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ABSTRACT 
 
Vertebrate ALDH1A-like genes encode cytosolic enzymes capable of metabolizing all-trans-
retinaldehyde to retinoic acid, a molecular ‘signal’ guiding vertebrate development and 
adipogenesis. Bioinformatic analyses of vertebrate genomes were undertaken using known 
ALDH1A1, ALDH1A2 and ALDH1A3 amino acid sequences. Comparative analyses of the 
ALDH1A-like human genes provided evidence for distinct modes of gene regulation and expression 
with the identification of transcription factor binding sites (TFBS), CpG islands and micro-RNA 
binding sites. Phylogenetic analyses of a primitive vertebrate genome (lamprey) and representative 
vertebrate genomes indicated that three ALDH1A-like genes were present for most vertebrates. The 
ALDH1A1 gene was absent in many bony fish genomes examined, with the ALDH1A3 gene also 
absent in the medaka and tilapia genomes. Multiple ALDH1A1-like genes were identified in mouse, 
rat and marsupial genomes. Vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 subunit sequences 
were highly conserved throughout vertebrate evolution. Comparative amino acid sequence studies 
showed that mammalian ALDH1A2 sequences were more highly conserved than for the ALDH1A1 
and ALDH1A3 sequences. Phylogenetic analyses suggested that ALDH1A2 is the likely primordial 
gene in early vertebrates. Subsequent gene duplication events have apparently generated ALDH1A1, 
ALDH1A2 and ALDH1A3 genes in most vertebrate genomes, with the exception of some bony fish.  
 
Keywords: Aldehyde dehydrogenases; retinaldehyde dehydrogenase; retinal; retinoic acid; ALDH1A1; 
ALDH1A2; ALDH1A3; vertebrates; gene duplication; evolution; phylogeny; primordial gene; transcription 
factor binding sites; CpG islands; miRNA binding sites.   
 
Abbreviations: ALDH: aldehyde dehydrogenase; BLAST: basic local alignment search tool; BLAT: blast-
like alignment tool; NCBI: National Center for Biotechnology Information; KO: knock out; AceView: 
NCBI based representation of public mRNAs; TFBS: transcription factor binding sites; UTR: untranslated 
region; CpG: region of high density of guanine-cytosine dinucleotides; miRNA: small noncoding RNA 
miRNA binding site in the 3’UTR; mRNA: messenger RNA; RA: retinoic acid (or retinoate). 

 
INTRODUCTION 
 
 Vertebrate aldehyde dehydrogenase (ALDH; EC 1.2.1.3) genes encode many enzymes 

performing diverse roles in aldehyde metabolism in the body (http://aldh.org/superfamily.php) [1]. 

Several related ALDH1 and ALDH2 like genes and encoded enzymes have been described, 

including three retinaldehyde dehydrogenases, designated as ALDH1A1 (or RALDH1) [2,3], 

ALDH1A2 (or RALDH2) [4] and ALDH1A3 (or RALDH3 and ALDH6) [5-8]. These genes are 

separately localized on the human genome: ALDH1A1 on chromosome 9, encoding cytosolic liver, 

red cell, adipose tissue, cornea, lens and stem cell ALDH1A1 [2,3,10-16]; ALDH1A2 on 

chromosome 15, encoding embryonic forebrain cytosolic ALDH1A2, which plays a major role in 



generating retinoic acid as a signal for guiding development [17-21]; and ALDH1A3, also on 

chromosome 15, encoding cytosolic ventral sensory gland ALDH1A3 functioning as a molecular 

signal during neural development [6-8]. 

This study describes the predicted sequences, structures and phylogeny of vertebrate ALDH1A1, 

ALDH1A2 and ALDH1A3 genes and enzymes and compares these results for those previously reported for 

the corresponding human (Homo sapiens) and mouse (Mus musculus) genes and proteins [2,4,5,22,23]. 

Sequences for vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 enzymes and gene locations for 

ALDH1A1, ALDH1A2 and ALDH1A3 genes were obtained using data from respective genome sequences. 

This paper also describes evidence for distinct modes of gene regulation and expression with transcription 

factor binding sites (TFBS), CpG islands and micro-RNA binding sites identified for the human ALDH1A1, 

ALDH1A2 and ALDH1A3 genes. Phylogenetic analyses also describe the relationships and potential origins 

of ALDH1A1, ALDH1A2 and ALDH1A3 genes during vertebrate evolution as well as evidence for 

ALDH1A2 serving as the primordial gene during early vertebrate evolution.  

MATERIALS AND METHODS 

Vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 gene and enzyme identification  

ALDH1A1, ALDH1A2 and ALDH1A3 sequences for representative vertebrate species were 

retrieved from two major databases (NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and ExPASy 

(http://www.expasy.org) [24]) using human ALDH1A1 ([2,22], ALDH1A2 [17] and ALDH1A3 [5] 

sequences to seed searches. Identification of these genes in vertebrate genomes was based on high 

predictive scores (>850) and sequence coverage (>98%) for ALDH proteome sequences listed by NCBI, in 

each case (Table 1 and Supplementary Tables 1s, 2s and 3s). BLAT searches were performed using 

relevant ALDH1A1, ALDH1A2 and ALDH1A3 protein sequences to confirm the presence or absence of 

these genes among the vertebrate species examined using the UCSC Genome Browser  [25]. Gene 

locations, predicted gene structures and ALDH1A1, ALDH1A2 and ALDH1A3 protein subunit sequences 

were obtained for each ALDH examined showing identity with the respective ALDH sequences (Table 1; 

Tables 1s, 2s and 3s). Representations of human ALDH1A1, ALDH1A2 and ALDH1A3 gene structures were 

obtained using the AceView (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/) web browser. 

Identification of potential ALDH1A1, ALDH1A2 and ALDH1A3 gene regulatory sites, including 



transcription factor binding sites (TFBS) and CpG islands within the respective gene promoter regions, and 

miRNA binding sites within the 3’UTR regions, was undertaken using the UCSC Human Genome Browser 

[25].                                                                                                                                                           

Amino acid sequence alignments and phylogenetic analyses  

All vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 sequences were subjected to phylogenetic 

analysis using bioinformatic programs, coordinated using the http://www.phylogeny.fr/ portal, to enable 

alignment (MUSCLE), curation (Gblocks), phylogeny (PhyML) and tree rendering (TreeDyn) to 

reconstruct phylogenetic relationships [26]. Sequences were identified as members of one of the 

ALDH1A1, ALDH1A2 or ALDH1A3 groups, including the proposed primordial vertebrate ALDH1A2 

gene and protein identified for the primitive vertebrate, lamprey (Petromyzon marinus) [27].   

RESULTS AND DISCUSSION 

Alignments of vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 amino acid sequences   

Amino acid sequence alignments for human (Homo sapiens) ALDH1A1 [22], ALDH1A2 [17], 

ALDH1A3 [5], tilapia or nile perch (Oreochromis niloticus) ALDH1A1, zebra fish (Danio rerio) 

ALDH1A2 and ALDH1A3 (see Table 1) are shown in Figure 1. Comparisons of these sequences with the 

sheep ALDH1A1 (PDB: 1BXSA) [28] and rat ALDH1A2 (PDB: 1BI9) [29] sequences, for which tertiary 

structures have been described, enabled identification of key residues contributing to catalysis, structure 

and function. Active site residues (human ALDH1A2 numbers used) binding the substrate (Glu286 and 

Cys320) or stabilizing the transition state for the catalyzed reaction (Asn187) were conserved for all of 

these ALDH1A1, ALDH1A2 and ALDH1A3 sequences. A dinucleotide-binding motif and NAD+ binding 

domain (263Gly-Ser-Thr-Glu-Val-268Gly) [28,29] was conserved for these vertebrate ALDH1A-like 

sequences examined, with the exception of a 266Glu/Ala substitution for the tilapia ALDH1A1 sequence 

(Figure 1). Exon 1 N-terminal sequences were divergent and varied in length from 22 (human ALDH1A1) 

to 74 (tilapia ALDH1A1 for exons 1 and 2) residues (Figure 1). Percentage identities for these aligned 

human and teleost fish ALDH1A1, ALDH1A2 and ALDH1A3 sequences were in the range of 69-72% 

indicating that these sequences were strongly conserved throughout vertebrate evolution. 



Predicted gene locations, exonic structures and amino acid sequences for vertebrate ALDH1A1, 

ALDH1A2 and ALDH1A3 genes and proteins 

Table 1 and Tables 1s, 2s and 3s (supplementary data) summarize the predicted locations, sizes 

and numbers of coding exons for vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 genes examined, and of 

encoded ALDH1A-like subunit amino acid sequences. These were based on BLAST interrogations of 

ALDH1A1, ALDH1A2 and ALDH1A3 databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the reported 

sequences for human ALDH1A1 [2,22], ALDH1A2 [17] and ALDH1A3 [5] and BLAT analyses of 

vertebrate genomes using the UC Santa Cruz Genome Browser (http://genome.ucsc.edu/cgi-bin/hgBlat) 

[25]. In nearly all cases, there were 13 coding exons observed (Table 1; Tables 1s, 2s and 3s), whereas 

tilapia (Oreochromis niloticus) ALDH1A1 contained an additional coding exon contributing to an extended 

N-terminal sequence for this protein (Figure 1). Other African lake fish ALDH1A1 sequences examined, 

zebra mbuna (Maylandia zebra) and red zuma (Haplochromis nyererei), also exhibited extended N-

terminal amino acid sequences, with 553 residues. In contrast to all other vertebrate genomes, bonyfish 

genomes contained only one (ALDH1A2: medaka, Oryzias latipes) or two ALDH1A-like genes [ALDH1A1 

and ALDH1A2, for tilapia (Oreochromis niloticus); and ALDH1A2 and ALDH1A3, for pufferfish (Takifugu 

rupides) and stickleback (Gasterosteus aculeatus)], whereas the primitive vertebrate genome (lamprey, 

Petromyzon marinus), contained only the ALDH1A2 gene. This suggested that ALDH1A2 served as the 

primordial vertebrate ALDH1A-like gene, from which ALDH1A1 and ALDH1A3 have been generated by 

subsequent gene duplication events.  

Figure 2 gives a diagrammatic illustration of comparative locations for ALDH1A-like genes for 

several vertebrate genomes. For those genomes containing both ALDH1A2 and ALDH1A3 genes, these are 

located on the same chromosome in all cases, with the exception of the rat ALDH1A2 and ALDH1A3 genes, 

which are located on chromosomes 8 and 1, respectively (also see Tables 2s and 3s). The consistent 

colocation of these genes suggested that an unequal crossover event of an ancestral ALDH1A2 gene 

resulted in the appearance of these genes. In addition, multiple ALDH1A1-like genes were observed on 

mouse chromosome 19 and rat chromosome 1, and on opossum chromosome 6, for which 4 ALDH1A-like 

genes were observed in closely located positions, which is suggestive of further unequal crossover gene 

duplication events of the ancestral ALDH1A1 genes, in each case.  



ALDH1A1, ALDH1A2 and ALDH1A3 gene regulation sites 

 Predicted transcription factor binding sites (TFBS) identified in the promoter regions for human 

ALDH1A1, ALDH1A2 and ALDH1A3 genes are summarized in Table 2:  

ALDH1A1: Cellular distribution studies for mammalian ALDH1A1 have reported high levels for this 

enzyme in liver [22,28,30] and erythrocytes [9]. At least 12 TFBS were observed for the ALDH1A1 

promoter region, including those contributing to a high level of gene expression in liver (HLF and HNF3B) 

erythroid cells (GATA1) and during neuronal development (LHX3; POU3F2; AREB6) ([17,21]. The 

promoter region for the human ALDH1A1 gene has previously been shown to contain an ATA box and a 

CCAAT box upstream of the transcription initiation site (32 and 74bps, respectively) [2], which also play a 

role in up-regulating mouse adult and embryonic β-like globin genes.  Moreover, the rat ALDH1A1 

promoter has been described, with TATA and CCAAT cis-acting elements identified, as well as Sp1, AP1 

and OCT/POU2F1 sites shown to be critical for promoter activity [31]. Promoter polymorphisms for 

human ALDH1A1 have been identified which may influence alcohol consumption behavior [32].  

ALDH1A2: cellular distribution and development studies for mammalian ALDH1A2 have reported high 

levels of this enzyme in many tissues of the body, particularly the embryonic trunk region, where it appears 

in the mouse at E7.5-E10.5, and transiently at E8.5-E9.5 in the ventral optic vesicle and surrounding 

frontonasal region [17-20]. Studies using ALDH1A2 knock out mice have shown that it is essential for the 

development of posterior pharyngeal arches and the enteric nervous system [21]. At least 4 TFBS were 

identified in the human ALDH1A2 gene promoter region, including the general transcription factor TATA 

box, as well as binding regions for early growth response proteins 2-4  (Table 2). HOXA13 also regulates 

mouse Aldh1a2 gene expression in association with retinoic acid signaling and limb morphogenesis [33]. 

Bone morphogenetic protein (BMP) plays a critical role in skeletogenesis, with ALDH1A2 serving as a 

major target of BMP signaling [34]. ALDH1A2 mediated retinoic acid synthesis also regulates early mouse 

embryonic forebrain development by fibroblast growth factor and sonic hedgehog signaling pathways [35].  

ALDH1A3: cellular distribution and development studies for mammalian ALDH1A3 have reported high 

levels of this enzyme in the ventral region of the retina [6-8]; the urogenital tract and sex gland epithelia; 

and the differentiating intestinal lamina propria [21]. Studies using ALDH1A3 knock out mice reported a 



suppression of retinoic acid synthesis, malformations in ocular and nasal regions and choanal atresia, which 

is responsible for respiratory distress and subsequent death at birth [36]. At least 7 TFBS were identified in 

the human ALDH1A3 gene promoter region, including HOXA3 and HOXA5, which assist with the 

positioning on the anterior-posterior axis during development; and PPARG, forming a dimer with the 

retinoic acid receptor (Table 2). 

 Table 3 summarizes the locations of other potential gene regulation sites for the human ALDH1A1, 

ALDH1A2 and ALDH1A3 genes, including CpG islands and miRNA binding sites, located in the promoter 

and 3’-UTR regions respectively. Large CpG islands were located in the ALDH1A2 (CpG146) and 

ALDH1A3 (CpG189) gene promoter regions which may play a role in regulating gene expression during 

development or participate in gene inactivation via hypermethylation, as reported for tumor suppressor 

genes in cancer cells [37]. In contrast, human ALDH1A1 lacked a CpG island in its promoter region which 

may reflect the housekeeping roles proposed for this gene in coordinating hepatic gluconeogenesis and 

lipid metabolism [38], participating in the metabolism of neural catecholamines [39] and serving as a 

marker for stem cells in the body [13]. This is in contrast to the specialist roles established for ALDH1A2 

and ALDH1A3 in directing limb, neuronal, retinal and skeletal development in the body [6,7,17,21]. 

 Multiple miRNA binding sites were observed for the 3’-UTR regions for human ALDH1A2 and 

ALDH1A3 genes, whereas the 3’-UTR region for the ALDH1A1 gene contained no detectable mi-RNA 

binding site (Table 3). Mi-RNA binding sites usually play key roles in the transcriptional and translational 

control of gene expression, principally via mRNA cleavage of target genes or translational repression by 

base pairing with 3’UTRs of target mRNAs [40]. The mi-R137 binding site identified for the ALDH1A2 

gene have been previously investigated in relation to impacts on nervous system development [41]. It is a 

recognized candidate for influencing the functional connectivity of dorsolateral prefrontal-hippocampal 

regions during neural development and has been designated as a ‘schizophrenia candidate’.     

Phylogeny and evolution of vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 sequences   

 A phylogram (Figure 3) was calculated by the progressive alignment of vertebrate ALDH1A1, 

ALDH1A2 and ALDH1A3 amino acid sequences, using the primitive vertebrate lamprey (Petromyzon 

marinus) ALDH1A2 sequence [27] to ‘root’ the tree. ALDH1A-like sequences were identified for all 



mammalian, bird, lizard and frog genomes examined, whereas fish genomes displayed a more restricted 

distribution pattern for ALDH1A1 and ALDH1A3 genes. This is predominantly consistent with a previous 

report on vertebrate ALDH1A-like gene evolution [42]. The phylogram demonstrated separation of these 

sequences into three distinct groups during vertebrate evolution (ALDH1A1, ALDH1A2 and ALDH1A3 

sequences) and suggested that these genes have been derived from an ancestral vertebrate ALDH1A2 gene. 

Cañestro and coworkers [42] have concluded from their study that the ALDH1A1 gene has been lost from 

teleost fish genomes. Evidence is presented here, however, for a restricted distribution of this gene among 

African river or lake teleost species, including tilapia (or nile perch) (Oreochromis niloticus), zebra mbuna 

(Maylandia zebra) and red zuma (Haplochromis nyererei) (Figure 3; Table 1s). It would appear that any 

teleost ALDH1A1 gene loss has not taken place for all teleost genomes. Moreover, the teleost ALDH1A3 

gene was absent from the medaka (Oryzias latipes) and tilapia (Oreochromis niloticus) genomes which is 

consistent with previous studies [42].   

 Figures 1s, 2s and 3s (supplementary data) show phylograms derived from the progressive 

alignment of all vertebrate ALDH1A-like, ALDH1A2-like and ALDH1A3-like sequences examined 

respectively, including those derived from African river and lake teleost fish genomes, and from a 

cartiliginous species (elephant shark-Callorhynchus milii). The tree was ‘rooted’ using the lamprey 

ALDH1A2 sequence (also see Table 1s). Multiple ALDH1A1-like genes were observed in mouse and rat 

genomes (designated ALDH1A1 and ALDH1A7), and in marsupial genomes (designated ALDH1A1, 

ALDH1A8, ALDH1A9 and ALDH1A10), confirming previous reports [43-45]. The ALDH1A7 gene has 

been shown to be phenobarbital-induced in rat liver, as compared with the constitutively expressed 

ALDH1A1 gene, and does not function biologically in retinoic acid synthesis during development in the 

mouse [43]. The rat ALDH1A1 and ALDH1A7 sequences showed 84% identity [29], confirming their 

ALDH1A1-like status. The mouse and rat ALDH1A1 and ALDH1A7 genes were closely localized on 

chromosomes 9 and 1 respectively, in opposed transcription orientations, which suggests that these genes 

have arisen via an unequal crossover gene duplication mechanism. In addition, the ALDH1A1-like 

phylogenetic tree (Figure 1s) suggested that this duplication has taken place prior to the separation of the 

mouse and rat lineages. Similarly, several marsupial ALDH1A1-like gene duplication events have 

apparently occurred prior to the separation of the South American (opossum-Monodelphis domestica) and 



Australian (Tasmanian devil-Sarcophilus harrisii) lineages, which generated the ALDH1A9-ALDH1A8-

ALDH1A1-ALDH1A10 gene cluster on opossum chromosome 6 (Figure 1s, Figure 2, Table 1s). 

 Figure 4 summarizes a working hypothesis for the evolution of vertebrate ALDH1A-like genes: 

1. A proposed primordial ALDH1A2-like gene was derived from an invertebrate ancestor and was 

present in an early vertebrate genome (lamprey-Petromyzon marinus). 

2. Successive ALDH1A2 gene duplication events, either by polyploidy or unequal gene duplication 

events, previously reported for teleost genomes [42,46], generated ancestral teleost fish 

ALDH1A1, ALDH1A2 and ALDH1A3 genes. 

3. Subsequent gene loss events occurred for the ALDH1A1 gene for most teleost species, with 

exception of African lake species genomes examined, and for the ALDH1A3 gene within some 

fish genomes. 

4.  ALDH1A1, ALDH1A2 and ALDH1A3 genes were retained throughout subsequent vertebrate 

evolution, but with a 4-7 times slower divergence rate observed for the ALDH1A2 gene. 

5. Unequal crossover gene duplication events occurred for the marsupial and rodent ancestral 

ALDH1A1 genes, generating multiple ALDH1A-like genes, including the ALDH1A7 gene within 

mouse and rat genomes, and several ALDH1A1-like genes in opossum and Tasmanian devil 

genomes.  

CONCLUSIONS 

BLAST and BLAT analyses of several vertebrate genome databases were undertaken using 

amino acid sequences reported for human ALDH1A1, ALDH1A2 and ALDH1A3 for interrogation 

of vertebrate genome sequences. Predicted amino acid sequences for these vertebrate ALDH1A-like 

subunits showed a high degree of sequence identities (69-100%). Bioinformatic analyses identified 

potential gene regulation sites, including transcription factor binding sites (TFBS) and CpG islands 

within the human ALDH1A1, ALDH1A2 and ALDH1A3 gene promoter regions, as well as mi-RNA 

binding sites in the 3’-UTR regions for these genes. Distinct gene regulatory sites were identified in 



each case. Phylogenetic analyses supported an hypothesis concerning the molecular evolution of 

vertebrate ALDH1A1, ALDH1A2 and ALDH1A3 genes, being derived from gene duplication events 

from a single ALDH1A2 gene observed in the primitive vertebrate (lamprey: Petromyzon marinus) 

genome; followed by gene loss of the ALDH1A1 gene within most teleost genomes, as well as the 

ALDH1A3 gene within some teleost species; and subsequent gene duplication events of ancestral 

rodent and marsupial ALDH1A1 genes, generating multiple ALDH1A1 genes within the rodent and 

marsupial genomes examined. These studies also suggested that ALDH1A2 is the likely primordial 

ALDH1A-like gene originating in an invertebrate ancestor.        
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LEGENDS FOR FIGURES 
 
Figure 1: Amino acid sequence alignments for human ALDH1A1, ALDH1A2, ALDH1A3, tilapia 
ALDH1A1, zebra fish ALDH1A2 and ALDH1A3 sequences  
(colored version) 
   



 See Table 1 for details of ALDH1A1, ALDH1A2 and ALDH1A3 genes and proteins; * shows identical residues for 
ALDH subunits; : similar alternate residues; . less similar alternate residues; active site residues (based on [27,28]) are 
shown as Asn; Glu; and Cys; bold font shows known or predicted exon junctions; exon numbers refer to the human 
ALDH1A1 gene; coenzyme binding domain is in green. 
 
Figure 1: Amino acid sequence alignments for human ALDH1A1, ALDH1A2, ALDH1A3, tilapia 
ALDH1A1, zebra fish ALDH1A2 and ALDH1A3 sequences  
(black and white version) 
   
 See Table 1 for details of ALDH1A1, ALDH1A2 and ALDH1A3 genes and proteins; * shows identical residues for 
ALDH subunits; : similar alternate residues; . less similar alternate residues; active site residues (based on [27,28]) are 
shown as Asn; Glu; and Cys; bold font shows known or predicted exon junctions; exon numbers refer to the human 
ALDH1A1 gene; coenzyme binding domain is shown. 
 
Figure 2: Comparative ALDH1A-like vertebrate gene locations on vertebrate chromosomes  
(colored and black and white versions) 
 
See Tables 1, 1s, 2s and 3s for sources of ALDH1A-like gene locations; arrows give transcription directions; 
chromosomal lengths are not drawn to scale; GL refers to the scaffold identification for lamprey DNA.  
 
Figure 3: Phylogenetic tree for vertebrate ALDH1A-like sequences 
(colored and black and white versions) 
 
The tree is labeled with the gene name and the name of the vertebrate. Note the major clusters for the vertebrate 
ALDH1A1, ALDH1A2 and ALDH1A3 sequences. The tree is ‘rooted’ with the lamprey ALDH1A2 sequence. See 
Tables 1, 1s, 2s and 3s for details of ALDH1A-like genes and proteins. Note the absence of ALDH1A1 and ALDH1A3 
sequences for some fish species, whereas ALDH1A2 sequences were observed for all vertebrate genomes examined. A 
genetic distance scale is shown. The number of times a clade (sequences common to a node or branch) occurred in the 
bootstrap replicates is represented as a fraction out of 100. Only replicate values of 0.9 or more are highly significant, 
with 100 bootstrap replicates performed in each case.    

Figure 4: A proposal for the evolutionary appearance of the vertebrate ALDH1A-like genes 
(colored and black and white versions)  
 
Proposed evolutionary appearance of vertebrate ALDH1A-like genes and proteins. Note the presence of at least three 
ALDH1A-like genes throughout vertebrate evolution with the exception of teleost fish and the 4-7 times slower rate of 
sequence divergence for vertebrate ALDH1A2 proteins. 
 
LEGENDS FOR SUPPLEMENTARY FIGURES 
 
Figure 1s (supplementary data): Phylogenetic tree for vertebrate ALDH1A1 sequences  
 
The tree is labeled with the gene name and the name of the vertebrate. Note the two major clusters for the vertebrate 
ALDH1A1 sequences: African river and lake fish species; and other vertebrates, including mammals, birds, lizard and 
frog. The tree is ‘rooted’ with the lamprey ALDH1A2 sequence. See Table 1s for details of ALDH1A1 genes and 
proteins. Note the absence of ALDH1A1 for some fish species. A genetic distance scale is shown. The number of times 
a clade (sequences common to a node or branch) occurred in the bootstrap replicates is represented as a fraction out of 
100. Only replicate values of 0.9 or more are highly significant with 100 bootstrap replicates performed in each case.    

Figure 2s (supplementary data): Phylogenetic tree for vertebrate ALDH1A2 sequences  
 
The tree is labeled with the gene name and the name of the vertebrate. Note two major clusters for the vertebrate 
ALDH1A2 sequences: teleost fish species; and other vertebrates, including mammals, birds, lizard and frog. The tree is 
‘rooted’ with the lamprey ALDH1A2 sequence. See Table 2s for details of ALDH1A2 genes and proteins. A genetic 
distance scale is shown. Note the zero or very small genetic distances observed, particularly for mammalian ALDH1A2 
protein sequences. The number of times a clade (sequences common to a node or branch) occurred in the bootstrap 
replicates is represented as a fraction out of 100. Only replicate values of 0.9 or more are highly significant with 100 
bootstrap replicates performed in each case.  



Figure 3s (supplementary data): Phylogenetic tree for vertebrate ALDH1A3 sequences  
 
The tree is labeled with the gene name and the name of the vertebrate. Note the two major clusters for the vertebrate 
ALDH1A3 sequences: teleost fish species; and other vertebrates, including mammals, birds, lizard and frog. The tree is 
‘rooted’ with the lamprey ALDH1A2 sequence. See Table 3s for details of ALDH1A3 genes and proteins. A genetic 
distance scale is shown. The number of times a clade (sequences common to a node or branch) occurred in the 
bootstrap replicates is represented as a fraction out of 100. Only replicate values of 0.9 or more are highly significant 
with 100 bootstrap replicates performed in each case.    

LEGENDS FOR TABLES 
 
Table 1: Vertebrate aldehyde dehydrogenase (ALDH1A1, ALDH1A2 and ALDH1A3) genes and 
enzymes 

RefSeq refers to the NCBI reference sequence; ¹predicted NCBI sequence; na-not available; *gene scaffold 
ID; * refers to Contig ID; bps refers to base pairs of nucleotide sequence. 
 
Table 2: Human ALDH1A1, ALDH1A2 and ALDH1A3 gene promoter transcription factor binding 
sites (TFBS) 
 
Transcription factor binding sites (TFBS) were identified within human ALDH1A1, ALDH1A2 and 
ALDH1A3 gene promoters using the UCSC human genome browser [25]; data and references concerning 
each TFBS are described using the UNIPROT website (www.uniprot.org).  
 
Table 3: Human ALDH1A1, ALDH1A2 and ALDH1A3 CpG islands and miRNA binding sites 
 
The UCSC human genome browser [25] was used to identify CpG islands within the human ALDH1A2 and 
ALDH1A3 gene promoters; and miRNA binding sites within the human ALDH1A2 and ALDH1A3 gene 3’-
UTR regions.  
 
LEGENDS FOR SUPPLEMENTARY TABLES 
 
Table 1s (supplementary data): Vertebrate aldehyde dehydrogenase ALDH1A1 genes and enzymes 
 
RefSeq refers to the NCBI reference sequence; *predicted NCBI sequence; na-not available; ^gene scaffold 
ID; bps refers to base pairs of nucleotide sequence. 
 
Table 2s (supplementary data): Vertebrate aldehyde dehydrogenase ALDH1A2 genes and enzymes 
 
RefSeq refers to the NCBI reference sequence; *predicted NCBI sequence; na-not available; ^gene scaffold 
ID; bps refers to base pairs of nucleotide sequence. 
 
Table 3s (supplementary data): Vertebrate aldehyde dehydrogenase ALDH1A3 genes and enzymes 
 
RefSeq refers to the NCBI reference sequence; *predicted NCBI sequence; na-not available; ^gene scaffold 
ID; bps refers to base pairs of nucleotide sequence.  
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