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Abstract

The expression of CYP1A (cytochrome P450 1A) can be induced by a large array of aromatic and organic compounds in teleost
fishes. We developed areal-time quantitative PCR assay useful for measuring 8-naphthoflavone (BNF) induction of liver CYP1A
mRNA in four salmonid species. First, to obtain necessary information for the design of a cRNA standard, full-length CYP1A
c¢DNA sequences were determined for two Salvelinus species, lake trout (S.namaycush) and brook trout (S.fontinalis). Each cDNA
was found to share the same characteristics with known CYP1A sequences of Atlantic salmon (Sa/mo salai) and rainbow trout
{Oncorhynchus mykiss): a start codon, conserved heme-binding region, putative poly-adenylation signal, stop codon, relatively
long 3f-untranslated region (UTR; >1 kb), and a protein length of 523 amino acid residues. The brook trout and lake trout CYP1A
cDNA’s were 2636 and 2672 base pairs (bp) in length and shared greater than 97% coding region sequence identity with Atlantic
salmon and rainbow trout CYP 1A ’s. Next, using the generated sequence information, we developed a CYPIA-specific real-time
quantitative PCR assay. Primers and a fluorescent-labeled probe were designed from a 68 bp region that was found to be conserved
among salmonid CYP 1A genes. The assay was designed to allow for simultaneous comparison of CYP 1A expression among each
experimental group. Finally, groups (n = 4-8) of hatchery-raised Atlantic salmon, brook trout, lake trout, and rainbow trout were
given an intraperitoneal injection of a corn oil control, 25 mg kg-1 BNF, or 50 mg kg-1 BNF and sacrificed after 48 h. Liver tissue
was collected and CYP1A mRNA levels were estimated. In all species, BNF treated fish showed 1.8-3.0 orders of magnitude
higher CYP1A than control fish. The CYP1A induction levels were not different in fish treated with both dosages. Mean base
levels of CYP1A expression ranged from 7.24 x 106 (rainbow trout) to 1.05 x 107 (brook trout) transcripts pig-1 total RNA. Mean
induced levels of CYP1A expression ranged from 1.07 x IO8 (lake trout) to 1.05 x 109 (brook trout) trancripts pig-1 total RNA.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ification of organic compounds such as PCB (poly-
chlorinated biphenyl), PAH (polyaromatic hydrocar-

Cytochrome P4501A’s (CYP1A) constitute a ubig- bons), and dioxin (Mansuy, 1998; Nelson et ah, 1996;
uitous family of proteins associated with the detox- Kleinow et ah, 1987). These compounds are docu-

mented to induce the CYPIA gene in a variety of
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1989). Consequently, changes in CYP1A gene expres-
sion have been used as a biomarker for contaminant
exposure in fish populations (Cousinou et al., 2000,
Miller et al., 1999; Campbell and Devlin, 1996; Levine
et al.,, 1994; Stegeman et al., 1992).

A variety of techniques have been applied to
estimate CYP1A induction in fish. Protein levels
can be measured by determining EROD (ethoxy
resorufin-O-deethylase) activity (Schlezinger and
Stegeman, 2001; Andersson et al., 1985; James and
Bend, 1980), immunohistochemistry (Stegeman et al.,
2001; Van Veld et al., 1992; Smolowitz et al., 1991),
enzyme-linked immunosorbent assay (Sarasquete and
Segner, 2000), and Western blotting (Grosvik et al.,
1997). Recently, CYP1A gene expression has been es-
timated from mRNA levels through Northern blotting
(Grosvik et al., 1997), slot-blotting, or quantitative
PCR (Rees et al., 2003; Miller et al., 1999; Campbell
and Devlin, 1996). Of all of these methods, quanti-
tative PCR appears to be the most sensitive (Vanden
Heuvel et al., 1993). It has been used to assess impact
of environmental pollution in marine ecosystems us-
ing emerald rockcod (7Trematomus bernacchi, Miller
et al., 1999), guilthead seabream (Sparus aurata,
Cousinou et al., 2000), and grey mullet (Liza aurata,
Cousinou et al., 2000). Likewise, numerous quan-
titative PCR assays have been developed to study
CYPIA induction in freshwater teleosts such as Pa-
cific salmon (Oncorhynchus tshawytscha, Campbell
and Devlin, 1996) and Atlantic salmon (Salmo salar,
Rees et al., 2003).

The goal of this study was to develop a single
real-time quantitative PCR assay and use it to estimate
CYPIA levels in at least three genera of salmonids:
Oncorhynchus, Salmo, and Salvelinus. This is feasible
because orthologous CYP1A genes are often highly
conserved. Coding sequences of the CYP1A gene in
Atlantic salmon (Rees et al., in press) and rainbow
trout (Berndtson and Chen, 1994; Heilmann et al.,
1988), for instance, share more than 96% of sequence
identity. However, CYP1A sequences from Salvelinus
species are not available. Therefore, our first objective
was to clone CYP1A in two Salvelinus species, lake
trout (S namaycush) and brook trout (S fontinalis).
Our second objective was to develop a quantitative
PCR assay useful for all three genera of salmonids.
The third objective was to use the anticipated assay to
determine and compare the effect of B-naphthoflavone

(BNF) treatment on liver CYP1A levels in all species
of the three genera.

2. Materials and methods

2.1. Animals, BNF induction, and acquisition
of tissues

All species of salmonids used in this study were ac-
quired from nearby fish hatcheries. Juvenile lake trout
and brook trout (11 g+2 g mean weight, 11 cm+2 cm
mean length) were acquired from Marquette State
Fish Hatchery (Marquette, MI, USA), juvenile At-
lantic salmon (20 g + 3 g mean weight, 13 cm + 2cm
mean length) were collected from Lake Superior
State University Fish Hatchery (Sault Ste. Marie, MI,
USA), while juvenile rainbow trout (11 g+ 2 g mean
weight, 11 cm = 2cm mean length) were collected
from Wolf Lake State Fish Hatchery (Mattawan, MI,
USA). All fish were held at Michigan State University
where they were acclimated for two weeks at 12 °C
in 800-1 flow-through tanks (well water, 6001h_1).
A 12-h light-dark cycle was maintained during the
acclimation and experiment period. Fish were fed
Purina AquaMax®1 Grower 400 (lot A-5D04; Purina
Mills, Inc.; St. Louis, MO) daily at a level of 1.5%
body weight. Two days prior to injection, fish were
taken off of feed. Individuals were randomly sampled
and given an intraperitoneal injection of a corn oil
control or B-naphthoflavone (BNF, Sigma Chemical
Corp.; St. Louis, MO) dissolved in corn oil at doses of
either 25 or 50 mg kg-1 body weight. Fish were then
placed in a 40-1 flow-through aquarium (201h_1) for
48 h and then sacrificed using an overdose of MS-222
(Sigma Chemical Corp.). BNF induction of CYP1A
reaches maximum in 48h (Grosvik et al., 1997).
Tissues (gili, liver, and brain) were immediately col-
lected and stored in RNALater®lat —80 °C (Ambion,;
Austin, TX). In addition, gili and liver tissue from
one induced lake trout and one induced brook trout
were collected and used for cloning of the CYPIA
gene in each species.

2.2. RNA isolation

RNALater®1 preserved tissues were homogenized
and extracted for total RNA isolation using Trizol
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Reagent (Life Technologies; Carlsbad, CA) according
to the manufacturer’s protocol. RNA samples were
incubated at 37 °C with RNase-free DNase I (Roche
Molecular Biochemicals; Mannheim, Germany) then
re-suspended in 20-50 pil of diethylpyrocarbonate-
treated water (DEPC-H20) and quantified (Sambrook
et al., 1989) using a GeneQuant pro RNA/DNA cal-
culator (Amersham Biosciences; Piscataway, NJ). For
long-term storage, RNA samples were supplemented
with three volumes of 95% ethanol, 1/10 volume of
3 M sodium acetate, and stored at —80°C (Sambrook
et al,, 1989).

2.3. Cloning offull-length ¢cDNA § encoding lake
trout and brook trout CYPIA genes

We followed the strategy and procedures of Rees
et al. (in press) for cloning these two CYPIA genes.
Briefly, RACE was carried out using the Advantage
II RACE system (Clontech; Palo Alto, CA) accord-
ing to the manufacturer’s protocol. One pig of total
RNA from lake trout gili and brook trout liver was
used as a template for synthesis of 3'-RACE Ready
cDNA. We conducted a 3'-RACE with a gene spe-
cific primer (WML56 5'-CGG CTC ATT TGG CTC
ATA ACC GAA GAT-30 designed from the 5'-UTR
sequence of Atlantic salmon CYPI1A (Rees et al., in
press, GenBank accession number AF361643). This
RACE insured that all functional domains including
the 5'-UTR and entire 3'-UTR would be included in
the cloned cDNA. After cloning, both RACE products

Table 1

CYP genes and accession numbers used in the phylogenetic analysis

Name in analysis (common name)

Anguillajaponica CYP1A (JaPanese eeD
Danio rerio CYP1A (zebrafish)

Liza saliens CYP1A (mullet)

Oncorhyncus mykiss CYP1A (rainbow trout)
Oncorhyncus mykiss CYP 1A3

Salmo salar CYP1A (Atlantic salmon)
Salvelinus fontinalis CYP1A (brook trout)
Salvelinus namaycush CYP1A (lake trout)
Stenotomus chrysops CYP1C1 (scup)
Oncorhyncus mykiss CYP2K4

Fundulus heteroclitus CYP2P1 (killifish)
Oryzias latipes CYP3A (JaPanese medaka)
Oncorhyncus mykiss CYP3A27
Dicentrarchus labrax CYP4DL1 (sea bass)

were sequenced by the Plant Biology DNA Sequenc-
ing Facility, Michigan State University.

2.4. Phylogenetic analysis

The coding region of brook trout, lake trout, and
Atlantic salmon CYP1A was aligned to the coding re-
gion of a sample of P450 genes using the CLUSTAL
W algorithm. Genetic relationships and distances were
generated using the Neighbor-joining method. Genes
selected for this analysis comprised teleost CYP genes
representing families 1-4 (refer to Table 1 for Gen-
Bank accession numbers).

2.5. In vitro transcription of cRNA standard

Separate plasmids containing either the full CYP1A
cDNA sequence from lake trout, brook trout, and
Atlantic salmon (Rees et al., in press) were obtained
by standard cloning procedures and sequenced as
described previously. To design a cRNA standard, a
491 bp conserved region of the CYP1A gene was am-
plified from the Atlantic salmon CYP1A clone using
the following primers and conditions: forward primer
WML 169 5-TAA TAC GAC TCA CTA TAG GCT
GTC TTG GGC TGT TGT GTA CCT TGT G-3', re-
verse primer WML 170 5'-TTT TTT TTT TTT TTT
TTT-GGA GCA GGA TGG CCA AGA AGA GGT
AG-3', 1cycle at 94 °C for 4 min, 40 cycles 94 °C for
5s and 72 °C for 2min, and 1 cycle at 72 °C for 5 min
as added extension. The PCR product contained a

Reference GenBank accession number
Mitsuo et al. (1999) (unpublished) AB020414
Yamazaki et al. (2002) (unpublished) AB078927
Sen et al. (1999) (unpublished) AF072899
Berndtson and Chen (1994) S69278
Berndtson and Chen (1994) S69277
Rees et al. (2003) AF361643
Rees and Li, (this paper) AF539414
Rees and Li, (this paper) AF539415
Godard et al. (2002) (unpublished) AF131885
Yang et al. (1998) (unpublished) AF043296
Oleksiak et al. (2000) (unpublished) AF117341
Kuilman et al. (2000) (unpublished) AF105018
Lee et al. (1998) U96077
Sabourault et al. (1998) AF045468
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5'-T7 promoter, 454 bp of CYP1A sequence including
the region of the real-time amplicon, and a poly dT
tail at the 3'-end. This product was then diluted 1/100
with deionized water, re-amplified and scaled up with
the same reaction conditions. Additional handling,
amplification, and purification of the cRNA standard
were performed as described previously (Rees et al.,
2003).

2.6. Quantitative PCR primer and probe design

PCR primers and the fluorescent-labeled probe
were designed to conform to several criteria. First,
primers should only amplify the CYP1 family of P450
genes and not any other P450 family (i.e. CYP2 or
CYP3). In addition, they should anneal to an existing
region on the CYP1A gene that was highly conserved
(>99%) over all the known salmonid CYPIA se-
quences. These criteria were met by performing two
separate multiple sequence alignments (CTUSTAT
W algorithm, DNASTAR; Madison, WI) with known
teleost CYP genes. The first alignment was performed
with Atlantic salmon CYP1A against six different
rainbow trout CYP genes representing families 1-3.
Then, a second alignment was performed with all of
the known salmonid CYP1A sequences from three
different salmonid genera: Oncorhynchus, Salmo,
and Salvelinus. We selected a 68 bp region that was
conserved among CYP1A genes of Oncorhynchus,
Salmo, and Salvelinus and was different from other
families of rainbow trout CYP genes.

2.7. RT-PCR

Reverse transcription was performed as described
previously (Rees et al., 2003). Each PCR reaction
consisted of 25 pi of 2x TagMan® Universal PCR
master mix (Applied Biosystems: Branchburg, NIJ),
300 nM of each primer, 100 nM of the TagMan®
probe (5'-6-FAM, 3'-TAMRA quencher), 1pl of
cDNA template, and DI water to a final volume of
50p4. Reactions were then analyzed on an ABI 7700
real-time PCR thermalcycler (Applied Biosystems)
under the following conditions: 50°C for 2min,
95 °C for 10 min, and 40 cycles of 95 °C for 15s fol-
lowed by 60 °C for 1min. Amplification plots were
generated and CYP1A mRNA levels were estimated
against a standard curve.

2.8. Primer and probe optimization

Real-time PCR primers (forward WMF 158 5'-CCA
ACT TAC CTC TGC TGG AAG C-3' and re-
verse WMTI159 5-GGT GAA CGC CAG GAA
GGA-3") were optimized for quantitative PCR by
performing PCR reactions with nine separate con-
centration combinations in quadruplicate and de-
termining which combination produced the largest
ARn. ARn (normalized reporter) represents the sig-
nal to noise ratio and indicates the magnitude of the
signal generated by a given set of PCR conditions
(for more information, consult the Applied Biosys-
tems TagMan® Universal PCR Master Mix Proto-
col). Once the primer concentration was chosen, an
additional set of reactions was set up to optimize
the probe (WMF 160 5'-TTC ATC CTC GAG ATC
TTC CGC CAC TC-30 concentration for the chosen
primer concentration. Five separate probe concen-
trations were used in quadruplicate and analyzed
to see which concentration produced the smallest
O) (threshold cycle). Q values represent the cycle
of amplification at which a PCR reaction reaches a
statistically significant increase in ARn (consult the
Applied Biosystems TagMan”r) Universal PCR Mas-
ter Mix Protocol for more information). The lowest
C) value in these optimization reactions indicates
the concentration at which optimal probe binding
occurs and point of highest sensitivity for detect-
ing specific template. For all of the above reactions,
Atlantic salmon liver cDNA was used as the PCR
template.

2.9. Standard curve

A standard curve for each set of samples was gen-
erated by performing RT-PCR on a dilution series
of the recombinant cRNA standard. The concen-
tration of the standard molecule was estimated in
terms of molecules. A 10x dilution series was car-
ried out from IO3 to 1010 molecules. Amplification
plots were analyzed on the ABI 7700 and QO values
for each of the reactions in the dilution series were
calculated. C values were plotted against starting
quantity of RNA template to generate the standard
curve (refer to Fig. 5 for a representative standard
curve). A standard curve was generated for each plate
analyzed.
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2.10. Statistical analysis

Transcript numbers of CYP1A jig-1 total RNA
were calculated from the appropriate standard curve
and log transformed. Data were analyzed using a
two-way analysis of variance (ANOVA; Statisti-
cal Analysis Systems v.8; Cary, NC). All pairwise
comparisons were tested for significance by using a
Tukey-Kramer adjustment (Kramer, 1956).

3. Results
3.1. Brook trout and lake trout CYPIA sequences
B”Long distance RACE on brook trout cDNA

produced a PCR fragment of 2636 bp (Fig. 1). Se-
quence analysis indicated this product included 33 bp

of the 5 -untranslated region (UTR), a 1569 bp cod-
ing region, and a 1034 bp 3r-UTR containing three
AUUUA sequences. It encodes a protein of 523
amino acid residues. The sequence also possessed
all major functional domains and characteristics of
previously discovered CYP1A molecules including
the heme-binding cysteine (position 463), arginine
codon (position 246) integral to enzymatic func-
tion, stop codon (position 523), and poly-adenylation
signal.

A lake trout CYP1A fragment of 2672 bp long was
also cloned and sequenced (Fig. 2). This clone con-
tained 28bp of the 5' UTR, a 1569 bp coding re-
gion, and a 3r-UTR of 1075 bp in length containing
two AUUUA sequences. It also encodes a protein of
523 amino acid residues and contains all of the major
functional domains typical of CYP 1A’s as described
above.

TGTGCAGAAGCCACTAAAAAAAACATAATAAAAATGGTTCTCATGATACTACCCATTATCGGCTCTGTCTCTGTGTCTGAGGGGCTGGTTGCCATAGTATCACTATGCCTGGTGTACAT

119

M V L M 1 L P 1 1 G $ V. $ V. §$ E G L V A 1 V S L C L V Y M 29
GCTCATGAAGTACAAGCACACAGAGATCCCAGAGGGACTAAAACGGCTCCCAGGACCAAAGCCCCTGCCCATCATCGGGAATGTGCTGGAGGTGCACAACAACCCTCACCTCAGCCTGA 238
L M K Y K HT E I P E G L K R L P G P K P L P 1 I G NV L E V HNNUPHL S L 68
CTGCCATGAGCGAGCGCTACGGCTCAGTCTTCCAGATCCAAATAGGGATGCGGCCTGTGGTTGTTCTGAGTGGCAGCGAGACAGTCCGCCAGGCTCTTATCAAGCAAGGAGAAGACTTC 357
T A M § E R Y G S V F Q I Q 1 G M R P V V V L S8 G S E T V R Q A L 1 K Q G E D F 108
GCCGGGAGGCCCGATCTATACAGCTTCAAGTTCATCAACGACGGCAAGAGCTTGGCCTTCAGCACCGACAAGGCTGGGGTGTGGCGCGCCCGCCGCAAGCTAGCTATGAGCGCCCTCCG 476
A G R P D L Y S F K F I ND G K S L A F S T DK A G V W R A RIRIKILA M S A L R 148
TTCTTTCGCCACCCTGGAGGGATCGACCCCAGAGTACTCCTGTGCCCTGGAGGAGCACGTCTGCAAGGAGGGAGAGTACTTGGTAAAACAGCTGACCTCCGTCATGGATGTCAGTGGCA 595
S F A T L E G S T P E Y S €C A L E E H V C K E GG E Y L V K QL T S V M D V S G 187
GCTTTGACCCCTTCCGCCATATTGTCGTATCGGTGGCCAACGTCATCTGTGGAATGTGCTTCGGCCGGCGCTACAGCCATGATGACGAGGAGCTGTTGGGCTTGGTGAACTTGAGTGAT 714
S F p P F R H 1T V V § V A NV I €C G M CF G R R Y S H D D E E L L G L V N L S D 227
GAGTTTGGACAGGTAGTGGGCAGCGGCAACCCTGCAGACTTCATTCCCATCCTTCGTTACCTGCCCAACCGCACCATGAAAAGGTTTATGGATATCAATGACCGTTTCAACACCTTTGT 833
E F G Q V. V.G §$ G N P A D F 1 P 1 L R Y L P N R T M K R F M D I N D R F N T F V 267
GCAGAAGATTGTCAGTGAGCACTATGAAAGCTATGACAAGGACAACATCCGTGACATCACTGACTCCCTCATTGACCACTGTGAGGACAGGAAACTAGATGAGAACGCCAACATCCAGG 952
Q K I v s E H Y E S Y D K D N T R D I T D S L I D H CE D R KL D E N A NI Q 306
TTTCTGATGAGAAGATTGTGGGCATTGTCAATGATCTGTTTGGGGCAGGTTTTGACACCATCAGCACAGCTCTGTCATGGGCTGTTGTGTACCTTGTGGCTTACCCAGAGATCCAGGAA 1071
v s p E K I v 6 1 V. ~ DL F G A G F D T 1 S T A L S W A V V Y L V A Y P E I 346
AGACTGTATCAGGAACTGACGGAAAAGGTGGGAATGAATCGCACTCCCCGTCTCTCAGACAAAACCAACTTACCTCTGCTGGAAGCCTTCATCCTGGAGATCTTCCGGCACT 1190
R L Y Q E L T E K V GM N R TU?PIRL S DK TNULU®PULILEATFTULETTFRHS S F 386
CCTGCCGTTCACCATCCCACACTGCACGATCAAGGATACATCCCTCAATGGCTACTTCATTCCCAAGGACACCTGTGTCTTTATCAACCAGTGGCAGGTCAACCATGACCCGGAGCTGT 1309
L P F T 1 P H C T I K D T S L N G Y F 1 P K D T C V F I N Q W Q V N H D P E L 425
GGAAGGAGCCTTCTTTATTCAACCCTGACCGTTTCCTGAGTGCTGATGGCACAGAACTCAACAAGCTGGAGGGGGAGAAGGTGCTCGTATTTGGCATGGGCAAGCGCCGCTGCATTGGT 1428
W K E P S L F N P D R F L S A D G T EL N KL E G E K V L V F G M G KR R C 1 G 465
GAGGCCATCGGTCGCAACGAGGTCTACCTCTTCTTGGCTATCCTGCTCCAAAGGCTGCGCTTCCAGGAGAAACCTGGGCACCCACTGGACATGACCCCAGAGTACGGCCTCACCATGAA 1547
E A I G R N E V Y L F L A 1 L L Q R L R F Q E K P G H P L D MTUPE Y G L T M K 505
GCACAAGCGCTGTCAGCTGAAGGCTAGCCTGCGGCCATGGGGGCAGGAGGAGTGAGGGCTATGGTCACATTTATGATTCTCAACATCACAATAACTGATTTATAGTTAGCCCTACATAC 166 6
H K R C Q L K A S L R P W G Q E E 522
TTGATGGCATGAGATGAGTTCAGATTTAAAAGCCAGAGGGTACATTTTCTCTCCAGGAAAGTCCGGGCTTGACACCTCTCTTGATTCATAGGAGAATTAACAGTGAGGGAAAACTGAGT 1785
CAAATTGTAGACAATTTGTAATTATAAATTATAATTATAATCTGAAATGGTATGTAGGGGGATTCCAAACAAGTGTTGTATTGGATAAAGGACCTTCACAAACTCATAGTTGATTAGTT 1904
TCTATGACCAGCATACCACAGGGCCTACTAGAGTTTGTCAGGTGTTGCTTCAGGAGATATCAGGAGAGACTATAGCTGTTTAGCTGCCTTTTTGTCTACGTCATCGTGTTTTACTGCTC 2023
CTCTTGCCTTGATCACAGCTCATATACTGTATCAGATCGCTTTAAAGAGGATCAATCTATAAAACATACACATAAACCCATGGTGGGGTTTTAAAGGGCATTGTTTTTTAGTTCCATGT 2142
TTGGGTATAATTTTTTGCTACAGAATTTTGAGGCAAAAATGTTACAATCTACATGATAAAGTGCCTGTTCTTGTACTTTTGAGTTATTGTTCAGGTGGTCACAGACAGAGTTGAATGGA 2261
TGTATCCTCCCAATTCTAAGCTAGATATTTTTATTCCACTGAATAAATCTGTGAAATGTGGACATTTGTATCCCACCAACATGTGATTGATTGTTTGTGTACATTTTTAAGCCTAGATG 2380
TATTTTGGAAAGTCATTTTTTGAAATGTGCCTAAAATGTGTATATATTGTGGTGGCTTTGTATGACTATCAGGATACCAAAATACGTATGTATTACTGACTGTGTTATAAATGTCAACA 24 99
TTTTATAATGTAACGAAGGACTCTTGTAAACTAAAACCCCAACTGTATACACGATGCATTGTGTTGTTGGTAGCTATCTAGGTAGCTACTGAAATAAAAGCTGAAAACCAAAAAAAAAA 2618
AAAAAAAAAAAAAAAAAA 2636

Fig. 1. cDNA and deduced amino acid residue sequence of brook trout CYP1A (GenBank accession number AF539414). The start codon,

arginine residue critical to enzymatic function (position 246), heme-binding cysteine codon (position 463), stop codon (positon 523),

ATTTA (AUUUA) sequences, and putative poly-adenylation signal are all underlined.
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TGTGCAGAAGCCACAAAAAAACATACAAATGGTTCTCATGATACTACCCATTATCGGCTCAGTCTCTGTGTCTGAGGGGCTGGTGGCCATGGTAACACTATGCCTGGTGTACATGATCA 119
M V L M 1 L PI1I I G S V S V S EGL V A MV TUL CUL VY MI 30
TGAAGTACATGCACACAGAGATCCCAGAGGGACTGAAACGGCTCCCAGGACCAAAGCCCCTGCCCATCATCGGGAATGTGCTGGAGGTGCACAACAACCCTCACCTCAGCCTGACTGCC 238
M K Y M HTEI P E G L K R L P G P K P L P 1 I G N VL E YV HNNUPHILS L T A 70
ATGAGCGAGCGCTACGGCTCAGTCTTCCAGATCCAGATAGGGATGCGGCCTGTGGTTGTTCTGAGTGGCAGCGAGACAGTCCGCCAGGCTCTTATCAAGCAAGGGGAAGACTTCGCCGG 357
M S E R Y G S V F Q I Q I G M R P V V VL S G S E T V R Q A L I K Q G E D F A G 110
GAGGCCCGATCTATACAGCTTCAAGTTCATCAACGACGGCAAGAGCTTGGCCTTTAGTACCGACAAGGCTGGGGTGTGGCGCGCCCGCCGCAAGCTAGCTATGAGCGCCCTTCGCTCTT 476
R P DL Y S F K F I N D G K S L A F S T D K A GV W R A R R KL A M S A L R S 149
TCGCCACCCTGGAGGGATCGACCCCAGAGTACTCCTGTGCCCTGGAGGAGCACGTCTGCAAGGAGGGAGAGTACCTGGTAAAACAGCTGACTTCCGTCATGGATGTCAGTGGCAGCTTT 595
F A T L E G S T P E Y S C A L E E H V C K E G E Y L V K QL T S V M D V S G S F 189
GACCCCTTCCGCCATATTGTTGTATCGGTGGCCAACGTCATCTGTGGAATGTGCTTCGGCCGGCGCTACAGCCATGATGACCAGGAGCTGTTGGGCTTGGTGAACCTGAGTGATGAATT 714
D P F R H T V VS YV A N VI C G M CF G R R Y S HD D Q E L L G L V NL S D E F 229
TGGGCAGGTGGTGGGCAGCGGCAACCCTGCAGACTTCATTCCCATCCTTCGTTACCTACCAAACCGCACCATGAAGAGGTTTATGGATATCAATGACCGTTTCAATACCTTTGTGCAGA 833
G Q V. VG S G N P A D F I P I L R Y L P NRTMIKIRF M DI N DR F N T F V Q 268
AGATTGTCAGTGAGCACTATGAAAGCTATGACAAGGACAACATCCGTGACATCACTGACTCCCTCATTGACCACTGTGAGGACAGGAAACTAGATGAGAACGCCAACATCCAGGTGTCT 952
K 1 v s E H Y E S Y D K D N TR D I T D S L I D HCEDIRIKILDENANTIAGQV S 308
GATGAGAAGATTGTGGGCATTGTCAATGATCTGTTTGGGGCAGGTTTTGACACCATCAGCACAGCTTTGTCATGGGCTGTTGTGTACCTTGTGGCTTACCCAGAGATCCAGGAAAGACT 1071
b E K I vV 6 1 V N DL F G A G F D T I S T A L S W A V V Y L V A Y P E I Q E R L 348
GCATCAGGAACTGAAGGAAAAGGTGGGAATGATTCGCACTCCCCGTCTCTCAGACAAAACCAACTTACCTCTGCTGGAAGCTTTCATCCTGGAGATCTTCCGGCACTCTTCCTTCCTGC 1190
H Q E L K E K V G M 1 R T P R L 8§ D K T N L P L L E A F I L E I F R H S S F L 387
CGTTCACCATCCCACACTGCACAGTCAAGGATACATCGCTCAATGGCTACTTCATTCCCAAGGACACCTGTGTCTTTATCAACCAGTGGCAGGTCAACCATGACCCGGAGCTGTGGAAG 1309
P F T 1 P H C T V K D T S L N G Y F 1 P K D T C V F I N Q W Q V N H D P E L W K 427
GAGCCTTCTTCATTCAACCCTGACCGTTTCCTGAGTGCTGATGGCACAGAACTCAACAAACTGGAGGGGGAGAAGGTGCTCGTATTTGGCATGGGCAAGCGCCGCTGCATCGGTGAGGC 1428
E P S S F N P D R F L S A D G TEILNI KILEGEI KV L V F G MG KRR CTITIT G E A 467
CATTGGACGCAATGAGGTCTACCTCTTTTTGGCCATCCTGCTGCAAAGGCTGTGCTTCAAGGAGAAACCTGGGCACCCGCTGGACATGACCCCAGAGTACGGCCTCACCATGAAGCACA 154 7
I G R N E V Y L F L A1 LLQRULCTFKEIK?PGHU?PULDMT?PEY G L T M K H 506
AGCGCTGTCAGCTGAAGGCTAGCCTGCGGCCATGGGGGCAGGAGGAGTGAGGGCTATGGTCACATTTATGATTCTCAACATCACTATAACTGATTTATAGTTAGCGCTACATACTTGAT 16 66
K R C Q L K A S L R P W G Q E E 522
GGCATGAGCTGAGTTCAGATATAAAAGCCAGAGGGTACATTTTCTCTCTAGGAAAGACTGGGCTTGACACCTCTCTTGATTCATAGGAAAATTAACAGTGAGGGAAAACTGAGTCAAAT 1785
TGTAGACAATTTGAAATCGATAAAATTATAATCTGAAACACGGTTTGTAGAGGGATTCCAAACAAGTGTTGAATTGGATAAAGGACCTTCACAAACTCATAGAGTTGATTGGTTTCTAT 1904
GACCAGCATACTACAGGCCCTTCTAGAGTTTGTCAGGTGTTTTTTCAGGAGATATCAGGAGAGATTATAGCTGTTTAGCTGCCTTTTTGTCTACATCATTGTGGTTTTACTTCTCCTCT 2023
TGCCTTGATCACAGCTCATATACTGTATCAGATTGCTTTAAAGAGGATGAATCTATAAAACATACACATAACCCCACGGTGGGGTGTTAAAGAGCATTGTTTTTAGTTCCATGTTTGGG 214 2
TAAAACATTTTGCTACATATTTTTTTGTGGCAAAAATGTTACTACCTACATGATAAAGTTCTTGTACTTTTGAGTTATTGTTCAGGTGGTCATAGATCACAGACAGAGTTGAATGGATG 2261
TATCCTCCCATTTCTAAGCTAGATATTTTTATTCCACTGAATAAATCAGTCAAACGTGGACACAACACACTGAAGCTATGTTTGTATGCCACCAACATGTGATTGATTGTTTGTGTACA 2380
TATTTAAGCCTAGATGTATTTTGGAAAGTCCTTTTGTGAAATGTGCCTAAAATGTGTATATATTGTGGTGACTTATTATGGTGGCTTTGTATGACTTTATCAGAATACTAAAATACGTA 2499
TGTATTACTGACTGTTATAAATGTCAACATTTTATAATGTAACGAAGGACTCTTGTAAACTAAAGCCCAAACTGTATACACTATGCATTGTGTTGTTGGTAGCTATCTAGGTAGCTACT 2618
GAAATAAAAGCTGAAAATGATAGAAAAACAAAAAAAAAAAAAAAAAAAAAAAAA 2672

Fig. 2. ¢cDNA and deduced amino acid residue sequence of lake trout CYPIA (GenBank accession number AF539415). The start codon,
arginine residue critical to enzymatic function (position 246), heme-binding cysteine codon (position 463), stop codon (positon 523),
ATTTA (AUUUA) sequences, and putative poly-adenylation signal are all underlined and boldfaced.

3.2. Phylogenetic analysis

For the coding region, the brook trout and lake trout
CYPI1A genes described here share ~97% sequence
identity with each other. These two genes also share
>97% sequence identity with Atlantic salmon and
rainbow trout CYP1A genes. In addition, brook trout
and lake trout CYP1A genes share between 70-80%
nucleotide homology with other teleost CYPIA
genes.

Multiple sequence alignment using the CLUSTAL
W algorithm followed by construction of a phy-
logenetic tree using the Neighbor-joining method
suggested that all of the salmonid CYPIA genes are
highly related (Fig. 3). Minor differences in sequence
data grouped brook trout and Atlantic salmon CYP1A
genes together. Lake trout CYP1A was genetically
closest to rainbow trout CYP 1A3. Gene names and

GenBank accession numbers used in the phylogenetic
analysis can be found in Table 1.

3.3. Primer and probe design and optimization

As discovered from multiple sequence alignments,
we determined that the primers and probe chosen
would be sufficient to amplify CYP1A from each
of the salmonid species listed without cross amplifi-
cation of alternative teleost CYP genes. The region
chosen represents an amplicon of 68 bp long at nu-
cleotides 1103-1170 of the coding region of Atlantic
salmon CYP1A. Refer to Fig. 4 for a comparison of
this region between salmonid species. The highest
mean ARn (2.88) was found with both forward and
reverse primers (WML158 and WML159) at 300 nM.
Under these primer conditions the probe was found
to produce the lowest mean Ct (22.96) at 100 nM.
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Salmo salar CYP1A

Salvelinus fontinalis CYP1A
Oncorhynchus mykiss CYP1A
Salvelinus namaycush CYP1A
Oncorhynchus mykiss CYP1 A3
Anguilla japonica CYP1A

Liza saliens CYP1A

Danio rerio CYP1A
Stenotomus chrysops CYP1C1
mOneorhynchus mykiss CYP2K4
Fundulusheteroclitus CYP2P1
mOncorhynchus mykiss CYP3A27
Oryzias latipes CYP 3A
Dicentrarchus labrax CYP4DL1

Fig. 3. Phylogenetic analysis of cytochrome P450 genes. Multiple sequence alignment was carried out using the Clustal W algorithm (only

coding regions of each respective gene were used). The phylogenetic tree and genetic distances were determined using the Neighbor-joining

method.

3.4. Standard curve

The reactions for the standard curve were run on
the same plate as all analyzed samples. O values were
plotted against concentrations of cRNA standard tran-
scripts and analyzed using linear regression. The stan-
dard curve had a slope of —3.8 and a coefficient of
determination of 0.98 (Fig. 5). All Ct values of RNA
extracted from each individual fell within the linear
range of the standard curve.

c ¢ A A CTTATCTCTCT G

p
1103 cC ¢C AACTTACTCTCT G
1103 c ¢C AACTTATCT CTCT G
1103 c ¢C A ACTTATCTZ CTTCT G
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3.5. CYPIA induction in liver of brook trout, lake
trout, rainbow trout, and Atlantic salmon

CYPI1A was induced approximately 100-1000 fold
in all species injected with both dosages (25 mg kg-1
body weight and 50 mg kg-1 body weight; Fig. 6).
A significant interaction was found between species
and treatment making main effects irrelevant. Sim-
ple effects were determined for each factor by using
the SLICE procedure (Statistical Analysis Systems

T G G A A G C C T T Majority

20
T GG A A G C C T T Salmo salar CYP1A
T G G A A G C C T T Salvelinus fontinalis CYPIA
T GG A A G Cfri T T Salvelinus namaycush CYPI1A
T G G A A G C T T Oncorhvnchus mykiss CYP1A
cC ¢ G G C A C T C T1 Majority

50

c ¢ GG C A CT C CT Salmo salar CYP1A
c ¢ GG C A CT C T Salvelinus fontinalis CYP1A
cC ¢ GG C A CT Cc T Salvelinus namaycush CYP1A
c ¢ GG C A CT C T Oncorhvnchus mykiss CYP1A
A C C Majority
A C C Salmo salar CYP1A
A C C Salvelinus fontinalis CYPIA
A C C Salvelinus namaycush CYP1A
A C C Oncorhvnchus mykiss CYP1A

Fig. 4. Alignment and comparison of the real-time PCR amplicon region (nucleotides 1103-1170) from brook trout, lake trout, rainbow
trout, and Atlantic salmon CYP1A genes. Boxed areas show nucleotide differences from the consensus sequence.
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Fig. 5. Standard curve for the real-time CYPIA quantitative PCR
assay. A 10-fold dilution series was carried out for the cRNA
standard from IOI0 to 103 molecules and amplified for 40 cycles
during PCR. Q (cycle threshold indicating the first detection of
CYP1A PCR product) values were plotted against initial concen-
tration followed by standard linear regression (r2 = 0.98).

v.8, Winer, 1971). There was no statistical difference
between BNF induction at 25 or 50 mgkg-1 body
weight in each species (P > 0.45). However, ANOVA
analysis showed a difference between CYP1A mRNA
levels of control and induced groups in each species
(P < 0.0001). On average, all species had approxi-
mately 1 x I06 CYP1A transcripts pig-1 total RNA
at control levels and 1x I09 CYP1A transcripts pig-1
total RNA under induced conditions. Brook trout
demonstrated higher mean basal levels of CYPIA
than all other species (ANOVA P < 0.01) at 1 x 107
CYPIA transcripts pig-1 total RNA. Among BNF
induced fish, lake trout had lower levels of CYPIA
transcripts at approximately 1 x I08 CYPIA tran-
scripts pig-1 total RNA (ANOVA P < 0.02) than all
other treatment groups except Atlantic salmon treated
with 50 mg kg-1 BNF.

4. Discussion

It is evident that both of the PCR fragments cloned
from lake trout and brook trout represent full-length
cDNA clones of CYPIA genes. Each cDNA sequence
has characteristics of a full-length teleost CYPIA

cDNA: a start codon and a stop codon followed by
a poly A tail, a heme-binding domain, an arginine
codon integral to enzymatic function, and a rather
large 3'-UTR containing two (lake trout) and three
(brook trout) AUUUA sequences. The coding region
(1569 bp), which encodes a protein of 523 amino acid
residues, is the same size as the rainbow trout and At-
lantic salmon P450 1A protein. In addition, the brook
trout and lake trout CYPIA genes show 97.9 and
97.6% sequence identity to Atlantic salmon CYPIA.
The coding regions of CYP1A genes isolated to date
in salmonids (Atlantic salmon, rainbow trout, Pacific
salmon, brook trout, and lake trout) differ by no more
than 3.9%. This high level of sequence identity con-
firms that the CYP1A gene is highly conserved and
thus suitable for developing a real-time quantitative
PCR assay to study CYP1A expression dynamics
across several genera in response to contaminant
exposure.

Real-time PCR analysis indicates that CYP1A
induction in liver tissue of lake trout, brook trout,
rainbow trout, and Atlantic salmon followed a con-
sistent pattern. In all species, CYP1A expression was
induced by BNF injection from approximately 1.8-
3.0 orders of magnitude representing a 60-1000-fold
difference in CYP1A levels between control and in-
duced levels. This trend of induction was seen in fish
injected with 25 mgkg-1 and also 50 mgkg-1 BNF.
Previous quantitative PCR studies have also found a
similar level of induction by BNF in Atlantic salmon
(Rees et al., 2003) and Pacific salmon (Campbell and
Devlin, 1996) in a variety of tissues (liver, kidney,
gili, brain, and gonad). Absolute levels of CYP1A ex-
pression ranged from a low of approximately 7 x 105
molecules CYPIA [xg-1 total RNA in rainbow trout
liver (control group) to a high of approximately 1x 109
molecules CYP1A p,g-1 total RNA in brook trout liver
(induced). The CYP1A levels reported here closely re-
semble CYPIA mRNA expression levels identified in
a 28 day BNF induction time course in Pacific salmon
liver tissue. Campbell and Devlin (1996) report that
at time zero Pacific salmon liver shows similar levels
of CYP1A at 5.00 x IO5 molecules p,g-1 total RNA.
After 28 days, this expression jumps 160-fold to
8.04 x 107 transcripts p,g 1 total RNA. However, the
results from each of these experiments are 2-3-orders
of magnitude lower than those determined using a
competitive quantitative PCR (Rees et al., 2003). This
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Salmonid CYPlA levels

AS BT
Species

6 6
LT RBT

Control
25 mg/kg
50 mg/kg

Fig. 6. Real-time PCR analysis of liver CYP1A levels in representative salmonid species (AS: Atlantic salmon, BT: brook trout, LT: lake
trout, RBT: rainbow trout). Fish were administered an injection of corn oil only (control), 25 mgkg 1body weight BNF (B-naphthoflavone),
or 50 mgkg 1 body weight BNF. Total RNA (100ng) was reverse-transcribed and amplified in real-time from each treatment group
(n = 4-8: sample size is indicated for each treatment group below each bar) after which CYP1A levels were estimated. Bars represent mean
logarithmic values of CYP1A expression |ig 1total RNA £ S.E.M. for each treatment group. Comparisons were made between induced
and control levels using a Tukey-Kramer adjustment for multiple comparisons. Symbol (* *) notes significance of induced groups over
each respective control group at P < 0.0001. Symbol (*) notes significantly higher CYPIA levels over other control groups at P < 0.01.

discrepancy is likely due to different fish conditions
and experimental conditions. Another likely factor is
the difference in the standard curves between the two
experiments. The real-time PCR standard curve used
here covered a larger linear range and had a higher
coefficient of determination, thus would be more
accurate at estimating CYP1A levels from samples
expected to show a large range of difference. Never-
theless, it is evident that each of these assays is useful
in showing inducing effects of BNF on CYPIA in
fish.

The real-time PCR developed in this study is highly
sensitive and versatile. Based on our standard curves,
it can measure CYP1A mRNA expression levels down

to ~1000 transcripts of CYP1A pil-1 total RNA be-
cause the standard curve obtained in this assay covers
a large linear range (I010-103 molecules) and allows
for versatility in measuring CYP1A gene expression
through awide degree of environmental and laboratory
conditions. At ~100 transcripts, a strong signal was
observed but the C\ fell out of the linear range of the
standard curve. This high level of sensitivity and wide
range of applicability will likely enable accurate mea-
surement of CYP1A levels in wild fish from both pris-
tine and highly polluted environments. Because many
salmonid species are at threatened status or worse
(U.S. Department of Interior, 2000, 2002), this quan-
titative PCR assay will complement the development
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of a non-lethal gili biopsy method to monitor contam-
inant exposure in salmonid populations (Rees et al.,
in review) without sacrificing individual fish captured
in the wild.

Furthermore, this assay makes measuring CYP1A
gene expression among various species more accurate,
comparable, and quicker because the same primers
and probe are used for each species. This allows RNA
from various tissues of multiple species to be analyzed
on the same plate and compared to the same stan-
dard curve. This assay also minimizes the possibil-
ity of quantifying false positives such as non-specific
PCR products because the probe is single-stranded
and only binds to the target sequence. Fluorescence
is not emitted unless this binding occurs; therefore,
only fluorescence from specific binding is measured
(Giuletti et al., 2001). In addition, the time-intensive
process during the generation of a “pure” cRNA stan-
dard is minimized because the same standard can be
used for multiple species. This type of application has
been used in the recent past to detect and quantify the
same infectious heamatopoietic necrosis virus (IHNV)
in multiple salmonid species (Overturf et al., 2001).
However, our study documented a use of the real-time
PCR assay to measure expression levels of an orthol-
ogous gene across several members in a single teleost
family.

From an environmental assessment standpoint, it
is important to realize the benefits and limits of this
quantitative PCR assay. Because the amplification
conditions are optimized and primer and probe se-
quences are known, it will be possible for other labo-
ratories to adopt this method in a matter of days. This
approach has the advantage of providing rapid and
accurate measures of CYPIA transcripts in various
tissues. To develop a comprehensive understanding
of CYPIA induction in fish responding to contam-
inant exposure, this method should be combined
with methods that provide better spatial resolution,
such as in situ hybridization and immunocytochem-
istry, and that provide estimated CYPlA protein
levels, such as ETISA, Western blotting and EROD
analysis.

In conclusion, we have developed a real-time quan-
titative PCR assay for analysis of CYP1A expression
across three salmonid genera, Salmo, Oncorhynchus,
and Salvelinus. In development of this assay, we
confirmed that CYP1A genes across the salmonid

family carry a high degree of sequence homology
and is highly induced in liver tissue of BNF-exposed
lake trout, brook trout, Atlantic salmon, and rain-
bow trout after 2 days. We also discovered some
species-specific characteristics of CYP1A induction.
Brook trout showed higher basal levels and induced
levels than all other species. Lake trout showed
the lowest induced levels of CYPIA expression. It
is notable that brook trout and lake trout, which
showed a significant difference in induction, were
reared in the same hatchery since embryonic stage.
The ecological and physiological implication of this
species difference, however, will require further stud-
ies to clarify. Finally, the real-time assay has a high
degree of specificity for generated CYPIA PCR
products as well as a high degree of sensitivity de-
tecting down to 1000 molecules CYP1A pil-1 total
RNA.
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