
EST-based identification of genes expressed
in the liver of adult Atlantic salmon (Salmo salar)

Sarah A. Martin, Nicole C. Caplice, Grace C. Davey, and Richard Powell*

Department of Microbiology, National University of Ireland, Galway, Ireland

Received 25 March 2002

Abstract

A list of genes expressed in the liver of Atlantic salmon was compiled using the expressed sequence tag (EST) strategy. 733 ESTs,

derived from 170 abundant and 563 rare mRNA encoding liver cDNA clones, were determined. Bioinformatic analysis revealed that

390 (53%) of the salmon liver ESTs could be ascribed to the transcriptional products of 93 identified genes including 7 previously

described in the Atlantic salmon. The identified Atlantic salmon genes were classified with respect to cellular role which showed that

33 (36%) of the identified genes encoded proteins associated with primary liver functions such as transport, acute phase response,

and blood clotting. Furthermore, comparative analysis revealed that 12 of the 16 salmon genes that were shown to encode abundant

mRNA transcripts in liver had homologues that have also been shown to be highly expressed in mammalian liver systems. Finally,

two cDNA variants corresponding to the two cDNA forms of the apolipoprotein A-I gene previously identified in rainbow trout

were also found in Atlantic salmon. � 2002 Elsevier Science (USA). All rights reserved.
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The liver is a dynamic organ playing an important
role in carbohydrate, lipid, steroid, amino acid, and
prostaglandin metabolism; in detoxification and in sero-
protein and biliary acid production. In mammalian
species, the cell types unique to the liver are hepatocytes,
biliary cells, and sinusoidal cells with the hepatocytes
constituting approximately 78% of liver volume and
approximately 76% of liver cells [1]. With an estimated
130 million cells per gram of liver, the hepatocyte fulfills
the majority of the organ functions including the bulk
production of plasma proteins (e.g. proteins involved in
binding and transport, the blood clotting cascade, and
the acute phase response), detoxification, and ATP
production [2]. Due to its vital function and relative lack
of complexity, the liver is a model for mammalian gene
expression studies, with gene regulation being primarily
exerted at the transcriptional level [3].

By comparison, far less is known of gene expression
in fish liver tissue. With respect to Atlantic salmon,

previous studies have focused on the description of in-
dividual genes including strongly expressed genes such
as serum albumin [4], apolipoprotein A-I [5], transferrin
[6], and a-1-microglobulin/bikunin [7]. Currently, and in
addition to the mitochondrion genome [8], the interna-
tional databases contain sequence information describ-
ing 75 full length Atlantic salmon genes, 14 of which
have been shown to be expressed in salmon liver.

Of specific interest to many salmonids, hepatic ul-
trastructure change has been associated with the parr-
smolt transformation in anadromous Atlantic salmon
[9]. Other features of smoltification including increased
hepatic enzyme activities [10] and alterations in fatty
acid content [11] also tacitly imply a role for the liver in
this adaptation process. At the transcriptional level, one
previous report studied liver-specific expression of five
known salmon genes during smoltification revealing no
change in mRNA levels for b-fibrinogen and apolipo-
protein A-I, slight increases in mRNA levels for com-
plement C3 and hemopexin, and a major 200-fold
increase in serum albumin mRNA levels [12]. However,
the further study of specific features such as salmonid
smoltification, or more generally, the comparison of fish
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and mammalian liver gene expression is currently lim-
ited by the lack of identified salmon genes expressed in
liver cells.

This study reports an expressed sequence tag (EST)-
based gene identification analysis of 733 Atlantic salmon
cDNA clones derived from an adult mixed-sex Atlantic
salmon liver cDNA library. One-hundred and seventy of
these cDNA clones represented abundant liver mRNA
transcripts while the remaining 563 cDNA clones en-
coded rare liver mRNA transcripts. Gene identification
was based on homology searches of the NCBI nr protein
database. The identified salmon genes were then char-
acterised in terms of cellular role and by comparison to
data derived from homologues described in mammalian
liver systems. Finally, two cDNA variants were identi-
fied for the Atlantic salmon apolipoprotein A-I gene
which seem to correspond directly to the two cDNA
forms of this gene, i.e., apoA-I-1 and apoA-I-2, previ-
ously identified in rainbow trout [13].

Materials and methods

cDNA library construction and cDNA clone selection. The cDNA

library was constructed from mRNA prepared from equivalent

amounts of liver tissue dissected from one male and one female, ap-

proximately 3 kg, adult Atlantic salmon (MOWI strain) obtained

from an Irish fish farm. The details of the cDNA library construction

using the k Zap Express cDNA synthesis/Gigapack cloning kit

(Stratagene Cloning Systems, CA, USA) have been previously de-

scribed [14]. The identification of abundant and rare mRNA encoding

cDNA clones was performed following the methodology previously

described [15]. Briefly, 3000–4000 phages from the liver cDNA library

were screened with a total cDNA probe reverse transcribed from 5lg

of total liver RNA primed with a mixture of anchored oligo-(dT)12

primers containing all 12 possible dinucleotide combinations at the 30-

terminus (Sigma Genosys, Cambridgeshire, UK). The reverse tran-

scription was performed at 37 �C for 30 min before the addition of

2ll of 2.5mM dNTP and incubation at 37 �C for a further 30min.

The cDNA probe was purified using a High Pure PCR Product Pu-

rification kit (Roche Diagnostics GmbH, Mannheim, Germany) and

in situ hybridisation was performed using conventional procedures

[16]. Following autoradiography at )70 �C for 48 h, hybridisation-

positive and -negative plaques, representing abundant and rare

mRNA encoding cDNA clones, respectively, were catalogued and

stored separately.

DNA sequencing and bioinformatic analysis. Single-pass sequencing

of the 50-termini of 960 selected salmon liver cDNA clones in

phagemid form was performed using the ABI 3700 automatic DNA

sequencer (PE Applied Biosystems, CA, USA) and the ABI prism Big

Dye Terminator Cycle Sequencing Ready Reaction kit (PE Applied

Biosystems). In order to identify identical sequences, all ESTs

>270 bp in length after elimination of vector sequence were aligned

together using the Clustal X programme [17] and the longest EST

was taken as the unique representative member of each EST cluster.

Subsequently, all the unique ESTs were submitted to the NCBI nr

protein database [18] using the Blast X programme located on the

NCBI Blast homepage (http://www.ncbi.nim.nih.gov/BLAST/). The

first 50 most homologous sequences were listed and the best 10

alignments were examined. The identification of an Atlantic salmon

EST was based on a minimum amino acid sequence identity of >50%

over a contiguous series of >50 amino acids. All unique ESTs have

been deposited in the GenBank dbEST under accession numbers

BI468016-BI468193, BI544051-BI544053, and BI544216-BI544217.

Appropriate phagemid infected cells have been placed in long-term

storage at )70 �C.

Results and discussion

Identification of abundant and rare mRNA encoding
cDNA clones

The liver cDNA library used in this study had pre-
viously been assessed as containing 3:6 � 105 primary
clones with a parental background of 2%, an average
cDNA fragment length of 1.7 kb and with 95% of clones
containing cDNA fragments >0.5 kb in length [14].
Several 1000 salmon liver cDNA clones were then
screened by in situ hybridisation with a total liver
cDNA probe in order to identify cDNA clones corre-
sponding to either abundant or rare mRNA encoding
genes. As this type of cDNA probe has been reported to
only identify cDNA clones derived from mRNA tran-
scripts that exceed 0.06% of the total mRNA population
[15], the 49% of the phage plaques in the liver cDNA
library that hybridised with the cDNA probe was cat-
alogued as encoding abundant liver mRNA transcripts.
The remaining 51%, non-hybridising phage plaques,
was catalogued as encoding rare liver mRNA tran-
scripts.

Atlantic salmon liver EST determination and gene iden-
tification

Nine-hundred and sixty randomly chosen cDNA
clones, composed of 192 and 768 cDNA clones of the
abundant and rare mRNA classes, respectively, were
submitted to single-pass DNA sequencing targeting the
50-terminus of each cDNA fragment. After elimination
of the vector sequence, only ESTs> 270 bp in length
were chosen for subsequent bioinformatic analysis and
this constituted 170 abundant and 563 rare mRNA en-
coding salmon liver ESTs. Cluster analysis was then
performed on the 733 salmon liver ESTs using the cri-
terium that ESTs showing a <1% nucleotide mismatch
over a length of 300 nucleotides were encoded by the
same gene. The result showed that the 733 liver ESTs
was composed of 246 unique ESTs (derived from 128
clusters and 118 singletons), 68 and 178 of which en-
coded abundant and rare mRNA transcripts, respec-
tively.

Due to the comparative lack of identified fish genes
and as protein sequences have been shown to be more
suitable to detect homology over long periods of evo-
lutionary time [19], a protein-based homology strategy
was used to screen for homologous genes in the inter-
national databases. The 246 unique salmon liver ESTs
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Table 1

Classified list of identified Atlantic salmon liver ESTs

Atlantic salmon ESTs Matching sequences

Accession Name mRNA

Classa

Species Accession

number

E-value Identity

(%)

Amino acid

overlap

I. Plasma proteins

BI468086 Beta-globin R Salmo salar CAA65953 1.0e) 66 99 125/126

BF228472 Haptoglobinb A Oncorhynchus mykiss AAF87767 4.3e) 46 88 97/109

BI468016 Haptoglobin fragment 1b A Oncorhynchus mykiss AAG30004 2.2e) 33 86 76/88

BE518589 Hemopexin-like protein A Oncorhynchus mykiss CAA92147 4.2e) 103 91 187/205

BI468020 Hemopexin-like protein A Oncorhynchus mykiss CAA92147 4.0e) 39 68 80/116

BI468065 Hemopexin-like protein A Oncorhynchus mykiss CAA92147 2.0e) 48 59 83/139

BI468078 Pentraxin R Salmo salar CAA67765 1.0e) 116 98 207/210

BE518593 Serotransferrin I precursorb A Salmo salar P80426 1.0e) 110 97 189/193

BE518594 Serotransferrin II precursorb A Salmo salar P80429 1.0e) 104 95 186/195

BI468094 Serotransferrin II precursorb A Salmo salar P80429 1.0e) 69 99 100/101

BI468084 Serotransferrin II precursorb A Salmo salar P80429 3.0e) 83 96 151/156

BI544051 Serotransferrin II precursorb A Salmo salar P80429 1.0e) 121 97 209/215

BE518596 Serum albumin 1 precursorb A Salmo salar P21848 6.0e) 97 89 175/195

BI468021 Serum albumin 2 precursorb A Salmo salar Q03156 1.0e) 48 97 95/97

II. Protease inhibitors

BE518580 Alpha-1-microglobulin/inter-

alpha-trypsin inhibitor precursorb

A Salmo salar JC2556 6.4e) 91 81 172/211

BI544216 Alpha-1-microglobulin/inter-

alpha-trypsin inhibitor precursorb

A Salmo salar JC2556 2.8e) 97 100 178/178

BI468029 Antithrombin R Salmo salar CAB64714 5.0e) 55 95 108/113

BI468058 Heparin cofactor II R Gallus gallus AAC16324 1.0e) 63 59 117/197

BI468082 Inter-alpha-trypsin inhibitor heavy

chain 3 precursorb

R Homo sapiens S30350 1.0e) 61 56 114/203

BI468072 Serine proteinase inhibitor CP9b R Cyprinus carpio I50494 1.0e) 41 68 83/122

III. Coagulation factors

BF228485 Angiopoietin-related protein 3 R Mus musculus AAD45920 4.5e) 42 51 96/185

BE518584 Beta-fibrinogen precursorb A Homo sapiens AAA52429 4.0e) 56 64 96/148

BI468018 Fibrin beta A Homo sapiens 0401173A 3.0e) 54 71 88/123

BE518587 Fibrinogen B-beta subunit precursorb A Xenopus laevis AAA85283 1.1e) 36 50 75/149

BI544052 Fibrinogen B-beta subunit precursorb A Xenopus laevis AAA85283 3.0e) 61 54 106/193

BI468019 Fibrinogen gamma polypeptideb A Rattus norvegicus NP_036691 1.0e) 21 70 50/71

BE518591 Prothrombinb A Struthio camelus BAA89046 1.2e) 46 53 98/182

BI468077 Thrombin-B chain R Oncorhynchus mykiss G42696 2.0e) 93 99 163/164

IV. Complements

BI468022 Chemotaxin A Oncorhynchus mykiss AAG28030 2.0e) 41 82 80/97

BE518585 Complement C3-1b A Oncorhynchus mykiss P98093 1.0e) 73 95 125/131

BI468073 Complement C3-1b A Oncorhynchus mykiss P98093 5.0e) 96 95 176/184

BI468074 Complement C3-1b A Oncorhynchus mykiss P98093 1.0e) 119 95 212/221

BE518598 Complement C3-1b A Oncorhynchus mykiss P98093 6.0e) 84 91 147/161

BI468035 Complement C3-1b A Oncorhynchus mykiss P98093 5.0e) 99 92 179/194

BI518586 Complement component C3-3b A Oncorhynchus mykiss AAC60015 1.0e) 78 77 151/196

BI468048 Complement component C3-3b A Oncorhynchus mykiss AAC60015 1.0e) 79 83 150/180

BI468051 Complement component C3-3b A Oncorhynchus mykiss AAC60015 2.0e) 60 92 116/125

BI468034 Complement component C3-3b A Oncorhynchus mykiss AAC60015 1.0e) 102 81 185/227

BI468017 Complement C4Bb A Cyprinus carpio BAB03285 4.0e) 30 61 61/99

BI468031 Complement C4Bb A Cyprinus carpio BAB03285 7.0e) 53 54 115/212

BI468049 Complement C4Bb A Cyprinus carpio BAB03285 2.0e) 51 62 113/182

BI480050 Complement C4Bb A Cyprinus carpio BAB03285 9.0e) 53 56 106/186

BI468093 Complement component

C8 beta

R Paralichthys olivaceus BAA86877 2.0e) 86 72 146/201

BI468023 Complement component C9 A Oncorhynchus mykiss P06682 5.0e) 88 95 145/152

BE518599 Complement factor B/C2-B R Oncorhynchus mykiss BAB19788 1.0e) 114 90 206/228

BF228496 Complement factor B/C2-B R Oncorhynchus mykiss BAB19788 1.0e) 75 86 138/159

BI468056 Complement factor Bf-1 R Oncorhynchus mykiss AAC83699 1.0e) 104 85 182/212

BI468028 Complement factor Bf-2 R Oncorhynchus mykiss AAC83698 1.0e) 105 91 186/204

BI468052 Orla C3-1 R Oryzias latipes BAA92285 5.0e) 48 52 103/197

BI468037 Orla C4 R Oryzias latipes BAA92287 6.0e) 67 61 122/200
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Table 1 (continued)

Atlantic salmon ESTs Matching sequences

Accession Name mRNA

Classa

Species Accession

number

E-value Identity

(%)

Amino acid

overlap

V. Lipoproteins

BE518581 Apolipoprotein A-1 precursorb A Salmo trutta AAA88542 2.0e) 81 89 156/175

BE518583 Apolipoprotein A-I-1 precursorb A Oncorhynchus mykiss O57523 3.0e) 89 72 173/239

BE518582 Apolipoprotein A-I-1 precursorb A Salmo trutta Q91488 9.0e) 38 72 86/119

BF228481 Apolipoprotein CIIb A Oncorhynchus mykiss AAG11410 1.0e) 42 79 89/112

BI468076 Lipoprotein lipase R Pagrus major BAB20996 4.0e) 79 77 141/182

VI. Detoxificants

BI468047 Cytochrome P450 2P2 R Fundulus heteroclitus AAF21999 8.0e) 84 70 150/213

VII. Glycolysis and gluconeogenesis

BI468053 Triosephosphate isomerase R Macaca mulatta P15426 6.0e) 44 79 86/108

VIII. Ribosomal proteins

BI468046 Ribosomal protein L34 R Homo sapiens XP_034711 1.0e) 59 95 112/117

BI468066 40S Ribosomal protein S2 R Mus musculus P25444 3.0e) 38 95 78/82

BI468061 60S Ribosomal protein L13 R Rattus norvegicus P41123 1.0e) 69 83 134/161

BI468041 60S Ribosomal protein L13A R Salmo trutta Q91487 9.0e) 89 90 166/184

BI468063 60S Ribosomal protein L3 R Rattus rattus CAA44095 1.6e) 62 95 120/126

BE518608 60S Ribosomal protein L6 R Rattus norvegicus P21533 3.0e) 78 66 154/233

BE518592 Ribosomal protein S13 A Gillichthys mirabilis AAG13286 1.1e) 39 91 68/74

IX. Metabolism

BI468087 Carboxylesterase precursor R Mesocricetus auratus BAA23604 4.0e) 26 55 59/106

F228470 Cysteine proteinase A Oncorhynchus mykiss AAG30006 4.1e) 27 67 62/92

BI468071 Diamine acetyltransferase R Sus scrofa Q28999 2.0e) 52 72 93/129

BI468067 Flavin containing mono-oxygenase 5 R Homo sapiens XP_001664 1.0e) 61 63 117/183

BE518590 3-hydroxy-3-methylglutaryl-coenzyme

A reductase

A Homo sapiens NP_000850 2.0e) 73 76 142/185

BE518600 Glucosamine-fructose-6-phosphate

aminotransferase

R Homo sapiens NP_002047 1.1e) 100 83 194/233

BE518601 Glucosidase II alpha subunit R Homo sapiens AAF66685 1.0e) 62 65 95/144

BE518588 Glutathione peroxidase 3 A Mus musculus NP_032187 1.0e) 49 66 89/134

BE518602 Guanidinoacetate N-methyltransferase R Homo sapiens NP_000147 3.0e) 88 71 151/212

BI468095 Phosphatidylinositol 3-kinase R Rattus norvegicus NP_075247 3.0e) 85 73 170/232

BE518606 Protein phosphatase 1 A Homo sapiens NP_002700 1.0e) 133 98 226/229

BI468088 Retinol dehydrogenase type 6 R Mus musculus NP_033066 1.0e) 64 59 119/201

BI468043 Sepiapterin reductase R Takifugu rubripes AAC60296 9.0e) 56 55 116/210

BI468064 Serine protease-like protein precursor R Salvelinus fontinalis AAC17927 3.0e) 89 87 161/185

BI468025 Tyrosine aminotransferase R Rattus norvegicus NP_036800 7.0e) 97 73 162/220

X. Housekeeping Genes

BI468054 CCCH zinc finger protein C3H-2 R Xenopus laevis AAD24208 1.0e) 31 51 89/174

BI468068 CCT R Carassius auratus BAA89277 9.0e) 78 82 147/178

BI468040 DEAD-box protein abstrakt R Homo sapiens NP_057306 1.0e) 87 80 156/195

BI468079 Elongation factor 2 R Gallus gallus Q90705 1.0e) 99 91 170/185

BI468081 Heat shock protein 108 R Gallus gallus CAA28629 5.0e) 89 79 157/198

BI468080 Heat shock protein hsp90 beta R Salmo salar AAD30275 1.0e) 80 69 156/223

BI468062 Mini chromosome maintenance

deficient 6

R Mus musculus NP_032593 6.4e) 43 59 101/169

BI468069 146D nuclear protein R Xenopus laevis T30887 1.0e) 105 96 191/197

BI468036 Nuclear receptor coactivator 4; RFG R Mus musculus NP_062718 2.0e) 32 50 73/146

BI468085 Proteasome activator subunit 2 R Danio rerio AAF05817 1.0e) 73 71 142/200

BI468075 Translation elongation factor R Xenopus laevis I51237 6.0e) 70 74 126/170

XI. Mitochondrion

BI468060 Cytochrome b R Acantholingua orhidana AAF25872 6.0e) 63 86 123/142

BI468083 Cytochrome c oxidase subunit I R Diplophos taenia NP_073653 2.0e) 63 62 135/217

BI468044 NADH dehydrogenase subunit 1 R Salvelinus alpinus NP_008673 1.0e) 65 67 139/207

BI468045 Peptidyl-prolyl cis-trans isomerase

mitochondrial precursor

R Rattus norvegicus P29117 1.0e) 64 67 122/182

XII. Cell signalling/communication

BI468057 Activated protein kinase C receptor R Mus musculus AAG29506 1.0e) 119 97 201/207
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were translated in all six reading frames and used to
search for amino acid homology in the NCBI nr protein
database. Table 1 lists the 117 (48%) Atlantic salmon
ESTs that showed sufficient homology along with the
details of the best match sequences, homology values,
and membership of abundant or rare mRNA classes.
Based on our subjective criteria for unambiguous sal-
mon gene identification, and accounting for EST re-
dundancy whereby different clusters of EST
corresponded to different regions of the same mRNA
transcript, 93 different salmon genes were identified. In
terms of mRNA class, these constituted 23 abundant
and 70 rare mRNA encoding genes (Table 1). The 129
unidentified Atlantic salmon ESTs were composed of
104 salmon ESTs that did not reach the criteria for
unequivocal gene identification, 7 salmon ESTs which
did show sufficient homology but to, as yet, unidentified
mouse and human genes, and 18 salmon ESTs which
showed no database match.

Analysis of identified Atlantic salmon genes expressed in
liver

Of the 93 identified Atlantic salmon genes, only 4
were mitochondrion-encoded and a further 7 repre-

sented ribosomal protein genes. Twenty-five of the
identified genes had previously been reported in salmo-
nids including 7 genes cloned from the Atlantic salmon
(Table 1). The 93 identified salmon genes were classified
according to cellular role by comparison with the more
comprehensive mammalian liver gene expression data
available [20]. The results showed that genes associated
with typical mammalian liver function were also well
represented in the salmon liver cDNA library, e.g., 33 of
the 93 identified salmon genes encoded either plasma
proteins, protease inhibitors, coagulation factors, com-
plements, lipoproteins, detoxificants, or enzymes in-
volved in glycolysis and gluconeogenesis (Table 1).
Furthermore, 16 of these 33 salmon genes were shown to
encode abundant mRNA transcripts in salmon liver,
including 12 genes for which homologues have been
identified that also showed strong mRNA expression
profiles in mouse and human liver (Table 1). These genes
included those encoding the serum albumin, haptoglo-
bin, and serotransferrin transport proteins; the apo-
lipoprotein A-I and C-II lipoproteins; the complements
C3-1, C3-3, and C4B acute phase response proteins; the
b- and c-fibrinogen subunits and prothrombin blood
clotting cascade proteins; and the a-1-microglobulin/
inter-a-trypsin protease inhibitor. This conservation of

Table 1 (continued)

Atlantic salmon ESTs Matching sequences

Accession Name mRNA

Classa

Species Accession

number

E-value Identity

(%)

Amino acid

overlap

BI468042 Calreticulin R Danio rerio AAF13700 1.0e) 114 85 183/213

BE518603 Integrin beta-1 precursor R Xenopus laevis P12606 4.0e) 96 83 165/198

BI468059 IQ motif containing GTPase activating

protein 2

R Homo sapiens NP_006624 2.0e) 90 77 156/202

BI468070 Probable calcium-binding protein R Homo sapiens JS0027 3.0e) 20 63 51/80

BI468038 ras homolog gene family, member A R Homo sapiens NP_001655 1.0e) 99 97 177/181

BE518607 RAS-related protein RAB-8 R Discopyge ommata P22128 2.0e) 47 88 64/72

BE518610 Transthyretin precursor R Sparus aurata AAC26108 1.0e) 51 72 94/129

XIII. Unclassified

BI468033 ABCA1 R Homo sapiens AAF86276 4.0e) 86 82 151/183

BE518597 Alpha tubulin A Chionodraco AAG15366 3.0e) 65 85 119/139

BI468027 Cathepsin L R Danio rerio CAA69623 4.0e) 57 63 95/149

BI468055 C-type lectin 2-1 R Oncorhynchus mykiss AAG30024 2.0e) 28 92 53/57

BI468092 Hepatocyte growth factor-like 1 R Danio rerio AAK54207 6.0e) 75 90 118/131

BI468039 High-mobility group protein 4 R Homo sapiens XP_013062 5.0e) 66 75 118/156

BI468091 hnRNP protein (pre-mRNA binding K

protein)

R Xenopus laevis S41224 2.0e) 81 81 152/186

BI468032 Hypoxia-inducible gene 1 R Gillichthys mirabilis AAG13326 7.0e) 30 72 61/84

BE518604 Kal1.1 R Danio rerio AAF25779 3.0e) 76 61 144/235

BE518605 Progesterone receptor-related protein

p23

R Gallus gallus B56211 4.0e) 51 60 99/163

BI468024 Prosaposin precursor A Danio rerio AAG32919 2.0e) 37 59 75/126

BI468090 Sec 61 alpha form A R Oncorhynchus mykiss AAK29081 1.0e) 117 99 211/212

BI468089 15 KDa selenoprotein R Homo sapiens CAC04186 2.0e) 38 66 76/115

BI468026 Signal sequence receptor beta subunit R Xenopus laevis AAK15544 5.0e) 82 93 148/158

BE518609 Striatin R Mus musculus NP_035630 5.0e) 55 80 104/129

a mRNA Class: A, abundant mRNA encoding gene; R, rare mRNA encoding gene.
b Genes with highly expressed homologues in human and mouse liver [20].
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Fig. 1. Comparative alignment of the 85 inferred N-terminal amino acids of the Atlantic salmon (SsApo) and rainbow trout (OmApo) Apo-

lipoprotein A-I forms. Only the amino acid substitutions and nucleotide mutations are indicated. The boxed residues indicate the substitutions/

mutations conserved between both ApoA-I forms. The two downward arrows indicate the predicted cleavage sites for the signal peptide and

prepeptide.

S.A. Martin et al. / Biochemical and Biophysical Research Communications 293 (2002) 578–585 583



highly expressed genes suggests that many components
of the primary liver functions evolved before the teleost
fish-tetrapod divergence 400–450 million years ago. It
also indicates that the range of salmon liver ESTs
identified in this study spans the known liver functions
and therefore should be useful to monitor liver gene
expression under different physiological conditions (e.g.,
smoltification, development, pathogen infection).

Atlantic salmon genes with two cDNA forms

Genes represented by two forms of cDNA have pre-
viously been reported in some salmonid species and this
is thought to reflect the high incidence of gene duplica-
tion in salmonids after a common tetraploid event about
100 million year ago [21]. In Atlantic salmon, two
cDNA variants have been described for serum albumin
[22], serotransferrin [6], IgM heavy chain [23], a- and b-
globin [24], and parvalbumin [25]. This study found
between 2 and 5 EST clusters for 11 of the 93 identified
salmon genes, i.e., haptoglobin, hemopexin-like protein,
serotransferrin, serum albumin, a-1-microglobulin/inter-
a-trypsin inhibitor, b-fibrinogen, complements C3-1,
C3-3, C4B, and B/C2-B, and apolipoprotein A-I (and a
unique EST representing each cluster has been deposited
in the GenBank dbEST and listed in Table 1). Analysis
of the homology alignments showed that while both
reported cDNA forms of the serotransferrin and serum
albumin genes were identified by individual EST clus-
ters, all but one of the remaining 9 salmon genes iden-
tified by >1 cluster reflected ESTs derived from different
regions of the mRNA transcript. The exception was the
apolipoprotein A-I gene where two of the three EST
clusters (accession numbers BE518581 and BE518583)
showed homology to the same region located at the 50

terminus of the gene. While nucleotide variation be-
tween the ESTs within each cluster was <1% over the
mRNA region which codes for the initial 85 amino acids
of Apolipoprotein A-I, the nucleotide variation between
both clusters was 9%. This intra-cluster variation is
composed of 24 nucleotide differences conserved within
each EST cluster which result in 14 amino acid changes
between both inferred protein sequences over this region
(Fig. 1). This is similar to that reported for the rainbow
trout (Oncorhynchus mykiss) apolipoprotein A-I gene
where two cDNA forms, A-I-1 and A-I-2, have been
identified which showed about 10% nucleotide variation
and 14 amino acid substitutions in the 85 amino acid N-
terminal region [13]. A comparison of the N-terminal
region of the inferred trout and salmon Apolipoprotein
A-1 (ApoA-I) amino acid sequences showed that each of
the salmon ApoA-I forms is most homologous to one of
the trout ApoA-I forms, i.e. salmon EST BE518583
equates to trout A-I-1, while salmon EST BE518581
equates to trout A-I-2. Nine of the 14 amino acid
changes (and 12 of the 13 relevant nucleotide differ-

ences) that distinguish between the two Apo-I forms
in both species are conserved between both species
(Fig. 1). This suggests that apolipoprotein A-I can be
added to the list of Atlantic salmon genes for which
the presence of two cDNA variants has been described.
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