
  

This intermediate lab course introduces students to molecular biology research 
through a collaborative, semester-long group project.  
 
Relative to other classes, this weekly, 3-hour class is less about the examination of 
a body of knowledge and more about the development of skills and the practice of 
professional science. 
 
The goal of the project has toxicological relevance. Students clone cDNAs 
encoding Cytochrome P4501A (CYP1A) enzymes from several vertebrate species. 
They then use the sequences of the cDNA clones to: 
 
1.  Construct the phylogenetic history of the protein during vertebrate evolution. 
 
2.  Determine the effect of contaminant AHR agonists on the expression of the 

associated mRNAs. 

Lab Course Overview 

Abstract 
Relatively few undergraduate life sciences programs offer classes in toxicology. In 
the molecular biology lab course at Kenyon College, I compensate by drawing 
from my research expertise in molecular toxicology to construct a course with 
significant toxicology content. The semester is organized around a two-phase lab 
project. In phase I, students use RT-PCR with degenerate primers to amplify a 
partial cDNA encoding CYP1A, the best-characterized gene induced by aryl 
hydrocarbon receptor (AHR) agonists, from a fish. Specimens are collected from 
local waters or obtained from bait shops and biological specimen suppliers. Fish 
are treated with a sub-lethal dose of 2,3,7,8 tetrachlorodibenzo-p-dioxin (TCDD) or 
PCB mixture Aroclor 1254. The PCR product is cloned into a plasmid vector and 
sequenced. The sequence is subjected to bioinformatic and phylogenetic analysis 
to determine whether the cloned sequence is indeed CYP1A, the number of 
different CYP1A paralogs represented, and their orthology to known sequences. 
Importantly, all six species examined to date have no prior CYP1A sequence in 
GenBank, so the class isolates a novel cDNA each semester. In phase II we 
examine the expression of the sequence under different exposure conditions using 
qPCR. Fish are exposed to one or more AHR agonists, such as TCDD, PCBs, or 
crude oil. Fictitious but realistic scenarios about polluted sites enable students to 
conduct an entertaining environmental impact study. For example, students cloned 
a CYP1A cDNA from Fundulus grandis, a marsh fish in the Gulf of Mexico, and 
related their expression study to the Deepwater Horizon oil spill. Another study 
considered CYP1A in local stoneroller minnows (Campostoma anomalum) as a 
biomarker of PCB exposure following the explosion of an old transformer. Course 
activities train students in broadly applicable molecular biology techniques while 
instilling an appreciation for their application to environmental toxicology.  Student 
surveys indicate that they overwhelmingly value a lab class centered on a single 
research project and that the activities are successful in meeting both molecular 
biology and toxicology learning goals.  

Learning Goals 
Students gain extensive experience in experimental design, performance, and data 
analysis from many important molecular biology techniques, including : 
•  Isolation of nucleic acids from animal tissues. 
•  Amplification of specific DNA sequences using the polymerase chain reaction 

(PCR). 
•  Electrophoresis of nucleic acids. 
•  Isolation, quantitation, and manipulation of distinct DNA molecules. 
•  Real-Time RT-PCR: a technique for measuring changes in mRNA expression 

levels. 
•  Bioinformatics: The use of computers and public databases to obtain and 

analyze DNA and protein sequence information. 
•  The arts-and-crafts of data presentation. 
•  Application of molecular techniques to a project of toxicological and ecological 

significance. 
 
Students develop the ability to produce high-quality scientific writing that 
demonstrates:  
•  Lucid prose, including strong sentence construction, well developed paragraphs, 

and logical organization. 
•  Factual accuracy. 
•  Insightful, evidence-based arguments. 

Students use their cloning, sequence analysis, and expression data to craft a 
manuscript as the final written assignment.  Each student can choose the focus:   
1.  An environmental toxicology paper that focuses on CYP1A expression in fish 

from the contaminated site.  Cloning and phylogenetics are important elements 
of biomarker development. 

2.  A molecular evolution paper, focusing on the orthology and number of CYP1As 
the class isolated.  Expression data provide important evidence that the 
sequence is actually a CYP1A. 

Depending on the choice, students format their paper according to author guidelines 
for one of two journals:  Environmental Toxicology and Chemistry or Molecular 
Biology and Evolution. 
Four previous writing assignments take up the analysis of subsets of data.  These 
are subjected to peer review and graded rigorously.  They provide a substantial 
amount of text that can be edited and used in the final manuscript. 

Final Assignment:  Scientific Manuscript 

Conclusions 
Molecular biology lab courses offer excellent opportunities to address topics and 
techniques of toxicological significance.  This can be especially valuable in life 
sciences programs that lack specific toxicology courses. 

CYP1A, which is strongly induced by exposure to numerous environmental 
contaminants, is especially well suited for cloning and expression studies. 

Student surveys indicate that they overwhelmingly value a lab class centered on a 
single research project. They also value the broadly transferable skills developed in 
this course. 

Approximately 78% of Biochemistry/Molecular Biology majors in this course go on to 
have significant research experiences at Kenyon and/or elsewhere (2002-2012). 

mRNA Expression Analysis 
Project examines expression of the mRNA encoded 
by the student-generated CYP1A clone(s). 

Experiment is built around a story, using CYP1A 
expression as a biomarker of exposure of animals 
from a contaminated site.  Oil spills (local and 
Deepwater Horizon) have garnered student interest 
in recent years. 

Includes organ (liver or gill) from unexposed, TCDD 
exposed or “field-collected” animals.  Actual 
collections are not necessary; exposures can 
happen behind the scenes in the laboratory. 

cDNA synthesis:  TaqMan Reverse Transcription 
Reagents (LifeTech N8080234). Be sure to treat 
total RNA with DNase to remove residual genomic 
DNA. 

PCR:  Power SYBR Green PCR Master Mix 
(LifeTech 4368702).  We use an ABI 7500 Real Time 
PCR instrument. **Clean, uncontaminated work 
areas and pipettors are crucial!  We use laminar flow 
hoods and cross-link all pipetmen with a UV 
Stratalinker (Stratagene) before use. 
PCR primers as designed by students in advance based on their sequences.  
Universal primers for 18S rRNA are used for the endogenous control. 
18Sfor: AAACGGCTACCACATCCAAG; 18Srev: CCTCCAATGGATCCTCGTTA 
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RNA is isolated using RNA STAT-60 (Tel-Test CS-112; 
a TRIZOL-type reagent). 100-200 mg of tissue allows 
all centrifugation steps to be performed in a 
microcentrifuge. This is the most hazardous activity of 
the semester.  Training, gloves, coats, face shields are 
crucial. 

Total RNA is subjected to electrophoresis to assess 
integrity prior to RT-PCR.  5 µg/lane is adequate for 
visualization. 

Package insert for Promega RNA markers (G3191) 
provides good recipes for denaturing load buffer and 
formaldehyde-free agarose/TAE gels. 

Total RNA Isolation and Analysis 
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Cytochrome P4501A Background 
Cytochrome P4501A (CYP1A) is a monooxygenase Phase I detoxification enzyme.  
Its transcription is strongly induced by agonists of the Aryl Hydrocarbon Receptor 
(AHR), including dioxins, planar PCBs, and many PAH compounds. 

CYP1A expression is a useful biomarker of exposure to these contaminants. 

Multiple CYP1A paralogs exist in many vertebrate species.  Different CYP1A family 
members can exhibit distinct substrate preferences and tissue-specific expression 
patterns. 

BLAST searches of partial cDNA sequences do no always properly identify CYP1A 
orthology.  Phylogenetic analysis can be more rigorous and accurate. 

RT-PCR with Degenerate and Specific  Primers 
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HI for/rev Student primers 

Students design degenerate primers based on conserved regions of amino acid 
homology.  Best candidate regions are determined by Clustal alignment.  Design 
principles are outlined in Wilkie and Simon (1991).  Additional primers are derived 
from Iwata and Stegeman (2000; “HI primers”).  These are based on nucleotide 
sequences that are well conserved between all teleosts.  Thus, they are very likely 
to work.  
HI-for: 5’-ACAAGGACAACATCCGTGAC-3’ 
HI-rev: 5’-TCATGGTTGATCTGCCACTG-3’ 

We use the GeneAmp Gold RNA PCR Reagent Kit (Life Technologies 4308206). 

Reverse transcriptase reactions use 1 µg total RNA and random hexamer primers. 
Omit enzyme from one reaction to demonstrate that product comes from mRNA.  
PCR reactions use 1 µM 
degenerate primers, 45 cycles, 
50˚ annealing temperature. 

HI primers produce a product of 
~440 bp.  Primers designed in 
class will produce products of 
other sizes, which can be 
estimated based on the amino 
acid sequences of other 
CYP1As. 

Animal Collection and Exposures 
Many fish used in this class were collected locally using 
minnow traps and identified according to Milton Trautman’s 
Fishes of Ohio (e.g., spotfin shiner, stoneroller minnow).  
Others were purchased from local bait shops or ordered from 
Gulf Specimens (e.g., Gulf killifish). [Photos: nanfa.org] 

Larger fish were injected intraperitoneally with 10 ng/g TCDD 
dissolved in corn oil (5 ng/µl).  Smaller fish can be subjected 
to waterborne exposure (0.1% DMSO, 1 nM). 

After 24 hours, fish were anesthetized in MS-222, sacrificed, 
and dissected.  Organs were flash frozen and stored at -80˚. 

IMPORTANT:  Choose a species that does not include the 
CYP1A sequence in GenBank. 

Protocols approved by Kenyon IACUC. 

Central stoneroller minnow 
(Campostoma anomalum) 

Creek Chub 
(Semotilus atromaculatus) 

Gulf killifish 
(Fundulus grandis) 

Bluegill 
(Lepomis macrochirus) 

Bioinformatics:  BLAST, Algnments, and Molecular Phylogenies 
Students can analyze only their own  
clones or use those from across the class. 

Important questions students resolve: 

Q: Have you cloned a CYP1A cDNA? 

BLAST search, phylogeny of amino acid 
sequences 

Q: What is the specific orthology of your 
cDNA(s)? How will that affect naming? 

BLAST search, phylogeny of amino acid 
sequences 

Q: Are your clones identical, or do they 
differ in nt or aa sequence? 

Clustal alignments of nucleotide or amino 
acid sequences. 

Q: Do you have any evidence for multiple 
CYP1A genes in the species? 

How much sequence divergence would 
indicate multiple genes?  What other types 
of evident would you want to be sure? 

Bioinformatics Resources: 

Many resources for contig assembly, 
translation, alignment, and phylogenetic 
trees are freely available on the web.  
These change constantly. Encourage 
students to explore and find what they 
need! 
 

www.expasy.org 
ncbi.nlm.nih.gov 

www.bioinformatics.org 
www.clustal.org 

Cloning and Sequencing 
PCR products of the predicted size are gel-purified using 
the QIAquick Gel Extraction Kit (QIAGEN 28704).  

Purified PCR products are cloned into the pGEM-T Easy 
vector, which allows TA cloning and Blue/White 
Screening. 

Ligation reactions are transformed into chemically 
competent JM109 cells and plated on LB agar containing 
100 µg/ml ampicillin, 0.1 mM IPTG, and 40 µg/ml X-Gal). 

8-10 White colonies (and often one blue colony, just to 
demonstrate the concept of blue/white screening) are 
grown overnight in 5 ml liquid LB with 100 µg/ml 
ampicillin.  Plasmid minipreps are performed using the 
QIAprep kit (QIAGEN 27104).  Vacuum manifolds can 
speed the process for a large group. 

Plasmid minipreps are screened for insert size by EcoRI 
digestion and electrophoresis on 1% agarose/1X TAE. 

Plasmids containing an insert of the predicted size are 
sent for sequencing.  Lacking a core facility, we typically 
use Retrogen (San Diego, CA).  A central repository for 
results can be shared with students for subsequent 
bioinformatic analysis. 

I often send 2-3 minipreps per pair of students, or 10-15 
clones per class. 

Promega pGEM-T Easy 
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Screen for insert size. 
Students access chromatograms on line and analyze sequences. 

Examples 
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Colonies resulting 
from a blue/white 
cloning screen. 


