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Abstract: Suppression subtractive hybridization complementary DNA libraries identified differentially expressed genes in liver tissue of winter flounder collected from the highly impacted Raritan-Hudson estuary versus those from less industrialized estuaries farther south in New Jersey. Distinct transcript profiles emerged in the fish from these different habitats. A total of 251 clones from the forward (upregulated with anthropogenic impact) and reverse (downregulated with anthropogenic impact) subtracted libraries were sequenced. In the upregulated library immune response transcripts, including complement C-3, C-7, factor H, factor Bf/ C2, differentially regulated trout protein 1, and the antimicrobial hepcidin, indicated the pollution-impacted fish were under a high viral or bacterial load. Transcripts for cytochrome P450 1A, P450 3A, and glutathione Stransferase, important components of phase I and II metabolism of xenobiotics, were found in the upregulatedwith-pollution library. Vitellogenins I and II and egg envelope protein (zp) appeared to be downregulated. A homologue of the tumor suppressor p33ING1 (down) and hepatocyte growth factor–like protein (up) may indicate liver damage or hepatocellular carcinoma or hepatoma. These expression patterns, confirmed by quantitative polymerase chain reaction, indicate that transcript analysis is a useful method for assessing the health of local habitats and the organisms therein. Key words: winter flounder, differential gene expression, SSH-PCR, fish habitat, transcriptome, quantitative PCR, Pseudopleuronectes americanus.



INTRODUCTION Environmental degradation from pollution is prevalent in the estuarine and near shore waters of urbanized shoreReceived July 2, 2003; accepted December 10, 2003; online publication August 6, 2004. Corresponding author: Peter F. Straub; e-mail: [email protected]



lines. Anthropogenic wastes may expose biota to cumulative sublethal insults that result in long-term negative pressure on growth, development, and recruitment. Sublethal effects of pollution on growth, development, and general health of estuarine biota are difficult to detect and quantify in the natural environment, particularly in a dynamic system such as an estuary. The development of
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new methods in biotechnology, particularly transcriptome analysis, gives an unprecedented opportunity to detect small perturbations in the genetic system of organisms under stress. This article focuses on using molecular genetic techniques to study the health of winter flounder (Pseudopleuronectes americanus) as an indicator of habitat quality for important migratory commercial and game fish. Two libraries of differentially expressed genes were produced with fish collected from the highly urbanized and heavily polluted Raritan-Hudson estuary versus the less impacted Shark River and Barnegat Bay estuaries (Figure 1). The Raritan-Hudson estuary consistently ranks among the most polluted sites in the United States with, for example, PAH sediment concentrations of 7,100 to 34,000 ng/g dry wt (NOAA, 1989), PCB sediment levels of 286 to 1950 ng/g, and DDT sediment levels of 116 to 739 ng/g (Fowler, 1990). Winter flounder from the Raritan-Hudson estuary have altered liver function and pathology with high body burdens of PCB and fluorescent aromatic compounds (Johnson et al., 1992a, 1992b). Studies on winter flounder and pollution have addressed direct effects on the fish such as feeding depression due to toxicants and waste (Steimle, 1994), manifestation of disease symptoms such as fin erosion and external necrotic lesions (Sindermann, 1996), and aberrant pathology such as neoplasia (Moore et al., 1989; Johnson et al., 1992a). Generally, the most comprehensive understanding of the effects of anthropogenic wastes are on single gene biomarkers. The best characterized of these are cytochrome P450 1A (Elskus et al., 1989, 1992; Smolowitz et al., 1989) and the aryl hydrocarbon receptors (Hahn et al., 1997; Roy and Wirgin, 1997), which mediate gene expression in response to many organic pollutants including dioxins and PCB, alone or in concert with cytochrome P450 (Tanguay et al., 1999; Teraoka et al., 2003). The purpose of this work was to use suppression subtractive hybridization (SSH) polymerase chain reaction (PCR) (Diatchenko et al., 1996) to identify genes involved in the response of winter flounder to habitat degradation due to anthropogenic pollution. A further goal was to develop a set of useful genetic biomarkers for quantitative PCR assays to study alterations in gene expression that may be the result of chronic exposure to environmental stressors which impinge on growth and reproduction.
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MATERIALS AND METHODS Sample Collection Winter flounder (Pseudopleuronectes americanus) were collected in late spring by trawl from Sandy Hook Bay at the mouth of the highly impacted Raritan-Hudson estuary and from sites farther south along the less impacted New Jersey shore (Figure 1). Migrating fish from the RaritanHudson estuary tend to collect in the deeper channels, including Sandy Hook channel, as they move out of the estuary with warming temperatures. The Raritan-Hudson estuary is highly urbanized and industrialized, and fish collected from this area have a high probability of having spent all or part of the over-wintering and spawning season in relatively degraded or outright contaminated habitats. The more contaminated regions of this system include the lower Passaic and Hackensack Rivers, Newark Bay, the Arthur Kill, and the lower Hudson River/New York Harbor. Fish for the less anthropogenically impacted (control) group were collected from the channels off of the Shark River and Barnegat Light inlets, 2 lightly industrialized estuaries. Livers of sacrificed fish were harvested to dry ice followed by storage at )70C. Fish were held in oxygenated, filtered, recirculating, ambient water if they could not be immediately processed.



Suppression Subtractive Hybridization To prepare a representative sample of total RNA from each habitat group, liver tissue from roughly equal numbers of mature males and females of various sizes was pooled. The tissue was ground 1:10 in RNA Clean (Genhunter) or Trizol (Invitrogen) and processed according to the manufacturer’s instructions. For the control group from Barnegat Light and Shark River, 0.25-g subsamples of liver tissue from 8 fish were extracted together. For the impacted group from Sandy Hook, 0.25-g subsamples of 25 livers were divided into 3 random pools for the extraction. Two milligrams of total RNA from each of the 3 pools of the impacted group were then combined to give 6 mg of total RNA for messenger RNA extraction. From the control group 6 mg of total RNA was likewise used for mRNA extraction. A PolyAttract mRNA kit (Promega) was used to purify poly(A) mRNA from both control and impacted total RNA samples. A Clontech PCR-Select complementary DNA subtraction kit (BD Biosciences Clontech) was used for SSH library
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Figure 1. Costal study sites included (1) Raritan-Hudson Estuary, in New York and New Jersey; (2) Shark River Estuary at Belmar, New Jersey; and (3) Barnegat Bay Estuary/Barnegat Inlet at Barnegat Light in New Jersey. The inset map enlarges the Raritan-Hudson and notes the principal tributaries including the Hudson and East Rivers in New York City (NYC) and the Arthur Kill, Hackensack, Passaic, and Raritan Rivers in New Jersey.



construction according to the manufacturer’s instructions. For each cDNA synthesis, 2 lg of poly(A)-selected mRNA was used per reaction. After second strand synthesis, the double-stranded cDNA from both groups was RsaI digested. Part of the digested cDNA was ligated with Adapter 1 and part with Adapter 2R, and the rest was saved for use as driver in preparation for hybridization. The forward reaction library was made by hybridizing adapter-ligated cDNA from pollution-impacted fish as the tester in the presence of cDNA from control fish as the driver. This forward reaction library was designed to produce clones that are overexpressed or upregulated in the pollutionimpacted fish relative to the control. The reverse library was made in the same way, except adapter-ligated cDNA from the control fish served as the tester and was hybridized in the presence of cDNA from the pollution-impacted fish as the driver. This reverse reaction library was designed to produce clones that are underexpressed or downregulated in the pollution-impacted fish relative to the control. In either case the driver cDNA was added in excess during each hybridization to remove common cDNAs by hybrid selection, leaving overexpressed and novel tester cDNAs to be recovered and cloned. PCR amplification of the differentially expressed cDNAs was performed with an Advantage 2 polymerase mix (BD Biosciences). Primary and secondary PCR amplification of these reciprocal subtractions of cDNA from control and pollution-impacted



groups produced 2 SSH libraries enriched in differentially expressed transcripts.



Cloning and Sequencing Differentially expressed cDNAs were cloned using a pGEM Easy T/A cloning kit (Promega), transformed into JM109, and plated onto LB with ampicillin, X-gal, and IPTG. Selected white colonies were grown overnight in LB with ampicillin. The plasmids were extracted using the resinbased Wizards DNA Miniprep Kit (Promega). After quantitation by spectrophotometry, plasmids were diluted to working concentrations. Approximately 50 to 100 fmol of plasmid DNA was preheated for 1 minute at 94C and then used in a CEQ DCTS Quick Start PCR dye-termination reaction (Beckman Coulter) with 10 pmol of T7 or SP6 primer (Promega). Excess fluorescent nucleotides and salts were removed from the samples by ethanol precipitation. The dried samples were resuspended in deionized formamide for loading on the sequencer. These purified products from the termination reactions were separated on a CEQ 8000 (Beckman-Coulter) automated capillary sequencer using the long fast read-one (LFR-1) conditions. Sequence output was exported as text and edited to remove vector sequences, PCR primers, and terminal ambiguities. Trimmed sequences were uploaded to the BLAST server at the National Center for Biotechnology
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Table 1. Primers Developed for Gene-Specific Reverse Transcriptase and Quantitative PCR Amplifications Clone



Putative identity



5¢-Forward primer



Up-2 Up-3 Up-4 Up-9 Up-10 Up-11 Up-12 Up-25 Up-27 Down-15 Down-23 Down-108 Down-136



Liver regeneration protein Bal-634 Complement component C-3 (region 1) Ribosomal protein L-7 Cytochrome P450 3A40 TIARP (TNF-a-induced adipose-related protein) Differentially regulated trout protein 1 Complement component C-3 (region 2) Hepcidin precursor Cytochrome P450 1A1 Alcohol dehydrogenase long chain class I Tumor suppressor p33ING1 Egg envelope protein (zp) Vitellogenin II precursor



GAAGTTGTGCCAGTGATGACC



GTCTGTAAGTGCTGTCTATCC



GGTACCTGGAGAGGCGTTTGG



CCGCCCACCTTCTTCTGTTGG



CCGAGGTCTCATCCATGAGAT



GCAGGTACAATGAGTCCTTTG



CGGATCACGAGACTACTCAAC



GCAGATGTTTCATGACCTCGG



CTCAAGCTGTTGCTCATGCTG



AGTGTCAGATCTACGACATGC



Information (NCBI) at the National Library of Medicine (NLM), National Institutes of Health (NIH) website. BLAST searches were performed using the BLASTx algorithm (Altschul et al., 1990) and default search conditions. Clones determined to have similar homology were aligned using the Contig Express module of Vector NTI (Informax) to determine the presence of multiple clone copies or of separate parts of the same gene. Sequences were deposited in the expressed sequence tag database dbEST of GenBank under accession numbers CF195396 to CF195647 inclusive.



PCR Verification Using the design function of Vector NTI, sequence data from select SSH clones were used to generate PCR primers with areas of putative coding sequence based on homology (Table 1). Primers were produced either by Invitrogen or by IDT. The primers were first verified as clone-specific using the plasmid miniprep DNA from the original SSH clone in a PCR reaction. To explore the differential representation of the selected clones in the libraries, the genespecific PCR assays were used with the cDNA of the SSH upregulated and downregulated libraries. Sufficient cDNA for these assays was produced by reamplification of SSH library cDNA using the nested primers sequence on the SSH adapter primer. Differential representation between libraries was assessed using 5 ng of cDNA from each library as template in replicate, 50-ll PCR reactions. PCR products were collected after 10, 20, 30, and 40 cycles, for analysis of relative abundance by agarose gel electrophoresis. The PCR



5¢-Reverse primer



CGAGGTTCCTCTTGCTGACTC



GCAGGTACTACTCCTTAACGC



CAGCGTACGATCTGAATGTGG



TGAAATAGTGCGGGCACGTCC



AGGTACAAGAGCTGGAGGAGG



GCAGAAACTTGGACTATGGGC



GCACCCAGAGATACAGGAGAG



AGCTTCTGAATGAGGATCGCC



TCATGTCCAAGGACGATTGGG



AATGGCTACAGCTGGCAAGG



GGTACTGCCTGTGCCATCAGG



GGGTGCATCTTGGACAGAACC



TCCCTCTGGGGCTCTAGTGT



CTTGGTCGCTGTTGGGT



TTGCTCACCAAGGCTAA



ATGGTTGGGAGCATGGA



reactions also included 400 lM dNTPs, 1.25 U Taq (Qiagen), and 15 pmol gene-specific primers, which were cycled at 94C for 1 minute, 50C for 1 minute, 72C for 2 minutes, after an initial premelt at 94C for 5 minutes.



Quantitative PCR Methods to Assess Gene Expression Total RNA from the control and impacted groups, extracted as described above in the library construction, was quantified using a RNA 6000 Nano LabChip on an Agilent 2100 Bioanylzer (Agilent Technologies) against an RNA 6000 ladder (Ambion). Ten micrograms of total RNA from each of the control and impacted groups was reverse transcribed with a poly(T) primer using a Superscript First Strand Synthesis System for RT-PCR kit (Invitrogen). The RNA was reacted with a 5-fold excess of first-strand synthesis reagents to maximize the chance of complete transcription of the sample RNAs. For quantitative PCR, the RNA sample suspected to have the higher concentration of target was used to produce a standard dilution curve for each gene-specific primer pair using the transcribed RNA at 1·, 0.1·, 0.01·, and 0.001· concentrations (Rasmussen et al., 1998). Aliquots of 1 ll, approximately 100 ng of cDNA, were amplified in 25-ll reactions with 7.5 pmol of each gene-specific primer in the presence of the fluorescent double-stranded DNA binding dye SYBR Green and the reference dye ROX using a Stratagene Brilliant SYBR Green QPCR Master Mix kit. Amplifications were performed with an Mx4000 Real-Time Quantitative PCR system (Strata-
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gene). Reaction conditions were 15 minutes, at 95C followed by 40 cycles of 94C for 40 seconds, 55C for 40 seconds, and 72C for 1 minute with triplicate fluorescence readings taken at the 72C plateau. A dissociation curve was generated at the end of amplification using 82 cycles in 0.5C steps starting at 55C with triplicate fluorescence measurements taken at each temperature. In each case except clone Up-27, a single dissociation product was detected. For Up-27, two peaks were detected in each sample, indicating the primers may be detecting more than one isoform of cytochrome P450 1A. Fluorescence was analyzed by the Mx4000 as ‘‘dRn’’ to normalize values to the reference dye (ROX) and to generate crossing threshold values (Ct) with a threshold of 0.009. The average Ct value of triplicate reference samples was plotted against the log10 of microliter concentration of reference samples to produce a straight line. The equation produced by a linear regression of the line was used to calculate the equivalent concentration of the test samples from the average of triplicate test sample Ct values, against the reference sample curve. The fold induction or inhibition is calculated as the quotient of microliter concentration value of the undiluted test sample divided by the concentration value of the reference sample. Relative expression values in the RNA from the highly impacted samples were assigned a positive value for upregulation with anthropogenic impact versus control, while the relative expression values for control samples versus impacted were assigned a negative value to denote downregulation with anthropogenic impact.



RESULTS AND DISCUSSION Sequence data were successfully generated from a total of 251 clones, 128 from the upregulated library and 123 from the downregulated library. Of these, approximately 67% were putatively identified by homology from BLASTx searches using a cutoff E value of 0.5. The E value is a relative measure of the confidence in the matched region, and clones with very low E values have a higher probability of sharing true homology to the matched sequence. A further 24% had some homology to sequences in GenBank but did not meet the cutoff criteria. Only 9% had no homologies identified under the default BLAST conditions. Roughly 6% represented ribosomal sequences, and these were different between the upregulated and downregulated libraries. Table 2 is a compilation of homologies for the upregulated (forward) library. Table 3 is a compilation of



homologies for sequences in the downregulated (reverse) library. Within each table, the homologues were roughly sorted into 12 categories based on related function. When there were teleost homologues present in the GenBank database, our sequences had good matches with very low E values. In many cases involving highly conserved genes, significant matches were made among other vertebrate groups, especially humans and mice. Few identified sequences appeared in both libraries, indicating that the subtraction by hybridization was effective. Taken as a whole, what is striking about the sequence data are the clear differences manifested in the qualitative makeup of the expressed genes for each group (Tables 2 and 3). Because a large number of out-migrating fish of varying size, age, and sex were used, the differences among the individual fish should be minimized and the similarities between the 2 groups subtracted out. Thus the qualitative differences between the highly impacted and control groups of fish should be more related to the environment in which they had been feeding, over-wintering, and spawning than to random genetic variability in the population. A closer look at the data by functional categories illustrates these environmentally related differences. Within the immune system category, there are 35 transcripts in the upregulated library versus 1 in the downregulated library. The upregulated transcripts represent 9 different genes, 5 of which are important components of the complement immune response: C-3, C-7, factor H, factor BF/C2, and differentially regulated trout protein 1, which is believed to be a complement regulator (Lee and Goetz, 1998). The complement system, particularly C-3, is critical in linking the innate and the specific immune systems by opsanizing invaders and by priming Thelper and cytotoxic cell responses (Kopf et al., 2002). These immune response genes, as well as transcripts for fibrinogen, macrophage C-type lectin, apolipoprotein, lysozyme, and cytochrome c oxidase, also found in our libraries, have been called acute phase reactants and observed in SSH libraries from rainbow trout livers after injection with a Vibrio extract (Bayne et al., 2001). This group of transcripts was also observed in SSH libraries from livers, kidneys, and spleens from both sculpin and chinook salmon induced with interferon to simulate viral infection (Alonso and Leong, 2002). The single immune system transcript found in the downregulated library was complement control factor I-b, a C3b/C4b inactivator (Fukui et al., 2003). Additionally, the antimicrobial peptide hepcidin, which represents 34% of the transcripts in this
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Table 2. Flounder SSH Upregulated proteins from Impacted Habitata Sample no.up Homologue



49 108 47 130 83 48 75 11 121 54 69 90 93 97 99 124 101 127 80 118 87 9 36 29



43 4 41 38 37 136 76 102 104 107 34



Environmental response Antifreeze protein type IV, 35 Ceruloplasmin Immune system Complement component C-3, 3, 12, 18, 33, 58, 60, 66, 73 Complement component C-7 106, 135 Complement regulator factor H Complement regulatory plasma protein Macrophage C-type lectin, 31 Differentially regulated trout protein-1, 30, 64, 67, 129 Hepcidin precursor, 14, 22, 25, 56, 71, 85, 91, 95, 109, 111, 126 Putative complement factor Bf/C2 T cell receptor b chain Metabolism general 4-Hydroxyphenylpyruvate dioxygenase Serine-pyruvate aminotransferase Cytochrome P450 8B sterol-12-a-hydrolase Carboxypeptidase N regulatory subunit Inter-a-trypsin inhibitor heavy chain H3 Lipocalin-type prostaglandin D synthase Proline permease (sodium/proline symporter) SH3-containing protein SH3GLB2 Similar to mosaic serine protease Metabolism, detoxification related Cytochrome P450 1A1, 27 Cytochrome P450 3A40 Glutathione S-transferase j (mitochondrial) Metabolism, energy related Cytochrome C oxidase subunit I 65, 115, 123, 131 Reproduction: None Ribosomal proteins L6 L7 L9 L18a, 110 L23A (60s) L27 L35a S14 Signal proteins Senescence-associated protein, 103 Secretory pathway component Sec3 1B-1 TBT-binding protein, 45



Accession no. Homologue species



aa



%ID %Pos. E Value



AF384676 AF336125



Paralichthys olivaceus Danio rerio



69 90



72 73



83 83



8.0E-22 5.0E-36



AB021653



Paralichthys olivaceus



178 85



91



3.0E-85



AB020964 AJ278470 L21703 AB073376 AF281355



Paralichthys olivaceus Sus scrofa Paralabrax nebulifer Oryzias latipes Oncorhynchus mykiss



89 71 136 112 82



82 32 46 34 43



89 51 61 50 40



2.0E-42 2.0E-04 2.0E-30 2.0E-14 5.0E-04



AF394246



Morone chrysops



88



47



54



7.0E-11



AJ428879 AF107760



Tetraodon nigroviridis Aotus nancymaae



130 66 71 38



77 54



7.0E-42 6.0E-03



XM_012192 AF266228 Y08269 AK005049 D89287 AF281353 S76070 BC014635 XM_115713



Homo sapiens Gillichthys mirabilis Oryctolagus cuniculus Mus musculus Mesocricetus auratus Oncorhynchus mykiss Pseudomonas fluorescens Homo sapiens Homo sapiens



96 35 82 159 182 31 32 96 84



80 62 59 37 52 54 56 48 40



89 62 76 51 76 79 62 61 42



2.0E-39 5.0E-04 1.0E-25 9.0E-21 2.0E-50 1.0E-02 2.8E-01 8.0E-16 1.0E-05



AJ001724 AF251272 BC001231



Limanda limanda Oryzias latipes Homo sapiens



93 36 46



93 61 47



97 72 77



5.0E-45 2.0E-07 4.0E-07



AP002951



Platichthys bicoloratus



177 67



68



4.0E-56



AF401558 AF401559 AF401562 AF240376 AF401578 AF401581 AF401590 AF402822



Ictalurus punctatus Ictalurus punctatus Ictalurus punctatus Oreochromis mossambicus Ictalurus punctatus Ictalurus punctatus Ictalurus punctatus Ictalurus punctatus



154 50 84 59 87 59 89 76



87 94 73 72 93 88 88 94



95 98 81 78 96 93 94 97



1.0E-75 1.0E-22 8.0E-26 5.0E-17 4.0E-42 7.0E-24 2.0E-41 9.0E-35



AB049723 XM_140784 AB064672



Pisum sativum Mus musculus Paralichthys olivaceus



38 50 52



94 36 32



96 54 49



3.0E-23 6.0E-02 3.2E-01 Continued
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Table 2. Continued Sample no.up



Homologue



Accession no.



Homologue species



aa



%ID



%Pos.



E Value



70 128



Translation elongation factor 1 Vacuolar protein sorting homologue (VPS45) Signal proteins, growth related Bal-643 liver regeneration protein LRRG148 Carcinoembryonic antigen–related protein, 21 Fetuin Gastrulation specific protein Uncharacterized hematopoietic stem/progenitor Hepatocyte growth factor–like 1 Matrix metalloproteinase 13 TIARP-a, 100, 113 Transport proteins Apolipoprotein B Pernin precursor 55, 112 Fibrinogen a-E subunit Vertebrate coagulation fact V and VIII Hypothetical protein from genome studies Identified but function unknown Tel-like transposon/transposase



AY099512 U66865



Danio rerio Mus musculus



91 37



84 70



90 78



1.0E-41 1.0E-06



AAP92627 XM_145400 X16577 U27121 BC009575 AF370035 AF034087 NM_054098



Rattus norvegicus Mus musculus Bos taurus Danio rerio Homo sapiens Danio rerio Equus caballus Mus musculus



181 26 98 36 70 43 94 15



88 57 25 69 75 83 29 86



94 64 42 85 82 87 46 99



1.0E-90 2.2E-01 7.0E-06 3.0E-08 5.0E-26 5.0E-15 5.0E-10 3.4E-01



X81856 AF273766 U20803 AL590146 AL136592



Salmo salar Perna canaliculus Gallus gallus Danio rerio Homo sapiens



94 42 56 83 56



54 54 51 75 58



69 68 72 85 66



1.0E-19 4.0E-06 2.0E-11 5.0E-31 2.0E-12



AJ249085



Pleuronectes platessa



88



29



51



2.0E-03



2 98 116 77 84 89 57 10 86 52 72 94 39 62 a



Homologues of cDNAs were identified by BLASTx Homology search. Clones that share the same homology are listed after their respective homologue. The accession number, length of the matching amino acid query (aa), percentage of identity (%ID), percentage of positives (%Pos), and the expected number (E value) were recorded for each representative match.



category in the upregulated library, was reported to be highly induced in bass with microbial infection (Shike et al., 2002). As a whole, the differences in the immune system category between the upregulated and downregulated libraries suggest the fish from the highly impacted estuary were exposed to a higher viral and bacterial load that is observable at the level of transcription. There was also a pronounced difference within the functional category of reproduction between libraries. In the downregulated library, reproduction-related transcripts comprised 16% of the total, while in the upregulated library they were not present. Three reproductive genes were present in the downregulated library, vitellogenins I and II being the most abundant (65%), followed by egg envelope protein or zp (35%), which is a teleost homologue the mammalian zona-pellucida protein. Both the egg envelope protein and the vitellogenin proteins are co-expressed seasonally to high levels during hormonally regulated vitellogenesis in the livers of winter flounders (Lyons et al., 1993). These results suggest that the pollution-impacted fish were not as reproductively active as the control fish.



There were also large differences in the types of transcripts related to metabolism. An important result in the impacted fish was the upregulation of a number of important detoxification transcripts including cytochrome P450-1A1, cytochrome P450-3A40, and glutathione Stransferase j (mitochondrial isoform). These genes are integral to the liver’s phase I and phase II metabolism of drugs and xenobiotics. Cytochrome P450 1A has been utilized for a number of years as a genetic biomarker of environmental contamination in fish as well as other organisms (Haasch et al., 1989). Cytochrome P450-3A isozymes are estimated to be involved in the metabolism of 40% to 60% of all currently used drugs as well as many sterols and xenobiotics and to make up the largest portion of liver cytochrome P450 proteins (Burk and Wojnowski, 2003). In addition, the presence of cytochrome c oxidase transcripts in the upregulated library could indicate a concomitant need for energy. In the downregulated library, different detoxification enzymes were identified, including cytochrome P450 7A that metabolizes sterols, long-chain alcohol dehydrogenase, and 2 cytosolic isoforms of glutathione S-transferase, h1 and a4. Downregulation of these
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Table 3. Flounder SSH Downregulated Proteins from Impacted Habitata Sample no. down



12 126 101 56 20 5 89 111 81 14 41 67 99 34 76 61 11 134 131 60 123 94



Homologues Environmental response Heat shock 90-a, 78 Heat shock protein 70 Heat shock protein 30B Immune system Complement control protein factor I-B Metabolism general (Na+,K+)-ATPase Arachidonate 5-lipoxygenase (Alox5) Carboxypeptidase (pancreatic) Cysteine proteinase 1 precursor Elongation of very long chain fatty acids protein Glucokinase Glucose-6-dehydrogenase Glutamate carboxypeptidase Glutamate dehydrogenase



102



Glycolate oxidase Histamine N-methyltransferase Inter-a-trypsin inhibitor heavy chain #3 Lipoprotein lipase, 58 Lysozyme C type Oxidoreductase UPCA Prostaglandin D synthase lipocalin type 97 Regucalcin Retinol-binding protein 7 Metabolism detoxification related Short chain alcohol dehydrogenase, 13, 22 Alcohol dehydrogenase long chain class I Cytochrome p450 7A, 93 Glutathione S-transferase, h1 Glutathione S-transferase a4 Metabolism, energy related Electron transferring flavoprotein, a polypeptide Reproduction Vitellogenin I precursor Vitellogenin II precursor, 38, 44, 53, 75, 77, 82, 112, 124, 129, 130, 136 Egg envelope protein (zp) zona pellucida, 6, 87, 108, 109, 114, 117 Ribosomal proteins L13 mt



113 26



L38 (60S) S11 (40s), 119



49 15 110 1 135 9



82 19 3



Accession no.



Homologue species



aa



%ID



%Pos



E Value



M27024 AB010871 U85502



Homo sapiens Paralichthys olivaceus Poeciliopsis lucida



196 93 52



78 87 25



84 94 59



1.0E-81 2.0E-42 1.0E-06



AB072913



Cyprinus carpio



159



68



81



6.0E-66



AJ239317 L42198 AAL40361 P13277 AK003743



Anguilla anguilla Mus musculus Takfugu rubripes Homarus americanus Mus musculus



39 76 30 61 108



74 39 83 65 74



84 56 93 76 87



5.0E-10 1.0E-07 2.0E-08 4.0E-19 1.0E-49



AF169368 U72484 AJ347717 P82264



94 157 25 118



81 82 60 98



90 89 76 98



2.0E-38 5.0E-72 2.0E-02 6.0E-63



AF104312 D16224 AB050593 AB054062 AB050469 AK007603 AF281353 AB037936 NM_022020



Sparus aurata Takifugu rubripes Homo sapiens Chaenocephalus aceratus Mus musculus Homo sapiens Oryctolagus cuniculus Pagrus major Paralichthys olivaceus Mus musculus Oncorhynchus mykiss Xenopus laevis Mus musculus



44 147 84 93 52 23 31 102 118



52 44 61 33 84 78 54 54 66



58 63 75 52 95 78 79 68 83



3.0E-04 2.0E-31 7.0E-21 1.0E-10 7.0E-21 4.0E-03 1.8E-02 1.0E-27 3.0E-44



CAD60853 P26325 NM_000780 X79389 AF133251



Danio rerio Gadus callarias Homo sapiens Homo sapiens Gallus gallus



81 69 210 59 75



79 84 57 47 49



91 91 78 57 73



5.0E-33 2.0E-29 4.0E-68 8.0E-09 6.0E-15



BC003432



Mus musculus



42



88



90



1.0E-14



X92804 U70826



Oncorhynchus mykiss Fundulus heteroclitus



45 159



51 76



66 91



5.0E-08 1.0E-72



U03674



Pseudopleuronectes americanus



88



97



97



4.0E-47



U55020



Saccharomyces cerevisiae Mus musculus Salmo salar



35



45



67



4.4E-02



42 104



61 87



63 87



3.0E-05 6.0E-45 Continued



AB037665 AF304161
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Table 3. Continued Sample no. down Homologues



Accession no. Homologue species



aa



%ID %Pos E Value



47



AF402822



Ictalurus punctatus



76



94



97



9.0E-35



AF033654 NM_080192 NM_015947 AB023490 NM_019416 AB049723 Y09532 AB064672 AK013852



Helicobacter pylori Drosophila melanogaster Homo sapiens Brissus agassizii Mus musculus Pisum sativum Callithrix jacchus Paralichthys olivaceus Mus musculus



35 54 106 108 36 84 14 27 124



40 38 44 72 47 78 100 62 86



60 41 66 82 60 80 100 76 93



2.9E-01 6.0E-04 1.0E-19 2.0E-38 6.7E-02 2.0E-32 3.0E-02 3.0E-04 2.0E-56



AK006421



Mus musculus



54



90



93



3.0E-28



AB046209 X81856 AB034640 AF273766 AF501322



Anguilla japonica Salmo salar Seriola quinqueradiata Perna canaliculus Acanthopagrus schlegelii



116 126 117 42 122



49 62 61 54 83



66 81 71 68 93



4.0E-22 4.0E-40 5.0E-35 3.0E-06 4.0E-56



28 95 64 10 18 36 120 115 16 23 63 54 92 66 103



S14 (40S), 55 Signal proteins Adhesin binding fucosyl. histo-blood antigen, 30 Catecholamines up protein (catsup) CGI-18 transcription activator, 70 Membrane guanyl cyclase, 71, 122 Nuclear localization signals binding protein Putative senescence-associated protein Sulfated glycoprotein TBT-binding protein Vacuolar sorting protein 28 (VPS28) Signal proteins, growth related Tumor suppressor p33ING1 Transport proteins 14, kD apolipoprotein Apolipoprotein B, 88, 54, 133 Hemoglobin a-chain Pernin precursor, 79 Liver basic fatty acid–binding protein Hypothetical proteins from genome studies: none Identified but function unknown: none



a Homologues of cDNAs identified by BLASTx homology search. Clones that share the same homology are listed after their respective homologue. The accession number, length of the matching amino acid query (aa), percentage of identity (%ID), percentage of positives (%Pos), and the expected number (E value) were recorded for each representative match.



enzymes with the impact of pollution could hamper the detoxification of some types of xenobiotics, including sterols and alcohols, just when they are needed. In the general metabolism category, the trend seen is that there are a large number of enzymes related to general synthesis, intermediate metabolism, and regulation of vitamins and minerals, such as regucalcin and retinol binding protein, that are downregulated in pollution-impacted fish compared with controls. It appears that the pollution-impacted fish have enhanced their energy and detoxification enzymes by upregulation at the expense of more general metabolism, which has been downregulated. Perhaps one of the most important categories to consider in this comparison is that of signal proteins. Signal proteins, in this somewhat crude grouping, include genes involved in the regulation of transcription, translation, replication, signal transduction, tumor suppression, and growth promotion as well as oncogenicity. This group is particularly susceptible to disruption by xenobiotics and or environmentally induced mutations because they generally



have large impacts at low concentrations, and inappropriate regulation can lead to normal growth suppression or growth promotion leading to neoplasias. Gastrulationspecific protein, a transcript in the upregulated library, was a surprising find since this gene has been shown in zebrafish to be present only for a limited time in 1 of 3 cell lineages during gastrulation (Conway, 1995). Its presence in this library from adult fish could be due to inappropriate regulation or could signal a previously unknown function of this gene in adults. Hepatocyte growth factor–like protein (HGFLP), which was upregulated as well, is abundantly expressed in human hepatocellular carcinoma and considered to be a good indicator of liver inflammation or tissue injury and hepatoma (Zhu and Paddock, 1999). Another interesting upregulated gene is the carcinoembryonic antigen–related cell adhesion protein (CEA-CAM), the homologue of which has been shown to be involved in inhibition of prostate and colon tumorigenesis (Lin and Pu, 1999; Fournes et al., 2001). Tumor necrosis factor a–induced adipose-related protein (TIARP), present in our
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upregulated library, has been shown to be involved in both obesity and cachexia, a wasting syndrome associated with many cancers (Moldes et al., 2001). Although there are a number of downregulated transcripts related to signaling, perhaps the most interesting is the p33ING1. The p33ING1 or inhibitor of growth 1 tumor suppressor gene, is a 33-kDa protein (hence p33) that has been found to have reduced expression in hepatocellular carcinomas that is inversely correlated with cyclin E kinase activity, an important checkpoint regulator of the mitotic cycle (Ohgi et al., 2002). Reduced expression of p33ING1, independent of p53, is also associated with adenocarcinomas of the stomach and esophagus (Hara et al., 2003). In addition, p33ING1 may promote apoptosis in cancerous cells and has been confirmed to interact with important proto-oncogenes like DEK, and other cyclins such as cyclin B1 in a p53-dependent manner (Takahashi et al., 2002). In the environmental response category, compared with the control fish, the pollution-impacted fish had higher levels of antifreeze proteins and ceruloplasmin (Cp) and lower levels of a number of heat shock proteins, including hsp90 and hsp70. The significance of the higher transcript levels of the antifreeze transcripts in the pollution-impacted fish is unknown, but regulatory studies (Hew et al., 1999) have indicated that normal expression of this gene (wflAFP) is seasonal, with highest activity in November and lowest in May, which was when the fish were caught. Ceruloplasmin was upregulated with pollution impact and is a ferroxidase that converts highly toxic ferrous iron to its nontoxic ferric form. It is also the primary copper-containing serum protein of vertebrates and is important in iron homeostasis. Ceruloplasmin is an acute phase reactant, regulated by interleukin (IL) 6, and is an important antioxidant and indicator of inflammation (Seshadri et al., 2002). The down regulation of heat shock proteins could have serious consequences to the pollutionimpacted fish. Heat shock proteins have been shown to have a number of roles in cells such as chaperones to assist folding, protective functions against free radicals, and as components of signaling complexes. Heat shock protein 70 is an important component of response to temperature (Nakano and Iwama, 2002) and is negatively regulated by cortisol, the adrenal stress hormone (Boone and Vijayan, 2002). This may indicate that the pollution-impacted fish are more environmentally stressed and have less capacity to deal with temperature fluctuations. HsP90 has been implicated as an important regulator of endothelial nitric oxide synthase (eNOS), which generates nitric oxide (NO)
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Figure 2. Results of semiquantitative PCR to demonstrate differential representation of cloned transcripts in flounder upregulated (forward subtracted) and downregulated (reverse subtracted) libraries. Gene-specific primers for clones Up-10 and Down-15 directed the PCR reactions. The template for the replicate individual PCR reactions was 5 ng of cDNA product from the specified library. PCR products were separated on a 2% agarose, 1 · TBE gel using 4 lanes for each library (one lane each for 10, 20, 30, and 40 cycles). An earlier appearance of the PCR product indicates higher template concentration and differential representation of the clone in the respective library.



and stimulates endothelial cell proliferation, important for normal growth and development of blood vessels. Environmental pollutants such as trichloroethylene, a common waste product from dry cleaning processes, have been linked to congenital heart defects through decrease of hsp90 interactions with eNOS that induce a shift of eNOS from NO production to the production of dangerous O2) radicals (Ou et al., 2003). Further, hsp90-bound eNOS can complex directly with soluble guanylate cyclase (sGC), also present in the downregulated library, and mediate intracellular transfer of NO directly to sGC, a downstream target of NO. Without the complex stabilization of hsp90 allowing direct transfer of NO, inactivation of NO by superoxide may lead to the production of peroxynitrite, which can lead to vascular disease (Venema et al., 2003). Finally, hsp90 has been shown to bind to and protect glutathione S-transferase, an important detoxifying enzyme of the liver, from potent hepatotoxins such as carbon tetrachloride (Mayama et al., 2003). Downregulation of hsp90 with pollution impact may seriously affect the protective role of this protein and result in damage to the liver by free radicals. To check the differential representation of clones recovered from the reciprocal subtraction libraries, semiquantitive PCR was used to assess the relative copy numbers of individual clones from both the upregulated and
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Figure 3. Relative gene expression (fold induction or inhibition) measured by quantitative PCR with reverse transcribed winter flounder RNA from relatively low versus relatively high anthropogenically impacted environments. Higher relative expression in the pollution-impacted sample versus the control was assigned a positive value to denote induction with pollution impact, while higher relative expression in the control versus the pollution-impacted sample was assigned a negative value to indicate inhibition of the gene with pollution. Clones were isolated from SSH-PCR cDNA libraries enriched for genes upregulated or downregulated with anthropogenic impact. The identities of the clones, by sequence homology, are Up-2, liver regeneration protein Bal-643; Up-3, complement component C-3 region 1; Up-4, ribosomal protein L-7; Up-9, cytochrome P450 3A; Up-10, TIARP; Up-11, differentially regulated trout protein 1; Up-12, complement component C-3 region 2; Up-25, hepcidin antibacterial peptide; Up-27, cytochrome P450 1A; Down-15, alcohol dehydrogenase; Down-23, tumor suppressor p33ING1; Down-108, egg envelope protein (zp); Down136, vitellogenin II.



downregulated libraries (Figure 2). For the upregulated clone (Up-10), the target sequence was amplified with fewer cycles in the upregulated library cDNA compared with the downregulated library cDNA, indicating the clone was present in greater copy number in the upregulated library. The opposite was true with Down-15, a clone isolated from the downregulated library. Down-15 was present at a higher level in the cDNA from the downregulated library, indicating that it was present in lower copy number in the library from pollution-impacted fish compared with control. These results, and others not shown, are consistent with efficient reciprocal subtraction of the cDNA libraries, indicating that the different clones in the library should reflect qualitative differences in the liver mRNA of the fish. To assess the expression level of the isolated clones directly, we turned to quantitative PCR. Relative gene expression in the RNA from highly impacted fish was



compared directly to the control or less impacted fish (Figure 3). For each gene tested the expression pattern of the clone (induced or inhibited) was congruent with the respective library (up or down) from which it was isolated. The assay allowed us to measure the magnitude of the upregulation or downregulation by comparing relative expression in the 2 groups. A useful control was clone Up4, a ribosomal protein, that showed a relative expression level of 1.04·, indicating similar copy number in both libraries. Another control was the use of PCR primers for separate areas of the same gene. The clones Up-3 and Up12 represent different regions of the gene for complement component C-3, and they showed approximately equal 2fold inductions. Although some of the relative expression differences were modest, the detoxification-related cytochrome P450 3A (Up-9) and the immune-related genes differentially regulated trout protein (Up-11) and hepcidin precursor (Up-25) were all substantially induced at more than 5 times the control. In the downregulated group, the detoxification-related long chain alcohol dehydrogenase (Down-15) and the reproduction-related egg envelope protein zp (Down-108) were substantially inhibited in the pollution-impacted fish versus the control. These results indicate that specific patterns of gene expression involving important groups of transcripts identified by SSH and related to the impact of pollution on winter flounder may be quantitatively discerned. SSH PCR proved to be an excellent method to generate libraries of transcripts related to differential gene expression in contrasting habitats of the winter flounder. Clear transcriptional differences between the environments were seen in a number of different functional categories in both libraries including immune response, reproduction, environmental response, growth, signaling, detoxification, and general metabolism. The correlation between these observed differences and relative gene expression was supported using quantitative PCR assays. These results point to diverse effects on fish physiology with anthropogenic impact and suggest a broader range of potential biomarkers to study chronic and sublethal effects of degraded habitat. Manipulative and comparative studies need to be performed in parallel with the study of the expression of these genes. These gene sequences are now available for further study by quantitative PCR to monitor expression levels in individual fish. Identification of genes from pollution-impacted fish and the subsequent generation of markers for use in expression and transcriptome analysis will enhance the environmental assessment of fish
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habitat quality, especially the sublethal effects of pollution that traditionally have been difficult to detect and quantify.



Burk, O., and Wojnowski, L. (2003). Cytochrome P450 3A and their regulation. Naunyn Schmiedebergs Arch Pharmacol. 369:105– 124.
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