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Abstract 

Since we published a phylogenetic analysis of the CYPlA subfamily in I 995, several additional full-length sequences have been 
reported, including three members of an entirely new subfamily, CYPIB. Two avian sequences were recently published, so that 
CYPlA sequence data are now available from three of the five major vertebrate lineages. The two new branches that have been 
added to the CYPl family tree significantly add to our understanding of P450 evolution. The inclusion of the CYPl Bs to the 
phylogenetic analysis allows us to root inferred trees. Addition of the avian CYPlAs indicates that the CYP1Al/CYPIA2 
duplication present in the mammalian lineage may have occurred after the divergence of birds and mammals. The number of fish 
species from which full-length coding regions of CYPlA genes have been sequenced has increased from four (trout, plaice, 
toadfish, and scup) to nine. These include CYPIA sequences from tomcod, butterflyfish, sea bream, sea bass, and the full-length 
sequence of CYPIA from the killifish Fundulus heteroclitus that is reported here. Phylogenetic analyses incorporating the new fish 
CYPIA sequences support our original conclusion that the fish CYPlAs are monophyletic and indicate that the genes are evolving 
at very different rates in different species. © 1998 Elsevier Science Inc. All rights reserved. 
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1. Introduction 

Members of the cytochrome P450 (CYP) gene family 
catalyze the activation of numerous hydrocarbon 

carcinogens and are induced by polynuclear and planar 
halogenated aromatic hydrocarbons and various natu­
ral compounds [34]. Apart from their clear importance 
as critical xenobiotic-metabolizing P450 enzymes, mem­
bers of the CYP I gene family are an intriguing group in 
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which to study gene evolution. Evidence indicates that 
this gene family is present in all vertebrate lineages [34], 
yet its endogenous functions remain to be discovered, 
even though some endogenous substrates are known 
[28]. Multiple gene duplication events have occurred in 
the CYPl family. Correlating these duplications with 
branch points or key events in vertebrate evolution can 
suggest functions for the diverging genes. 

The publication of the first non-mammalian CYP1A 
sequence in 1988 [12] marked the beginning of a verte­
brate CYP1 database, to which many non-mammalian 
gene sequences have been added in recent years. Each 
new sequence has clarified relationships among the 
family members. This led to predictions about gene 
orthologues in different vertebrate lineages and to cor-

0742-84I3/98/$ - see front matter© I998 Elsevier Science Inc. All riehts reserved. 



232 H. G. Morrison et a/. I Comparative Biochemistry and Physiology, Part C 121 (1998) 231-240 

relations of gene duplication with the emergence of new 
enzymatic functions. The more recent publication of 
two full-length avian CYP 1A genes [9] adds a third 
vertebrate lineage to the CYP 1A gene tree. While their 
addition answers some long-standing questions, it also 
raises some interesting new ones and highlights the need 
for investigating these genes in particular vertebrate 
groups, such as primitive fishes, amphibians, reptiles, 
and early diverging mammals. There are continuing 
questions regarding the identity, hence the classifica­
tion, of CYP 1A genes in non-mammals. 

CYP 1 genes in non-mammalian taxa may be particu­
larly important in evaluating the ecological or physio­
logical pressures contributing to diversification. The 
estuarine killifish, Fundulus heteroclitus, is a model sys­
tem for studying rapid gene evolution. It is widely 
distributed in estuarine waters of the Atlantic coast. 
However, populations are non-migratory, with a lim­
ited home range. They represent discrete populations 
with different levels of exposure to environmental con­
taminants that can drive gene evolution. 

2. Methods 

2.1. Isolation of killifish CYP1A gene 

The CYP 1A gene from killifish, Fundulus heteroclitus, 
was obtained from a liver eDNA library prepared in 
Lambda Zap XR (Stratagene, La Jolla CA). Plaques 
were plated on XLI Blue MRF' cells grown on NZ­
CYM agar at a density of approximately 10000 plaques 
per 150 mm plate. Plaques were lifted onto nitrocellu­
lose membranes and the phage was eluted from the 
membrane in SM medium. Ten ,ul of each eluate were 
used as a template in a polymerase chain reaction using 
degenerate primerS to conserved domains of the 
CYP 1A genes. The primer sequences were 5'-CTG­
CAG-GAT-CCY -GTG-GTK-GTK-CTG-AGY -GG-3' 
(forward) and 5'-AAT-CGA-ATT-CAG-CAR-GAT­
GGC-CAR-GAA-GAG-RAA-3' (reverse). The reaction 
mixture included a buffer modified for long PCR [6], 
1.75 units of rTth polymerase and 0.02 units of Vent 
polymerase, 1 ng of each primer, 200 ,u M dNTPs, and 
1.15 mM Mg(OAc)2. Cycling conditions were 30 cycles 
at 94°C for 30 s, 45°C for 1 min, and 65°C for 12 min. 
The PCR products were electrophoresed in agarose gel 
and blotted to NYTRAN membrane. The blot was 
probed with a radiolabeled scup (Stenotomus chrysops) 
CYP 1A gene [23] to determine which eluate contained a 
positive phage clone. This eluate was plated at low 
density, plaques were lifted onto NYTRAN membrane, 
and hybridized to the scup CYPlA probe. Hybridiza­
tion conditions were 30% formamide, 0.1% SDS, 6 x 
sse at 42°C; filters were washed at room temperature 
in 2 X sse, 0.1% SDS. A single positive clone was 

isolated after two additional rounds of screening, and 
the clone was excised as a pB!uescript plasmid follow­
ing Stratagene protocols. Initial sequencing demon­
strated that the clone contained two inserts ligated 
together at an EcoRI site within the CYPlA coding 
region, so the CYP 1A gene was subcloned by Eco RI 
digestion. Double-stranded sequence was determined 
using aLI-COR 4000L automated sequencer with end­
labeled M13 primers and CYPlA-specific primers (Fig. 
1). 

2.2. Sequence alignment and phylogenetic analyses 

Additional CYP 1 genes were located through http:// 
drnelson.utmem.homepage.html/ (D. Nelson's web 
server) and through NCBI BLAST search programs 
(www.ncbi.nlm.nih.gov) (Table 1). New mammalian 
CYPlAs include CYPlAl from sheep and CYP1A2 
from guinea pig, as well as duplicate, partial, or allelic 
forms of previously described mammalian lAs. Two 
variant forms of trout lAl were recently reported in 
GenBank, which bring the number of trout lA se­
quences to five. The killifish CYPlA and other recently 
reported full-length CYPlA and CYPlB sequences 
were added to our previous data set of mammalian and 
fish CYP 1A genes and aligned using Clustal [13] and 
the PILEUP multiple sequence alignment program 
(Wisconsin Package version 9.0, Genetics Computer 
Group (GCG), Madison, WI). Unambiguously aligned 
positions were used to infer CYP 1 gene trees by both 
distance-matrix and parsimony methods, as previously 
described [23]. 

3. Results and discussion 

3.1. Killifish CYP 1A 

The Fundulus heteroclitus CYPlA eDNA is 2537 bp 
in length and encodes a predicted protein 521 amino 
acids in length, comparable to the length of other fish 
CYPlAs. The 5' noncoding region is 138 bp long, 
starting at the Eco RI cloning site. The 3' noncoding 
region is 833 bp and includes a polyadenylated region 
of 16 nucleotides. The inferred amino acid sequence of 
the Fundulus gene has a putative heme binding cysteine 
at position 463, in a typical P450 signature sequence of 
FGLGRRRCIG. The Fundulus gene also has a se­
quence 308-SDEKIVGIVNDLFGAGFDT-326 that is 
very highly conserved among teleost CYPlAs. This 
region contains distinct residues that are conserved also 
with mammalian CYPlAls, with mammalian 
CYP1A2s, or among fish CYP1As only, as described 
before [23]. The coding sequence and translated protein 
were readily aligned to the known fish CYPlAs. The 
coding sequence shares 74-79% nucleotide similarity 

.... 
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-138 gaattcggcacgagggac 
-120 acctctgcaaaacacattttttttctgttgttggacacgcatctctggaattagagtgtt 
-60 cgtcttctttttttatcattcagctaaaggttgagcagagaacagagaaaagttgtcatc 

M--A--L--M--1--L--P--F--1--G--A--L--S--V--S--E-~-L--I--A-
1 

0 61 
-G--L--R--R--L--P--G--P--T--P--L--P--1--1--G--N--F--L--E--L-

121 ~ 
-G--S--K--P--Y--L--S--L--T--E--M--S--K--R--F-~-D--V--F--Q-

181 
-1--Q--L--G--M--R--P--V--V--1--L--S--G--Y--E--T--V--K--Q--A~ 

241 ~AAllC.ANX:r 
-L--T--K--Q--G--D--D--F--A--G--R--P--D--L--Y--S--F--R--F--1-

301 ~ 
-N--D--G--K--S--L--A--F--S--T--D--K--A--G--V--~-R--A--R--R-

361 MTGA!I'G::AN>Gt.TI'C:IOO:crTCJIJ~ro::iACAANJCTGG:Gr.rri:G3flro~::.O::::N::A. 
-K--L--A--Y--S--A--L--R--S--F--S--S--L--E--G--K--L--P--E--Y-

421 AAGCTl~~GC~CTTM~~~~OT.~~~~~~~~~~~~~~ 
-s--c--V--L--E--E--H--1--c--K--E--T--E--H--L--1--K--E--L--H-

481 

541 

601 

661 

721 

-N--V--I--c--G--M--c--F--G--R--R--Y--D--H--H--N--Q--E--L--L-

-S--L--V--N--L--A--E--D--F--V--Q--V--T--G--S-~-N--P--A--D-

-F--1--P--A--L--Q--F--L--P--N--K--S--M--K--K--F--V--N--L--N-

-N--R--F--N--N--F--V--Q--K--1--V--S--E--H--Y--S--T--F--D--K-
781~~~ 

-D--N--1--R--D--1--T--D--S--L--1--D--H--c--E--D--R--K--L--D-
841 GACAN:KI.'CCGTG~~ 

-E--N--S--N--1--Q--M--S--D--E--K--1--V--G--1--V--N--D--L--F-
901 

~-A-~-F--D--T--1--S--T--A--L--S--~-A--V--M--Y--L--V--A-

961 
-Y--P--E--V--E--E--R--L--Y--E--E--1--K--E--K--V--G--L--D--R-

1021 ~ 
-T--P--V--M--S--D--R--S--N--L--P--L--L--E--S--F--1--L--E--L-

1081 ~ 

1141 

1201 

1261 

-F--R--H--S--S--Y--L--P--F--T--1--P--H--c--S--T--K--D--T--S-

-H--D--P--E--L--W--K--D--P--S--M--F--1--P--D--R--F--L--S--A-

-D--G--T--E--V--N--K--Q--E--G--E--K--V--L--1--F-~-L--G--R-
1321 M'l'l'Iun::I'IGJXil\GA 

-R--R--c--1--G--E--V--1--A--R--N--E--V--F--L--F--L--A--1--1-
1381 ~nx~~Gn~xc~~~~~Ta~~~ke~~~ 

-1--Q--K--L--H--F--Y--K--L--P--G--E--P--V--D--M--T--P--E--Y-
1441 T 

-G--L--T--M--K--H--K--R--c--Y--L--G--V--A--M--R--A--K--D--V-
1501 GXCI'CACGA~~~ 

-Q--* 
1561 Cl\GIGAagctctgcgttatttagaatgtaagactttgaaggtggcctatgttgactgtga 
1621 cactgtaaattaagagttacattaagtttgagtgaaataagtatatttctaagaatggag 
1681 gacactggatgaccttaatttatagagctaacgacattgaggcaaatccaagaaatttgc 
1741 ttgatgcagactgcaagacatgtctacatttaggttcattgctttgtagtttgaggctct 
1801 gcaaagtaacattcctacacgttgtctctgcttctaaatgaagaacaaaaaggtggatgc 
1861 ttcgctgtcgtgttgtcctgtaatctaaaagcaatccatgcagaagtgactaagcagaca 
1921 agagtttttggattgagagtaaattttataggcattaccatgaagggcactgcaatgtgt 
1981 gcattgtaacagaaaactctggagcaaacagatattacagtatgacaccattcacgtttg 
2041 taagctaattatttttcatttcattatactgtaaatgccaatcctgaagctatatttgta 
2101 tccctaaatgtgattatttgtgtatgtgtgtctgtattttcttataggtcatttttttta 
2161 tgatccaagcattttgtttatgtttgaggtgaactacttatctgtgccaaaaaatgattt 
2221 atcagggcagatcaaatgattctggaaaaattatcacaatgctgtacaattttatatatc 
2281 ttatgtatcattcattgtaaaagaaaaaaaatgtcagggtttgagttattttatgaacag 
2341 aaataaaattgaatgctctacggataaaaaaaaaaaaaaaactcgctcgtgccgaattc 

233 

Fig. I. Fundulus heteroclitus cytochrome P450 lA sequences. The killifish CYPIA eDNA is 2537 bp long and encodes a predicted protein of 521 
amino acids. The clone was obtained from a liver eDNA library. 
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Table 1 
Sequences used to infer CYPI gene trees 

Species 

Homo sapiens 

Macaca irus 
Oryctolagus cuniculus 

Mus musculus 

Rattus norvegicus 

Mesocricetus auratus 

Cavia cobaya 
Cavia porcellus 
Ovis sp. 
Gallus gallus 

Oncorhynchus mykiss 

Pleuronectes platessa 
Stenotomus chrysops 
Opsanus tau 
Chaetodon capistratus 
Pagrus major 
Microgadus tomcod 
Dicentrarchus labrax 
Fundulus heteroclitus 

Label used 

Human IBI 
Human !AI 
Human JA2 
Monkey !AI 
Rabbit !AI 
Rabbit IA2 
Mouse IBI 
Mouse !AI 
Mouse JA2 
Rat IBI 
Rat !AI 
Rat IA2 
Hamster !AI 
Hamster IA2 
Guinea pig !AI 
Guinea pig I A2 
Sheep !AI 
Chicken IA4 
Chicken IA5 
Trout IAIVI 
Trout IAIV2 
Trout IAIV3 
Trout JA3 
Plaice lA 
Scup lA 
Toadfish !A 
Butterftyfish !A 
Seabream !A 
Tomcod lA 
Seabass lA 
Killifish !A 

and 65-80% amino acid identity with other fish 
CYPlAs. This eDNA has been used to recover a Fun­
dulus CYPlA clone from a genomic DNA library. The 
sequence data will be used to design primers to amplify 
the CYPlA coding- region from Fundulus from discrete 
populations to examine amino acid variations that may 
be correlated with environmental exposures. 

3.2. Sequence conservation of CYP I genes and proteins 

In contrast to the Fundulus CYP IA gene, which 
showed close relationship to other CYP!As, the inclu­
sion of the CYP IBI genes and some other fish CYP!As 
resulted in fewer unambiguously aligned nucleotide po­
sitions. To compare aligned sequences, 1446 nucleotide 
positions encoding 482 amino acids were used, rather 
than the 1515 nucleotides and 505 amino acids of the 
original analysis [23]. Separate analyses were done of the 
fish CYP I A genes using 1515 nucleotide positions. The 
CYPlA genes of tomcod and seabream were particu­
larly difficult to align, and comparison of their nucle­
otide sequences versus amino acid sequences showed 
specific areas where mutations leading to amino acid 
deletions and frameshifts appear to have occurred. 

Reference Ace. no. 

[37] Sutter et al., 1994 U03688 
[14] Jaiswal et al., 1985 K03191 
[15] Jaiswal et al., 1987 M55053 
[26] Ohmachi et al., 1993 017575 
[16] Kagawa et al., 1987 000212 
[16] Kagawa et al., 1987 000213 
[31] Savas et al., 1994 X78445 
[19] Kimura et al., 1987 Y0007! 
[I 8] Kimura et al., 1984 X00479 
[I] Battacharyya et al., 1995 X83867 
[32] Sogawa et al., 1984 K02246 
[17] Kawajiri et al 1984 K02422 
[30] Sagami et a!., 1991 012977 
[20] Lai and Chiang 1990 M34446 
[25] Ohgiya et al., 1993 011043 
[4] Black 1995 U23501 
[I I] Hazinski et al., 1995 S79795 
[9] Gilday et al., 1996 X99453 
[9] Gilday et al., 1996 X99454 
[5] Berndtson and Chen 1994 S69278 
[2] Bailey et al., 1997 U62796 
[2] Bailey et al., 1997 U62797 
[5] Berndtson and Chen 1994 S69277 
[21] Leaver et al., 1993 X7363! 
[23] Morrison et al., 1995 Ul4162 
[23] Morrison et al., 1995 Ul4161 
[38] Vrolijk et al., 1995 U!9855 
[22] Mizukami et al., 1994 
[29] Roy et al., !995 L41886 
[36] Stien et al., 1996 U783!6 
Morrison et al., 1998 (this paper) AF026800 

The seabream sequence contains two sites where a 
three-amino acid gap is required to maintain the align­
ment (residues 173-177 and 300-302). The first gap is 
located within a-helix D and the second is just upstream 
of a-helix I [7]. Two single amino acid deletions oc­
curred in the tomcod sequence, at residues 40 and 106. 
In the region spanning residues 57-74, three nucleotide 
gaps were introduced that resulted in a single amino 
acid deletion at residue 69. Tomcod CYPlA is quite 
different from other CYP!As in this region (which 
includes part of a-helix A) at both the nucleotide and 
protein levels. The most critical alignment decisions 
occurred in residues 133-182 of the tomcod CYPIA, 
which includes a-helices C and D. A dinucleotide gap 
was introduced at the beginning of this region and a 
single nucleotide gap was placed at the end, to align the 
nucleotide sequence maximally. This resulted in nucle­
otide sequence identity of 73% to this region in the other 
fish CYP!As, while the amino acid identity is approxi­
mately 4%. It will be interesting to determine whether 
these seabream and tomcod CYPIA sequences code for 
functional proteins. 

The sheep CYP!Al, as reported in GenBank, encodes 
protein of only 397 amino acids. The truncation results 
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Table 2 
Average sequence identity among CYPl gene groups 

Mammalian I B I (n = 3) Mammalian I A I (n = 8) 
(%) (%) 

Mammalian IBI 86 50 
Mammalian !AI 83 
Mammalian IA2 
Chicken lA 
Fish lA 

from a single base insertion at nucleotide 997, creating 
an in-frame stop codon. Preliminary phylogenetic analy­
ses on the gene confirmed its identity as a CYPlAI. 

Table 2 shows the average sequence identity shared 
within and between the CYPl subgroups: CYPIBls, 
CYPlAls, CYPIA2s, avian CYPlAs and fish CYPIAs. 
Generally, genes within a subgroup share at least 80% 
sequence identity, while identity shared between the 
different CYPlAs ranges from 61 to 75%. The shared 
sequence identity between the CYPlAs and CYPIBls is 
only about 50%, yet the CYPlA and CYPIB subfamilies 
share several highly conserved domains and were not 
difficult to align. Table 3 shows the shared nucleotide and 
amino acid identities between selected CYPl genes. 

3.3. CYP JA gene trees 

It is apparent from these analyses that separate gene 
duplication events occurred in the mammalian CYPIAs, 
in the avian CYPlAs, and in the trout CYPlAs (Fig. 2). 
Gene trees based on the aligned amino acids rather than 
nucleotides were poorly resolved (data not shown). As 
discussed previously [5,23], the duplication event in trout 
is a much more recent event than the mammalian 
CYP1Al/CYP1A2 duplication. The three trout lAI 
sequences appear to form a monophyletic group distinct 
from trout IA3. However, since the sequences share over 
97% nucleotide identity, classification of these additional 
forms as gene duplications or allelic variants requires 
analysis of their intronic and flanking regions. Additional 
avian sequences will be needed to determine when the 
CYP1A4/CYP1A5 duplication occurred in the avian 
lineage. The coding sequence identity of the two chicken 
genes is only 80%, compared to > 96% for the two trout 
genes, indicating that duplication occurred earlier in the 
avian lineage than in the fish lineage. We predict that 
orthologues of the multiple trout CYPlAs will be specific 
to salmonids. In contrast, we expect that other avian 
families will have both AHH (IA4) and AA (lAS) forms 
of CYPIA. 

Have gene duplication events comparable to the mam­
malian CYP1Al/CYPlA2 or the avian AHH (CYP1A4)/ 
AA (CYP1A5) divergences occurred in earlier-branching 
lineages? Recent evidence suggests that there are two 
CYPlA proteins in reptiles [8,39]. Genes for these 

Mammalian IA2 (n = 6) Chicken lA (n = 2) 
(%) (%) 

51 50 
75 67 
82 67 

84 

Fish lA (n = 12) 
(%) 

50 
62 
61 
63 
80 

enzymes must be identified and sequenced in order to 
determine whether they are orthologous to the mam­
malian CYPlAI and CYPlA2 or to the avian forms, or 
neither. It also remains to be seen whether the two 
chicken CYPlAs occur in other avian species. Although 
the distance between the chicken sequences suggests an 
early divergence, these genes could have resulted from a 
duplication sufficiently recent so that orthologues would 
not occur in all avian families, comparable to the trout 
CYP1Al/1A3 split. These questions can only be ad­
dressed through careful phylogenetic analyses of full­
length genes from diverse vertebrate taxa. 

Separate phylogenetic analyses done of the fish 
CYPlA genes included a greater number of aligned sites 
(Fig. 3). Human CYPlAl, CYPlBI, and chicken 
CYP1A4 were added as outgroups. The parsimony and 
distance methods generated congruent trees. All 
branches were resolved in this distance tree (Fig. 3b) in 
contrast to the distance tree of all taxa (Fig. 2b ). Tom cod 
CYPlA is the most deep-branching of the fish CYPIAs, 
even with the optimized nucleotide alignment; the basis 
for this is not known. The next long branch includes the 
trout CYPIAls and CYP1A3. A relatively long branch 
in the distance tree (Fig. 3a) and bootstrap value of 98 
in the parsimony tree (Fig. 3b) strongly support the 
grouping of the remaining CYP JA genes of killifish, 
plaice, toadfish, scup, seabream, sea bass, and but­
terflyfish. Within this group, the toadfish CYPlA is the 
most deep-branching followed by the CYPlAs of killifish 
and plaice. Seabass and butterfly fish CYPlAs are 
grouped, as are those of scup and seabream. The 
grouping of CYPlA from scup and seabream, which 
occur in the family Sparidae, is very strongly supported 
in both the distance and parsimony analyses. The long 
branch length of killifish CYPlA suggests that this gene 
is evolving rapidly relative to the other fish genes; in 
contrast, scup CYPlA appears to be evolving slowly as 
previously noted [23]. 

3.4. Current nomenclature 

CYP 1 gene nomenclature remains problematic. The 
first trout CYP JA gene reported by Heilmann et al. 
[12] was called CYPlAI. Two trout genes reported 
subsequently by Berndtson and Chen [5] were named 



Table 3 
Nucleotide and amino acid identity among selected CYPJ genes 

Human IBI Mouse IBI Human !AI Mouse !AI Human IA2 Mouse IA2 
('Yo) (%) (%) (%) (%) (%) 

Human JBI - 84 40 42 39 39 
Mouse IBI 83 - 40 41 40 38 
Human !AI 51 50 - 81 75 70 
Mouse !AI 51 49 83 - 71 74 
Human JA2 52 51 81 76 - 75 
Mouse IA2 51 50 75 77 81 
Chicken JA4 51 50 67 66 66 64 
Chicken lAS 51 49 67 67 70 67 
Trout !AI 51 48 63 62 64 61 
Scup lA 51 49 63 63 65 63 
Tomcod !AI 52 50 65 62 65 61 

Above diagonal, amino acid identity; below diagonal, nucleotide identity. 

Chicken IA4 Chicken IA5 Trout !AI Scup lA 
(%) (%) (%) (%) 

37 38 39 39 
39 39 39 39 
61 64 57 58 
63 66 58 59 
58 65 56 57 
56 60 53 54 

80 59 58 
84 - 59 60 
64 64 83 
64 64 79 
66 65 79 78 

Tomcod lA 
(%) 

36 
35 
52 
50 
50 
46 
50 
52 
71 
69 
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(a) 

89 
100 

I 

99 81 1 

75 1 I 

100 79 
100 I 

I 

100 

97 
891 

99 1 
I 

100 

98 

99 100 
100 

100 

(b) 

.10 

97 

100 

91 

100 

100 

99 

100 

100 

TROUT 1A1V1 
. TROUT 1A1V3 
TROUT 1A1V2 
TROUT 1A3 
SCUP1A 
SEABREAM 1A 
BUTIERFL YFISH 1 A 
SEABASS1A 
PLAICE 1A 
KILLIFISH 1A 
TOADFISH 1A 
TOMCOD1A 
RAT 1A2 
MOUSE 1A2 
HAMSTER1A2 
GUJNEAPIG 1 A2 
HUMAN 1A2 
RABBIT 1A2 
HUMAN 1A1 
MONKEY 1A1 
SHEEP 1A1 
RAT 1A1 
MOUSE 1A1 
HAMSTER 1A1 
GUJNEAPJG 1A1 
RABBIT 1A1 
CHICKEN 1A4 
CHICKEN 1A5 
RAT 1B1 
MOUSE 1B1 
HUMAN 1B1 

Fig. 2. Phylogenetic analysis of CYPlA genes. The tree inferred by the maximum parsimony method is shown in (a). Numbers above branches 
are bootstrap values based on 100 samplings and are a measure of relative confidence in an assembly. The tree inferred by the distance method 
is shown in (b). Distances between genes are represented by the sum of their horizontal separation. The scale bar under the tree indicates the 
distance corresponding to 10 differences in 100 positions. A total of 1446 residues in the alignment were used in the analysis. 

CYPIAI and CYPIA2 by the authors. 'CYPIAI' has 
since been renamed CYPIA3, and 'CYP1A2' has been 
renamed CYPlAI, based on sequence identities of 96.7 
and 97.9%, respectively, with the original trout 

CYPlAI. However, the Heilmann gene sequence ap­
parently represents a chimeric sequence with the 5' 
portion derived from CYP1A3 and the 3' derived from 
CYPIAI (http://drnelson.utmem.homepage.html/). The 
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Fig. 3. Phylogenetic analysis of teleost CYPlA genes. Trees inferred by parsimony (a) and distance methods (b) for 12 fish CYPlA genes. A total 
of 1515 residues in the alignment were used. 

decision to call one form CYPIAI is thus somewhat 
arbitrary until more is known about the function of 
each. In fact, the CYP JA3 gene contains two xenobi­
otic-responsive elements (XRE) within the 5' flanking 
region upstream of the start site, while the CYP JA 1 
gene does not have XRE in this region [5]. Thus, the 
gene originally called CYPIAI by the authors, now 
called CYPIA3, may indeed be functionally more 
CYPIAl-like, as suggested by Berndtsen and Chen [5]. 
Regardless of the naming of these trout genes, their 
recent divergence precludes the possibility that one of 

the trout genes is orthologous to mammalian CYPIAI 
and the other separately orthologous to CYPIA2. 

As suggested before [33), multiple CYPIAs, whether 
representing different loci or alleles, can be anticipated 
in many groups of fish, a suggestion confirmed by the 
multiple genes in trout and the possibility of multiple 
genes in tilapia (K. Chan, personal communication). 
The variants of trout CYPIA (Table I) and genetic 
polymorphism in the 3' untranslated region of the 
tomcod CYPIA, indicate the probability of allelic vari­
ation, further complicating the nomenclature issues. As 
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discussed above, it will not be possible to determine 
whether such variants represent gene duplications or 
alleles without data on the gene loci. Moreover, some 
variants may encode non-functional proteins. In the 
interval between the report of a gene sequence and 
analysis of its function, classification should be consid­
ered tentative. Notably, however, all of the teleost 
CYPlAs have residues conserved only with mammalian 
CYPlAls and others conserved only with CYP1A2s, 
consistent with the teleost CYPlAs being descended 
from a single gene, representing the gene that diverged 
into mammalian CYPlAl and CYP1A2. Functional 
analysis seems to support such a 'hybrid' character of 
teleost CYPlAs [35], although on the basis of sequence, 
function and regulation, all of the fish CYPlAs appear 
to have CYPlAl-like character rather than CYP1A2-like 
character. 

The avian CYP JA genes were originally designated 
AHH and AA by the authors based on, respectively, aryl 
hydrocarbon hydroxylase and arachidonic acid epoxy­
genation activities [9]. Sequence analysis, however, indi­
cates that the genes are equally distant from the 
mammalian CYPlAl and CYP1A2lines, so that neither 
one can be identified as more CYPlAl-like on the basis 
of sequence alone. The authors suggest naming them 
CYP1A4 and CYP1A5. We agree with this suggestion, 
even though the CYP1A4 appears to be functionally 
more like CYPlAl than is CYP1A5. Whether it would 
be preferable to continue numbering the non-mammalian 
CYPlA genes sequentially as they are reported is an issue 
for discussion. 

CYP nomenclature based on sequence alone is becom­
ing increasingly complex. It is now clear that members 
of the major xenobiotic metabolizing CYP gene families 
identified in mammals occur as well in fish and other 
vertebrates. However, although CYP sequences in differ­
ent species may be classified to the same CYP subfamily, 
functional counterparts may not be known. In CYP gene 
family 2, where diversification is extreme, identifying 
relationships at the level of subfamily is difficult between 
fish and mammals. Even in the CYPlA gene subfamily, 
in which there are few genes in most species, confusion 
is growing. Including data on properties additional to 
sequence is essential if we are to identify orthologous 
relationships that are important to identify fundamental 
roles of CYP genes. In the recent classification update 
[24], the designation of fish CYPJA genes as CYPJAJ 
was based on the greater identity between the fish genes 
and mammalian CYPlAls, the greater similarity in 
catalytic function and sites of expression, and the fact 
that there was but one gene evident in most species 
studied. This implies that CYPlAl is the more ancient 
lineage, with conserved functions. The degree to which 
the CYPlA lineage is conserved in the Agnatha (hagfish 
and lamprey), where there appear to be differences in the 
CYPlA-Iike proteins [10], or in the invertebrates, may 

point to those functions. However, with the evidence that 
there are multiple CYPlA genes in some fish, in the 
absence of evidence of function it is misleading to identify 
only one of those genes in each species as CYPlAl; the 
implied orthology to other CYPlAl genes may not be 
correct. At present the designation as CYPlA is used for 
the single genes in most species. Where there are multiple 
genes, designations must be different. Clearly, rules of 
nomenclature, much like the genes themselves, will 
continue to evolve. A system of 'tentative' designations, 
with final names based on a combination of functional 
and evolutionary data, might be workable. 

Finally, with the cloning of a CYP JA gene from 
Fundulus heteroclitus, and from many other fish species, 
there can be no question that CYP JA is a constituent 
gene in teleost fishes generally; in addition to the se­
quences here, we are aware of partial sequences from 
several more fish species. It is still relevant, however, to 
determine whether diversification of this gene occurs in 
many teleost groups. Moreover, the function of these 
proteins in non-mammalian vertebrates still is not well 
known. Establishing the identity of CYPlAs, and 
whether there are multiple CYPlAs expressed in many 
species, is of interest not just phylogenetically, but will 
also shade our efforts to understand the susceptibility of 
organisms to toxicity of foreign chemicals. In this regard, 
the Fundulus CYP JA gene reported here may be impor­
tant in furthering an understanding of the development 
of resistance to toxic effects of Ah receptor agonists in 
this species [3,27]. 
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