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Abstract
In situ biomonitoring has been used to assess the effects of pollution on aquatic species in heavily
polluted waterways. In the current study, we used in situ biomonitoring in conjunction with
molecular biomarker analysis to determine the effects of pollutant exposure in salmon caged in the
Duwamish waterway, a Pacific Northwest Superfund site that has been subject to remediation. The
Duwamish waterway is an important migratory route for Pacific salmon and has received historic
inputs of polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs).
Juvenile pre-smolt Chinook salmon (Oncorhynchus tshawytscha) caged for 8 days in the three
contaminated sites in close proximity within the Duwamish were analyzed for steady state hepatic
mRNA expression of 7 exposure biomarker genes encompassing several gene families and known
to be responsive to pollutants, including cytochrome P4501A (CYP1A) and CYP2K1, glutathione
S-transferase π class (GST pi), microsomal GST (mGST), glutamylcysteine ligase catalytic
subunit (GCLC), UDP-glucuronyltransferase family 1 (UDPGT), and type 2 deiodinase (type 2
DI, or D2). Quantitation of gene expression was accomplished by quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR) in assays developed specifically for Chinook
salmon genes. Gill PAH-DNA adducts were assessed as a chemical effects biomarker using 32P-
postlabeling. The biomarkers in the field-caged fish were analyzed with respect to caged animals
maintained at the hatchery receiving flow-through water. Chemical analysis of sediment samples
from three field sampling sites revealed relatively high concentrations of total PAHs in one site
(site B2, 6711 ng/g dry weight) and somewhat lower concentrations of PAHs in two adjacent sites
(sites B3 and B4, 1482 and 1987 ng/g, respectively). In contrast, waterborne PAHs at all of the
sampling sites were relatively low (<1 ng/L). Sediment PCBs at the sites ranged from a low of 421
ng/g at site B3, to 1160 ng/g at site B4, and there were no detectable waterborne PCBs at any of
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the sites (detection limit=10 ng/L). There were no significant differences (P<0.05) in biomarker
gene expression in the Duwamish-caged fish relative to controls, although there was a pattern of
gene expression suppression at site B3, the most heavily PAH-enriched site. The lack of a marked
perturbation of mRNA biomarkers was consistent with relatively low levels of gill PAH-DNA
adduct levels that did not differ among caged reference and field fish, and which were also
consistent with relatively low waterborne concentrations of chemicals. The results of our study
suggest a low bioavailability of sediment pollutants in caged juvenile Chinook potentially
reflecting low waterborne exposures occurring at contaminated sites within the Duwamish
waterway that have undergone partial remediation.
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1. Introduction
Biomarkers of chemical exposure and effect have been widely used in field and in situ
biomonitoring to assess the temporal and spatial effects of pollution in aquatic species
(Barbee et al., 2008; Schlenk et al., 2008). These field sites are often contaminated with a
host of organic compounds such as polychlorinated biphenyls (PCBs) and polycyclic
aromatic hydrocarbons (PAHs), as well as trace metals (Dexter et al., 1985; PSAT, 2007a).
Locally in the Pacific Northwest, fish from various trophic levels residing in urbanized
waterways of the Puget Sound have received relatively high exposures to pollutants
(Missildine et al., 2005; PSAT, 2007a). Pollutant exposures are of particular concern to
sensitive species such as Pacific salmon, including Chinook (Oncorhynchus tschawytscha),
sockeye (O. nerka), and coho (O. kisutch), whose populations are in decline. Although
anthropogenic factors such as habitat loss play a key role in salmon population declines,
exposures to environmental pollutants are also of importance. In particular, exposure to
PCBs, heavy metals, and pesticides have been correlated with immunosupression leading to
reduced salmon survival (Varanasi et al., 1993; Arkoosh et al., 1994; Arkoosh et al., 1998a;
Arkoosh et al., 1998b; Arkoosh et al., 2001), whereas exposures to PAHs have been
implicated in reproductive dysfunction and altered growth in salmon populations
(Spromberg and Meador, 2005; Meador et al., 2006).

The scenarios under which Pacific salmon are most likely to receive exposure to
anthropogenic chemicals include migratory passage through urbanized waterways or return
to natal streams (Missildine et al., 2005). The impacted waterway selected for the present
study has a history of pollution from point and non-point sources and is an important
navigational passage for several species of local salmonids. In 2001, the USEPA placed this
waterway on the national Superfund priority site listing, largely due to historically high
concentrations of a number of pollutants including PAHs, PCBs and heavy metals (PSAT,
2007a). Exposure to these chemicals has been associated with increased incidences of liver
lesions and other structural abnormalities in English sole and other benthic fish (Malins et
al., 1984; Malins et al., 1985; Krahn et al., 1986; Krahn et al., 1987; McCain et al., 1990). In
2004, remediation efforts were initiated that included the removal of 66,000 cubic yards of
contaminated sediment. To the best of our knowledge, however, there have been
comparatively few studies to address the biological success of remediation in this area.

In the present study, we used a multidisciplinary approach involving chemical analysis in
conjunction with molecular biomarkers in caged juvenile Chinook salmon (Onchorhynchus
tshawytscha) to investigate physiological responses in this historically polluted waterway
containing some areas that have undergone remediation. The presence of bulky PAH-DNA

Browne et al. Page 2

Environ Res. Author manuscript; available in PMC 2012 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



adducts in the gills as assessed by 32P-postlabeling was used as a biomarker of pollution
effects at the tissue level. Quantitative gene expression assays were developed for a suite of
seven hepatic genes that have shown promise as biomarkers of pollutant exposure. The
criteria for selection of these genes of relevance to at least one of several processes,
including biotransformation of environmental pollutants such as PAHs and PCBs, or
physiological homeostatic processes sensitive to disruption by chemical exposures (i.e.
thyroid hormone regulation, protection against oxidative stress), as well as those being
previously identified in other studies to be modulated by exposure to waterborne pollutants
in the field. The target genes included two cytochrome P450 isoforms (cytochrome P450S
1A and 2K1), two glutathione S-transferases (GST-π and microsomal GST), UDP-
glucuronyltransferase family 1 (UDPGT-1), glutamylcysteine ligase catalytic subunit
(GCLC), the rate limiting enzyme in glutathione biosynthesis, and type 2 deiodinase, which
encodes an enzyme critical for thyroid hormone metabolism and whose expression has been
shown to be altered in fish in polluted areas (Pickard-Aiken, 2009).

2. Materials and Methods
2.1 Chemicals

MS-222 (tricaine) was obtained from Argent Chemical Laboratories (Redmond, WA).
RNeasy® mini kit was purchased from Qiagen (Valencia, CA). TRIzol® reagent and the
first strand cDNA synthesis kit were purchased from Invitrogen (Carlsbad, CA). The PCR
primers were obtained from MWG-Eurofins (Huntsville, AL). Finnzymes sybr green was
purchased from New England Biolabs, Inc (Ipswich, MA). Protein assay reagent c was
purchased from BioRad (Hercules, CA). Spleen phosphodiesterase, micrococcal
endonuclease, nuclease P1, phenylmethylsulphonylfluoride (PMSF), bovine serum albumin,
ethoxyresorufin (resorufin ethyl ether), resorufin and NADPH were purchased from Sigma-
Aldrich (St. Louis, MO). Dibasic sodium phosphate was obtained from J.T. Baker
(Phillipsburg, NJ). Proteinase K (recombinant, PCR grade, lyphilizate) was purchased from
Roche Diagnostics (Indianapolis, IN). [γ-32P]-ATP was purchased from MP Biomedicals
(Santa Ana, CA). All other solvents used for extraction and analysis of water and sediment
samples were of analytical grade and purchased from standard sources.

2.2 Animals and field exposures
All animal care procedures were conducted in accordance with institutional animal care and
use committees (IACUC) for the University of Washington and Texas A&M University.
Juvenile pre-smolt Chinook salmon (mean length 9.53 cm, mean mass 8.1 g) were
maintained at the NOAA Mukilteo fish hatchery in Washington State. In July 2007, the fish
were transferred to 4 cages, each containing approximately 20 juvenile Chinook and
deployed into each of 3 adjacent exposure sites in the historically polluted Duwamish
waterway (Figure 1). Table 1 presents the typical physicochemical characteristics of each
caging site. The GPS coordinates for each site are as follows B2: N47.52925 W122.31320,
B3: N47.52848 W122.31193, B4: N47.52663 W122.31023. A control group of age-matched
juvenile Chinook serving as reference animals were caged at the hatchery and received flow-
through water. This approach was used due to the lack of an appropriate non-polluted
reference site with similar physicochemical characteristics in the Duwamish area. In this
regard, the Mukilteo hatchery draws upon Puget Sound seawater from an area considered
non-polluted relative to the urbanized waterways of Seattle. The seawater that supplies the
Mukilteo hatchery is drawn up from 20-30 m below the surface and processed through a
bank of sand filters prior to sterilization with UV sterilizers and chilling as necessary.
Accordingly, the water for control animals was of very high quality with a flow-through
velocity in the holding tanks of several L/min. During the caging experiments, the control
fish at Mukiliteo were held in this filtered seawater at 12°C at >90% (approximately 9 ppm)
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dissolved oxygen during the experiment (Table 1). These hatchery maintained reference
Chinook were not fed because juvenile fish caged in the Duwamish system have limited
access to prey in the water column and do not feed. This is supported by previous
unpublished data from a 2006 study showing no stomach contents for all caged juvenile
salmon in the Duwamish (J.P. Meador, NOAA NWFSC). We selected 8 days as a suitable
caging period based on the fact that juvenile salmon migrating through this waterway can
spend similar migratory time in this area and can bioaccumulate chemicals during this
residence (Stein et al 1995). Also, it is our experience that caging juvenile salmon for longer
periods may result in excessive stress and mortality (personal observations). Upon
completion of the eight day caging period, all cages were retrieved by a USEPA dive team.
The juvenile Chinook, including field site exposed and caged controls, were sacrificed by a
lethal overdose of MS-222 followed by severing the spinal cord. The livers and gills were
excised and rinsed in ice-cold PBS and snap frozen in liquid nitrogen and later transferred to
a −80 °C freezer prior to isolation of subcellular fractions, and total tissue DNA and RNA.

2.3 Sediment and water collection and analysis
Sediment samples from each field site were collected from a boat using a petite ponar grab
sampler (WILDCO, Buffalo, NY) on the day of cage deployment. Upon collection, the
sediment samples were homogenized in stainless steel bowls and transferred to glass I-
CHEM certified 1L sampling jars with Teflon lined lids (VWR, West Chester, PA). The
samples were then shipped on ice overnight following chain-of-custody protocols to the
laboratory at Texas A&M University, where they were stored at −20 °C. Prior to extraction,
each sediment sample was oven-dried at 40 °C, homogenized, ground in a mortar and pestle
and then passed through an 850 μm sieve. Approximately 10 g of dried sample was then
extracted using dichloromethane in a Dionex (Dionex Corp., Sunnyvale, CA) Model 200
Accelerated Solvent Extractor (ASE) following USEPA Method 3545A (EPA, 1996a).
Sediment extracts were analyzed for PAHs using USEPA method 8270C (EPA, 1996b) and
for total PCBs and PCB homologs following USEPA method 680 (Alford-Stevens et al.,
1985). Analysis was performed using an Agilent 5980 gas chromatograph with an Agilent
5972 mass selective detector in selected ion monitoring mode. A 60 m × 0.25 mm ID × 0.25
mm film thickness column (Agilent Technologies, Palo Alto, CA) was utilized. The
injection port was maintained at 300 °C and the transfer line at 280 °C. The temperature
program was as follows: 60 °C for 6 min, increased at 12 °C/min to 180 °C and then
increased at 6 °C/min to 310 °C and held for 11 min for a total run time of 47 min.

Water samples were collected at each site using a Beta bottle sampling device (Wildlife
Supply Co., Buffalo, NY) placed just above the sediment surface within the exposure zone
of the deployed cages on the day of cage deployment. Samples were stored in 1 L I-CHEM
certified amber bottles with Teflon lids (VWR, West Chester, PA) and were shipped on ice
overnight following chain of custody protocols to the laboratory at Texas A&M University,
where they were stored at 4 °C until extraction. Liquid:liquid extractions were performed
with dichloromethane according to USEPA standard extraction method 3510C (EPA,
1996a). The surface water sample extracts were then analyzed for PAHs using USEPA
method 8270C (EPA, 1996b) and for total PCBs and PCB homologues following USEPA
method 680 (Alford-Stevens et al., 1985), as described above for sediment samples.

2.4 Quantitative gene expression assays
RNA was extracted from frozen liver tissue of a minimum of 5 individual fish per group
using the TRIzol® method. The RNA samples were cleaned using Qiagen (Valencia, CA)
RNeasy® mini kit prior to analysis on a Nanodrop spectrophotometer (Thermo Scientific,
Wilmington DE) to ensure integrity of RNA prior to first strand cDNA synthesis, followed
by assessment of 260/280 absorbance ratios, which fell between 1.9 and 2.1. Total first
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strand cDNA was synthesized from liver RNA using Invitrogen® (Carlsbad, CA)
Superscript first stand synthesis system with oligo dT18 primers and DNAse treated RNA
samples. To design PCR primers for type 2 deiodinase and GCLC, multiple sequence
alignments of rainbow trout (Oncorhynchus mykiss), Atlantic salmon (Salmo salar), and
zebrafish (Danio rerio) target sequences were examined for conserved sequences, prior to
primer design using Oligo ® Software, Version 6.71 (Cascade, CO). For UDPGT, a
previously published primer pair from Atlantic Salmon (S. salar) (Mortensen et al., 2007)
was utilized. For ß-actin. CYP1A, and CYP2K1, previously published primer pairs from
rainbow trout (O. mykiss) (Matsuo et al., 2008) were utilized. For GST-π, 18s RNA, and
microsomal GST, previously published primer pairs from coho salmon were utilized
(Gallagher et al., 2008). All primers were tested to optimize annealing temperature and
ensure a single product formation (See Table 2 for primer sequences). Amplification
products from Chinook liver cDNA were sequenced and verified at the UW Department of
Biochemistry DNA sequencing facility. Once the cDNA sequences were obtained, the
results were compared to other teleost DNA sequences using BLAST in the TGI (The Gene
Index) database (http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/Blast/index.cgi) to confirm
the amplification of the target gene. After primer validation and optimization, SYBR green
qRT-PCR assays were conducted using a BioRad® IQ5 thermocycler under the optimal
PCR conditions for each primer set. For all comparative gene analysis, a standard curve
generating using purified plasmid containing the target sequence was included in order to
quantify the pg of cDNA.

2.5 Gill 32P-Postlabeling Assay
Gills from 4 fish at each caging site, as well as hatchery caged controls, were removed and
composited for each tissue sample. Total DNA was isolated from the gill filaments by
solvent extraction combined with enzymatic digestion of the protein and RNA (Randerath et
al., 1986) for 32P-postlabeling. Gill PAH-DNA adducts were quantified using nuclease p1-
enhanced bisphosphate 32P-postlabeling (Randerath et al., 1986). Briefly, DNA (10 μg) was
enzymatically degraded to normal (Np) and modified (Xp) deoxyribonucleoside 3′-
monophosphates with micrococcal nuclease and spleen phosphodiesterase at pH 6.0 and was
incubated at 37 °C for 3.5 hours. After treatment of the mixture with nuclease P1 to convert
normal nucleotides to nucleosides, modified nucleotides (Xp) were converted to 5′-32P-
labeled deoxyribonucleoside 3′,5′-bisphosphates (pXp) by incubation with carrier-free
[γ-32P]ATP and polynucleotide kinase. Radioactively labeled modified nucleotides were
mapped by multidirectional anion-exchange thin-layer chromatography (TLC) on
polyethyleneimine (PEI)-cellulose sheets (Mabon et al., 1996). After removal of
orthophosphate and traces of radioactive impurities by one-dimensional development with
2.3 M sodium phosphate, pH 5.75 overnight (D1), bulky labeled DNA adducts retained in
the lower (2.8 × 1.0 cm) part of the D1 chromatogram were contact-transferred to fresh thin-
layer sheets and resolved by two-dimensional TLC after brief autoradiography on Cronex 4
X-ray film. The non-polar I-compounds were separated with solvents 3.82 M lithium
formate, 6.75 M urea, pH 3.35 and 0.72 M sodium phosphate, 0.4 M Tris-HCl, 7.65 M urea,
pH 8.2 in the first and second dimensions, respectively. 32P-labeled adducts were visualized
by screen-enhanced autoradiography at −80 °C using Kodak XAR-5 film or with the aid of
an InstantImager (Packard Instruments) (Zhou et al., 1999).

2.6 Microsomal ethoxyresorufin-O-deethylase (EROD) activities
Microsomal fractions from a pool of 16-20 juvenile Chinook livers from each of the
exposure sites and the caged reference site were isolated according to standard methods
(McKinney et al., 2006). The protein content of each sample was quantified using the
method of Bradford (Bradford, 1976). The ethoxyresorufin-O-deethylase (EROD) catalytic
activity assay was conducted using a 96-well fluorescent plate reader (Whyte et al., 2000) .
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This assay was selected to serve as a reference control and enzymatic activity corresponding
to results of our CYP1A mRNA analyses. The assay incubations contained 0.1 M sodium
phosphate buffer (pH 7.8) and 100 μM ethoxyresorufin, and microsomal fraction, and were
initiated after a 3 minute incubation at 30 °C by the addition of 2 mM NADPH. The change
in fluorescence was recorded at excitation and emission wavelengths of 550 and 585 nm,
respectively, over 2 minutes. A resorufin standard curve was utilized to convert for arbitrary
fluorescent units to ρmols of resorufin formed per unit time in the assay.

2.7 Statistical Analysis
Several approaches were employed to quantitate site-related effects in biomarker gene
analysis. These included normalization to two different internal control genes (e.g. 18s
RNA, β-actin), analysis of unnormalized biomarker gene mRNA data, as well as
consideration of data transformations prior to and post data normalization. Because all gene
expression data followed log normal distributions, we elected to log transform the data prior
to undergoing statistical analyses using parametric methods. Following log transformations,
biomarker gene expression for the individual genes was normalized to the individual
expression of 18s RNA. Site differences in the normalized biomarker genes were then
assessed using a one-way ANOVA. The effect of caging on the number of gill PAH-DNA
adducts in control and field-exposed groups followed normal distributions and the data was
directly compared by ANOVA using SigmaStat software (Aspire Software, Ashburn, VA).
All other ANOVAs were performed with Statview (SAS 1998). Treatment differences were
determined with Fisher’s Protected Least Significant Difference (PLSD) post-hoc test. We
consider the p-values from the posthoc tests an important indicator of treatment effect. The
strongest response was noted for those p-values below 0.05. P-values between 0.05 and 0.15
were also considered biologically important, especially in light of the relatively few
replicates available for this experiment.

3. Results
3.1 Water quality conditions at the field sites

The results of typical physical and chemical water quality parameters such as salinity,
dissolved oxygen content, temperature, and depth of cage are presented in Table 1. As
observed, the water quality parameters at the field sites can be highly variable, and the
salinity and temperature recordings from the hydrolab at the time of cage retrieval differed
from those at those hatchery maintaining control fish. It is important to note that the
hydrolab recordings represent a snapshot taken at one particular sampling and thus are not
representative of mean recordings during the period of caging. Variations in temperature and
salinity associated with water quality are common at the sites and fluctuate at the surface, as
well as at the depths that the salmon were caged. Because of the salt wedge in the river at
the field sites, the salinity will increase with depth the bottom water will be closer to full salt
water (28-30 ppt) and cooler temperatures the more resemble those at the hatchery. Despite
the potential variability in salinity and temperature in water associated with the field sites
relative to the hatchery, fish retrieved from all three exposure sites appeared healthy and
active upon cage retrieval. However, due to the necessity for rapid handling of tissues to
maintain the integrity of mRNA and gill DNA adducts as well as for analytical chemistry
analysis, no additional quantitative indicators of fish health were measured.

Sediment PCBs, as well as sediment and water PAH concentrations from each site are
summarized in Table 3. Despite their close geographic proximities, the sediment and water
carcinogenic PAH concentrations varied markedly between sites. The total PAH sediment
load varied by a factor of 5 between sites B3, B4 (1482, 1967 ng/g respectively) and site B2
(6711 ng/g). Interestingly, the sediment PAH levels for all three exposed sites were within
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the lower range of sediment PAH concentrations measured in the 1980s prior to remediation
(range: 1000-49000 ppb sediment) (Malins et al., 1984) (Table 4).

Although, water PAH levels were relatively low, our data suggests the potential for
bioaccumulation of PAHs in the water column. As observed in Table 3, carcinogenic PAHs
accounted for more than 50% of the total PAHs detected in the water column. Carcinogenic
PAHs are defined by the USEPAs priority list of pollutants and included benzo[a]pyrene.
Overall water column PAH levels were low, ranging from non-detectable (<1 ng/L) to 18
ng/L. Sediment PCB levels varied two fold between exposure sites that are located within
100 meters of each other (sites B2 and B3). Specifically, site B3 had total PCB
concentrations of 421 ng/g dry weight, while site B2 had total PCB concentrations of 1030
ng/g dry weight.. This disparity in sediment PAH and PCB concentrations is suggestive of
the fact that the riverbed does not contain a homogeneous pollutant mixture in the sediments
(Meador et al., 2009).

3.2 Biomarker responses
Fish caged at the field sites, as well as the reference controls, appeared healthy upon
retrieval. Initial optimization of quantitative PCR assays was conducted after ensuring that
selected PCR primer pairs were amplifying the correct gene sequence. All primers used in
this study produced a single band PCR product and the BLAST query resulted in the correct
gene hit with a BLAST e-value < 10 −15. Furthermore, we also compared similar sequences
with lesser e-values before assigning identities to the target genes. Consistent with other
aquatic toxicology studies (Arukwe, 2006), we observed statistically significant differences
in the expression of two so-called “housekeeping genes” tested, including 18s and β-actin,
among the field sites. However, careful inspection of the data revealed that the expression of
all genes, including the biomarker genes as well as internal controls, followed log normal
distributions, and the data were transformed prior to statistical analysis. Essentially, this
approach provided similar results observed with those of the individual biomarker genes
unnormalized to control housekeeping gene (data not shown). Figure 2 presents the results
of qRT-PCR gene expression assays in juvenile pre-smolt Chinook hepatic cDNA
normalized to the housekeeping gene 18s RNA.

There were no statistically significant differences in biomarker gene expression among field
sampled fish relative to controls (Fig. 2). However, a careful inspection of the data revealed
a trend toward repression of all of the biomarker genes in site B3 fish. The p values for these
comparisons ranged from p=0.08 (type 2DI) through p=0.21 (GST pi, Table 5). There was
also a trend in suppression of several biomarker genes, including CYP2K1, GCLC, GST pi,
mGST, type 2 DI, and UDPGT in the site B2 fish relative to controls (Figure 2).

The CYP1A-associated microsomal EROD catalytic activities for each site-exposed group
were 98(±7), 44(±3), 65(±3) ρmol/ minute/ mg protein (sites B2, B3 and B4 respectively),
while control fish had initial rate EROD activity of 150 (±12.2) ρmol/ minute/ mg protein.
Because of the small size of the fish livers, the EROD assay was conducted in triplicate on
microsomal fractions made from a pool of 16-20 juvenile Chinook livers from each
exposure site and therefore statistical differences among sites and controls could not be
tested. As observed, however, the CYP1A biochemical assay was in good agreement with
the CYP1A mRNA levels. Similar to the results of hepatic gene expression and biochemical
analyses, there were no statistically significant differences among the control hatchery-
maintained and field exposed Chinook with respect to the presence of bulky PAH-DNA
adducts in the gills (Figure 3).
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4. Discussion
The expression of genes involved in cellular process such as protecting against oxidative
stress and cell injury, or mediating chemical biotransformation have been used for
biomarkers of exposure to chemical pollutants (for a review see Schlenk et.al. 2008). For
example, cytochrome P4501A (CYP1A) is a classic biomarker gene that is inducible by a
host of xenobiotics, and thus has been used in many studies as a sensitive indicator of
pollutant exposure (Rice et al., 2000; EPA, 2007), including the Duwamish waterway (Stein
et al., 1995). CYP1A has very low basal expression and is induced by a number of
compounds including PAHs (Jönsson et al., 2006). Cytochrome P450 2K1 is an important
phase 1 metabolism enzyme that is more highly expressed in salmonids and also functions in
the metabolism of steroids, xenobiotics, and fatty acids (Schlenk et al., 2008). In addition to
the phase 1 enzyme studies, phase II enzymes such as isoforms of cytosolic and microsomal
GSTs as well as UDPGT, collectively conjugate a host of environmental compound and
their metabolites and have also been used in biomonitoring studies involving several fish
species (Machala et al., 1998; Bello et al., 2001; Schlenk et al., 2008). The expression of
mRNAs encoding proteins involved in glutathione biosynthesis (i.e. glutathione synthetase,
GCLC) have been less studied as biomarkers. However, GCLC is a highly inducible enzyme
in rodents exposed to electrophilic (reactive) chemical compounds (Iles and Liu, 2005; Li et
al., 2007; Han et al., 2008; Thimmulappa et al., 2008). GCLC induction has also been
observed in fish exposed to xenobiotics (Hughes and Gallagher, 2004), suggesting that it is
under similar gene regulatory pathways in rodents and fish. The iodothyronine deiodinases
represent a family of enzymes responsible for converting the pro hormone T4 to biologically
active T3, as well as for inactivating thyroid hormones. In addition to their roles in thyroid
hormone homeostasis and the initiation of ovarian maturation in fish, these enzymes have
been investigated for use as potential biomarkers of exposure to environmental contaminants
in fish (Pickard-Aitken, 2007). Of the three isoforms, type 2 DI, in particular, has been
shown in walleye (Sander vitreus) liver to be sensitive to waterborne pollutants in fish
sampled from the Ottawa River ( Pickard-Aitken et al., 2007).

In a study sharing several similarities to ours, caged coho salmon and molecular biomarker
analysis of genes encoding CYP1A and two antioxidant defense genes (superoxide
dismutase and glutathione peroxidase) were used to detect environmental contamination
effects in the Prince William Sound, Alaska. The authors also compared site-specific
biomarker data to those in control animals maintained in hatchery water (Roberts et al.,
2006). Interestingly, the authors reported site-related differences in the expression of these
genes in the gill tissue (Roberts et al., 2006), but not in the livers. These data suggested that
pharmacokinetic or tissue specific-responses in gene expression related to chemical
exposures may also be a factor in modulation of gene expression. Although we did not
measure gill biomarker mRNA expression in the present study, the fact that our gill DNA
adduct levels in field sampled fish were not elevated was consistent with the lack of
modulation of hepatic biomarker mRNA expression.

The Duwamish waterway has been the subject of numerous studies that have linked
exposure to sediment-associated chemicals to physiological abnormalities in several fish
species (Malins et al., 1984; Varanasi et al., 1989; McCain et al., 1990; Stein et al., 1995).
Of relevance to the present study was a previous analysis of field sampled Chinook salmon
(sampled in 1989 and 1990) returning to urban and non-urban natal streams in Seattle,
including Chinook salmon migrating through field sites in our study. In that earlier study,
the authors reported increased levels of gill PAH-DNA adducts in Chinook returning to
urban natal streams (Stein et al., 1995). These data contrast those observed in our study in
that despite the presence of sediment PAH and PCB levels, we did not detect increased
levels of gill PAH DNA adducts.
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The differences in results of the two studies may have been due to the fact that the caged
salmon in our study likely did not bioaccumulate sediment associated chemicals due to
restriction of feeding in the cages. In this regard, Duwamish caged fish feed poorly once
caged in the waterway. The lack of active feeding not only limits exposure to contaminated
prey, but may compromise their ability to undergo gene expression induction responses as a
result of a poor nutritional status (unpublished observations). Many of the copepods and
amphipods that the native juvenile Chinook consume have bioaccumulated high levels of
PCBs and PAHs and thus dietary consumption may be a large contributing factor to PAH
and PCB levels in Chinook from the Puget Sound (Stein et al., 1995). While dietary uptake
is important for bioaccumulation, exposure to dissolved contaminants via gill ventilation is
likely the only route of uptake for caged fish. Uptake from gill ventilation may be reduced in
caged fish due to reduced activity and the lack of feeding. Studies have shown a reduction in
metabolism (as a function of oxygen uptake and gill ventilation) in starved salmonids (Brett
1995). A more important variable may be the level of activity, which can have a large
impact on gill ventilation rates and contaminant uptake (Meador et al. 2008). Based on these
factors, caged fish were likely below their exposure potential compared to wild fish. Other
factors that may lead to variability in hepatic mRNA response are temperature (Heise et al.,
2003), dissolved oxygen content (Cooper et al., 2002) and salinity (Martinez-Alvarez et al.,
2002), all of which can affect antioxidant parameters which may disrupt the expression of
genes involved in protecting against oxidative stress (Di Giulio and Hinton, 2008).

Also of consideration is the potential for a reduction of waterborne chemical exposures due
to the success of recent remediation efforts. However, analysis of sediment PAH and PCB
levels in the current study did reveal contamination at the sites and in some cases were
comparable to concentrations detected in the late 1970s and early 1980s (Malins et al., 1984;
Myers et al., 1994). Accordingly, the fact that water PAH levels were either low or non-
detectable in the present study was probably a major factor in the lack of responses. In
essence, despite the continued presence of sediment pollution, it is likely that the caged
salmon experienced reduced exposures compared to uncaged fish due to the lack of dietary
uptake. In another study of caged juvenile coho salmon in a polluted waterway in the Puget
Sound, mean hepatic PAH-DNA adducts as measured by 32P-postlabeling were 39 ±6.5
RAL × 109 nucleotides (Barbee et al., 2008), or approximately threefold higher than
observed in the present study. Furthermore, the field site utilized in the aforementioned
study had waterborne PAH concentrations as high as 1018 ng/L (Barbee et al., 2008), which
greatly exceeded the water PAH levels measured in our field study. Collectively, these
studies indicate relatively low water column PAH levels that were not sufficient to induce
CYP1A-bioactivation pathways and facilitate the formation of gill PAH-DNA adducts.

5. Conclusion
In conclusion, we have developed a suite of 7 biomarker assays that are specific for the
analysis of genes that encode proteins from several families of important toxicological
function in Chinook salmon. Chinook constitute an ecologically sensitive species in the
Western United States whose populations are in decline. Caging of juvenile Chinook in an
urbanized waterway that has undergone remediation, but which still contains sediments
polluted with PAHs and PCBs, revealed a relatively low waterborne bioavailability of
sediment-associated chemicals that did not appear to be of sufficient magnitude to perturb
liver mRNA expression markers, induce the formation of gill PAH-DNA adducts, or induce
CYP1A-associated EROD activity. However, examination of biomarker responses in the
present study revealed a subtle, but visible pattern of overall gene suppression in the most
heavily contaminated subsampling area. Of interest would be a comparative analysis of
biomarker mRNA responses in fish that preferentially feed on benthic organisms exposed to
sediment associated PAH is and PCBs in the Duwamish waterway. In addition, laboratory
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experiments involving dose-response exposures of pure compounds and their mixtures is
needed to further characterize molecular biomarkers of chemical exposures and effects in
Pacific salmon.
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Figure 1.
Map of the caging sites for juvenile Chinook salmon in the Lower Duwamish Waterway,
Puget Sound Washington.
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Figure 2.
Comparative hepatic gene expression of 7 genes measured in the livers of Chinook salmon
caged for 9 days in a polluted waterway. All data for the individual genes was normalized to
the expression of 18s RNA and then multiplied by 1000 to provide the RNA expression
units on the y-axis. As discussed in the methods, control fish (ref) were maintained in cages
at the fish hatchery and were not fed. All data represent the mean ± SEM of n=5 individuals.
There were no site related differences in mRNA expression at p<0.05. Individual p values
for reference fish vs site B3 animals are provided in table 5.
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Figure 3.
Comparison of gill PAH-DNA adducts in Chinook salmon caged for 8 days in a polluted
waterway. As described in methods, control fish were maintained in cages at the fish
hatchery (indicated as reference, ref). All data represent the mean ± SD of PAH-DNA
adducts in the gills per 109 nucleotides from n=4 individuals. There were no site related
differences in DNA adducts at p<0.05.
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Table 1

Typical physicochemical characteristics of the field sites and hatchery*

Site B2 B3 B4 Reference
controls

Depth of cage1 (m) 12.2 0.4 2.2 NA

Temperature (°C) 18.5 19.1 18.8 12

Salinity (pss2) 9.3 11.9 3.4 28

Dissolved oxygen (% sat) 92 89 86 >90

*
GPS coordinates for each site are listed in materials and methods. All field site measurements were taken at one time point on day of cage

retrieval and do not the variations in temperature, salinity and DO that can occur at the LDW field sites.

1
reflects general depth below mean low water mark

2
pss= practical salinity scale

NA: not applicable, control fish were maintained in holding tanks with flow-through filtered seawater
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Table 2

Sequences and origins of gene specific PCR primers for Chinook salmon.

Gene Primer (5′ to 3′) (Source Species) accession # /
reference or position

18s RNA Forward: AAC GGC TAC CAC ATC CAA GGA
Reverse: CGA GAT CCA ACT ACG AGC TTT TTA ACT

(O. kisutch)AF030250
607-960
(Gallagher et al, 2008)

β-actin Forward: GAC CCA CAC AGT GCC CAT CT
Reverse: GTG CCC ATC TCC TGC TCA AA

(O. mykiss)AF157514
528-767
(Matsuo et al, 2008)

CYP1A Forward: AGT GCT GAT GGC ACA GAA CTC AA
Reverse: AGC TGA CAG CGC TTG TGC TT

(O. mykiss) AF059711
1441-1658
(Matsuo et al, 2008)

CYP2K1 Forward: CTC ACA CCA CCA GCC GAG AT
Reverse: CTT GAC AAA TCC TCC CTG CTC AT

(O. mykiss) AF045053
1231-1372
(Matsuo et al, 2008)

Deiodinase
(Type 2)

Forward: CAG GTG ATG CGA GAG GTA GAG
Reverse: CAA GTC TGG GCC GTC AAG

(O. mykiss) AF207900
1881-2041

GCLC Forward: ACA TAG CCC ATC TCT TCA
Reverse: GAA CTC AAC TCG CCA TC

(O. mykiss) TC161597
476-709

GST-π Forward: CTC TGC TCC AGT TGC CTG GAT
Reverse: GTT GCC ATT ATT GGG CAG TTT CT

(O. nerka)AB026119
490-615
(Gallagher et al., 2008)

Microsomal
GST

Forward: GGG TGA GGC CTG GGA TGA
Reverse: CAC AAG TAC GGA TGC CCA CAA

(O. mykiss) CF752713
562-713
(Gallagher et al., 2008)

UDPGT Forward: ATA AGG ACC GTC CCA TCG AG
Reverse: ATC CAG TTG AGG TCG TGA GC

(S. salar) DY802180
1528-1608
(Mortensen et al., 2007)
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Table 3

Water and sediment PAH concentrations at the three sites in the Lower Duwamish Waterway. Sediment PCB
concentrations are also included. All concentrations of PAHs are surrogate corrected.

B2 B3 B4

Water PAH concentrations ppt (ng/L) ppt (ng/L) ppt (ng/L)

Carcinogenic PAHs 12 7 nd

Low Molecular Weight PAHs nd nd nd

High Molecular Weight PAHs 16.7 8.3 nd

Total PAHs 18.3 10.4 nd

Sediment PAH concentrations ppb (ng/g dry) ppb (ng/g dry) ppb (ng/g dry)

Carcinogenic PAHs 1056 425 541

Low Molecular Weight PAHs 1219 70 159

High Molecular Weight PAHs 3069 666 985

Total PAHs 6711 1482 1967

Sediment PCB concentrations ppb (ng/g dry) ppb (ng/g dry) ppb (ng/g dry)

Total PCBs 1030 421 1160

nd*: not detected , <1 ng/L
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Table 5

Statistical ( p) values for biomarker gene expression for Site B3 relative to control animals caged at the
hatchery.

Gene Distribution
p values for control
v. site B3

CYP1A lognormal 0.20

CYP2K1 lognormal 0.19

GCLC lognormal 0.13

GST pi lognormal 0.21

mGST lognormal 0.06

UDPGT lognormal 0.12

type 2 DI lognormal 0.08

Values represent gene expression normalized to 18s RNA of n=5 animals in each group. All data were log transformed prior to statistical analysis
to follow parametric distributions (One-way ANOVA and Fisher’s PLSD test)
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