Analysis
Following the method described by Gates et al. (1999), each
EST sequence was searched against the protein database at
NCBI by using the BLASTX program (Altschul et al. 1990).
Mammalian sequences that showed significant similarity to
the zebrafish EST were retrieved. These sequences were then
multiply aligned and neighbor-joining trees were constructed
by using CLUSTALX (Thompson et al. 1997). A zebrafish EST
is orthologous to a human gene if it appears as a sister group
on the dendrogram. The locations of human gene loci were
taken from Online Mendelian Inheritance in Man (OMIM)
(http://www.ncbi.nlm.nih.gov/omim/); the Genome Data-
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base (http://www.gdb.org/gdb), and The Human Gene Map
(http://www.ncbi.nlm.nih.gov/genemap99/).
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