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Phylogenetic analysis of AhR pathway genes and their evolutionary rate variations were studied on aqua-
tic animals. The gene sequences for the proteins involved in this pathway were obtained from four major
phylogenetic groups, including bivalvia, amphibian, teleostei and mammalia. These genes were distrib-
uted under four major steps of toxicology regulation: formation of cytosolic complex, translocation of
AhR, heterodimerization of AhR and induction of CYP1A. The NJ, MP, and ML algorithm were used on pro-
tein coding DNA sequences to deduce the evolutionary relationship for the respective AhR pathway gene
among different aquatic animals. The rate of non-synonymous nucleotide substitutions per non-synony-
mous site (dy) and synonymous nucleotide substitutions per synonymous site (ds) were calculated for
different clade of the respective phylogenetic tree for each AhR pathway gene. The phylogenetic analysis
suggests that evolutionary pattern of AhR pathway genes in aquatic animals is characterized mainly
through gene duplication events or alterative splicing. The dy values indicate that all AhR pathway genes
are well conserved in aquatic animals, except for CYP1A gene. Furthermore, compare with other aquatic
animals, the dy value indicates that AhR pathway genes of fish are less conserved, and these genes likely
go through an adaptive evolution within aquatic animals.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Persistent organic pollutants (POPs) are compounds that resist
photolytic, chemical, and biological degradation. They are low
water solubility and high lipid solubility, resulting in bioaccumula-
tion in fatty tissues of living organisms (Cumanova et al., 2007).
They are not only toxic, but also prone to long-range transport
(Norstrom et al., 1988). Most of them can be classified into three
categories: (1) industrial chemical product such as polychlorinated
biphenyls (PCBs); (2) combustion and by-products such as poly-
chlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dib-
enzofurans (PCDFs), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD);
(3) and pesticides such as dichlorodiphenyltrichloroethane (DDT),
dihedron, toxaphene. POPs can enter aquatic ecosystem through
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effluent, atmospheric deposition, runoff, and groundwater. Now,
they have become ubiquitous in the biosphere (Swain, 1988) and
they have seriously threatened the health of aquatic animals and
human, so this problem has caught the worldwide attention in re-
cent years.

A series of studies show that aryl hydrocarbon receptor (AhR)
pathway plays a critical role in the mediation process of some POPs
toxicology. AhR is a ligand-activated transcription factor that
mediates many of the biological and toxic effects of 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), polycyclic aromatic hydrocarbons
(PAHs), and others. In the regulation pathway of AhR, the main tar-
get molecular is cytochrome P450 1 (CYP1). Cytochrome P450 1A1
(CYP1A1) is one of the xenobiotic metabolizing enzymes (XMEs),
which is induced by TCDD, PAHs, etc. A large body of literature
has revealed that the mechanism of the AhR-dependent CYP1A1
gene induction (see Fig. 1). AhR has a high binding affinity to TCDD.
In the absence of a ligand AhR exists in a cytosolic complex with
HSP90 (Perdew, 1988), co-chaperone p23 (Kazlauskas et al,
1999) and immunophilin-like protein XAP2 (Carver and Bradfield,
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Fig. 1. Regulation Mechanism of AhR pathway gene. This figure adapted from Mimura and Fujii-Kuriyama (2003) with some modification.

1997), but the results of Flaveny et al. (2009) show that p23 is dis-
pensable for stable AhR protein levels, or efficient TCDD-mediated
AhR activation of Cyp1A1 and Cyp1A2. On the other hand, in the
presence of a ligand the AhR-ligand complex translocates from
cytoplasm to nucleus, where it switches its partner molecule from
HSP90 to AhR nuclear translocator (ARNT). The formed AhR/ARNT
heterodimer binds a specific DNA sequence designated xenobiotic
response element (XRE) in the promoter region of the target gene
including CYP1A1, cell cycle regulation gene (p27) and others to
enhance their expression. The AhR needs a ligand for nuclear trans-
location and heterodimerization with ARNT (Mimura et al., 1999),
and Mimura and Fujii-Kuriyama (2003) found that aryl hydrocar-
bon receptor repressor (AHRR) form a regulatory feedback loop
with AhR.

The diversity of AhR pathway genes and the species difference
of the complicated regulation process of toxicology in different
aquatic animals may throw light on the history of early molecular
evolution. In order to obtain the details of the early evolution of
toxicology regulation mechanism of AhR pathway, it was necessary
to study the evolutionary behavior of the known AhR pathway
genes in the major aquatic animals. The availability of protein
and gene sequence information in public databases has provided
an opportunity to analyze the evolutionary history of the ancient
pathway.

The significant species difference in the spectrum of toxicity ob-
served, for example, the LDsq for acute TCDD exposure varies from
1 pug kg! in the guinea pig, 20-40 ug kg~! in the rat, 114 pg kg
in the mouse and rabbit, and 5000 pig kg~! in the hamster (Poland
and Knutson, 1982). In addition, the diversity of the AhR pathway
genes in different aquatic animal suggests that the evolutionary
history of this pathway may shed light on the early evolution.
The current study investigates the molecular phylogeny of the
AhR pathway, we have studied the evolutionary behavior of AhR
pathway genes and the proteins constitute the pathway in the ma-
jor aquatic animal. These phylogenies will contribute to the study
of structural and sequence diversity and make it possible to char-
acterize and infer the evolutional behavior of AhR pathway genes
that constitute the diverse pathway in aquatic animal, and under-
standing of the functional evolution about these genes is essential

to predict and interpret species difference in sensitivity to toxicity
caused by POPs.

2. Methodology
2.1. DNA and protein sequences

The annotated and homologous sequences of the AhR pathway
genes were retrieved from GenBank by using the PSI-BLAST (Altsc-
hul et al., 1997).

The AhR pathway genes dataset of complete coding sequences
and protein sequences were obtained mainly from aquatic animals
(including mollusc, amphibian, fish, and mammalian). These genes
were distributed under four major steps of toxicology mediation
(Detail information about the species and strains, gene isoform,
nucleotide and corresponding protein length, and the genbank
accession number used for this research is provided in Supplemen-
tary Table 1). These major steps are formation of cytosolic complex,
translocation of AhR, dimerization of AhR, and induction of Cyp1A.
The species and strain, taxonomy, and abbreviation used to indi-
cate taxa in the trees of all the animal species used in the study
are shown in Table 1.

2.2. Sequence alignment and phylogenetic analysis

These sequences were aligned using CLUSTAL X (version1.81,
Thompson et al., 1997) with default options. In order to avoid a co-
don as one unit of sequence which was separated during the align-
ment; complete coding sequences were converted to amino acid
sequences prior to the alignment and converted back afterwards.
No additional manual adjustment by eye was made, but ambigu-
ously aligned proportions were eliminated from the data set using
Gblocks 0.91b (Castresana, 2000) with default parameters, and the
filtered sequences were concatenated. In addition, all trees were
rooted with C. elegans (Caenorhabditis elegans).

Phylogenetic trees were reconstructed using neighbor-joining
(N]) (Saitou and Nei, 1987) and maximum parsimony (MP) (Fitch,
1971) analyses of the concatenated datasets with default parame-
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Table 1

Species and strains, abbreviations used to indicate taxa in the trees, taxonomy of all the aquatic animal species used in the study. These species and strains mainly come from
aquatic animals, and distribute in four major phylogenetic groups: including bivalvia, amphibian, teleostei and mammalia.

No. Species and strains Abbreviations used to indicate taxa in the trees Taxonomy
Common name Name

1 African clawed frog Xenopus laevis Afrog Amphibia

2 American alligator Alligator mississippiensis Alligator Archosauria

3 Asiatic toad Bufo gargarizans Toad Amphibia

4 Atlantic croaker Micropogonias undulatus Croaker Teleostei

5 Atlantic salmon Salmo salar Asalmon Teleostei

6 Atlantic tomcod Microgadus tomcod Tomcod Teleostei

7 Atlantic white-sided dolphin Lagenorhynchus acutus Dolphin Mammalia

8 Baikal seal Phoca sibirica Bseal Mammalia

9 Bastard halibut Paralichthys olivaceus Halibut Teleostei
10 Bay scallop Argopecten irradians Scallop Bivalvia
11 Beluga whale Delphinapterus leucas Bwhale Mammalia
12 Brook trout Salvelinus fontinalis Btrout Teleostei
13 Caenorhabditis elegans Caenorhabditis elegans C. elegans Nematoda
14 Chimpanzee Pan troglodytes Chimpanzee Mammalia
15 Chinese hamster Cricetulus griseus Chamster Mammalia
16 Chinook salmon Oncorhynchus tshawytscha Csalmon Teleostei
17 Chlamys farreri Chlamys farreri Chla Bivalvia
18 Crab-eating macaque Macaca fascicularis Macaque Mammalia
19 Daphnia magna Daphnia magna Daphnia Crustacea
20 Domestic guinea pig Cavia porcellus guineapig Mammalia
21 European eel Anguilla anguilla Eeel Teleostei
22 European seabass Dicentrarchus labrax Seabass Teleostei
23 Fugu rubripes Takifugu rubripes Fugu Teleostei
24 Golden hamster Mesocricetus auratus Ghamster Mammalia
25 Goldfish Carassius auratus Goldfish Teleostei
26 Grass carp Ctenopharyngodon idella Gcarp Teleostei
27 Gray seal Halichoerus grypus Gseal Mammalia
28 Great cormorant Phalacrocorax carbo Cormorant Aves
29 Haliotis asinine Haliotis asinine Hali Gastropoda
30 Harbor seal Phoca vitulina Harborseal Mammalia
31 Harp seal Phoca groenlandica Harpseal Mammalia
32 House mouse Mus musculus Hmouse Mammalia
33 Human Homo sapiens Human Mammalia
34 Humpback whale Megaptera novaeangliae Hwhale Mammalia
35 Japanese eel Anguilla japonica Jeel Teleostei
36 Japanese medaka Oryzias latipes Medaka Teleostei
37 Japanese wild mouse Musmusculus molossinus Jmouse Mammalia
38 Killifish Fundulus heteroclitus Killifish Teleostei
39 Lake trout Salvelinus namaycush Ltrout Teleostei
40 Laternula elliptica Laternula elliptica Laternula Bivalvia
41 Marbled flounder Pseudopleuronectes yokohamae MFlounder Teleostei
42 Metapenaeus ensis Metapenaeus ensis Meta Crustacea
43 Mexican tetra Astyanax mexicanus Tetra Teleostei
44 North Atlantic right whale Eubalaena glacialis Nwhale Mammalia
45 Norway rat Rattus norvegicus Rat Mammalia
46 Oyster toadfish Ops an us tau Toadfish Teleostei
47 Pacific oyster Crassostrea gigas Oyster Bivalvia
48 Rainbow trout Oncorhynchus mykiss Rtrout Teleostei
49 Red seabream Pagrus major Seabream Teleostei
50 Ribbon seal Phoca fasciata Rseal Mammalia
51 Sea otter Solea senegalensis Seaotter Mammalia
52 Senegalese sole Enhydra lutris Sole Teleostei
53 Soft-shell clam Mya arenaria Clam Bivalvia
54 Southeastern Asian house mouse Mus musculus castaneus Smouse Mammalia
55 Tigriopus japonicus Tigriopus japonicus Tigriopus Crustacea
56 Turbot Psetta maxima Turbot Teleostei
57 Western clawed frog Xenopus (Silurana) tropicalis Wfrog Amphibia
58 Zebra mussel Dreissena polymorpha Zmussel Bivalvia
59 Zebrafish Danio rerio Zebrafish Teleostei

ters as implemented in MEGA 4.0 (Tamura et al., 2007), and max-
imum likelihood (ML) analyses of the concatenated datasets imple-
mented in PhyML V2.4.4 (Guindon and Gascuel, 2003). Prior to the
ML analysis, we used Modeltest 3.8 (Posada and Crandall, 1998) to
select the best-fit model of nucleotide substitution for each dataset
(HSP90, AhR + AHRR, ARNT and CYP1A), following the Akaike Infor-
mation Criterion (AIC) (Posada and Buckley, 2004). The selected
models were: GTR+I1+G, for HSP90 concatenated data set;
GTR+1+G, for AhR+AHRR combined concatenated data set;

TrN + 1 + G, for ARNT concatenated data set; GTR + [ + G, for CYP1A
concatenated data set.

The reliability of these trees was estimated by the bootstrap
procedure with 1000 replications, and these trees were analyzed
and clades were marked alphabetically for the further analysis of
synonymous and non-synonymous nucleotide substitutions within
the major aquatic animal groups.

The frequency of synonymous nucleotide substitutions per syn-
onymous site (silent; ds) and non-synonymous nucleotide substi-
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Table 2

Patterns of synonymous nucleotides substitution (ds) in different AhR pathway genes. The frequency of synonymous nucleotide substitutions per synonymous site were
calculated by the model of modified Nei-Gojobori method, applying the Juke-Cantor corrections with the transition/transversion ratio set to 2 and the multiple substitutions at
the same site. The MEGA 4.0 software was used to compute the ds value within different clade.

AhR pathway genes Clade

A B C D E F G
Hsp90 1.021 £ 0.047° 0.700 £ 0.033 0.643 + 0.046 0.332 +£0.022 0.411 £0.020 0.584 +0.038 0.380 +0.025
AhR/AHRR 1.240 £ 0.215 0.709 + 0.057 0.684 + 0.040 0.197 £ 0.034 0.389 £ 0.034 1.087 £0.071
ARNT 0.000 £ 0.000 0.246 + 0.028 0.101 £ 0.022 0.126 £ 0..021 0.147 £0.019 0.076 £0.019 0.114 +£0.020
CYP1A 0.199 £ 0.028 0.114+0.019 0.137 £ 0.021

¢ Standard error value.

Table 3

Patterns of non-synonymous nucleotides substitution (dy) in different AhR pathway genes. The frequency of non-synonymous nucleotide substitutions per non-synonymous site
were calculated by the model of modified Nei-Gojobori method, applying the Juke-Cantor corrections with the transition/transversion ratio set to 2 and the multiple
substitutions at the same site. The MEGA 4.0 software was used to compute the dy value within different clade.

AhR pathway genes Clade

A B C D E F G
HSP90 0.094 + 0.007° 0.043 + 0.004 0.040 + 0.004 0.004 +0.001 0.028 +0.003 0.022 + 0.004 0.001 +0.001
AhR/AHRR 0.026 + 0.008 0.056 + 0.008 0.118 £0.012 0.028 +0.008 0.026 + 0.006 0.250 + 0.024
ARNT 0.000 + 0.000 0.171+0.013 0.050 + 0.009 0.076 + 0.009 0.099 + 0.009 0.038 +0.008 0.090 +0.010
CYP1A 0.246 +0.017 0.125 +0.015 0.158 +0.015

@ Standard error value.

tutions per non-synonymous site (amino acid-changing; dy) (Ta-
bles 2 and 3) were calculated by the model of modified Nei-Gojo-
bori method (Nei and Gojobori, 1986), applying the Juke-Cantor
corrections with the transition/transversion ratio set to 2 and the
multiple substitutions at the same site. The MEGA 4.0 software
(Tamura et al., 2007) was used to compute the ds and dy value
within different clade.

2.3. Protein domains

PFam database (version 23.0) (http://www.pfam.sanger.ac.uk/)
(Finn et al., 2008) was used to identify putative domains present
in the respective AhR pathway gene products.

3. Results and discussion

Phylogenies trees obtained from NJ, MP, and ML algorithms
were found to be highly congruent. Therefore, in this article, we
just discuss the results based on the NJ tree analysis.

3.1. Formation of cytosolic complex

In the absence of ligand, AhR is associated with a cytoplasmic
protein complex with two molecules of heat shock protein 90
(HSP90), one X-associated protein 2 (XAP2) (also referred to as
AIP or ARA9), and a 23-kDa co-chaperone protein (p23) (Denison
et al., 2002). HSP90 is an essential component of the AhR-signaling
pathway, and it is one subunit of the AhR complex appears to con-
trol proper folding and maintenance of the high affinity ligand
binding conformation of the AhR in some species (Soshilov et al.,
2006).

The phylogenetic tree of Hsp90 gene (Fig. 2A) demonstrates that
the close evolutionary relationship of Hsp90 sequences among
these aquatic animals with two defined clades of HSP90 protein.
One consists of the protein from mollusc, which belong to inverte-
brates. The second clade includes amphibian, fish and mammalian.
There are two types of Hsp90 genes within the amphibian, fish and
mammalian clade, namely Hsp90a and Hsp90b, and they encode

two similar cytosolic isoforms respectively. We can find that the
most if not all vertebrates should have both paralogues, and this
maybe arouse by a gene duplication event that took place very
early in the evolution of eukaryotic cells. Krone and Sass (1994)
confirmed it by zebrafish experiment. Despite the marked similar-
ities between the two genes at molecular level, Hsp90a and
Hsp90B exhibit different patterns of expression during embryonic
development and cell differentiation, and also in response to envi-
ronmental, physical and chemical stresses. (Csermely et al., 1998;
Padmini and Usha Rani, 2009). During heat shock, both Hsp90a.
and Hsp90B genes are upregulated in both mouse and human cells,
in contrast, Hspp gene in zebrafish is weakly responsive or unre-
sponsive to elevated temperature whereas the Hsp90a gene is
strongly upregulated (Krone and Sass, 1994). Recently, Padmini
and Usha Rani (2009) confirmed that environmental pollutant
stress also can induce the HSP90o expression in grey mullets. So,
we can conclude that the Hsp90p gene maybe have acquired the
ability to become environmental stress-inducible late during ver-
tebrate evolution. Thus, we propose that the two isoforms genes
have similarity function, but they have different expression pattern
in some lower vertebrate (for example, fish) under the environ-
mental stress. Additionally, we can find that the Hsp90 gene iso-
form of European seabass and turbot should belong to the type
of Hsp90b. On the contrary, the Hsp90 gene isoform of chinook sal-
mon should belong to the type of Hsp90a, which received support
from Palmisano et al. (1999). However, there is an exception that
the Hsp90a and Hsp90b of bastard halibut cluster in one group,
so, maybe they belong to one pair of alleles, and it needs further
study.

The present study shows that all the HSP90 proteins have two
well-conserved domains, namely HATPase_c and HSP90 (see Sup-
plementary Table 2) through the Pfam analysis of HSP90 protein
domains. HATPase_c interacts selectively with ATP, HSP90 binding
is thought to mask the AhR-nuclear localization signals (NLS), and
this interaction is essential for the cytoplasmic retention of AhR
(Kazlauskas et al., 2001). Furthermore, HSP90 and the proteasome
are playing a key role in modulating AhR signaling and Cyp1A re-
sponses in trout hepatocyte (Wiseman and Vijayan, 2007). In addi-
tion, we carry out the analysis of nucleotide substitutions of hsp90
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Fig. 2. NJ phylogenetic trees from AhR pathway genes (protein coding DNA sequences) from diverse aquatic animals. Numbers next to branch points are bootstrap values
based on 1000 samplings. The corresponding gene sequences of C. elegans were used as outgroup of the four phylogenetic trees. Genes involved in (A) formation of cytosolic
complex, (B) translocation of AhR, (C) dimerization of AhR, and (D) induction of CYP1A. Bootstrap values <50% are not shown. Tree A is based on Hsp90, B on AhR and AHRR, C

on ARNT and D on CYP1A.

within different clade. Our results indicate that the Hsp90 gene of
invertebrates (clade A) were observed to be less conserved than
those of vertebrates (clades A-G) (dy values for A =0.094 + 0.007,
B =0.043 £ 0.004, C=0.040+0.004, D =0.004 +0.001, E=0.028 +
0.003, F=0.022 +£0.004, and G=0.0010.001 respectively). All
the values of dy/ds < 1, are calculated using the dy and ds values
(Tables 2 and 3), which indicates a functional constraint on this
gene product. As a whole, the isoform of Hsp90b is more conserved
than Hsp90a (see Fig. 2A, compare clades B-D with E-G), and the
higher vertebrate is more conserved than relative lower vertebrate

within one isoform (compare within clades B-D and within E-G).
So, we can conclude that each isoform of Hsp90 gene and each
isoform in each phylogenetic group (mollusc, amphibian, fish,
and mammalian) have different evolution rate within different
clade. At present, though there is little similarity data can confirm
it; these results can receive support from the amino acid or nucleic
acid identity of Hsp90. The paralogs share about 85% amino acid
identity within species in humans, mice, and chickens, but even
greater identities are found comparing orthologous forms between
species (Gupta, 1995). For example, human Hsp90a shares 95-99%
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identity with a form from chick, mouse, hamster, and pig; and hu-
man Hsp90b is 94-99% identical to its orthologous b forms in
chick, rat, and mouse. Furthermore, Rutherford et al. (2007) found
that Hsp90 as a homodimer, which associates with co-chaperone
in an ATP-dependent manner to facilitate proper maturation and
maintain the activity of over 150 signal transduction proteins in
many different regulatory pathways. So the functional constraint
of Hsp90 gene production could probably because the multiple role
of Hsp90 in the cell, and it is these in aggregate.

3.2. Translocation of AhR

Upon binding to a ligand (TCDD or others), the AhR complex
translocates into the nucleus and AhR dissociates from HSP90 com-

plex to form a heterodimer with its partner molecule, ARNT (Po-
land and Knutson, 1982). The transcription factor AhR plays an
important role in response to environmental pollutants. It has been
extensively studied as a mediator of toxicity of a diverse group of
xenobiotics, including polychlorinated dioxins and dibenzofurans,
PCBs, PAHs, etc. (Ma, 2001). Interestingly, a large number of studies
have demonstrated that AhR1 is a key regulatory protein contrib-
uting to differential sensitivity to dioxin-like compounds in several
animal models (Okey, 2005). For example, in Atlantic killifish, AhR1
variants or their interaction with other Killifish loci (AhR2, AHRR)
that may contribute to differences in dioxin sensitivity (Hahn
et al, 2004). As well as in avian has the same scenarios, the
AhR1 has a high affinity for dioxin-like compounds, but AhR2 be-
low AhR1 (Yasui et al., 2007). The molecular basis for differential
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sensitivity to dioxin-like compounds in aquatic animal is not well
understood. However, A recent study suggests that the amino acid
residues corresponding to Ile324 and Ser380 in the chicken aryl
hydrocarbon receptor 1 (AhR1) are important determinants of dif-
ferential biochemical responses to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) in chickens and common terns (Karchner et al.,
2006). Furthermore, the results of Goryo et al. (2007) suggested
that Phe318, 11e319, and His320 these three amino acids play an
important role for ligand binding in HeLa cells. Notably, there have
many works need to be done for better understanding the detail
molecular mechanism for differential sensitivity to POPs in aquatic
animal.

AHRR is an AhR related protein, and represses the transcription
activity of AhR by competing with AhR for heterodimer formation
with ARNT and subsequently for binding to the XRE sequence
(Mimura et al., 1999). These results indicate that AhR and AHRR
form a negative feedback loop (Mimura and Fujii-Kuriyama,
2003); expression of AHRR is regulated by the AhR, and AHRR acts
as a transcriptional repressor of AhR function. Like the AhR, AHRR
can dimerize with the ARNT, and the AHRR-ARNT complex also
can bind to AhR-responsive enhancer elements (AHREs). Repression
occurs through competition between AhR and AHRR for binding to
AHREs (Mimura et al., 1999) as well as through additional mecha-
nisms that do not involve competition for ARNT and are indepen-
dent of AHRE binding by AHRR (Evans et al., 2008). Recently,
studies of Karchner et al. (2009) revealed that AHRRAS (a novel hu-
man AHRR cDNA) is the active form of human AHRR and reveal no-
vel aspects of its function and specificity as a repressor. Without
doubt, many issues have not been answered; so, targeted knock-
down of one or both AHRR proteins by application of morpholino
oligonucleotides can be used to further characterize the AHRRs
and to elucidate their potential roles in development and in the
developmental toxicity of chemicals such as TCDD in the future.

The phylogenetic tree (as seen in Fig. 2B) of AhR genes from dif-
ferent aquatic animals, shows that the vertebrate AhR genes are di-
vided into two distinct evolutionary lineages, AhR1 and AhR2,
which is consistent with the results of Hahn et al. (1997, 2002).
In addition, avian AhR1 and AhR2 are orthologous to mammalian
AhR1 and fish AhR2, respectively (Lee et al., 2009); these results
suggest that an ancestral AhR gene underwent tandem duplication
prior to the divergence of fish and tetrapod lineages. Basing on our
result, we can find that frog have AhR1a and AhR1b two isoform
genes, this is somewhat reminiscent of AhR2a and AhR2b, and
which is closely related to AhR paralogs in cormorant AhR1 gene,
however, the result of (Lavine et al., 2005) show that it is closely
related to AhR paralogs in rainbow trout (Oncorhyncus mykiss),
the reason maybe is that they did not add the sequence of cormo-
rant into the phylogenetic tree. However, marine and terrestrial
mammals just have a single AhR gene which belongs to the AhR1
lineage (Karchner et al., 1999), interesting that fishes have more
AhR genes than other vertebrates because they have retained
AhR2 genes, this maybe caused by that a fish-specific whole-gen-
ome duplication event in their early evolutionary past (Hahn
et al.,, 2006). The structural and functional diversity of AhR protein
may confer species- and strain-specific difference in the sensitivity
to toxic AhR ligands and it is possible that numerous, possibly di-
verse, physiological roles are partitioned among multiple AhRs and
AHRRs. In addition, AhR2 genes from fish form a separate clade.
Similarly, AhR1 genes from fish form another separate clade.

In addition, phylogenetic analysis of AhR from zebrafish, Fugu,
and killifish along with mammalian AhR suggests that the differ-
ence in AhR diversity between mammal and fish is the result of
gene and genome duplications coupled with lineage specific gene
loss (Hahn, 2002; Karchner et al., 2005). Salmonids, which have
undergone additional genome duplication, have even greater AhR
diversity, including two AhR1 gene and four AhR2 genes in the

Atlantic salmon (Salmo salar) (Hansson et al., 2003; Hansson
et al., 2004).

The subtree of AhR genes form a monophyletic group that
placed as the most basal lineage. The next diverging lineage con-
sists of AHRR genes from an amphibian, bony fishes, and several
mammalian species, that was strongly supported with a bootstrap
value of 100% (Fig. 2B). Furthermore, zebrafish is notable for pos-
sessing two AHRR paralogs (zfAHRR1 and zfAHRR2), and grouped
together, suggesting that they arose by gene duplication after the
divergence of the zebrafish and killifish lineages. Moreover, appear
to be co-orthologs of the mammalian AHRR; it is maybe the result
of the fish-specific whole genome duplication (Evans et al., 2005).
Not unexpectedly, the zebrafish AHRR (zfAHRR) genes clustered
most closely with other fishes AHRR compared to amphibian and
mammalian AHRRs, which received the support from Roy et al.
(2006). Furthermore, zfAHRR1 more tightly clustered with the
other fish AHRR genes than zfAHRR2 gene, with 97% bootstrap sup-
port using our methods. However, Evans et al. (2005) using maxi-
mum parsimony with the complete AHRR sequences, and got the
reverse results that zfAHRR2 is more closed to other fish AHRR
genes than zfAHRR1, the difference maybe caused by using the dif-
ferent sequence of AHRR genes, I think further study with more
taxa and full-length sequences will be necessary to resolve this is-
sue conclusively.

Until now, An AHRR gene has not been identified in any other
earlier diverging vertebrates or invertebrates, including an inverte-
brate chordate or a deuterostome. So, maybe the AHRR is a verte-
brate-specific member of the AhR subfamily within the PAS gene
family, consistent with the close phylogenetic relationship of AHRR
to AhR, the structures of the AHRR and AhR genes are highly sim-
ilar. The AHRR maybe arose from a duplication of an ancestral AhR
gene. For better understanding the divergence time which oc-
curred in vertebrate or chordate evolution, it needs await the char-
acterization of genomes from cartilaginous and jawless fishes
(Hahn et al., 2009). Together, zebrafish AHRR1 and AHRR2 both be-
long to the AHRR clade within the larger AhR family.

All the AhRs contain HLH (helix-loop-helix), PAS (Per-ARNT-
Sim) and PAS_3 three well-conserved domains (see Supplementary
Table 3) involve in substrate binding. The first domain located in
the N-terminal region of the molecule, consists of the bHLH (basic
helix-loop-helix) domain found in many transcription factors (e.g.
MyoD, c-myc, and Max) (Murre et al., 1989; Kadesch, 1992; Olson
and Klein, 1994). The second domain is very similar to the Dro-
sophila circadian rhythm gene per and the Drosophila single-
minded protein sim and, therefore, is referred to as the PAS domain
(Hoffman et al., 1991; Takahashi, 1992). The third domain, located
at the C-terminal end of the molecule, is glutamine (Q)-rich. The li-
gand-binding function apparently resides in the PAS region of AhR
(Dolwick et al., 1993). However, AHRR (see Supplementary Table 3)
only has HLH and PAS, the two conserved domains.

Our results further supporting the hypothesis that AhR is an an-
cient protein, which is well conserved in vertebrates and inverte-
brates, indicating that its play a critical function throughout
evolution (Karchner et al., 2002). In brief, the present study reveals
that AhR1 and AhR2 genes in fish are less conserved (dy values for
clade B, C is 0.056 £ 0.008, 0.118 + 0.012 respectively.) compared
with other aquatic animals AhR genes (dy values for clade A, D
and E clade are 0.026 + 0.008, 0.028 + 0.008 and 0.026 + 0.006,
respectively). Additionally, from Fig. 2B and compare the dy value
between AhR1 and AhR2 of fish, we can conclude that AhR2 is less
conserved than AhR1. Furthermore, AhR2 of zebrafish is required
for TCDD toxicity during development (Carney et al., 2006),
whether this is unique to zebrafish or is common in fish remains
to be determined; and the results of Karchner et al. (1999)
show that two Atlantic killifish AhR genes displayed different
tissue-specific patterns of expression; AhR1 transcripts were pri-
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marily expressed in brain, heart, ovary, and testis, while AhR2 tran-
scripts were equally abundant in many tissues. Thus, we can sup-
pose that AhR2 gene maybe play more important role in mediation
process of toxicology in fishes. Obviously that the dy value
(0.250 + 0.024) of AHRR is the biggest in these clades, because that
this clade includes several phylogenetic groups. Together, All the
values of dy/ds < 1, are calculated using the dy and ds values (Tables
2 and 3), which indicates a functional constraint on this gene prod-
uct too.

3.3. Heterodimerization of AhR

When AhR binds to ligand, it translocates to the nucleus and
dissociates from the Hsp90 complex to form a heterodimer with
ARNT. The AhR/ARNT heterodimer binds to the XRE sequence in
the promoter region of target gene encoding drug-metabolizing
enzymes, including CYP1A1, quinone reductase, etc., and alters
their expression (Kikuchi et al., 2003). ARNT belongs to the
bHLH-PAS (basic helix-loop-helix-Per-ARNT-Sim) family. In addi-
tion to binding with AhR, ARNT also interacts with SIM1 (Single
Minded 1), SIM2 (Single Minded 2), HIF1a (hypoxia-inducible fac-
tor 1a), CHF1 (Cardiovascular helix-loop-helix factor 1) and EPAS1
(Endothelial PAS domain protein 1) to regulate neurogenesis, the
hypoxia response, cardiovascular development and pathological
angiogenesis. Therefore, ARNT maybe serve as a central player in
regulating these diverse signaling pathways (Taylor and Zhulin,
1999; Swanson, 2002; Mimura and Fujii-Kuriyama, 2003).

The daphnia ARNT1 and ARNT2 formed a monophyletic group,
ARNT genes from other animals form another clade, composed of
two subtrees, namely ARNT1 and ARNT2 subtree. Many mammals,
including rodents and humans, express two closely related ARNT
paralogs: ARNT1 is widely expressed (Hoffman et al., 1991), and
ARNT2 is expressed primarily in the central nervous system and
kidney of adult animal (Drutel et al., 1996). Except baikal seal, it
just has only one ARNT, and it is grouped with ARNT1 clade rather
than the ARNT2 clade, this consistent with the result of (Kim et al.,
2005). Moreover, Common cormorant ARNT2 is orthologous to
mammalian ARNT2 and paralogous to ARNT1; and frog ARNT1
and ARNT2 are more closed to mammal than fishes. Surprisingly,
in contrast to AhR gene, ARNT have two isoforms (ARNT1 and
ARNT2) in mammal, but fish apparently express only one single
ARNT gene, although in different species, this may be either ARNT1
or ARNT?2, for example, in killifish and zebrafish, ARNT2 is the only
ARNT detected (Tanguay et al.,, 2000), and unlike mammalian
ARNT2, which are restricted to specific tissue types, the teleost
ARNT2 genes are ubiquitously expressed; In addition, ARNT2 has
the ability to dimerize with the liganded AhR in vitro in Hepa-1 cell
culture lines (Dougherty and Pollenz, 2008), and like AhR gene,
ARNT gene duplication also occurred prior to the divergence of tel-
eosts and tetrapods, at least 400 million years ago (Doolittle et al.,
1996). On the contrary, The results of (Prasch et al., 2004) show
that zebrafish ARNT?2 is not essential for mediating TCDD develop-
mental toxicity in zebrafish and suggest that alternate dimeriza-
tion partners exist for zfAhR2 in vivo, and further proved by
(Antkiewicz et al., 2006); furthermore, Prasch et al. (2006) con-
firmed that zebrafish ARNT1 play an essential role in mediating
TCDD developmental toxicity, whether the expression pattern of
ARNT genes is especial for zebrafish, further study of this interest-
ing protein is eagerly awaited; while a different ARNT, likely an
ARNT1 predominates in rainbow trout and scup (Powell and Hahn,
2000). Interestingly, however, the recently sequenced Fugu rubri-
pes genome appears to encode two forms of ARNT (Rowatt et al.,
2003) suggesting that, at least in some fish species, two ARNT
genes do exist.

In addition, we can find that rainbow trout ARNTa and ARNTb
cluster in one clade (from Fig. 2C), and results of (Necela and Pol-

lenz, 1999) show that they are divergent mainly in their C-terminal
domains, ARNTb contains a C-terminal domain rich in glutamine
and asparagine (QN), whereas the C-terminal domain of rtARNTa
is rich in proline, serine, and threonine (PST), rainbow trout ARNTb
is involved in signaling events at many developmental stages,
while the functionality of the dominant negative rainbow trout
ARNTa is restricted (Sojka and Pollenz, 2001). So, we can conclude
that they maybe result from the alternative splicing of the tran-
script from a single gene; it is consistent with some studies previ-
ously (Pollenz et al., 1996).

ARNT (see Supplementary Table 4) protein sequences show
HLH, PAS and PAS_3 three conserved domains. PAS domains can
also govern target gene specificity of different heterodimer (Zelzer
et al., 1997). Dimers of individual PAS proteins bind specific DNA
target sequence and interact with the basic region (Bacsi and Han-
kinson, 1996) or possibly other distinct regions of a protein (Pon-
gratz et al, 1998), enabling transcriptional activation or
repression. Recently, results of Partch et al. (2009) demonstrated
that ARNT mainly uses a single PAS domain to interact with two
coiled coil coactivators: TRIP230 and CoCoA, and illustrates how
ARNT PAS-B is used to form critical interactions with both bHLH-
PAS partners and coactivators that are required for transcriptional
responses. The non-synonymous nucleotide substitution value
suggests that these gene sequences are equally conserved in all
the groups of aquatic animal (dy values for clades A-G are
0.000 +0.000, 0.171+0.013, 0.050+0.009, 0.076 *0.009,
0.099 £ 0.009, 0.038 +0.008 and 0.090 * 0.010, respectively). We
can find that the dy value of clade A is 0.000 + 0.000, it might be-
cause daphnia ARNT1 and ARNT?2 just belong to one pair of alleles
or there has a alternative splicing of a single gene. However, the
gene sequence from clade B shows a higher dy value of
0.171 £ 0.013, indicating the unconserved nature. Besides, compare
the dy value between ARNT1 and ARNT?2 in fishes, we can find that
dy value of ARNT1 (0.171+0.013) is bigger than ARNT2
(0.099 £ 0.009), and zebrafish ARNT1 play an essential role in
mediating TCDD developmental toxicity. Therefore, we can sup-
pose that ARNT1 maybe takes place a positive selection when
fishes encounter the environmental pollution. In conclusion, the
value of dy/ds < 1, calculated using the dy and ds value (Tables 2
and 3), indicates a functional constraint on this protein and maybe
play an important physiological function in aquatic animal. Indeed,
Powell et al. (1999) have suggested that the high degree of se-
quence identity of the different isoform between species suggests
substantial selective pressure for their strict conservation. Zebra-
fish possess two ARNT genes: ARNT1 and ARNT2, and in both cases
ARNT1 appears to be the toxicologically most relevant partner for
AhR2 (Prasch et al., 2004; Walisser et al., 2004), but ARNT2 is not
essential in mediating POPs toxicity. Furthermore, low levels of
ARNT could decrease the sensitivity of a particular tissue to agonist
despite high AhR level (Schmidt and Bradfield, 1996). Collectively,
different fish species utilize different ARNT isoforms, and the iso-
forms distribution is complicated and intriguing in teleost species.
Also, characterization of ARNT in diverse species is a useful ap-
proach for evaluating the species differences in POPs toxicity, while
the functional differences of ARNT could contribute to the interspe-
cies differences in ligand-binding affinity of AhR. The possibility
that the number, type, and expression patterns of different ARNT
isoform may contribute to the variability, possibly via distinct
interactions with other PAS-family proteins.

3.4. Induction of CYP1A

The ligand—-AhR-ARNT heterodimer interacts with AhR re-
sponse elements (XREs; also known as XREs or DREs) to activate
or repress gene expression from target gene (Hahn et al., 2005,
2006). The best characterized target of the AhR pathway is Cyto-
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chrome P4501A (CYP1A) gene, which is strongly induced by XREs
(Whitlock, 1999). AhR-ARNT heterodimer has a broad affinity for
polycyclic aromatic hydrocarbons, as well as aromatic amines,
and some endogenous substrates (Gonzalez and Kimura, 2003;
Teraoka et al., 2003). And they play a key role in biotransformation,
detoxication and elimination of various structurally diverse xeno-
biotics (Monostory and Pascussi, 2008). The induction of CYP1A
family member expression is regulated by a heterodimer com-
posed of the AhR and ARNT (Fujii-Kuriyama and Mimura, 2005).
In contrast, the expression of CYP2, 3, and 4 family members is reg-
ulated by the nuclear receptors CAR (Constitutive Androstane
Receptor), PXR (pregnenolone X receptor), and PPAR (Peroxisome
proliferator activated receptor) (Waxman, 1999), respectively.

The phylogeny tree (Fig. 2D) of CYP1A shows three distinct
clades (clade A, CYP1A1 gene from fish; clade B, CYP1A1 gene from
mammalian; and clade C, CYP1A2 gene from mammalian). The
CYP1A subfamily appears to have originated early in the vertebrate
lineage. Fish generally possesses a single CYP1A gene (Morrison
et al., 1995, 1998); besides, we can find that gold fish clusters in
a monophyletic group with other fish CYP1As, and more closely re-
lated to zebrafish CYP1A than to other fish CYP1As. However, Rain-
bow trout and salmonids are notable exceptions, this is consistent
with the result of (Rabergh et al., 2000; Mahata et al., 2003). Mam-
malian, in contrast, generally possesses two paralogous CYP1A
genes: CYP1A1 and CYP1A 2 (Kimura et al., 1984; Quattrochi
et al. 1985). Fish CYP1As share significant sequence similarity with
both CYP1A1s and CYP1A2s (Morrison et al., 1995) and display a
combination of catalytic function characteristic of the mammalian
isoforms (Gorman et al., 1998). However, fish CYP1As are consid-
ered more CYP1A1-like on the basis of slightly higher level of pair-
wise sequence identity and similarity in pattern of gene
expression.

The induction of hepatic CYP1A is an important step in response
to contaminants, such as PAHs. Researches show that four out of
eight different XREs are functional in the control of CYP1A in the
flounder. However, the CYP1A gene of killifish contains three con-
sensus XREs (5'CACGC3’) within 1.6 kb of the putative transcrip-
tional start site (Powell et al., 2004), in addition, two XREs at
—613 bp and —1585 bp in common cormorant CYP1A5, and one
XRE at —262 bp in chicken CYP1A5 conferred TCDD-responsiveness
(Lee et al., 2009). Study of ZeRuth and Pollenz (2007) shows that
XREs is not the sole determinant for regulation of aryl hydrocarbon
receptor (AhR)-mediated gene and their function does not appear
in an additive manner. In mouse, seven out of eight DREs are lo-
cated 1.4 kb upstream of the CYP1A1 transcriptional start site
and 12.6 kb upstream of the CYP1A2 start site. Furthermore, the
DREs regulate both CYP1A1 and CYP1A2 expression in vivo and
these two gene products do not cause many common dioxin-in-
duced toxic endpoints (Nukaya et al., 2009). For these reasons,
the activity of these response elements further enhances the evi-
dence for considerable diversity in vertebrate CYP1A regulation
(Lewis et al., 2004).

All the CYP1As (see Supplementary Table 5) show the p450 well
conserved domain. CYP1A gene from fish is observed to be less

Table 4
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conserved (dy for clade A=0.246+0.017) than the CYP1A gene
from mammal (dy for clade B=0.125+0.015, C=0.158 £0.015,
respectively), and fish species vary widely in their sensitivity to
POPs; thus, we may conclude that the CYP1A of fishes maybe go
through adaptive evolution under the environmental contaminant
pressure. In addition, compare the dy value between CYP1A1 and
CYP1A2 in mammal, we can find that dy value of CYP1A2
(0.158 £0.015) is bigger than CYP1A1 (0.125 +0.015), and mam-
mal CYP1A2 play an important role in mediating POPs toxicity,
therefore, we can suppose that CYP1A2 maybe takes place a greater
adaptive evolution than CYP1A1. Surprisingly, this gene is not like
other genes in the AhR pathway, the value of dy/ds > 1, calculated
using the dy and ds value (Tables 2 and 3), consistent with the re-
sults of Goldstone and Stegeman (2006), suggesting that gene con-
version and positive selection may have been the dominant
processes of sequence evolution, and there may be an adaptive
evolution on this gene. This may be because the evolutionary his-
tory of the CYP1A superfamily appears to be extremely complex;
the reason is that gene and genome duplication, gene amplification
and conversion, gene structure rearrangements, gene loss, horizon-
tal gene transfer, and convergent evolution all contribute to the
evolution of CYP1A (Werck-Reichhart and Feyereisen, 2000). So
CYP1A gene might play a more important role for predicting and
interpreting species differences in sensitivity to toxicity caused
by POPs. In addition, many studies have demonstrated that there
are marked interindividual differences in humans in both levels
of hepatic CYP forms and the inducibility of these enzymes. Inter-
individual differences can be due to environmental factors (e.g.
diet, cigarette smoking, and exposure to enzyme inducing pollu-
tants), physiological factors (e.g. age, disease, and endocrine
homeostasis) and to polymorphisms in CYP genes, nuclear recep-
tors, regulatory proteins, and transporters (Tang et al., 2005).

4. Conclusions

The phylogenetic analysis suggests that the gene duplication
has substantially contributed to the diversity of AhR pathway
genes across aquatic animals. This study also indicates that the
AhR pathway genes value of dy/ds < 1, indicates a functional con-
straint on these gene products. The AhR pathway genes produc-
tions are ancient protein that is conserved in vertebrates and
invertebrates, indicating its important function throughout evolu-
tion. But CYP1A gene is an exceptant, so maybe it plays a more
important role in the species difference in sensitivity to toxicity
caused by POPs. In addition, the non-synonymous nucleotide sub-
stitution (dy) value indicates that AhR pathway genes are less con-
served in fish than in other animals, and fish possesses more gene
isoforms than other aquatic animals (see Table 4, summarized
from four steps of AhR pathway). Furthermore, according to the
expression patterns of zebrafish (see Table 4) and the value of dy
(Table 3), we find that the gene isoforms with the higher value of
dn play more important role in the process of development toxicol-
ogy in zebrafish. This indicates that AhR pathway genes likely go

Isoform numbers of AhR pathway genes and the expression patterns of zebrafish. This table mainly summarized the expression patterns of the five genes (Hsp90, AhR + AHRR,
ARNT, and CYP1A) which distribute in four steps in zebrafish: including formation of cytosolic complex, translocation of AhR, dimerization of AhR and induction of Cyp1A, and the
isoform numbers of AhR pathway genes within different phylogeny group (mainly comprise of mollusc, amphibian, fish, and aquatic mammal). “~" indicates that there have no

data at present.

AhR pathway genes Class Expression patterns of zebrafish
Bivalvia Amphibia Euteleostomi Mammalia

HSP90 1 2 2 2 Hsp90o

AhR - 2 2-6 1 AhR2

ARNT - 2 2 2 ARNT1

CYP1A - 1 1-2 2 CYP1A
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through an adaptive evolution within aquatic animals under the
pressure of environmental pollution.

In addition, fish species vary widely in their sensitivity to
POPs. The number, type, and expression pattern of AhR pathway
genes may contribute to interspecies difference in aryl hydrocar-
bon toxicity, possibly through distinct interaction with additional
PAS-family proteins. Veldhoen et al. (2008) results show that
AhR gene involves the autoimmune, so it may help fish to adapt
to the various stimuli of environmental pollutants. These
discoveries give us a novel insight into the role of AhR pathway
genes in the process of toxicology regulation. We hope that this
research may provide an access to the better understanding of
the toxicology mechanism of POPs in aquatic animals, and
bring fresh idea for further study of the mechanism of POPs
toxicology.
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