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Project Summary/Abstract  
We propose to exploit unique features of the Atlantic killifish model system to elucidate the interaction of 
genetic variation and environmental exposures in the etiology of congenital heart disease (CHD). This 
complex human disease encompasses a suite of structural and functional deficits and is the most common 
human congenital malformation worldwide. The etiology of CHD is poorly understood, but appears to 
involve both genetic and environmental risk factors, including exposure to environmental chemicals. The 
Atlantic killifish (Fundulus heteroclitus) is a novel population-based model system that harbors substantial 
genetic diversity and exhibits chemical-induced cardiovascular disease states that mimic substantial 
aspects of CHD in humans. Killifish inhabit urbanized environments that are polluted by mixtures of 
chemicals including polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs). Urban 
and non-urban populations vary profoundly in their sensitivity to CHD caused by exposure to these 
compounds. We propose to use this unique and powerful system to explore gene-environment interactions 
associated with CHD, expanding on our successful use of the Quantitative Trait Loci (QTL) approach in this 
species. A particularly compelling feature of this model is that natural selection has increased the frequency 
of otherwise rare variants that influence sensitivity to these (and potentially other) important classes of 
pollutants. Our previous data reveal some regions of the genome that affect fitness in polluted 
environments, and contribute to variation in sensitivity to CHD. 
The overall objective of the proposed research is to determine the genes and pathways harboring genetic 
variation that controls sensitivity to PCB- and PAH-induced CHD. We will test for genetic associations 
through genome-wide genotyping of phenotyped animals in replicate families bred using QTL strategies and 
exposed to PCB and PAHs. Experiments will test for genetic association with multiple specific structural and 
functional deficits that define the suite of CHD phenotypes. This QTL mapping will include 1) multiple 
genetic backgrounds, 2) multiple CHD-associated chemicals, each with different hypothesized mechanisms 
of action, and 3) multiple exposure levels. We will test whether the different CHD features are associated 
with unique or shared variants in different genetic backgrounds, and whether disease-associated variants 
are unique or shared among structurally diverse classes of chemicals that may cause CHD by different 
mechanisms. We will evaluate the relevance of CHD-associated variants by testing whether they are 
associated with variable fitness between polluted and clean environments, focus inference of candidate 
genes using eQTL mapping, and test hypothesized associations using genome editing by CRISPR-Cas9 
technology. This research in a population-based vertebrate model will reveal mechanisms underlying gene-
environment interactions involved in determining susceptibility to CHD, a common congenital condition. 
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Project Narrative  
This research will exploit novel features of the Atlantic killifish vertebrate model system to elucidate gene-
environment interactions that contribute to chemical-induced congenital heart disease. Natural selection 
across dozens of generations has created wild killifish populations that diverge dramatically in sensitivity to 
chemical effects, and our prior results have provided a catalog of genetic variation among populations that 
underlies these differences. We will leverage this unique natural experiment to reveal the genes and 
pathways that contribute to chemical-induced congenital heart disease (CHD), a common human 
malformation associated with environmental exposures.  
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Facilities and Other Resources: 
 
UNIVERSITY OF CALIFORNIA DAVIS: 
 
Laboratory Space:  
The laboratory space for Dr. Whitehead and his research group is available on the fourth floor of 
Meyer Hall at the University of California Davis. The space consists of approximately 1200 
square feet of wet laboratory space split between one large room and one adjacent small room. 
Another room adjacent to the wet lab includes office and computational space for students and 
postdocs. The facilities and operating procedures in place are appropriate for the proposed 
research. Sample processing for genomics data collection will be accomplished in the 
Whitehead lab. Sample processing and data collection for transcriptomics and genotyping has 
been the primary laboratory activity in the UC Davis Whitehead lab since its inception (2012). 
 
Genomics Facility: 
The UC Davis Genome Center is a world-class genome center with necessary equipment and 
staff expertise for generating multiple types of genomics data, including RNA-seq (including 
Tag-seq), and Genotyping-by-Sequencing (GBS; RAD-seq), which will be the two types of 
genomics data collected for the proposed studies. Among other equipment, the DNA 
Technologies and Expression Analysis Core facilities include one PacBio RSII, one PacBio 
Sequel, one Illumina HiSeq4000, one NextSeq, three MiSeqs, liquid handling robots (IntegenX’s 
Apollo and Caliper/PerkinElmer’s Sciclone NGS G3), and a Covaris E220 sonicator for high-
throughput sample preparation. The Genome Center also maintains a LIMS that allows users 
fast access to sequence data. 
 
Computing Resources: 
The Whitehead lab is a member of the Farm II high-performance computing cluster at UC Davis. 
This cluster includes: 95 compute nodes 24 cores total, 6 cores per socket, 2 threads per core 
Intel Xeon E5-2620 processors, 64 GB RAM (8x8MB DDR3 Samsung 1333MHz), 1x1TB 
Seagate ST1000NM0011 disk. Large memory nodes include 9 512GB Bigmem nodes with 64 
CPUs and 1 1024GB node with 96 CPUs. This cluster is administered by a full-time UC Davis 
system administrator employed by the College of Agricultural and Environmental Sciences. The 
Whitehead lab is also equipped with several Macintosh and PC computers, all of which are 
networked locally and to the internet. These laboratory computers are automatically backed up 
to servers in the College of Agricultural and Environmental Sciences. The Whitehead lab is 
equipped with a high-speed (500 Mbps) Ethernet port. 
 
Research Environment: 
UC Davis is a world-class research university with an extensive number of campus research 
and service facilities on campus to which faculty have access. The equipment and facilities in 
our department and the university are outstanding and collaborations and interactions with 
faculty in other laboratories are the norm. In addition, we have access to a tremendously large 
number of scientific journals through a major agreement put together by all 9 University of 
California campus' with major publishers. Whitehead is a member of multiple graduate groups, 
including Pharmacology & Toxicology, Population Biology, Integrative Genetics and Genomics, 
and Ecology, and regularly attends group functions and seminars. Whitehead is also a Faculty 
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member of the Designated Emphasis Program in Organism-Environment Interaction. The 
mission of this group is “To promote cross-disciplinary training for students interested in gaining 
a mechanistic understanding of how organisms respond to environmental change”. This 
environment enables extensive intellectual and collaborative cross-fertilization across disciplines 
for Whitehead and his laboratory group. All of these aspects and the resources and equipment 
listed below and on the equipment page, combined with the outstanding intellectual environment 
at UC Davis, the large number of molecular toxicology and genome biology researchers at UC 
Davis with which to interact and discuss results as well as the close proximity to research 
collaborators and colleagues at the University of California, Berkeley and San Francisco, and 
Stanford University all contribute to the high probability of success of this project. 
 
WOODS HOLE OCEANOGRAPHIC INSTITUTION (WHOI) AND US EPA: 
 
Laboratory space for Drs. Hahn, Karchner, Aluru and colleagues is available in the Redfield 
Building at WHOI with a combined area of about 2000 sq. ft. This space is equipped with fume 
and cell culture hoods and facilities appropriate for biohazard (BSL1 and BSL2), carcinogen, 
radioisotope, and recombinant DNA work. The facilities and procedures in place are appropriate 
for the proposed research. 
 
Facilities and resources for working with biohazards and other potentially dangerous 
substances: 
Dr. Hahn’s laboratory is equiped with a Class II total exhaust biological safety cabinet, approved 
by the WHOI Environmental Health and Safety Office. The WHOI Environmental Health and 
Safety Office performs annual biosafety inspections of the BSL2 space and annual or semi-
annual inspections for radioisotope use, chemical hygiene, hazardous waste generation, and 
general laboratory safety. Drs. Hahn and Aluru’s research groups employ appropriate biosafety 
and chemical hygiene procedures for storing, handling, and disposing of toxic chemicals. 
Experiments are performed according to procedures outlined in the Woods Hole Oceanographic 
Institution's Chemical Hygiene Plan, established in accordance with Occupational Safety and 
Health Administration (OSHA) and Environmental Protection Agency (EPA) standards. Use of 
chemical carcinogens and recombinant DNA techniques will comply with the recommendations 
and requirements of the "NIH Guidelines for the Laboratory Use of Chemical Carcinogens" and 
"NIH Guidelines for Research Involving Recombinant DNA Molecules", respectively. Disposal of 
contaminated waste will occur through appropriately licensed and permitted vendors, according 
to the principal hazard of the waste, arranged through the WHOI Environmental Health and 
Safety Office. 
 
Fish husbandry facilities: 
A wet lab facility is available in the Redfield wet lab for long-term maintenance and breeding of 
killifish.  Tanks of various sizes are supplied with aerated, flowing seawater, under natural light 
cycles.  Seawater is passed through a series of sand-filters and heat exchangers to yield up to 
500 gal/min of water filtered to 1 µm, and temperature-controlled.  Proper functioning of the 
facilities is monitored electronically.  The water is drawn from Woods Hole Great Harbor. The 
quality of water (O2, ammonia, nitrogen, nitrates, salinity) is monitored.  Health problems are 
evaluated by the Laboratory for Marine Animal Health at the Marine Biological Laboratory; it has 
a staff of a veterinarian and technicians available for consulting and diagnostic services. 
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A zebrafish culture and transgenic facility is located on the first floor of the Redfield Building at 
WHOI. The main users are the Hahn/Karchner, Stegeman/Goldstone, and Aluru laboratories, 
which together oversee and support the facility. The 250- sq.ft. room is equipped with 
temperature and lighting control, deep sink, non-toxic waste storage, heated system water 
reservoir, three 5-tier free standing AHAB Z-plex systems, two larval rearing incubators, and 
several 10- and 30-gallon tanks for maintaining retired adult breeders and for quarantine of new 
or sick fish. The room and tanks are monitored by an Opto-electronics alarm system which 
monitors light, tank and room temperature and all critical electric circuits, with phone and email 
notification capabilities for alarm conditions. Complete daily readouts of all monitored 
parameters are remotely accessible. Brine shrimp and rotifer cultures are maintained in the 
zebrafish facility. 
 
A separate laboratory dedicated to microinjection of killifish and zebrafish embryos is located 
down the hall (Room 1-42) from the main zebrafish tank room. It contains two microinjection 
stations (described under Equipment), and two incubators for maintaining zebrafish embryos. 
An associated microscopy room is also described under Equipment. 
 
Aquarium facilities at the Atlantic Coastal Environmental Sciences Division (Office of Research 
and Development, US EPA), Narragansett, RI.   The ground floor of the Atlantic Ecology 
Division houses an 11,500 sf aquarium facility. This facility has the capacity to supply flowing 
sea water from a local uncontaminated source, which can be tempered to a range of 
temperatures, salinities and concentrations of dissolved oxygen to produce conditions 
appropriate for a variety of experimental organisms, including killifish. Living resources are 
maintained in light-controlled environments featuring banks of large fiberglass tanks (40, 150 
gallon) and water tables (10, 5’ x 15’) supporting glass aquaria of various sizes. A subset of 
these water tables (6) are housed in an isolated room designed for safe chemical exposures. 
The WHOI group’s killifish CRISPR mutants are being reared at this facility under the guidance 
of Dr. Diane Nacci and her staff (see letter from Dr. Wayne Munns, Jr.). CRISPR-injected 
embryos are transported to the EPA facility, raised there following well-established protocols, 
and used to generate homozygous mutants for exposure experiments.  
 
Computing resources: 
The WHOI Biology Department has a dedicated multi-processor Linux server running many 
commercial and free software programs for protein modeling and gene analysis, including 
Genesplicer, MrBayes, PAUP*, RAxML, Primer3, various TIGR analysis tools, Modeller, 
Mopac2009, GROMACS, NAMD2, VMD, Autodock, and many others. In addition, WHOI 
researchers have access to a shared community high performance computing cluster, currently 
composed of 72 standard notes (192GB RAM, 36 cores per node), 1 shared-memory node (3 
TB RAM and 80 cores), and one GPU node (4 Nvidia Volta V100 GPUs connected via 
NVLINK). The compute cluster has an addition high speed 200 TB of scratch storage, and is 
connected to a 1.6 PB Research Data Repository data storage via a 100Gb/s Infiniband EDR. 
Information Systems support is available for both technical issues and applications 
development. 
 
Research Environment: 
The Woods Hole Oceanographic Institution (WHOI) is a private, independent and not-for-profit 
institution dedicated to research and higher education at the frontiers of ocean science, to 
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achieve a fundamental understanding of the processes and characteristics governing how the 
oceans and ocean life function and how they interact with the Earth as a whole and its 
inhabitants. This mission encompasses a desire to understand the interactions between the 
environment, human health and welfare. WHOI is a research institution supported almost 
entirely by grants. Members of the scientific staff are expected to raise all of their own salary 
from grants and contracts. 
 
WHOI provides a rich intellectual environment within which to carry out the proposed research. 
Drs. Hahn, Karchner, and Aluru interact frequently with other researchers in toxicology and 
environmental health, including in the context of the NIEHS/NSF-funded Woods Hole Center for 
Oceans and Human Health (2004-2023) and the NIEHS- funded Superfund Research Program 
at Boston University (1995-2021). 
 
The Marine Biological Laboratory (MBL), down the street from WHOI, is also a private, 
independent, not-for- profit institution and a world-renowned center for biological and biomedical 
research, much of it using aquatic animal models. The MBL hosts year-round research 
programs in cellular, developmental, and reproductive, biology; molecular biology and evolution; 
neurobiology and sensory physiology; ecology; and marine biotechnology and aquaculture. The 
MBL summer program brings top international researchers from around the world to conduct 
research and teach courses. Fish models, especially zebrafish, figure prominently in several of 
these summer courses, providing opportunities for us to interact with the zebrafish and 
developmental biology communities. We have a close working relationship with the MBL. There 
are shared facilities and programs, including the MBL/WHOI library, and WHOI scientists have 
access to facilities such as the MBL Central Microscopy Facility.	
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Equipment: 
The equipment necessary for the proposed research exists between the Whitehead Laboratory 
at UC Davis and the Redfield Laboratory at Woods Hole Oceanographic Institution 
 
UNIVERSITY OF CALIFORNIA DAVIS: 
 
Major equipment within the Whitehead Laboratory space includes everything necessary for DNA 
and RNA-based data collection:  
Equipment includes two -80 freezers, -20 freezer, large refrigerator, Agilent Bioanalyzer, 
sonicator, pH meter, Mettler balances, hybridization over, baking oven, 2 fume hoods, large and 
small centrifuges, 96-channel pipettor, 3 PCR machines, multiple gel boxes and power supplies, 
Qubit spectrophotometer, Biotek Synergy HT plate reader. This includes all equipment 
necessary for extracting and purifying RNA and DNA from tissue samples, and for library 
preparation for proposed Illumina sequencing. 
 
Computers: 
Computing resources are described under Computing Resources in the Facilities and 
Resources section. 
 
Facilities for massively parallel sequencing for transcriptomics and genotyping are available at 
the UC Davis Genome Center.  
Among other equipment, the DNA Technologies and Expression Analysis Core facilities 
maintain and run one PacBio RSII, one PacBio Sequel, one Illumina HiSeq4000, one NextSeq, 
three MiSeqs, liquid handling robots (IntegenX’s Apollo and Caliper/PerkinElmer’s Sciclone 
NGS G3), and a Covaris E220 sonicator for high-throughput sample preparation. The Genome 
Center also maintains a LIMS that allows users fast access to sequence data. 
 
WOODS HOLE OCEANOGRAPHIC INSTITUTION: 
The equipment necessary for the proposed research exists in the Redfield Laboratory at WHOI, 
and is shared by Hahn, Karchner, and Aluru, who occupy adjacent laboratories and have a long 
history of collaboration. 
Imaging in microscopy room (Redfield 3-49 and satellite spaces):  
Zeiss Axiovert 200 compound inverted microscope with epi-fluorescence and brightfield 
illumination, Zeiss Discovery V20 stereomicroscope with epi-fluorescence and brightfield 
illumination. Zeiss Axiovert 100 compound inverted microscope with mounted CARV spinning 
disk confocal head (Atto Instruments), motorized X-Y-Z stage and Princeton Instruments 
monochrome cooled CCD camera RTE/CCD-1300-Y controlled by a PC with Image Pro 
software. All three microscopes are equipped with standard filter sets to accommodate GFP, 
RFP and DAPI-type excitations/emissions. Objective lenses for Axioverts 100 and 200 are 
interchangeable and include DIC and Phase contrast optics ranging from 5X – 63X 
magnification enabling sub-cellular low light imaging and low magnification brightfield and 
applications therein. Zeiss Axiovert 200 and Discovery V20 share a Zeiss AxioCam MRc color 
CCD camera suitable for brightfield and fluorescence image capture controlled by a PC with 
Axiovision camera driver and image processing software.  
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Fish microinjection equipment (Redfield 1-42):  
Equipment for zebrafish or killifish microinjection (two setups) includes two Zeiss Stemi C 
dissecting scopes, each paired with either a Narishige IM-300 microinjector and Narishige MN-
151 micromanipulator or a World Precision Instruments PV820 microinjector and World 
Precision Instruments micromanipulator. Two pipette pullers, Narishige PC-10 and Sutter 
Instrument P-30, produce a range of micropipettes suitable for microinjection. 
 
PCR, qPCR and general molecular biology equipment (Redfield 338, 340, 342, 304):  
ABI-PCR system 2700, ABI-9700, BioRad MyCycler thermocycler, two BioRad C1000 Touch 
Thermal Cyclers with CFX96 Real-Time detection, BioRad MJ Mini thermocycler with 
MiniOpticon Real-Time detection, Beckmann Coulter Allegra 25R centrifuge for microplates, 
Agilent Bioanalyzer 2100, BioRad Gel Doc EZ system with fluorescent, colorimetric, and 
stainless gel imaging trays. 
 
Computers: 
Computing resources are described under Computing Resources in the Facilities and 
Resources section. 
 
General lab equipment for preparation, storage and analysis of samples:  
Laminar flow hood, Class II total exhaust biological safety cabinet, cell culture incubators, 
Virsonic cell disrupter, under counter incubators for culturing cells and bacteria, Mettler top-
loading and analytical balances, Orion pH meter, temperature-regulated shaker baths, a 
sonicating water bath, Neslab refrigerated circulating water bath, liquid nitrogen Dewars, -80°C 
ultrafreezers, fraction collector, survey meter, Eppendorf microcentrifuges (both refrigerated and 
non-refrigerated), polyacrylamide gel electrophoresis apparatus, horizontal electrophoresis 
apparatus, gel dryer, Chemimager digital imaging systems, a Molecular Devices SpectroMax 
M3 automatic multi-well absorbance and fluorescence plate scanner with PC, LiCor Odyssey 
infrared scanner, a Turner TD-20/20 luminometer, Promega GloMax 96-well luminometer, 
Nanodrop spectrophotometer, Shimadzu UV-260 UV/visible recording spectrophotometers with 
thermostable cuvette chambers, ISCO HPLC equipped with Hewlett- Packard diode array 
detector and HP-data system, ISCO UV/visible detector, Sorvall RC2-B preparative centrifuge, 
Sorvall SS-4 centrifuge, Beckman L-90K ultracentrifuge, 2-D gel electrophoresis equipment, BD 
Fascalibur flow cytometer, Beckman scintillation counters, and an American Optical microtome.  
 
Marine Biological Laboratory: 
In addition to facilities at WHOI, there is equipment available at the Marine Biological Laboratory 
(MBL), a two-minute walk from the Redfield Building. The MBL has a Central Microscopy 
Facility, with services offered to academic researchers and specific user fees negotiated with 
WHOI. The facility offers a full range of expert support including fixation, embedding, sectioning, 
staining, and microscope time. State-of-the-art optical microscopy equipment is also available, 
as are electron microscopy services. 
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NAME: Andrew Whitehead 
eRA COMMONS USER NAME (credential, e.g., agency login): AWHITEHEAD 
POSITION TITLE: Full Professor (UC Davis)  
EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, 
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

University of Guelph, ON, Canada B.Sc. 06/96 
Biology, Honors 
Environmental 
Toxicology 

University of California, Davis, CA Ph.D. 03/03 Pharmacology & 
Toxicology 

Rosenstiel School of Marine and Atmospheric 
Sciences, University of Miami, FL Postdoc. 05/05 Evolutionary Genomics 

A. Personal Statement 
The Whitehead lab uses genome-scale tools to discover the mechanisms that facilitate organism-environment 
interactions. We are particularly interested in the interaction between anthropogenic and natural stressors on 
organismal resilience in term of various measures of fitness. Importantly, we study these responses to 
environmental challenge within a comparative framework. This enables discovery of genes and molecular 
pathways that explain differences among individuals, populations, and species, in their sensitivities to 
environmental stress. We are currently using killifish (Fundulus species), red abalone, and dolphins as models 
and environmental sentinels to discover the consequences of rapidly changing aquatic environments on 
reproduction, development, and performance, including discovery of the mechanisms that underlie these 
effects. Environmental changes of focus include oil spills, legacy industrial chemicals, and climate change. 
These projects integrate emergence of effects from the molecular to the whole-animal levels, and tracks effects 
that propagate across generations and that vary among populations. My Ph.D. research tested how pollution 
exposure history affected genome integrity and interacted with the genetic structure of a native fish sentinel 
species in heavily agriculturalized landscapes. My post-doctoral research provided rigorous training in 
physiological and evolutionary functional genomics, where I discovered genes that had evolved to support life 
in different thermal environments. I have been running my own research lab since 2005, where I have 
advanced comparative and population genomic approaches for discovering mechanisms of toxicity, 
physiological acclimation, and evolutionary adaptation to environmental stressors including pollutants, hypoxia, 
and salinity. I am a core organizer of the Fundulus Genomics Consortium; a group which has developed crucial 
genomics resources to promote Fundulus as a genome-enabled model species for environmental and 
evolutionary research. We have released a well-assembled and annotated reference genome for F. 
heteroclitus, and sequence from 384 additional genomes that provide a detailed catalog of genetic variation 
within and among populations. Importantly, we have used these resources to discover regions of the genome 
that have been influenced by natural selection to enable adaptation to legacy pollutants in urban estuaries. 
This work was recently published in Science (2 papers), Genome Biology & Evolution, and Evolutionary 
Applications. In the course of this and other work, we have developed a high-throughput and low-cost toolkit for 
whole genome resequencing, reduced representation genome-wide sequencing (RAD-seq) for genetic 
mapping, and RNA-sequencing for functional genomics. I have experience coordinating interdisciplinary 
research, and in student training. My current laboratory group includes one postdoctoral researcher, four Ph.D. 
students, one laboratory manager, and two undergraduate student researchers. My lab also trains numerous 
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students, postdocs, and visiting scholars from other labs and institutions in functional and population genomics 
techniques. I also serve on multiple student qualifying exam and dissertation committees. I have been a PI or 
co-investigator of numerous university, private, and NSF and NIH-funded grants and have successfully 
administered all aspects of these and other collaborative projects, which have resulted in many peer-reviewed 
publications. This collaborative research experience equips me to work well in large groups. I can train new 
investigators in genomics techniques and data analysis and mentor junior faculty.  

1. Reid, N.M., D.A. Proestou, B.W. Clark, W.C. Warren, J.K. Colbourne, J.R. Shaw, S.I. Karchner, D.L. 
Crawford, M.F. Oleksiak, M.E. Hahn, D. Nacci, and A. Whitehead (2016). The genomic landscape of 
rapid repeated evolutionary adaptation to toxic pollution in wild fish. Science, 354(6317): 1305-1308. 

2. Reid, N.M., C.E. Jackson, D. Gilbert, P. Minx, M.J. Montague, T.H. Hampton, L.W. Helfrich, B.L. King, 
D. Nacci, N. Aluru, S.I. Karchner, J.K. Colbourne, M.E. Hahn, J.R. Shaw, M.F. Oleksiak, D.L. Crawford, 
W.C. Warren, and A. Whitehead (2017).  The Atlantic killifish (Fundulus heteroclitus) genome and the 
landscape of genome variation within a population. Genome Biology & Evolution, 9(3): 659-676. 

3. Whitehead, A., B.W. Clark, M.E. Hahn, and D. Nacci (2017). When evolution is the solution to pollution: 
Key principles, and lessons from rapid repeated adaptation of killifish (Fundulus heteroclitus) 
populations. Evolutionary Applications, 10: 762-783. 

4. Oziolor, E.M., N.M. Reid, S. Yair, K.M. Lee, S. Guberman VerPloeg, P.C. Bruns, J.R. Shaw, A. 
Whitehead*, and C.W. Matson* (2019). Adaptive introgression enables evolutionary rescue from 
extreme environmental pollution. Science, 364: 455-457. (* co-corresponding authors) 

B. Positions and Honors 
Positions and Employment 
2005-2011  Asst. Prof., Dept. of Biological Sciences, Louisiana State University, Baton Rouge, LA 
2011-2012  Assoc. Prof., Dept. of Biological Sciences, Louisiana State University, Baton Rouge, LA 
2012-2014  Asst. Prof., Dept. of Environmental Toxicology, University of California, Davis, CA 
2014-2018  Assoc. Prof., Dept. of Environmental Toxicology, University of California, Davis, CA 
2018-present Full Prof. Dept. of Environmental Toxicology, University of California, Davis, CA 
Other Experience and Professional Memberships 
Member: Society of Environmental Toxicology and Chemistry, Society for the Study of Evolution 
Editorial Board Member: G3 Genes Genomes Genetics, Comparative Biochemistry and Physiology, PeerJ 

C. Contribution to Science 
A long-standing question in basic and applied population and evolutionary biology is “what is the nature of 

genetic variation that contributes to variation in fitness among individuals?” We extend this to discovering and 
exploring genetic variation that matters in rapidly changing environments, such as pollution. We have 
developed the killifish model system as a vertebrate model for addressing these questions. The Whitehead lab 
pioneered the application of comparative transcriptomics studies to address the mechanisms by which 
populations vary in their tolerance to environmental pollution. We discovered that multiple populations 
inhabiting polluted sites have evolutionarily converged on a common functional response to dioxin-like 
chemicals through global blockade of the aryl hydrocarbon receptor signaling pathway (reference 1). 
Whitehead is the lead on a five-institution collaborative project to discover the genomic basis of this evolved 
pollution tolerance. Whitehead has led the effort to sequence and assemble a reference genome for our model 
killifish, and also to sequence 384 additional genomes from across 8 populations, 4 of which are tolerant and 4 
of which are sensitive to the toxic effects of environmental pollutants. We have used population genetics 
analyses to detect loci under strong recent natural selection, and at a scale that is rare outside of traditional 
model organisms (e.g., humans, fruit flies) (references 2, 3, 4). These projects represent the cutting-edge of 
adaptation genetics studies, and are providing unprecedented insight into the genetic variation that contributes 
to inter-individual variation in sensitivity to rapidly human-altered environments. 

1. Whitehead, A., W. Pilcher, D. Champlin, and D. Nacci (2012).  Common mechanism underlies repeated 
evolution of extreme pollution tolerance.  Proceedings of the Royal Society B., 279(1728): 427-433. 

2. Reid, N.M., D.A. Proestou, B.W. Clark, W.C. Warren, J.K. Colbourne, J.R. Shaw, S.I. Karchner, D.L. 
Crawford, M.F. Oleksiak, M.E. Hahn, D. Nacci, and A. Whitehead (2016). The genomic landscape of 
rapid repeated evolutionary adaptation to toxic pollution in wild fish. Science, 354(6317): 1305-1308. 

3. Oziolor, E.M., N.M. Reid, S. Yair, K.M. Lee, S. Guberman VerPloeg, P.C. Bruns, J.R. Shaw, A. 
Whitehead*, and C.W. Matson* (2019). Adaptive introgression enables evolutionary rescue from 
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extreme environmental pollution. Science, 364: 455-457. (* co-corresponding authors) 
4. Whitehead, A., B.W. Clark, M.E. Hahn, and D. Nacci (2017). When evolution is the solution to pollution: 

Key principles, and lessons from rapid repeated adaptation of killifish (Fundulus heteroclitus) 
populations. Evolutionary Applications, 10: 762-783. 

 
A major challenge in environmental toxicology is linking health effects with toxicant exposures. Within this, 

a key challenge is to understand how genetic variation and exposure history affect population outcomes within 
and across generations. The Deepwater Horizon oil spill provided an opportunity to deploy functional genomics 
tools in both field and laboratory studies to explore the health effects of contaminant exposures on resident 
animals. Ours were the first studies to show evidence that the Deepwater Horizon spill was affecting native 
aquatic species in the northern Gulf of Mexico (reference 5). Our field studies employed before/after and 
exposed/reference site comparisons, combined with analytical chemistry of water sediment and fish tissues, 
and functional genomic and physiological profiles, to provide clear demonstration of exposure and effect. 
Laboratory based studies have confirmed and extended field studies including demonstration of genotoxicity 
(reference 6) and have further explored the early-life consequences of exposures to low levels of crude oil 
(reference 7) including developmental delay and cardiovascular system malformations. Results from these 
studies have been reported in print (e.g., Washington Post, NY Times), online (e.g., CNN.com, 
NationalGeographic.com), and on radio (e.g., NPR, CBC Canada), and have been presented on the floor of 
the United States Congress. We have extended this work to marine mammals in the Southern California Bight, 
where we have linked genome-wide gene expression with endocrine function and contaminant body burden to 
offer insight into the impacts of chemicals on marine mammal health (references 8). Previous and ongoing 
studies, supported by grants from the NIEHS and the NSF (Whitehead lead PI), explore the genetic basis of 
inter-individual and population variability in sensitivity to the developmental effects of oil, and is characterizing 
the trans-generational effects of oil exposures through maternal and epigenetic mechanisms. 

1. Whitehead, A., B. Dubansky, C. Bodinier, T. Garcia, S. Miles, C. Pilley, V. Raghunathan, J. Roach, N. 
Walker, R.B. Walter, C.D. Rice, and F. Galvez (2012). Genomic and physiological footprint of the 
Deepwater Horizon oil spill on resident marsh fishes. Proceedings of the National Academy of Sciences 
of the United States of America, 109(50): 20298-20302. 

2. Pilcher, W., S. Miles, S. Tang, G. Mayer, and A. Whitehead (2014). Genomic and genotoxic responses 
to controlled weathered-oil exposures confirm and extend field studies on impacts of the Deepwater 
Horizon oil spill on native killifish. PLoS One, 9(9): e106351. 

3. Dubansky, B., A. Whitehead, J.T. Miller, C.D. Rice, and F. Galvez (2013).  Multitissue molecular, 
genomic, and developmental effects of the Deepwater Horizon oil spill on resident Gulf killifish 
(Fundulus grandis).  Environmental Science and Technology, 47: 5074-5082. 

4. Trego, M.L., E. Hoh, A. Whitehead, N.M. Kellar, M. Lauf, D.O. Datuin, and R.L. Lewison (2019). 
Contaminant exposure linked to cellular and endocrine biomarkers in southern California bottlenose 
dolphins. Environmental Science and Technology, 53: 3811-3822. 

 
Physiological flexibility enables species to survive in fluctuating and dynamic environments, but the genes 

and genomic infrastructure that supports physiological flexibility is poorly understood. Whitehead has 
developed killifish as a comparative model system for studying the mechanisms that enable extreme 
physiological plasticity – particularly for osmoregulation. Killifish are an excellent model system because some 
species exhibit extreme physiological flexibility, being able to acclimate to the entire osmotic continuum from 
freshwater to hypersaline, whereas other species have more limited physiological flexibility. Whitehead has 
exploited population and species variation to develop a powerful comparative system. Furthermore, Whitehead 
pioneered the development and application of transcriptomics tools for exploration of the functional genomic 
basis of extreme physiological flexibility. Coupled with physiology data, we discovered that mechanisms 
associated with polyamine synthesis, cell volume regulation, cell cycle regulation, regulation of tight junction 
permeability, and apoptosis are involved in supporting extreme physiological flexibility in killifish (references 9, 
10). We have also perfomed detailed genetic analysis of the genetic variation that contributes to micro-
evolutionary adaptation along salinity gradients (selection scans), and of the genetic variation that maps to 
inter-individual variation in multiple physiological traits (genome-wide association studies) (references 11, 12). 

1. Whitehead, A., J. Roach, S. Zhang, and F. Galvez (2011). Genomic mechanisms of evolved 
physiological plasticity in killifish distributed along an environmental salinity gradient. Proceedings of the 
National Academy of Sciences of the United States of America, 108(15): 6193-6198. 
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2. Whitehead, A., S. Zhang, J. Roach, and F. Galvez (2013). Common functional targets of adaptive 
micro- and macro-evolutionary divergence in killifish. Molecular Ecology, 22: 3780-3796. 

3. Brennan, R.S., T.M. Healy, H.J. Bryant, M.V. La, P.M. Schulte, and A. Whitehead (2018). Integrative 
population and physiological genomics reveals mechanisms of adaptation in killifish. Molecular Biology 
& Evolution, 35: 2639-2653. 

4. Healy, T.M., R.S. Brennan, A. Whitehead, and P.M. Schulte (2018). Tolerance traits related to climate 
change resilience are independent and polygenic. Global Change Biology, 24: 5348-5360. 

 
Find a full list of Whitehead lab publications here: https://scholar.google.com/citations?user=S9C9C8QAAAAJ 

D. Research Support 
Whitehead Ongoing and Recent Research Support 
 

(Whitehead PI, lead institute PI C. Aeppli) 
Funder: The National Academies of Sciences, Gulf Research Program  01/2018 – 01/2021 
Title: Assessing toxicity of oil weathered on the sea surface: The importance of oil photo-products 
This study integrates detailed chemical analysis of various weathered fractions of oil, with animal exposure 
experiments, and transcriptomics, to provide detailed insight into developmental impacts and molecular 
mechanisms of crude oil as it weathers and changes in the environment. 
 
(Whitehead PI) 
Funder: Exxon Valdez Oil Spill Trustees Council       02/2017 – 01/2022 
Title: Genomic mechanisms that underlie lack of recovery of Prince William Sound herring following the 
1990s collapse 
This study includes integration of population genomics with functional genomics and developmental biology 
and immunology to study the causes and consequences of the Exxon Valdez oil spill, and subsequent 
population collapse, on contemporary herring populations. 
 
(R. Nisbet PI, Whitehead Co-PI)            06/2015 – 05/2018 
Funder: US Environmental Protection Agency, Science to Achieve Results Research Program. 
Title: Systems-based research for evaluating ecological impacts of manufactured chemicals 
The major goal of this project is to integrate dynamical systems models based on energy budgets with 
transcriptomics to offer a mechanistically informed approach for the next generation of ecotoxicological 
impact assessment models. 
 
*1314088 (Whitehead PI)              12/01/2012 – 01/31/2018   
Funder: National Science Foundation (OCE)    
Title: Collaborative Research: Mechanisms of reproductive, developmental, and early life stage impacts of 
marine oil spills in a vertebrate sentinel model 
The major goal of this project is to identify the molecular mechanisms that are responsible for 
developmental impairment in early life in response to low levels of oil contamination, and how sensitivity 
and responses vary in different genetic backgrounds in an outbred vertebrate model. 
 
*1R01ES021934-01 (Whitehead PI)            12/01/2012 – 07/31/2017   
Funder: National Institutes of Environmental Health Sciences (Oceans, Great Lakes and Human Health) 
Title: Mechanisms of reproductive, developmental, and early life stage impacts of marine oil spills in a 
vertebrate sentinel model 
The major goal of this project is to identify the molecular mechanisms that are responsible for 
developmental impairment in early life in response to low levels of oil contamination, and how sensitivity 
and responses vary in different genetic backgrounds in an outbred vertebrate model. 
 
* these grants represent a single project that was jointly-funded by the NSF and NIEHS. 
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BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME:  Nacci, Diane E 
eRA COMMONS USER NAME (credential, e.g., agency login): DNACCI 
POSITION TITLE: Senior Research Biologist US Environmental Protection Agency Office of Research and 
Development 
EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, 
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

University of Rhode Island B.S. 05/1976 Biology 

University of Rhode Island M.S. 01/1978 Biochemistry and 
Biophysics 
 

University of Rhode Island PhD 12/1999 Biology 

    

    

 

A. Personal Statement 
I designed and initiated research in ‘ecological genomics’ that represented technically advanced work in a 
novel research area for the US EPA Office of Research and Development (ORD) ecological divisions, including 
my home division, the Atlantic Ecology Division (AED), Narragansett, RI. Within this ORD-wide ecological 
genomics research that I lead, my essential, unique and internationally recognized role has been in the 
development of a marine fish, Fundulus heteroclitus (Atlantic killifish), as a model for genetic and genomic 
ecological and evolutionary research.  My expertise in combination with AED’s extraordinary marine research 
facilities have permitted me to develop and maintain killifish populations that vary profoundly in their sensitivity 
to dioxin-like contaminants (DLCs) as living resources for my own research and the larger scientific community. 
I have played a key role in the development of genomic resources for this ecologically important species, as is 
evident by my selection in 2012 Invited Keynote Speaker for the internationally represented workshop 
sponsored by the Fundulus genome consortium.  
I have lead my own research that established killifish as an important and unique model of rapid and recent 
adaptation to toxic pollutants. Initially, I established a series of studies that provided first evidence of inherited 
adaptive tolerance in killifish residing in a PCB-contaminated marine Superfund Site, New Bedford, MA (Nacci 
et al. 1998, Nacci et al. 1999). I later provided and reviewed broader evidence that killifish populations 
displayed adaptively varying sensitivity to DLCs (Nacci et al. 2002, Van Veld and Nacci 2008, Nacci et al. 
2010).  In collaboration with expert colleagues, I began to explore molecular mechanisms underlying DLC 
tolerance in multiple killifish populations (e.g., Whitehead et al. 2010, Whitehead et al. 2012). This lead to the 
development of a quantitative genetics project that I lead that produced the first genetic map for Fundulus 
heteroclitus (Waits et al. 2016), and the first evidence that a handful of genes singly and in combination 
explained a large proportion of pollution tolerance in one population of tolerant killifish (Nacci et al. 2016). 
In recent years, I have played a key role revealing the ecological genomics/evolutionary toxicology of killifish, 
based on research conducted through extensive collaboration, and resulting in ~33 invited presentations and 
seminars and contributing to ~22 publications. The seminal publications in this field to which I have contributed 
include those that provided first evidence of genomic basis of pollution tolerance (Nacci et al. 2016), and first 
explored the genetics of evolution in the wild (Reitzel et al. 2013; Proestou et al. 2014). These and other 
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publications laid the foundation for the whole genome explorations of evolution in wild killifish, such as Reid et 
al. 2016 (see also New York Times Science Section summary, 
http://www.nytimes.com/2016/12/09/science/atlantic-killifish-evolution-pollution.html?_r=0)), Reid et al. 2017, 
and Whitehead et al. 2017. This research broadly contributes to a better utilization of molecular information in 
ecological risk assessment, including specific applications in understanding mechanisms of toxicity and the 
prediction of species vulnerabilities to human-mediated stressors.  
 
Representative recent contributions that broadly address this topic area: 

1. Van Veld, P. A., Nacci, D.  2008.  Chemical Tolerance: acclimation and adaptations to chemical stress.  
In: The Toxicology of Fishes.  Editors:  Di Giulio, R.T., and Hinton, D.E.  Taylor and Francis, 
Washington, DC. 

2. Reid, N.M., Proestou, D.A., Clark, B.W., Warren, W.C., Colbourne, J.K., Shaw, J.R., Karchner, S.I., 
Hahn, M.E., Nacci, D., Oleksiak, M.F., Crawford, D.L., Whitehead, A. 2016. The genomic landscape of 
rapid repeated evolutionary rescue from toxic pollution in wild fish. Science 354 (6317):1305-1308. 

3. Reid, N.M., B.W., Warren, W.C., Colbourne, J.K., Shaw, J.R., Karchner, S.I., Hahn, M.E., Nacci, D., 
Oleksiak, M.F., Crawford, D.L., Whitehead, A. 2017. The landscape of extreme genomic variation in the 
highly adaptable Atlantic killifish. Genome Biology and Evolution 9: 659-676. 

4. Whitehead, A., Clark, B., Reid, N., Hahn, M., Nacci, D. 2017. The solution to pollution is evolution. 
Evolutionary Applications, DOI:10.1111/eva.12470. 

 

B. Positions and Honors 
Recent Positions 
Research Biologist,   

US EPA, Office of Research and Development (ORD), 
Center for Environmental Measurements and Modeling (CEMM) 
Atlantic Coastal Environmental Sciences Division (ACESD), Narragansett, RI, 1995 - 2002 

Supervisory Research Biologist, 
Chief (acting) Population Ecology Branch, US EPA/ACESD, 2002 - 2003 

Senior Research Biologist, US EPA/ACESD, 2003 – present 
 

Selected Recent Honors and Awards (> 2005): 
Society of Environmental Toxicology And Chemistry (SETAC), North Atlantic Chapter, Elected Board 

Member, 2005 - 2009 
US EPA ORD Bronze Team Award for ‘Oil Spill Support’, Member 2010 
US EPA ORD Honor Award for ‘Exceptional/Outstanding ORD Technical Assistance to the Regions or 

Program Offices to the MERGANSER development team’, NHEERL Team Lead, 2011 
SETAC North America (NA) Presidential Citation for Exemplary Service as Co-Chair of SETAC NA Annual 

Meeting, 2011 
SETAC NA Presidential Citation for Exemplary Service for ‘Contributing to the Development of the 

Ecological Risk Assessment Student Publication Award’, 2015 
US EPA Bronze Medal to the CSS Planning and Development team for ‘Ecological Modeling’, Team 

Member 2016 
SETAC NA Presidential Citation for Exemplary Service for Chair of the Awards and Fellowship Committee, 

2016 
SETAC NA Herb Ward Exceptional Service Award, 2017 

 
Selected Recent Committee and Consultant Appointments, Professional Society Elected 
Appointments, Adjunct Faculty Appointments, Advisory and Editorial Appointments (> 2005): 
Selected Committee and Consultant Appointments:  
US EPA Region 9-NHEERL for ‘Development of Toxicity Test Methods using Echinoderm Species 

indigenous to the Pacific Insular Areas’, Lead Scientist, 2002 - 2012 
NHEERL-Office of Water Aquatic Life Criteria and Guidelines Committee, ad hoc Member, 2004 - 2012 
US EPA Region I-NHEERL for ‘Superfund Site Ecological Risk Assessment Population Modeling 

Projection’, Scientific Adviser, 2004 - 2008 
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US EPA ORD NHEERL-Cornell University Laboratory of Ornithology Cooperative Agreement # CR830402, 
‘Avian Risk Assessment for Multiple Human-caused Stressors Through Citizen Science Monitoring of 
Bird Populations’, Selected Lead Scientist and Project Officer, 2005 - 2008 

US EPA STAR Cooperative Agreement #CR82-9085, ‘Evaluating the Impact of Multiple Stressors on 
Common Loon Population Demographics - An Integrated Laboratory and Field Approach’, Selected 
Lead Scientist, 2003 - 2008 

Symposium on ‘Mercury in Aquatic Systems’, Invited Panel Member, 2006 
‘Development of an Hawaiian Echinoderm Fertilization Bioassay’ (EPA/600/R-12/022), ORD Lead for Peer 

Review, 2006 - 2012 
US EPA R1 ‘Project MERGANSER (MERcury Geospatial AssessmeNtS for the new England Region), 

predictive modeling for fish mercury in New England waters’, NHEERL Representative and QA lead, 
2006 - 2012 

Pelagic Organism Decline (POD, State of California): Biomarkers of Chemical Contamination in Fish 
Species (sponsored by CALFED Science Program and the California Urban Water Agencies, CUWA), 
Invited Expert Panel Member, 2007  

US EPA Risk Assessment Forum Workshop on Population-Level Risk Assessment, Experimental Section 
Co-lead, 2008 

University of Rhode Island, Proposal for Sustainable Bluefin Tuna Aquacultural Research, Invited Expert 
Panel Member, 2010 

US Department of Interior, National Resource Damage Assessment and Restoration (NRDAR) for 
Anniston, AL, Site, Review Panel, Expert Invited Panel Member, 2011 

SETAC Europe (EU) Workshop ‘MODELINK: How to use ecological models to link ecotoxicological tests to 
specific protection goals?”, Invited Participant, 2012 - 2013 

US EPA Region 8 Draft ‘Mercury Aquatic Wildlife Benchmarks for the Great Salt Lake Assessment’, 
Review Panel Member, 2013 

Agence Nationale Recherche (ANR), France, BioAdapt Scientific Review, Invited Committee Member, 
2013 - 2014 

Crop Science Tri-Partite Workshop on ‘Ecological Models for Threatened and Endangered Species’, Silver 
Springs, MD, Invited Panel member, 2014 

Boston University National Institute of Environmental Health Sciences (NIEHS) Superfund Research 
Program (BU SRP), Invited Review Panel Member, 2014 - present 

National Institutes for Mathematical and BIOlogical Synthesis (NIMBioS) Investigative Workshop, 
‘Predictive Models for Ecological Risk Assessment’, Invited Participant, April 2014 

NIMBioS Working Group, ‘Modeling Molecules-to-Organisms’, Invited Participant, 2015 - 2017 
EPA STAR Cooperative Agreement GAD #RD 835797, ‘Dynamical systems models based on energy 

budgets for ecotoxicological impact’, ORD Selected Lead Scientist, 2016 - present 
EPA STAR Cooperative Agreement GAD # RD 835798, ‘Development of a larval fish neuro-behavior 

adverse outcome pathway to predict effects of contaminants at the ecosystem level and across multiple 
ecologically relevant taxa’, ORD Selected Lead Scientist, 2016 - present 

Adjunct Faculty Appointment 
Roger Williams University, Department of Biology and Marine Biology, December 2007 – present 
Woods Hole Oceanographic Institute, Guest Investigator, 2018 - present 
Recent Advisory and Editorial Appointments (>2005) 
Rhode Island State Government Internship Program, Advisor, 1996 - 1998 
Post-Doctoral Fellowship Training Program, US EPA NHEERL, for Dr. Steven Walters, currently OSU, 

Mentor, 2002 - 2006  
US EPA-Oak Ridge (ORISE) Research Associate Training Program, for Dr. Jeffrey Markert, currently RIC, 

Advisor, 2003 - 2009  
US EPA Student Services Program, Contract Officer Representative and Mentor, 2004 - 2014 
Ecotoxicology Journal, Aquatic Toxicology Section Associate Editor, 2006 – present 
SETAC Editorial Board, member, 2008 - 2012 
National Environmental Research Institute, Dept. of Marine Ecology, and Roskilde University, Roskilde, 

Denmark, Dissertation reader for Lis Bach, Ph.D. student, 2009 
ORD Post-Doctoral Fellowship Training Program for Dr. Dina Proestou, Mentor, 2009 - 2013 
US EPA-National Research Council Research Associate Training Program for Dr. Bryan Clark, Advisor, 

2013 - 2015 
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Rutgers University, Dissertation Committee for Sean Bugel, Member, 2011 
Capstone Engineering Program, University of Rhode Island, Mentor, 2014 - 2015 
Boston University School Public Health, Dissertation Committee for Kathryn Crawford, Member, 2014 - 

present 
US EPA-Oak Ridge (ORISE) Research Associate Training Program, for Dr. Bryan Clark, Advisor, 2015 - 

present  
Wesleyan University, Biology and Environmental Studies Department, Dissertation Committee, Kayla 

Anatone, 2017 – present 
 

C. Contribution to Science: Selected Recent Publications 
 

1. Killifish have adapted rapidly and recently to toxic pollutants 
Historical background that frames the scientific problem: populations of coastal fish reportedly survive 
extreme pollution; is this an isolated occurrence? 
The central finding(s): populations of coastal fish indigenous to sites that vary profoundly in pollution 
levels demonstrate inherited sensitivities to highly toxic pollutants that is adaptive to residence site 
The influence of the finding(s) on the progress of science or the application of those finding(s) to health 
or technology: these findings were instrumental in providing support to studies of concerning rapid 
evolution to human-mediated stressors. 
My specific role in the described work: I designed, conducted and interpreted experimental work, and 
was the primary contributor to these example manuscripts: 

• Nacci, D., Coiro, L., Champlin, D., Jayaraman, S., McKinney, R., Gleason, T., Munns, W.R., Jr., 
Specker, J., Cooper, K.  1999. Adaptation of wild fish populations to dioxin-like environmental 
contamination, Marine Biology 134:9-17. 

• Nacci, D., Coiro, L., Champlin, D., Jayaraman, S., McKinney, R.  2002. Predicting the 
occurrence of genetic adaptation to dioxin-like compounds in populations of the estuarine fish 
Fundulus heteroclitus.  Environmental Toxicology and Chemistry 21(7):1525-1532. 

• Nacci, D., Champlin, D., and Jayaraman, S. 2010.  Adaptation of the estuarine fish Fundulus 
heteroclitus to toxic pollutants.  Estuaries and Coasts 33(4): 853-864. 

 
2. Molecular information (‘omics) suggests mechanisms of tolerance among killifish populations 

Historical background that frames the scientific problem: multiple populations of coastal fish reportedly 
survive extreme pollution; can genomics provide insight into mechanism(s)? 
The central finding(s): four populations of coastal fish that are profoundly tolerant of specific highly toxic 
in toxic pollutants are held under common garden conditions; tolerant populations display similar 
mechanistic pathways following exposure to a toxic pollutant, which differ from pathways invoked by 
nearby sensitive populations, suggesting parallel examples of independently evolved adaptation. 
The influence of the finding(s) on the progress of science or the application of those finding(s) to health 
or technology: these findings were instrumental in providing support to studies of concerning rapid 
evolution to human-mediated stressors. 
My specific role in the described work: I co-designed, conducted and co-interpreted experimental work, 
and was one of the primary contributor to these example manuscripts: 

• Whitehead, A, Triant, D.A., Champlin, D., Nacci, D.  2010.  Comparative transcriptomics 
implicates mechanisms of evolved pollution tolerance in a killifish population. Molecular Ecology 
19 (23):5079-5320 

• Whitehead, A, W. Pilcher, D. Champlin, and D. Nacci.  2012.  Common mechanism underlies 
repeated evolution of extreme pollution tolerance. Proceedings Royal Society B 279: 427 – 433. 

• Crawford, K., Clark, B., Nacci, D., Hahn, M., Schezlinger, J. 2019. Altered lipid homeostasis in a 
PCB-resistant Atlantic killifish (Fundulus heteroclitus) population from New Bedford Harbor. 
Aquatic Toxicology 210: 30-43. 

 
3. Wild killifish population show evidence of selection, including some common targets 

Historical background that frames the scientific problem: multiple populations of coastal fish reportedly 
survive extreme pollution; can population genetics provide insight into mechanisms? 
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The central finding(s): population genetics of four populations of coastal fish that are profoundly tolerant 
of specific highly toxic pollutants suggest alterations in multiple elements of a biochemical pathway 
known to mediate toxic effects of this class of pollutants, suggesting unique but related examples of 
independently evolved adaptation. 
The influence of the finding(s) on the progress of science or the application of those finding(s) to health 
or technology: these findings were instrumental in providing support to studies of concerning rapid 
evolution to human-mediated stressors. 
My specific role in the described work: I co-designed and co-interpreted experimental work, and was 
one of the primary contributors to these example manuscripts: 

• Proestou, D., Flight, P., Champlin, D., and Nacci, D. 2014. Targeted Approach to Identify 
Genetic Loci Associated with Evolved Dioxin Tolerance in Atlantic Killifish (Fundulus 
heteroclitus) BMC Evolutionary Biology, 14:7 

• Reitzel, A.M., Karchner, S.I., Franks, D.G., Evans, B.R., Nacci, D., Champlin, D., Vieira, V.M., 
Hahn, M.E. 2013. Genetic variation at Aryl Hydrocarbon Receptor (AHR) Loci in populations of 
Atlantic killifish (Fundulus heteroclitus) inhabiting polluted and reference habitats. BMC 
Evolutionary Biology 14:6. 

 
4. The genetic underpinnings of tolerance in one killifish population suggest multiple genes within 

one or more pathways 
Historical background that frames the scientific problem: multiple populations of coastal fish reportedly 
survive extreme pollution; can dense genotyping and a quantitative trait locus breeding design 
contribute to the development of the 1st genetic map and well-supported genetic candidates accounting 
for pollution tolerance? 
The central finding(s): Genotyping of lab-bred hybrids representing a highly tolerant and highly sensitive 
population of coastal fish provides scientific support for a very well-annotated genetic map and several 
genetic loci that account for pollution tolerance in one population residing in a PCB-polluted Superfund 
Site. 
The influence of the finding(s) on the progress of science or the application of those finding(s) to health 
or technology: these findings were instrumental in providing support to studies of concerning rapid 
evolution to human-mediated stressors, and using a coastal fish species (Fundulus heteroclitus) as a 
useful ecological model. 
My specific role in the described work: I co-designed and co-interpreted experimental work, and was 
one of the primary contributors to these manuscripts. 

• Nacci, D., Proestou, D., Champlin, D., Martinson, J. Waits, E. 2016. Genetic basis for rapidly 
evolved tolerance in the wild: adaptation to toxic pollutants by an estuarine fish species. 
Molecular Ecology 25(21):5467-5482 

• Waits E.R., Martinson J., Rinner B., Morris S., Proestou D., Champlin D., Nacci D. 2016. 
Genetic linkage map and comparative genome analysis for the Atlantic killifish, Fundulus 
heteroclitus. Open Journal of Genetics 6:28-38. 

• Miller, J., Reid, N., Nacci, D., Whitehead, A. 2019. Development of a high quality linkage map 
for the Atlantic killifish Fundulus heteroclitus. G3: Genes, Genomes, Genetics 9:2851-2862. 

 
 

D. Research Support 
List both selected ongoing and completed research projects for the past three years (Federal or non-Federally-
supported). Begin with the projects that are most relevant to the research proposed in the application. Briefly 
indicate the overall goals of the projects and responsibilities of the key person identified on the Biographical 
Sketch. Do not include number of person months or direct costs. 
 
Fully supported by the US Environmental Protection Agency, without external grant funding 
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BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME: Bryan W. Clark 
eRA COMMONS USER NAME (credential, e.g., agency login):  
POSITION TITLE: Research Molecular Ecotoxicologist US Environmental Protection Agency Office of 
Research and Development  
EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, 
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

Iowa State University, Ames, IA B.S. 05/2001 Chemistry 

Iowa State University, Ames, IA M.S. 12/2004 Toxicology 

Duke University, Durham, NC Ph.D. 09/2010 Environment 

Duke University, Durham, NC Certificate 09/2010 Toxicology and 
Environmental Health 

Duke University, Durham, NC Postdoc 09/2013 Toxicology 

National Research Council at US Environmental 
Protection Agency, Atlantic Ecology Division, 
Narragansett, RI 

Postdoc 01/2015 Ecotoxicology 

Oak Ridge Institute for Science and Education at 
US Environmental Protection Agency, Atlantic 
Ecology Division, Narragansett, RI 

Research 
Fellow 

02/2020 Ecotoxicology 

 
A. Personal Statement 
 
My expertise is in mechanistic ecotoxicology, with a focus on developmental toxicity and its later life and 
population-level consequences. I have training in ecotoxicology (USEPA, Atlantic Ecology Division, mentored 
by D.E. Nacci), developmental toxicology and environmental health (Duke University, mentored by R.T. Di 
Giulio) and pesticide toxicology (Iowa State University, mentored by J.R. Coats). I have significant experience 
conducting research in molecular and developmental toxicology and physiology using fish (killifish, zebrafish, 
and medaka) and invertebrates investigating a wide variety of toxicants (PAHs, PCBs, petroleum, insecticides, 
herbicides, brominated flame retardants, methylmercury, and contaminated sediment mixtures). While training 
in the NIEHS-funded Duke University Superfund Research Program, my dissertation work focused on 
understanding the mechanisms underlying the role of the aryl hydrocarbon receptor (AHR) pathway in 
developmental cardiac toxicity of PAH mixtures and adaptation to PAHs by Atlantic killifish (Fundulus 
heteroclitus), using reverse genetic approaches. I also developed expertise in breeding and surgical 
techniques in killifish that will facilitate the QTL approach in our proposed research. 
 
An over-arching goal of my research is to connect molecular mechanisms of toxicity to population level 
consequences of exposure to environmental contaminants. To that end, I have worked to advance F. 
heteroclitus as a population model in environmental health, including developing the first methods enabling 
gene knockdown techniques for use in F. heteroclitus (Matson et al. 2008) and participating in development of 
the F. heteroclitus genome. With Dr. Nacci and collaborators, we are currently working on connecting 
mechanisms of toxicity and stress response to ecological population models through individual-based 
reproductive, energetic, and behavioral responses. 
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Representative publications: 
 
Clark, BW, CW Matson, D Jung, RT Di Giulio. 2010. AHR2 mediates cardiac teratogenesis of polycyclic 

aromatic hydrocarbons and PCB-126 in Atlantic killifish (Fundulus heteroclitus).  Aquatic Toxicology, 
99:232-240. 

Clark, BW, EM Cooper, H Stapleton, RT Di Giulio. 2013. Compound- and mixture-specific differences in 
resistance to polycyclic aromatic hydrocarbons and PCB-126 among Fundulus heteroclitus subpopulations 
throughout the Elizabeth River estuary (Virginia, USA). Environmental Science and Technology, 
47(18):10556-66. 

Matson, CW, BW Clark, MJ Jenny, CR Fleming, ME Hahn, RT Di Giulio. 2008. Development of the morpholino 
gene knockdown technique in Fundulus heteroclitus: A tool for studying molecular mechanisms in an 
established environmental model. Aquatic Toxicology, 87(4):289-295. 

Reid, NM, DA Proestou, BW Clark, WC Warren, JK Colbourne, JR Shaw, SI Karchner, ME Hahn, D Nacci, MF 
Oleksiak, DL Crawford, and A Whitehead. 2016. The genomic landscape of rapid repeated evolutionary 
adaptation to toxic pollution in wild fish. Science, 354(6317):1305-1308. 

 
B. Positions and Honors 
 
Positions and Employment 
 
2001-2004 Graduate Research Assistant, Dept. of Entomology and Interdepartmental Toxicology Program, 

Iowa State University, Ames, IA 
2004-2005 Research Associate, Dept. of Entomology, Iowa State University, Ames, IA 
2005-2010 National Institute of Environmental Health Training Fellow and James B. Duke Fellow, Nicholas 

School of the Environment, Duke University, Durham, NC 
2010-2013 Postdoctoral Research Associate, Nicholas School of the Environment, Duke University, 

Durham, NC 
2013-2014 National Research Council Postdoctoral Research Associate, Atlantic Ecology Division, US 

Environmental Protection Agency, Narragansett, RI 
2015-2020 Oak Ridge Institute for Science and Education Research Fellow, Atlantic Ecology Division, US 

Environmental Protection Agency, Narragansett, RI 
1/20-5/20 Visiting Assistant Professor, Department of Biology, Providence College, Providence, RI 
4/20-present Research Molecular Ecotoxicologist, US Environmental Protection Agency, Office of Research 

And Development, Center for Environmental Monitoring and Modeling, Atlantic Coastal 
Environmental Sciences Division, Narragansett, RI 

 
Professional Memberships and Service 
 
2001-present Member, Society of Environmental Toxicology and Chemistry (SETAC) 
2008-2013 Nicholas School of the Environment Technical Advisory Committee, Duke University 
2010-2013 Meet a Scientist Program, North Carolina Museum of Life and Science 
2011-2013 NIEHS Superfund Research Program Student/Alumni/Postdoc Network (SPAN) committee 

member 
2014-present Founder and co-chair, SETAC Early Career Committee 
2014-present Public Outreach Program, USEPA, Atlantic Ecology Division 
 
Ad hoc journal reviewer for: Environmental Science and Technology, Comparative Biochemistry and 
Physiology, Journal of Toxicology and Environmental Health, Ecotoxicology, Environmental Toxicology and 
Chemistry, Aquatic Toxicology, Environmental and Molecular Mutagenesis, Science of the Total Environment, 
Toxicology and Applied Pharmacology 
 
Honors and Awards 
 
1997-2001 Dow-Goetz Scholarship, Iowa State University Chemistry Department 
1999 Fulton Memorial Scholarship, Iowa State University Chemistry Department 
2002-2004 Biotechnology Fellowship, Iowa State University 

Contact PD/PI: Whitehead, Andrew 

Biosketches Page 28



 

2004 Iowa State University Research Excellence Award – top 10% of graduate researchers 
2005-2009 James B. Duke Fellowship, Duke University 
2013-2015 National Research Council Research Postdoctoral Associateship 
2015-2020  Oak Ridge Institute for Science and Education Research Fellowship 
 
C. Contributions to Science 
 
1. Role of the aryl hydrocarbon receptor (AHR) pathway in developmental cardiac toxicity of 

environmental contaminants. The developmental toxicity of dioxin-like compounds, including 2,3,7,8-
TCDD and some PCBs, was well-known in fish and other vertebrates to be mediated at least in part via the 
AHR. My dissertation work demonstrated that PAH mixtures and some individual PAHs caused dioxin-like 
cardiac toxicity in killifish, mediated through the AHR pathway. As a postdoc I mentored a graduate student 
(D. Brown) in a project that built on those findings to expand our understanding of dioxin-like 
developmental toxicity in killifish and zebrafish. We demonstrated that both genetic and chemical blockade 
of the metabolizing enzyme CYP1A synergized the toxicity of some weak AHR agonists, including low 
molecular weight PAHs, an insecticide, and “natural” AHR ligands (indole derivatives), suggesting that 
some PAHs could be more potent dioxin-like developmental toxicants in environmental mixtures because 
CYP inhibition increased their aberrant stimulation of the AHR pathway. 
a. Clark, BW, CW Matson, D Jung, RT Di Giulio. 2010. AHR2 mediates cardiac teratogenesis of 

polycyclic aromatic hydrocarbons and PCB-126 in Atlantic killifish (Fundulus heteroclitus). Aquatic 
Toxicology, 99:232-240. 

b. Clark, BW, EM Cooper, H Stapleton, RT Di Giulio. 2013. Compound- and mixture-specific differences 
in resistance to polycyclic aromatic hydrocarbons and PCB-126 among Fundulus heteroclitus 
subpopulations throughout the Elizabeth River estuary (Virginia, USA). Environmental Science and 
Technology, 47(18):10556-66. 

c. Brown, DR, BW Clark, LVT Garner and RT Di Giulio. 2016. Embryonic cardiotoxicity of weak aryl 
hydrocarbon receptor agonists and CYP1A inhibitor fluoranthene in the Atlantic killifish (Fundulus 
heteroclitus). Comparative Biochemistry and Physiology Part C: Toxicology and Pharmacology. 188:45-
51. 

d. Brown, DR, BW Clark, LVT Garner, and RT Di Giulio. 2015. Zebrafish cardiotoxicity: The effects of 
CYP1A inhibition and AHR2 knockdown following exposure to weak aryl hydrocarbon receptor receptor 
agonists. Environmental Science and Pollution Research, 22(11):8329-8338. 
 

2. Role of AHR in the mechanism of evolved tolerance to PAH mixtures and PCBs. Multiple fish 
populations in highly contaminated marine ecosystems, including several Superfund sites, have evolved 
tolerance to complex PAH mixtures and dioxin-like PCBs. My research on multiple populations residing in 
the Elizabeth River estuary in Virginia, USA revealed that fish from distinct sub-populations across the 
landscape exhibited a complex pattern of inheritance of contaminant sensitivity and recalcitrance of the 
AHR pathway. An ongoing effort using genome-wide RADseq to examine the loci under selection in these 
populations is nearing completion. I also contributed to a large-scale collaboration comparing population 
genomics of multiple pollutant tolerant killifish populations, including the Elizabeth River and New Bedford 
Harbor, MA. This research has shown that contaminant resistance in these populations has converged on 
similar but not identical mechanisms, including down-regulation of the AHR pathway, and that this evolution 
altered killifish responses to a variety of contaminants. 
a. Clark, BW, AJ Bone, and RT Di Giulio. 2014. Resistance to teratogenesis by F1 and F2 embryos of 

PAH-adapted Fundulus heteroclitus is strongly inherited despite reduced recalcitrance of the AHR 
pathway. Environmental Science and Pollution Research, 21(24): 13898-13908. 

b. Clark, BW, EM Cooper, H Stapleton, RT Di Giulio. 2013. Compound- and mixture-specific differences 
in resistance to polycyclic aromatic hydrocarbons and PCB-126 among Fundulus heteroclitus 
subpopulations throughout the Elizabeth River estuary (Virginia, USA). Environmental Science and 
Technology, 47(18):10556-66. 

c. Reid, NM, DA Proestou, BW Clark, WC Warren, JK Colbourne, JR Shaw, SI Karchner, ME Hahn, D 
Nacci, MF Oleksiak, DL Crawford, and A Whitehead. 2016. The genomic landscape of rapid repeated 
evolutionary adaptation to toxic pollution in wild fish. Science, 354(6317):1305-1308. 
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d. Clark, BW, RT Di Giulio. 2012. Atlantic killifish (Fundulus heteroclitus) adapted to polycyclic aromatic 
hydrocarbons are cross-resistant to multiple insecticides. Ecotoxicology, 21(2):465-474. 
 

3. Development of methods enabling gene knockdown and gene targeting in Fundulus heteroclitus. 
Morpholino gene knockdown has had significant utility in exploring gene function and developmental 
toxicity in fish embryos. In developing these techniques for use in killifish, I overcame unique aspects of 
killifish developmental biology, including differences in the chorion and cellular utilization of the yolk, that 
initially prevented the use of well-developed methods from zebrafish. We were the first to successfully 
employ and characterize these reverse genetic techniques in an environmental fish model, and the 
methodologies we designed are still important for micro-injection in gene targeting in killifish. 
a. Matson, CW, BW Clark, MJ Jenny, CR Fleming, ME Hahn, RT Di Giulio. 2008. Development of the 

morpholino gene knockdown technique in Fundulus heteroclitus: A tool for studying molecular 
mechanisms in an established environmental model. Aquatic Toxicology, 87(4):289-295. 

b. Clark, BW, CW Matson, D Jung, RT Di Giulio. 2010. AHR2 mediates cardiac teratogenesis of 
polycyclic aromatic hydrocarbons and PCB-126 in Atlantic killifish (Fundulus heteroclitus). Aquatic 
Toxicology, 99:232-240. 

 
Complete publication list 
https://scholar.google.com/citations?user=7OJ0Tl4AAAAJ&hl=en 
 
D. Research Support 
 
Fully supported by the US Environmental Protection Agency, without external grant funding 
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BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME:  Hahn, Mark E. 
eRA COMMONS USER NAME (credential, e.g., agency login):  mehahn 
POSITION TITLE:  Senior Scientist, Biology Dept., Woods Hole Oceanographic Institution (WHOI) 

EDUCATION/TRAINING:  

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 

Harpur College, SUNY Binghamton, NY B.S. 05/1980 Biological Sciences 

Toxicology Training Program;  
University of Rochester School of Medicine, NY 

Ph.D. 02/1988 Toxicology 

Woods Hole Oceanographic Institution, MA postdoc 11/1991 Marine Biomedical 
Research 

A. Personal Statement:  
I am a toxicologist with training both in mammalian toxicology (at the Univ. of Rochester School of Medicine 
under T.A. Gasiewicz) and in comparative molecular toxicology (WHOI, under J.J. Stegeman). For the past 30 
years, I have been conducting research in molecular and comparative toxicology using fish (zebrafish and 
killifish), mammalian and piscine cell lines, and other model systems. The major focus of my research has 
been on understanding mechanisms of toxicity (including developmental toxicity and long-term effects of early 
life exposure) and mechanisms of susceptibility and adaptation to chemicals. We have focused on the role of 
ligand-activated transcription factors, especially the aryl hydrocarbon receptor (AHR) and related bHLH-PAS 
proteins such as AHRR and HIF, oxidant-responsive transcription factors in the CNC-bZIP family (e.g. NRF2), 
and nuclear receptors (NRs) such as PXR and ERs. We have sought to understand the molecular evolution of 
bHLH-PAS, CNC-bZIP, and NR proteins and to use comparative and evolutionary perspectives to provide 
insight into ancestral and conserved functions of these proteins and how they are disrupted by toxicants.  

My expertise is in molecular and cellular mechanisms of toxicity and adaptation, including transcription factor 
function, regulation of gene expression, developmental toxicology, phylogenetic analysis, and loss-of-function 
approaches. My group has been using Fundulus heteroclitus as a model system for 25 years, focusing on 
mechanisms of differential sensitivity and resistance among individuals and populations. Our research in 
killifish provided the first evidence for AHR multiplicity (in any system) and has contributed to the development 
of F. heteroclitus as an environmental model species for studying population-level responses to contaminants.  
We were early adopters of gene targeting methods (ZFN and CRISPR-Cas9) and the first to apply them to F. 
heteroclitus (Aluru et al. 2015). We have now generated several loss-of-function lines in killifish and zebrafish.  
I have worked productively with all of the collaborators on this project (Whitehead, Nacci, Clark, Aluru, 
Karchner), co-authoring multiple papers with each of them. 

Four representative publications are listed below. 

Aluru, N, Karchner, SI, Franks, DG, Nacci, D., Champlin, D, Hahn, ME (2015) Targeted mutagenesis of aryl 
hydrocarbon receptor 2a and 2b genes in Atlantic killifish (Fundulus heteroclitus). Aquat.Toxicol. 158: 192-201.  
PMCID: PMC4272816 (http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4272816/) 
Reid, NM, DA Proestou, BW Clark, WC Warren, JK Colbourne, JR Shaw, SI Karchner, ME Hahn, D Nacci, M. 
F. Oleksiak, D. L. Crawford and A. Whitehead (2016). The genomic landscape of rapid repeated evolutionary 
adaptation to toxic pollution in wild fish. Science: 354: 1305-1308. PMCID: PMC5206662 
(http://science.sciencemag.org/content/354/6317/1305.long) 
Reid, NM, Jackson, CE, Gilbert, D, Minx, P, Montague, MJ, Hampton, TH, Helfrich, LW, King, BL, Nacci, D, 
Aluru, N, Karchner, SI, Colbourne, JK, Hahn, ME, Shaw, JR, Oleksiak, MF, Crawford, DL, Warren, WC, 
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Whitehead, A (2017) The landscape of extreme genomic variation in the highly adaptable Atlantic killifish. 
Genome Biology and Evolution 9: 659–676. PMCID: PMC5381573 (https://doi.org/10.1093/gbe/evx023) 
Avilla MN, Malecki KMC, Hahn ME, Wilson RH, Bradfield CA (2020) The Ah Receptor: Adaptive Metabolism, 
Ligand Diversity, and the Xenokine Model. Chem Res Toxicol 33: 860−879. PMCID: PMC7175458 
(https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00476) 
 
B.  Positions and Honors 
Positions and Employment 

1987-1988 Surdna Foundation Postdoctoral Fellow in Marine Biomedical Research, Department of 
Biology, Woods Hole Oceanographic Institution (WHOI), Woods Hole, MA 

1989-1991 NIH Postdoctoral Fellow (NRSA), Department of Biology, WHOI, Woods Hole, MA 
1992-1996  Assistant Scientist, Department of Biology, WHOI, Woods Hole, MA 
1996-2005  Associate Scientist (tenured, 2000), Department of Biology, WHOI, Woods Hole, MA 
2011-2016  Chair, Department of Biology, WHOI, Woods Hole, MA 
2005-present Senior Scientist, Department of Biology, WHOI, Woods Hole, MA 

 
Other Experience and Professional Memberships 

1986-present Member, Society of Toxicology (SOT) and Soc. of Environ. Toxicol & Chem. (SETAC) 
1992-present Member, American Society for Biochemistry and Molecular Biology 
1999-present Various NIH Study sections: ALTX1; Tools for Zebrafish Research; XNDA; SIEE (standing 

member 2018-2022); Developmental Pharmacology; K99, T32, and R25 panels; 
Transgenerational Effects of Environmental Exposures; SBIR; R13 review; P30 EHS Center 
grant site visit. 

2012 External Advisory Committee, Scripps Institution of Oceanography Center for Oceans and 
Human Health. 

1995-present Project PI, Boston University Superfund Research Program (NIH) 
2011-present Project PI, Woods Hole Center for Oceans and Human Health (NIH/NSF) 
Editorial Boards (current or previous): Toxicol. Sci. (Associate Editor); Aquat. Toxicol. (Associate Editor), 

Chem.-Biol. Inter.; Env. Toxicol. Chem.; PeerJ. 
 
Honors and Awards 
 1987 First Place, Society of Toxicology Graduate Student Awards in Mechanisms of Toxicology 
 1988 Harold C. Hodge Award, Toxicology Training Program, University of Rochester 
   1987-1988  Surdna Foundation Postdoctoral Fellowship in Marine Biomedical Research 
  1989-1991 Individual National Research Service Award in Environmental Toxicology from NIEHS 
 1991-1992 New Investigator Award, SETAC/AFOSR 
 2003-2005 J. Seward Johnson Chair in Biology, WHOI-MIT Joint Graduate Program in Oceanography 
 2006-2010 Walter A. and Hope Noyes Smith Senior Scientist Chair at WHOI 
 2010 Arnold B. Arons award for excellence in teaching, advising, and mentoring at WHOI 
 
C. Contributions to Science 
1. Comparative biology of the aryl hydrocarbon receptor (AHR). Nearly all of the early research on AHR 

occurred in mammalian systems. My group sought to provide a comparative and evolutionary perspective 
on the AHR by investigating AHR diversity in a variety of animals and establishing its conserved and novel 
features. These studies revealed that AHR is an ancient protein, that it has been duplicated in some 
lineages, and that the ability to bind TCDD-like ligands was a vertebrate innovation.  

a. Hahn, ME, Karchner, SI, Shapiro, MA, and Perera, SA (1997) Molecular evolution of two 
vertebrate aryl hydrocarbon (dioxin) receptors (AHR1 and AHR2) and the PAS family. 
Proceedings of the National Academy of Sciences of the U.S.A.  94:13743-13748. PMCID: 
PMC28377. 

b. Hahn, M.E. (2002) Aryl hydrocarbon receptors: Diversity and Evolution. Chemico-Biological 
Interactions 141: 131-160. 

c. Hahn, M. E., Karchner, S. I., Evans, B. R., Franks, D. G., Merson, R. R., and Lapseritis, J. M.  
(2006) Unexpected diversity of aryl hydrocarbon receptors in non-mammalian vertebrates: 
Insights from comparative genomics. Journal of Experimental Zoology: Molecular and 
Developmental Evolution 305A: 693-706.  
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d. Hahn ME, Karchner SI, Merson RR (2017) Diversity as Opportunity: Insights from 600 Million 
Years of AHR Evolution. Current Opinion in Toxicology 2: 58-73. PMCID: PMC5343764. 

2.   Role of AHR in the mechanism of differential sensitivity to dioxin-like compounds.  There are 
dramatic differences among species in susceptibility to the toxic effects of dioxins. We have helped 
elucidate the mechanistic role of AHR in these differences. For example, most invertebrate species are 
rather insensitive to TCDD; we showed that this is because invertebrate AHRs cannot bind TCDD. Bird 
species vary by 300-fold in their sensitivity to TCDD. We identified two amino acids in bird AHRs that 
control TCDD-binding affinity; the identity of these amino acids can predict sensitivity in more than 80 
species of birds. Similar studies have elucidated mechanisms of differential sensitivity in other species. 

a. Butler, R.B., M.L. Kelley, W.H. Powell, M.E. Hahn, and R.J. Van Beneden. (2001) An Aryl 
Hydrocarbon Receptor Homologue from the Soft-Shell Clam, Mya arenaria:  Evidence that 
invertebrate AHR homologues lack TCDD and BNF binding. Gene 278: 223-234.  

b. Karchner, S. I., Franks, D. G., Kennedy, S. W., and Hahn, M. E. (2006). The molecular basis 
for differential dioxin sensitivity in birds:  Role of the aryl hydrocarbon receptor. Proceedings of 
the National Academy of Sciences of the U.S.A. 103, 6252-6257. PMCID: PMC1435364. 

c. Fraccalvieri, D., Soshilov, A. A., Karchner, S. I., Franks, D. G., Pandini, A., Bonati, L., Hahn, M. 
E., and Denison, M. S. (2013). Comparative Analysis of Homology Models of the Ah Receptor 
Ligand Binding Domain: Verification of Structure-Function Predictions by Site-Directed 
Mutagenesis of a Non-Functional Receptor. Biochemistry 52: 714-725. PMCID: PMC3568667. 

d. Odio, C., Holzman, S. A., Denison, M. S., Fraccalvieri, D., Bonati, L., Franks, D. G., Hahn, M. 
E., and Powell, W. H. (2013). Specific Ligand Binding Domain Residues Confer Low Dioxin 
Responsiveness to AHR1β of Xenopus laevis. Biochemistry 52: 1746−1754. PMCID: 
PMC3669666. 

 
3. Role of AHR in the mechanism of evolved resistance to dioxin-like compounds. Some fish 

populations at highly contaminated Superfund sites have evolved resistance to dioxin-like compounds. We 
have conducted a long-term study of PCB-resistant Atlantic killifish at the New Bedford Harbor (MA) 
Superfund site. We have shown that the resistance is caused by reduced sensitivity of the AHR signaling 
pathway and identified AHR pathway genes under selection. In addition to the papers listed in section A of 
this biosketch, the papers below document some of our contributions.  

a. Karchner, S.I., W.H. Powell, and M.E. Hahn. (1999) Structural and Functional Characterization 
of Two Highly Divergent Aryl Hydrocarbon Receptors in the teleost Fundulus heteroclitus.  
Evidence for a novel class of ligand-binding bHLH-PAS factors. Journal of Biological Chemistry 
274: 33814-33824.  

b. Wirgin, I., Roy, N. K., Loftus, M., Chambers, R. C., Franks, D. G., and Hahn, M. E. (2011). 
Mechanistic Basis of Resistance to PCBs in Atlantic Tomcod from the Hudson River. Science 
331, 1322-1325. PMCID: PMC3246799.  

c. Oleksiak, M. F., Karchner, S. I., Jenny, M. J., Franks, D. G., Mark Welch, D. B., and Hahn, M. 
E. (2011). Transcriptomic assessment of resistance to effects of an aryl hydrocarbon receptor 
(AHR) agonist in embryos of Atlantic Killifish (Fundulus heteroclitus) from a Marine Superfund 
Site. BMC Genomics 12, 263.  PMCID: PMC3213123. 

d. Reid, N. M., D. A. Proestou, B. W. Clark, W. C. Warren, J. K. Colbourne, J. R. Shaw, S. I. 
Karchner, M. E. Hahn, D. Nacci, M. F. Oleksiak, D. L. Crawford and A. Whitehead (2016). The 
genomic landscape of rapid repeated evolutionary adaptation to toxic pollution in wild fish. 
Science: 354: 1305-1308. PMCID: PMC5206662. 

 
4. Functional analysis of AHR Repressor (AHRR) in humans and fish. AHRR is an AHR-related repressor 

of AHR.  We identified the first non-mammalian AHRR, as well as the primary isoform of human AHRR. We 
showed that the mechanism of repression does not involve competition for binding to ARNT but rather 
occurs through competition for DNA binding and by a novel transrepression mechanism.  We showed that 
polymorphic variants of human AHRR linked to altered human fertility do not differ in their ability to repress 
AHR and that human AHRR represses HIF signaling. Our studies in zebrafish suggested that AHRR may 
regulate eye development, suggesting a physiological role for this enigmatic protein.   
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a. Karchner, S.I., Franks, D.G., Powell, W.H., and Hahn, M.E. (2002) Regulatory interactions 
among three members of the vertebrate aryl hydrocarbon receptor family: AHR repressor, 
AHR1, and AHR2. Journal of Biological Chemistry 277: 6949-6959.  

b. Evans, B. R., Karchner, S. I., Allan, L. L., Pollenz, R.S., Tanguay, R.L., Sherr, D. H., and Hahn, 
M. E. (2008) Repression of aryl hydrocarbon receptor (AHR) signaling by AHR repressor 
(AHRR):  Role of DNA binding and competition for ARNT. Molecular Pharmacology 73: 387–
398. 

c. Karchner, S. I., Jenny, M. J., Tarrant, A. M., Evans, B. R., Kang, H. J., Bae, I., Sherr, D. H., and 
Hahn, M. E. (2009) The active form of human aryl hydrocarbon receptor repressor lacks exon 
8 and its Pro185 and Ala185 variants repress both AHR and HIF. (2009) Molecular and Cellular 
Biology 29, 3465-3477. PMCID: PMC2698758. 

d. Aluru, N., Jenny, M. J., and Hahn, M. E. (2014). Knock-down of a zebrafish aryl hydrocarbon 
receptor repressor (ahrra) affects transcription of genes related to photoreceptor development 
and hematopoiesis. Toxicological Sciences 139: 381-395. PMCID: PMC4031623. 

 
5. Oxidative stress and regulation of antioxidant defenses during embryonic development. Developing 

animals are especially sensitive to oxidative stress, but the developmental regulation of antioxidant 
defenses through activation of NF-E2-related factor 2 (NRF2) and related proteins is not well understood. 
We defined the core set of genes and the transcription factors involved in the response to oxidative stress 
in developing zebrafish. We showed that zebrafish possess duplicated NRF2 and NRF1 genes and that 
NRF2b is a repressor. We characterized the redox dynamics of glutathione during development. These 
studies provide new insight into how embryos respond to oxidative stress and the mechanisms involved. 

a. Timme-Laragy, A. R., Karchner, S. I., Franks, D. G., Jenny, M. J., Harbeitner, R. C., Goldstone, 
J. V., McArthur, A. G., and Hahn, M. E. (2012). Nrf2b: a novel zebrafish paralog of the oxidant-
responsive transcription factor NF-E2-related factor 2 (Nrf2). Journal of Biological Chemistry 
287, 4609-4627. PMCID: PMC3281635.  

b. Timme-Laragy, A. R., Goldstone, J. V., Irmhoff, B. R., Stegeman, J. J., Hahn, M. E., and 
Hansen, J. M. (2013). Glutathione redox dynamics and expression of glutathione-related genes 
in the developing embryo. Free Radical Biology & Medicine 65C, 89-101. PMCID: 
PMC3823629. 

c. Hahn, M.E., McArthur, A.G., Karchner, S.I., Franks, D.G., Jenny, M.J., Timme-Laragy, A.R., 
Stegeman, J.J., Woodin, B.R., Cipriano, M.J., Linney, E.A. (2014) The Transcriptional 
Response to Oxidative Stress During Vertebrate Development: Effects of tert-
Butylhydroquinone and 2,3,7,8-Tetrachlorodibenzo-p-dioxin. PLoS ONE 9: e113158. PMCID: 
PMC4234671.  

d. Hahn, M.E., Timme-Laragy, A.R., Karchner, S.I., Stegeman, J.J. (2015) Nrf2 and Nrf2-Related 
Proteins in Development and Developmental Toxicity:  Insights from studies in Zebrafish (Danio 
rerio). Free Radical Biology & Medicine 88: 275-289. PMCID: PMC4698826.  

 
Complete List of Published Work in MyBibliography (>150 publications overall): 
https://www.ncbi.nlm.nih.gov/myncbi/mark.hahn.1/bibliography/public/ 
(Note: Publications listed in NCBI bibliography include a few for which I am not co-author but are automatically included 
by NCBI because I was PI of the grant that supported them.) 
 
D. Additional Information: Research Support and/or Scholastic Performance  

Ongoing Research Support 
P42ES007381-23 and P42ES007381-23S1 (Sherr)  08/01/2017 - 03/31/2021 
NIH/NIEHS  (no-cost extension) 
Superfund Research Program at Boston University:  Project 4: Mechanisms and Impacts of PCB Resistance in 
Fish 
The overall goal of this research is to understand the effects of long-term multi-generational exposure to high 
levels of contaminants on natural populations of the Atlantic killifish Fundulus heteroclitus inhabiting a 
Superfund site. Specific aims are 1) to use CRISPR-Cas9 to generate a null AIP allele in zebrafish and to 
begin AIP targeting in killifish and 2) to analyze AIP single-nucleotide polymorphisms (SNPs) in NBH killifish 
and introduce one killifish SNP into zebrafish AIP. The goal of the supplement is to integrate two large killifish 
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genome-sequencing data sets (and related data) from two collaborating P42 Centers. 
Role: Project 4 PI 
 
P01ES028938 and OCE-1840381 (PI: J. Stegeman)                     09/30/18 – 06/30/23 (NIH)  
NIH/NIEHS and NSF-OCE  09/01/18 - 08/31/23 (NSF) 
Note:  These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers for 
Oceans and Human Health (COHH) program.  
Woods Hole Center for Oceans and Human Health 
Project 3 PI:  Mark E. Hahn                      
Project 3: Cellular and Molecular Mechanisms Underlying Long-term Effects of Early Life Exposure to HAB 
Toxins    
The overall objective of this project is to elucidate the cellular and molecular mechanisms by which early-life 
exposure to harmful algal bloom (HAB) toxins may interfere with neurodevelopment to cause persistent 
neurobehavioral changes later in life. The central hypothesis of this research is that low-level exposure to HAB 
toxins domoic acid and saxitoxin in early life targets neurotransmitter receptors and ion channels, leading to 
altered gene expression, functional changes in glial and neural cells, and long-term changes in 
neurobehavioral function in adults. These studies are being conducted using zebrafish embryos. 
Role:  Project 3 PI 
 
R56ES028728 (Hahn)  09/01/2018 – 08/31/2021 
NIH/NIEHS   (No-cost extension) 
Role of Nrf proteins in embryonic development and the response to developmental toxicants   
The objective of this project is to establish loss-of-function lines for zebrafish nrf1a and nrf1b and to use them 
to dissect the relative roles of Nrf1 proteins in regulating the response to oxidative stress during development. 
Role:  PI 
 
NA18OAR4170104 (M. Hahn)    02/01/18 - 01/31/21  
NOAA Sea Grant  (No-cost extension) 
Title: Halogenated Marine Natural Products: A Potential Risk to Human Health?   
This proposal addresses the potential human health risk posed by halogenated marine natural products 
(HNPs) in seafood. The overall objective of the proposed research is to use human cell culture and in vivo 
zebrafish embryo model systems to determine the potential for HNPs to cause PCB- and dioxin-like effects. 
Role:  P.I.  
 
Completed Research Support 
P01ES021923 and OCE-1314642 (PI:  J. Stegeman)           09/24/12 - 07/31/17 (NIH) 
NIH/NIEHS and NSF-OCE  03/15/13 - 02/28/18 (NSF) 
Note: These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers for 
Oceans and Human Health (COHH) program. 
Woods Hole Center for Oceans and Human Health (WHCOHH): Harmful algal bloom dynamics and epigenetic 
mechanisms of toxin action 
Project 3 PI:  Mark E. Hahn                      
Project 3: Epigenetic mechanisms of toxicity after developmental exposure to marine toxins. 
The objective of this research was to elucidate mechanisms by which early exposure to harmful algal bloom 
(HAB) toxins and marine toxicants during development causes abnormalities later in life. Using zebrafish, we 
tested the hypothesis that developmental exposure to HAB toxins and toxicants causes later life changes in 
gene expression and behavior via epigenetic reprogramming of gene expression.  
Role: Project 3 PI 
 
R01ES006272-18      (Hahn)   02/01/2010 - 08/30/2016 
NIH/NIEHS   
AHR signaling in Mammalian and Nonmammalian Models  
The major goal of this project was to use zebrafish and human cells to investigate the transcription factor 
specificity and gene selectivity of AHR Repressor (AHRR) and its polymorphic variants, the mechanism by 
which AHRR represses AHR and hypoxia inducible factors (HIFs), and the role of AHRR in regulating 
embryonic development and the response to TCDD and hypoxia in vivo.  
Role:  PI 
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BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME:  Aluru, Neelakanteswar 
eRA COMMONS USER NAME (credential, e.g., agency login):  NALURU 
POSITION TITLE:  Associate Scientist, Biology Department, Woods Hole Oceanographic Institution 
(WHOI) 

EDUCATION/TRAINING: 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

College of Fisheries, Orissa Univ. Agriculture & 
Technology, Berhampur, Orissa, India 

B.Sc. 12/1994 Fisheries Science 

College of Fisheries, Kerala Agricultural University, 
Ernakulam, Kerala, India 

M.Sc. 12/1997 Aquaculture 

Norwegian College of Fishery Science, Tromso, 
Norway 

M.Sc. 06/2001 International Fisheries 
Management 

Univ. of Waterloo, Waterloo, Ontario, Canada Ph.D. 12/2004 Biology 

Ontario Veterin. Coll., Guelph, Ontario, Canada Postdoc 08/2008 Toxicology 

Woods Hole Oceanographic Institution, MA Postdoc 02/2010 Toxicology 

 
A. Personal Statement:  

I have the expertise and training necessary to successfully conduct the proposed research project. I 
have a broad background in physiology and toxicology, with specific training and experience in 
targeted gene editing technology in zebrafish and killifish. The major focus of my research has been 
in characterizing the role of toxicants in altering epigenetic mechanisms of action. I am also a co-
Investigator in a NIH-funded project on Oceans and Human Health (OHH). I have been investigating 
the long-term effects and mechanisms associated with the developmental exposure to toxins (domoic 
acid and saxitoxin) and toxicants (polychlorinated biphenyls).  

I am part of the team (with Drs. Hahn and Karchner) that generated knock-outs using CRISPR-Cas9 
approach in Atlantic killifish (Aluru et al., 2015) and we have also generated several knockouts in 
zebrafish using CRISPR-Cas9. In addition, I have conducted studies investigating the role of 
epigenetic mechanisms in differential sensitivity to contaminants in Atlantic killifish (Aluru et al., 2011; 
Glazer et al., 2018). I am currently conducting studies investigating the physiological costs of 
adaptation in this species. I have published my research work in various toxicology journals including 
Toxicological Sciences, Aquatic Toxicology, Toxicology and Applied Pharmacology, Neurotoxicology 
and Teratology and Neurotoxicology. I also have the experience in mentoring postdoctoral scholars, 
graduate and undergraduate students. Four representative publications that are relevant to the 
proposed research are listed below. 

Aluru, N., Karchner S.I., Hahn M.E. 2011. Role of AHR1 and AHR2 promoter DNA methylation in 
differential sensitivity to PCBs in Atlantic Killifish, Fundulus heteroclitus. Aquatic Toxicology. 101:288-
294. PMCID: PMC3019765. 
Aluru, N., Karchner, S.K., Franks, D.F., Nacci, D., Champlin, D., Hahn, M.E. 2015. Targeted 
mutagenesis of aryl hydrocarbon receptor 2a and 2b genes in Atlantic killifish (Fundulus heteroclitus). 
Aquatic Toxicology. 158: 192-201. PMCID: PMC4272816. 
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Reid, N.M., Jackson, C.E., Gilbert, D., Minx, P., Montague, M.J., Hampton, T.H., Helfrich, L.W., King, 
B.L., Nacci., D., Aluru, N., Karchner, S.I., Colbourne, J.K., Hahn, M.E., Shaw, J.R., Oleksiak, M.F., 
Crawford, D.L., Warren, W.C., Whitehead, A. 2017. The landscape of extreme genomic variation in 
the highly adaptable Atlantic killifish. Genome Biology and Evolution 9: 659–676. PMCID: 
PMC5381573. 
Glazer, L., Kido Soule, M.C., Longnecker, K., Kujawinski, E.B., Aluru N. 2018. Hepatic metabolite 
profiling of polychlorinated biphenyl (PCB)-resistant and sensitive populations of Atlantic killifish 
(Fundulus heteroclitus). Aquatic Toxicology. 205:114-122. PMCID: PMC6246827. 
 

B.  Positions and Honors 
Positions and Employment 

2006-2008 National Science and Engineering Research Council (NSERC) postdoctoral 
fellowship, Ontario Veterinary College, University of Guelph, Guelph, Ontario, 
Canada. 

2008-2010 Dr. George D. Grice Postdoctoral Scholarship, Biology Department, WHOI, Woods 
Hole, MA (under Dr. Mark E. Hahn’s supervision) 

2010-2012 Visiting Investigator, Biology Department, WHOI, Woods Hole, MA (under Dr. Mark 
E. Hahn’s supervision) 

2012-2016   Assistant Scientist (tenure-track), Biology Department, WHOI, Woods Hole, MA 
2016-2020  Associate Scientist (tenure-track), Biology Department, WHOI, Woods Hole, MA 

April 2020 -   Tenured Associate Scientist, Biology Department, WHOI, Woods Hole, MA 

Other Experience and Professional Memberships 
      2014-     Member, Endocrine Society 

2013-  Member, Society of integrative and comparative biology (SICB) 
2009-present Member, Society of Toxicology (SOT)  
1992-present Member, Canadian Society of Zoologists 

Honors and Awards  
1995-1997    Junior Research Fellowship, Indian Council of Agricultural Research 
1998-1999    Senior Research Fellowship, Indian Council of Agricultural Research  
1999-2001    Norwegian state educational fund scholarship 
2001-2004    University of Waterloo graduate scholarship  
2003-2004    W.B. Pearson Medal for best creative research in Biology  

 
C. Contribution to Science  
 
1. My recent contributions addressed the role of toxicants in altering epigenetic machinery, specifically 
DNA methylation and microRNAs. The central findings of my work is that exposure to toxicants during 
sensitive periods of development alters DNA methylation patterns and the expression of microRNAs. 
These findings suggest that toxicants can affect normal development by disrupting the epigenetic 
processes. As epigenetic mechanisms are shown to cause long-term changes in gene expression, I am 
currently working on the hypothesis that developmental exposure to toxicants can have long-term 
consequences. In this regard, I am investigating the on the role of de novo DNA methyltransferases 
(DNMTs) in toxicant induced alterations in DNA methylation. I personally conducted most of these studies 
as a co-investigator or P.I. 
 
A. Jenny, M.J.*, Aluru, N.*, Hahn, M.E. 2012. Effects of short-term exposure to 2,3,7,8-

tetrachlorodibenzo-p-dioxin on microRNA expression in zebrafish embryos. Toxicology and 
Applied Pharmacology 264: 262-273. * Equally contributed to this work. PMCID: PMC3471217. 

B. Aluru, N., Deak, K., Jenny, M.J., Hahn, M.E. 2013. Developmental exposure to valproic acid alters the 
expression of microRNAs involved in neurodevelopment in zebrafish. Neurotoxicology and 
Teratology. 40C: 46-58.	PMCID: PMC3895482. 
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C. Aluru, N., Kuo, E., Helfrich, L.W., Karchner, S.I., Linney, E.A., Pais, J., Franks, D.F. 2015.  
Developmental exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin alters DNA methyltransferase 
(dnmt) expression in zebrafish (Danio rerio). Toxicology and Applied Pharmacology 284(2):142-
151.  PMCID: PMC4408251. 

D. Aluru, N., Glazer, L., Karchner, S.I. 2017. Early Life Exposure to Low Levels of AHR Agonist PCB126 
(3,3',4,4',5-Pentachlorobiphenyl) Reprograms Gene Expression in Adult Brain. Toxicological 
Sciences 160(2):386-397.  doi: 10.1093/toxsci/kfx192. PMCID: In process (PMID: 28973690) 

 
2. Another aspect of research I have been involved in the past few years in elucidating the role of aryl 
hydrocarbon receptor (AHR) signaling during development and in response to toxicant exposure. AHR is a 
ligand activated transcription factor that is involved in the regulation of number of biological processes 
including development and xenobiotic metabolism. AHR activation is under negative feedback control by 
another protein called AHR repressor (AHRR). I have been involved in characterizing AHRR proteins 
(AHRRa and AHRRb) in zebrafish. The key finding of this work is that AHRRa gene knockdown affects 
photoreceptor development in zebrafish. In order to further characterize their function, we are using null 
mutants generated using gene editing techniques In addition, I am involved in generating AHR null mutants 
in Atlantic killifish.  
 
A. Aluru, N., Karchner S.I., Hahn M.E. 2011. Role of AHR1 and AHR2 promoter DNA methylation in 

differential sensitivity to PCBs in Atlantic Killifish, Fundulus heteroclitus. Aquatic Toxicology 
101:288-294. PMCID: PMC3019765. 

B. Aluru, N., Jenny, M.J., Hahn, M.E. 2014. Knockdown of a zebrafish aryl hydrocarbon receptor 
repressor (AHRRa) affects expression of genes related to photoreceptor development and 
hematopoiesis. Toxicological Sciences. 132: 381-395. PMCID: PMC4031623. 

C. Aluru, N., Karchner, S.K., Franks, D.F., Nacci, D., Champlin, D., Hahn, M.E. 2015. Targeted 
mutagenesis of aryl hydrocarbon receptor 2a and 2b genes in Atlantic killifish (Fundulus 
heteroclitus). Aquatic Toxicology. 158: 192-201. PMCID: PMC4272816. 

D. Glazer, L., Kido Soule, M.C., Longnecker, K., Kujawinski, E.B., Aluru N. 2018. Hepatic metabolite 
profiling of polychlorinated biphenyl (PCB)-resistant and sensitive populations of Atlantic 
killifish (Fundulus heteroclitus). Aquatic Toxicology. 205:114-122. PMCID: PMC6246827. 

 
3. In addition to the research described above, I was also involved in studies investigating the effects of 
toxicants on fish populations that of economic and environmental relevance. The key findings of these 
studies is that toxicants affect growth and metabolism of wide ranging species and this can have far 
reaching implications on the feral fish populations. These studies demonstrated that proper monitoring 
policies are necessary in order to protect species from environmental pollution. My role in these studies in 
primarily in conducting laboratory analysis of physiological and molecular endpoints. 
 
A. Vijayan, M.M., Aluru, N., Maule, A.G., Jorgensen, E.H. 2006. Fasting augments PCB impact on liver 

metabolism in anadromous Arctic charr. Toxicological Sciences 91: 431-439. 
B. Moran. P.W., Aluru,N., Black, R. W., Vijayan, M.M. 2007. Tissue contaminants and associated 

transcriptional response in trout liver from remote high elevation lakes of Western Washington. 
Environmental Science and Technology 41: 6591-6597.  

C. Park, C.B., Takemura, A., Aluru, N., Park, Y.J., Kim, B.H., Lee, C.H., Lee, Y.D., Moon, T.W., Vijayan, 
M.M. 2007. Tissue-specific suppression of estrogen, androgen and glucocorticoid receptor 
gene expression in feral vitellogenic male Mozambique tilapia. Chemosphere 69: 32-40. 

D. Aluru, N., Leatherland, J.F., Vijayan, M.M. 2010. Bisphenol A in oocytes leads to growth suppression 
and altered stress performance in juvenile Rainbow trout. PLoS One 5(5):e10741. PMCID: 
PMC2873997. 
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Complete List of Published Work in MyBibliography:    
https://www.ncbi.nlm.nih.gov/sites/myncbi/neel.aluru.1/bibliography/9059971/public/?sort=date&direction
=descending 
 
D.  Research Support 
 
Ongoing Research Support: 
 
P01ES028938 and OCE-1840381 (PI: J. Stegeman)    09/30/18 – 06/30/23 (NIH)  

09/01/18 - 08/31/23 (NSF) 
NIH/NIEHS and NSF-OCE 
Note:  These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers 
for Oceans and Human Health (COHH) program.  
Title:  Woods Hole Center for Oceans and Human Health 
Project 3 PI:  Mark E. Hahn   
Project Title: Project 3: Cellular and Molecular Mechanisms Underlying Long-term Effects of Early Life 
Exposure to HAB Toxins    
The overall objective is to elucidate the cellular and molecular mechanisms by which early-life exposure 
to harmful algal bloom (HAB) toxins may interfere with neurodevelopment, causing persistent 
neurobehavioral changes later in life. The central hypothesis of this research is that in early life, low-level 
exposure to HAB toxins domoic acid and saxitoxin targets neurotransmitter receptors and ion channels, 
leading to altered gene expression, functional changes in glial and neural cells, and long-term changes in 
neurobehavioral function in adults. These studies are being conducted using zebrafish embryos. 
Role: Co-investigator  
 
1R01ES024915-01  N. Aluru (PI)         02/01/2015 – 10/31/2020 
NIH/NIEHS               (no-cost extension) 
Title: Role of de novo DNMTs in toxicant induced alterations in DNA methylation 
The overall objective of the proposed research is to characterize the role of DNMT3s in normal 
development, as well as in the long-term effects of developmental exposure to toxicants. Using zebrafish 
as a model system, we will elucidate DNMT3 functions and determine their role in the response to 
environmental toxicants. In Aim 1, we will test the hypothesis that DNMT3s show DNA target specificity, 
with each DNMT3 paralog targeting a unique set of genes, thereby establishing DNA methylation 
patterns. In aim 2, we will test the hypothesis that toxicants alter DNA methylation patterns, and that 
these alterations are DNMT3-dependent. In Aim 3, we will test the hypothesis that differentially 
methylated DNA regions in toxicant-exposed embryos show increased occupancy by DNMT3s.  
Role: PI 
 
R21ES030154-01 (Aluru, subcontract PI) 09/01/2018 - 08/31/2020 
University of Mississippi (NIH/NIEHS prime)  
Title:  Mechanisms of Developmental and Reproductive Toxicity from Preconceptional BaP Exposure 
The goal of this subcontract is to investigate the mechanisms associated with multigenerational effects of 
BaP exposure in zebrafish. We have previously demonstrated that preconceptional exposure to BaP 
affects the development of the offspring. In the proposed research, we are testing the hypothesis that 
BaP exposure affects DNA methylation patterns in the germ cells and some of these effects are 
responsible for the developmental defects in the offspring. We will profile DNA methylation changes in 
the germ cells as well as whole embryos (F1 generation) to determine mechanisms associated with 
intergenerational effects of toxicants.   
Role:  Co-Investigator 
 
P42ES007381-23 and P42ES007381-23S1 (Sherr) (Hahn: subproject PI)    08/01/2017 - 03/31/2021 
NIH/NIEHS  (no-cost extension) 
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Superfund Research Program at Boston University:  Project 4: Mechanisms and Impacts of PCB 
Resistance in Fish 
The overall goal of this research is to understand the effects of long-term multi-generational exposure to 
high levels of contaminants on natural populations of the Atlantic killifish Fundulus heteroclitus inhabiting 
a Superfund site. Specific Aims are 1) to use CRISPR-Cas9 to generate a null AIP allele in zebrafish and 
to begin AIP targeting in killifish, and 2) to analyze AIP single-nucleotide polymorphisms (SNPs) in NBH 
killifish and introduce one killifish SNP into zebrafish AIP. The goal of the supplement is to integrate two 
large killifish genome-sequencing data sets (and related data) from two collaborating P42 Centers. 
Role: Co-investigator 
 
Completed Research Support 
 
P01ES021923 and OCE-1314642   Stegeman (PI)   09/24/2012 - 07/31/2017 (NIH);  
 03/15/2013 - 02/28/2018 (NSF) 
NIH/NIEHS and NSF-OCE 
WHCOHH: Harmful algal bloom dynamics and epigenetic mechanisms of toxin action 
Note: These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers 
for Oceans and Human Health (COHH) program.  Woods Hole Center for Oceans and Human Health 
(WHCOHH) 
Project 3 PI:  Mark E. Hahn  
Project 3: Epigenetic mechanisms of toxicity after developmental exposure to marine toxins. 
The overall objective of the proposed research was to elucidate the mechanisms by which early 
exposure to harmful algal bloom (HAB) toxins and marine toxicants during development causes 
abnormalities later in life. Using zebrafish, we tested the hypothesis that developmental exposure to HAB 
toxins and toxicants causes later life changes in gene expression and behavior via epigenetic 
reprogramming of gene expression.  
Role: Project 3 Co-investigator 
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OMB No. 0925-0001 and 0925-0002 (Rev. 03/2020 Approved Through 02/28/2023) 

BIOGRAPHICAL SKETCH 
Provide the following information for the Senior/key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FIVE PAGES. 

NAME: Karchner, Sibel Isin 
eRA COMMONS USER NAME (credential, e.g., agency login): SKARCHNER 
POSITION TITLE: Research Specialist 
EDUCATION/TRAINING (Begin with baccalaureate or other initial professional education, such as nursing, 
include postdoctoral training and residency training if applicable. Add/delete rows as necessary.) 

INSTITUTION AND LOCATION 

DEGREE 
(if 

applicable) 
 

Completion 
Date 

MM/YYYY 
 

FIELD OF STUDY 
 

Middle East Technical University, Turkey B.S. 06/1987 Biology 

Texas Tech University, Lubbock, Texas Ph.D. 06/1992 Biology 

Woods Hole Oceanographic Institution NIH NRSA 
Postdoctoral 

09/1994 Toxicology 

 
A. Personal Statement 
I was trained as a molecular biologist, and for the past 25 years I have been investigating the mechanism of 
action of xenobiotic compounds using fish (zebrafish and killifish) as a model system. More specifically, my 
research includes the diversity, evolution, and function of the aryl hydrocarbon receptor (AHR), a transcription 
factor, in a variety of species including fish, birds, and mammals. I led the efforts to clone and characterize 
AHRs in fishes (killifish, zebrafish, pufferfish) and birds (chicken, common tern), and to identify and 
characterize the first non-mammalian AHR repressor (AHRR) and a novel (and the predominant) human 
AHRR splice variant that represses both AHR-dependent and HIF-dependent signaling.  I used chimeric AHRs 
and site-directed mutagenesis to determine the molecular basis for dioxin insensitivity in common terns.  More 
recently, I have been participating in ZFN and CRISPR-Cas9 genome-editing studies to investigate the 
functions of AHR, AHRR, and AIP in killifish and zebrafish. 
I have extensive experience in several molecular biology techniques including in vitro transcription and 
translation, transfection of mammalian cell culture, reporter gene assays, Western blotting, RNA isolation, and 
real-time RT-PCR.  I have performed microarray analyses using zebrafish and killifish embryos. I have used 
RNA-seq and ChIP-Seq methods to investigate the functions of killifish AHR and human AHRR proteins, 
respectively.  I am experienced in designing CRISPR-Cas9 guide RNAs and screening methods. In addition to 
performing research on the AHR and other transcription factors, I train students, postdocs, and technical staff 
in molecular approaches and techniques. I have the necessary expertise to perform the proposed research.  
Four representative publications are listed below. 
Reitzel AM, Karchner SI, Franks DG, Evans BR, Nacci D, Champlin D, Vieira VM, Hahn ME. Genetic variation 
at aryl hydrocarbon receptor (AHR) loci in populations of Atlantic killifish (Fundulus heteroclitus) inhabiting 
polluted and reference habitats. BMC Evol Biol. 2014 Jan 14;14:6. doi: 10.1186/1471-2148-14-6. PMCID: 
PMC3899389 (https://doi.org/10.1186/1471-2148-14-6) 
Aluru N, Karchner SI, Franks DG, Nacci D, Champlin D, Hahn ME. Targeted mutagenesis of aryl hydrocarbon 
receptor 2a and 2b genes in Atlantic killifish (Fundulus heteroclitus). Aquat Toxicol. 2015 158:192-201. PMCID: 
PMC4272816. (https://doi.org/10.1016/j.aquatox.2014.11.016) 
Reid NM, Proestou DA, Clark BW, Warren WC, Colbourne JK, Shaw JR, Karchner SI, Hahn ME, Nacci D, 
Oleksiak MF, Crawford DL, Whitehead A. The genomic landscape of rapid repeated evolutionary adaptation to 
toxic pollution in wild fish. Science. 2016 Dec 9;354(6317):1305-1308. PMCID: PMC5206662; 
(http://science.sciencemag.org/content/354/6317/1305) 
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Reid, NM, Jackson, CE, Gilbert, D, Minx, P, Montague, MJ, Hampton, TH, Helfrich, LW, King, BL, Nacci, D, 
Aluru, N, Karchner, SI, Colbourne, JK, Hahn, ME, Shaw, JR, Oleksiak, MF, Crawford, DL, Warren, WC, 
Whitehead, A The Atlantic killifish (Fundulus heteroclitus) genome and the landscape of genome variation 
within a population. Genome Biol Evol  2017 9: 659–676. PMCID: PMC5381573 
(https://doi.org/10.1093/gbe/evx023) 

 
B. Positions and Honors 

 
1990-1992  Research Assistant, Texas Tech Univ., Dept. of Biological Sciences, Lubbock,TX. 

1993-1994 Visiting Investigator, Department of Biology, Woods Hole Oceanographic Institution, Woods 
Hole, MA. 

1994-1996 NIH Postdoctoral Fellow, Department of Biology, Woods Hole Oceanographic Institution, 
Woods Hole, MA. 

1996-2003  Research Associate, Department of Biology, Woods Hole Oceanographic Institution,  
Woods Hole, MA. 

2003-present Research Specialist, Department of Biology, Woods Hole Oceanographic Institution,  
    Woods Hole, MA. 
Professional Memberships 
2005-   American Association for the Advancement of Science 
2006-   Society for Molecular Biology and Evolution 
2006-   Society for the Study of Evolution 
Honors 
1988-1990  NATO scholarship for doctoral studies. 
1991   Doctoral fellowship from Louise B. Belsterling Foundation. 
1994-1996 Individual National Research Service Award (NRSA) in Environmental Toxicology from the 

National Institute of Environmental Health Sciences. 
2009 Allyn Vine Senior Technical Staff Award, Woods Hole Oceanographic Institution. 

 
C. Contributions to Science 
1. Comparative biology of the aryl hydrocarbon receptor (AHR).  The AHR is a ligand-activated transcription 
factor through which TCDD and other polyhalogenated and polycyclic aromatic hydrocarbons cause altered 
gene expression and toxicity. Most of the initial research on AHR was performed in mammals. Our group's 
investigations into AHR diversity in fish and other animals provided a comparative and evolutionary 
perspective on the AHR, and established its conserved and novel features.  These studies revealed that AHR 
is an ancient protein, that it has been duplicated in some lineages, and that the ability to bind TCDD-like 
ligands was a vertebrate innovation. This work has helped foster the understanding that AHR has important 
developmental and physiological roles that are disrupted by agonists such as TCDD. 

a. Hahn, M.E., Karchner, S.I., Shapiro, M.A., and Perera, S.A. (1997) Molecular evolution of two 
vertebrate aryl hydrocarbon (dioxin) receptors (AHR1 and AHR2) and the PAS family. Proc. Natl. 
Acad. Sci. U.S.A.  94:13743-13748. PMCID: PMC28377  

b. Karchner, S.I., Powell, W.H., and Hahn, M.E. (1999) Structural and Functional Characterization of 
Two Highly Divergent Aryl Hydrocarbon Receptors in the teleost Fundulus heteroclitus.  Evidence for a 
novel class of ligand-binding bHLH-PAS factors. Journal of Biological Chemistry  274: 33814-33824. 
PMID: 10559277 

c.  Karchner, S.I., Franks, D.G., Hahn, M.E. (2005) AHR1B, a new functional aryl hydrocarbon receptor in 
zebrafish: tandem arrangement of ahr1b and ahr2 genes.  The Biochemical Journal 392:153-61. 
PubMed  PMCID: PMC1317674 

d. Hahn M.E., Karchner S.I., Merson R.R. (2017) Diversity as Opportunity: Insights from 600 Million 
Years of AHR Evolution. Current Opinion in Toxicology 2: 58-73. PMCID: PMC5343764. 

2. Role of AHR in the mechanism of differential sensitivity to dioxin-like compounds.  TCDD and related 
compounds are highly toxic, but there are dramatic differences among species in susceptibility to their toxic 
effects.  We have contributed to an understanding of the mechanistic role of AHR in these differences.  For 
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example, most invertebrate species are rather insensitive to TCDD; we showed that this is because 
invertebrate AHRs lack the ability to bind TCDD.  Bird species vary by 300-fold in their sensitivity to TCDD. 
We identified two amino acids in bird AHRs that control TCDD-binding affinity; the identity of these amino 
acids can predict sensitivity in more than 80 species of birds, and is thus a valuable tool in ecological risk 
assessment. Similar studies have elucidated mechanisms of differential sensitivity in other species. 

a. Karchner, S.I., Franks, D.G., Kennedy, S.W., and Hahn, M.E. (2006). The molecular basis for 
differential dioxin sensitivity in birds:  Role of the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. 
U.S.A. 103: 6252-6257. PMCID: PMC1435364  

b. Fraccalvieri, D., Soshilov, A.A., Karchner, S.I., Franks, D.G., Pandini, A., Bonati, L., Hahn, M.E., and 
Denison, M.S. (2013). Comparative Analysis of Homology Models of the Ah Receptor Ligand Binding 
Domain: Verification of Structure-Function Predictions by Site-Directed Mutagenesis of a Non-
Functional Receptor. Biochemistry 52: 714-725. PMCID: PMC3568667 

c. Farmahin, R., Manning, G.E., Crump, D., Wu, D., Mundy, L.J., Jones, S.P., Hahn, M.E., Karchner, 
S.I., Giesy, J.P., Bursian, S.J., Zwiernik, M.J., Fredricks, T.B., Kennedy, S.W. (2013) Amino acid 
sequence of the ligand-binding domain of the aryl hydrocarbon receptor 1 predicts sensitivity of wild 
birds to effects of dioxin-like compounds. Toxicological Sciences 131: 139-52. PubMed  PMID: 
22923492 

d. Reitzel, A.M., Passamaneck, Y.J., Karchner, S.I., Franks, D.G., Martindale, M.Q., Tarrant, A.M., 
Hahn, M.E. (2014) Aryl hydrocarbon receptor (AHR) in the cnidarian Nematostella vectensis: 
comparative expression, protein interactions, and ligand binding. Development Genes and Evolution 
224: 13-24. PubMed  PMID: 24292160 

3. Role of AHR in the mechanism of evolved resistance to dioxin-like compounds. Some fish populations at 
highly contaminated Superfund sites have evolved resistance to dioxin-like compounds.  We have conducted 
a long-term study of PCB-resistant Atlantic killifish at the New Bedford Harbor (MA) Superfund site and 
collaborated on studies of other PCB-resistant fish populations. Our studies have shown that the resistance is 
caused by reduced sensitivity of the AHR signaling pathway and have revealed the important role of allelic 
variation in AHR in the mechanism of resistance.   

a. Meyer, J.N., Wassenberg, D.M., Karchner, S.I., Hahn, M.E., Di Giulio, R.T. (2003) Expression and 
inducibility of aryl hydrocarbon receptor pathway genes in wild-caught killifish (Fundulus heteroclitus) 
with different contaminant-exposure histories. Environmental Toxicology and Chemistry  22: 2337-43. 
PubMed  PMID: 14551997 

b. Hahn, M.E., Karchner, S.I., Franks, D.G., Merson, R.R. (2004) Aryl hydrocarbon receptor 
polymorphisms and dioxin resistance in Atlantic killifish (Fundulus heteroclitus). Pharmacogenetics 14: 
131-43. PubMed  PMID: 15077014 

c. Reitzel, A.M., Karchner, S.I., Franks, D.G., Evans, B.R., Nacci, D.E., Champlin, D., Vieira, V.M., and 
Hahn, M.E. (2014) Genetic Variation at Aryl Hydrocarbon Receptor (AHR) Loci in PCB-sensitive and 
PCB-resistant populations of Atlantic Killifish (Fundulus heteroclitus). BMC Evolutionary Biology 14: 6. 
PMCID: PMC3899389 

d. Reid, N. M., D. A. Proestou, B. W. Clark, W. C. Warren, J. K. Colbourne, J. R. Shaw, S. I. Karchner, 
M. E. Hahn, D. Nacci, M. F. Oleksiak, D. L. Crawford and A. Whitehead (2016). The genomic 
landscape of rapid repeated evolutionary adaptation to toxic pollution in wild fish. Science: 354: 1305-
1308. PMCID: PMC5206662  

4. Functional analysis of AHR Repressor (AHRR) in humans and fish. AHRR is an AHR-related, dioxin-
inducible protein that acts as a repressor of AHR-mediated transcription, but its function, specificity, and 
mechanism of action are poorly understood.  We identified the first non-mammalian AHRR, as well as the 
primary isoform of human AHRR. We showed that the mechanism of repression does not involve competition 
for binding to ARNT but rather occurs through competition for DNA binding as well as by a novel 
transrepression mechanism.  We showed that polymorphic variants of human AHRR that had been linked to 
altered human fertility do not differ in their ability to repress AHR. We also showed that human AHRR 
represses signaling through hypoxia-inducible factor (HIF).  

a. Karchner, S.I., Franks, D.G., Powell, W.H., and Hahn, M.E. (2002) Regulatory interactions among 
three members of the vertebrate aryl hydrocarbon receptor family: AHR repressor, AHR1, and AHR2. 
J. Biol. Chem. 277: 6949-6959. PMID: 11742002 
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b. Evans, B.R., Karchner, S.I., Allan, L.L., Pollenz, R.S., Tanguay, R.L., Sherr, D.H., and Hahn, M.E. 
(2008) Repression of aryl hydrocarbon receptor (AHR) signaling by AHR repressor (AHRR):  Role of 
DNA binding and competition for ARNT. Mol. Pharmacol. 73: 387–398 PMCID: PMC3263532 

c. Jenny, M.J., Karchner, S.I., Franks, D.G., Woodin, B.R., Stegeman, J.J., Hahn, M.E. (2009) Distinct 
roles of two zebrafish AHR repressors (AHRRa and AHRRb) in embryonic development and regulating 
the response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicological Sciences 110: 426-41. PubMed  
PMID: 19494032 

d. Karchner, S.I., Jenny, M.J., Tarrant, A.M., Evans, B.R., Kang, H.J., Bae, I., Sherr, D.H., and Hahn, 
M.E. (2009) The active form of human aryl hydrocarbon receptor repressor lacks exon 8 and its 
Pro185 and Ala185 variants repress both AHR and HIF. (2009) Molecular and Cellular Biology 29: 
3465-3477.  PMCID: PMC2698758  

5. Oxidative stress and regulation of antioxidant defenses during embryonic development.  Oxidative stress is 
an important mechanism of chemical toxicity, contributing to teratogenesis and neurodegenerative diseases. 
Developing animals are especially sensitive to oxidative stress, but the developmental expression and 
inducibility of anti-oxidant defenses through activation of NF-E2-related factor 2 (NRF2 [NFE2L2]) and related 
CNC-bZIP family proteins are not well understood. I contributed to studies that defined the core set of genes 
and the transcription factors involved in the response to oxidative stress in developing zebrafish. We showed 
that zebrafish possess duplicated NRF2 and NRF1 genes, and that NRF2b is primarily a repressor of 
transcription. We also showed how the response to oxidative stress varies through embryonic and larval 
stages. Together, these studies are providing new insight into how embryos respond to endogenous and 
chemically mediated oxidative stress, and the mechanisms involved. 

a. Timme-Laragy, A.R., Karchner, S.I., Franks, D.G., Jenny, M.J., Harbeitner, R.C., Goldstone, J.V., 
McArthur, A.G., and Hahn, M.E. (2012) Nrf2b: a novel zebrafish paralog of the oxidant-responsive 
transcription factor NF-E2-related factor 2 (Nrf2). J. Biol. Chem. 287: 4609-4627. PMCID: 
PMC3281635  

b. Timme-Laragy, A.R., Karchner, S.I., Harbeitner, R.C., McArthur, A.G., Hahn, M.E. (2013) Nrf2 gene 
regulation during oxidative stress in embryonic development.  Toxicological Sciences (The Toxicologist 
Supplement) (Abstract #694). Society of Toxicology Annual Meeting.  

c. Hahn, M.E., McArthur, A.G., Karchner, S.I., Franks, D.G., Jenny, M.J., Timme-Laragy, A.R., 
Stegeman, J.J., Woodin, B.R., Cipriano, M.J., Linney, E.A. (2014) The transcriptional response to 
oxidative stress during vertebrate development: Effects of tert-butylhydroquinone and 2,3,7,8-
tetrachlorodibenzo-p-dioxin. PLoS ONE 9: e113158. PMCID: PMC4234671.  

d. Hahn, M.E., Timme-Laragy, A.R., Karchner, S.I., Stegeman, J.J. (2015) Nrf2 and Nrf2-Related 
Proteins in Development and Developmental Toxicity:  Insights from studies in Zebrafish (Danio rerio). 
Free Radical Biology & Medicine 88: 275-289. PMCID: PMC4698826 

Complete List of Published Work in MyBibliography: 
https://www.ncbi.nlm.nih.gov/myncbi/1v7XzeJ_Zwi5p/bibliography/public/ 
 
D. Additional Information: Research Support and/or Scholastic Performance  
Ongoing Research Support: 
P42ES007381-23 and P42ES007381-23S1 (Sherr) (Hahn: subproject PI)      08/01/2017 - 03/31/2021 
NIH/NIEHS  (no-cost extension) 
Superfund Research Program at Boston University:  Project 4: Mechanisms and Impacts of PCB Resistance in 
Fish 
The overall goal of this research is to understand the effects of long-term multi-generational exposure to high 
levels of contaminants on natural populations of the Atlantic killifish Fundulus heteroclitus inhabiting a 
Superfund site. Specific aims are 1) to use CRISPR-Cas9 to generate a null AIP allele in zebrafish and to 
begin AIP targeting in killifish and 2) to analyze AIP single-nucleotide polymorphisms (SNPs) in NBH killifish 
and introduce one killifish SNP into zebrafish AIP. The goal of the supplement is to integrate two large killifish 
genome-sequencing data sets (and related data) from two collaborating P42 Centers. 
Role: Project 4 Co-Investigator 
R56ES028728 (PI: M. Hahn)  09/01/18 – 08/31/21 
NIH/NIEHS   (No-cost extension) 
Title:  Role of Nrf proteins in embryonic development and the response to developmental toxicants   
The overall objective is to establish loss-of-function lines for zebrafish nrf1a and nrf1b and to use them to 

Contact PD/PI: Whitehead, Andrew 

Biosketches Page 44



 

dissect the relative roles of Nrf1 proteins in regulating the response to oxidative stress during development. 
Role:  Co-investigator 
P01ES028938 and OCE-1840381 (PI: J. Stegeman)                         09/30/18 – 06/30/23 (NIH)  
NIH/NIEHS and NSF-OCE  09/01/18 - 08/31/23 (NSF) 
Note:  These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers for 
Oceans and Human Health (COHH) program.  
Title:  Woods Hole Center for Oceans and Human Health 
Project 3 PI:  Mark E. Hahn     
Project Title: Project 3: Cellular and Molecular Mechanisms Underlying Long-term Effects of Early Life 
Exposure to HAB Toxins    
The overall objective is to elucidate the cellular and molecular mechanisms by which early-life exposure to 
harmful algal bloom (HAB) toxins may interfere with neurodevelopment to cause persistent neurobehavioral 
changes later in life. The central hypothesis of this research is that early life, low-level exposure to HAB toxins 
domoic acid and saxitoxin targets neurotransmitter receptors and ion channels, leading to altered gene 
expression, functional changes in glial and neural cells, and long-term changes in neurobehavioral function in 
adults. These studies are being conducted using zebrafish embryos. 
Role: Project 3 Research Specialist 
R01 ES024915  (P.I.: N. Aluru)   02/01/15-10/31/20 
NIH/NIEHS (No-cost extension) 
Title:  Role of de novo DNMTs in toxicant induced alterations in DNA methylation 
The overall objective of the proposed research is to elucidate the role of de novo DNA methyltransferases 
(DNMT3s) in normal development and in mediating toxicant-induced effects using zebrafish as a model 
system. In Aim 1, we will test the hypothesis that de novo DNMTs show target specificity, with each DNMT3 
paralog targeting a unique set of genes in establishing DNA methylation patterns. In Aim 2, we will use 
DNMT3-mutant zebrafish to test the hypothesis that toxicants alter DNA methylation patterns and that these 
alterations are DNMT3-dependent. In Aim 3, we will test the hypothesis that toxicant-induced differential 
methylation is due to alterations in chromatin occupancy by DNMT3s. 
Role:  Research Specialist 
 
Completed Research Support 
P01ES021923 and OCE-1314642 (PI:  J. Stegeman)                           09/24/12 - 07/31/17 (NIH) 
NIH/NIEHS and NSF-OCE  03/15/13 - 02/28/18 (NSF) 
Note:  These two awards are for a single project awarded jointly by NIH and NSF as part of the Centers for 
Oceans and Human Health (COHH) program. 
Title:  WHCOHH: Harmful algal bloom dynamics and epigenetic mechanisms of toxin action 
Subproject PI(s):  Mark E. Hahn   
Subproject Title: Project 3: Epigenetic mechanisms of toxicity after developmental exposure to marine toxins. 
The overall objective of the proposed research was to elucidate the mechanisms by which early exposure to 
harmful algal bloom (HAB) toxins and marine toxicants during development causes abnormalities later in life. 
Using zebrafish, we tested the hypothesis that developmental exposure to HAB toxins and toxicants causes 
later life changes in gene expression and behavior via epigenetic reprogramming of gene expression. 
Role: Project 3 Research Specialist 
R01ES006272-18      (PI: Mark E. Hahn)        02/01/10 - 08/30/16 
NIH/NIEHS   
AHR signaling in Mammalian and Nonmammalian Models  
The major goal of this project was to use zebrafish and human cells to investigate the transcription factor 
specificity and gene selectivity of AHR Repressor (AHRR) and its polymorphic variants, the mechanism by 
which AHRR represses AHR and hypoxia inducible factors (HIFs), and the role of AHRR in regulating 
embryonic development and the response to TCDD and hypoxia in vivo.  
Role:  Co-investigator 
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Gene-by-environment interactions that affect exposure-mediated congenital heart disease” 
April 01, 2021 through March 31, 2026 

Total Funding Requested $3,914,184 
 
 
 
PERSONNEL: $652,245 
Salaries: $452,227 
Salary costs use fiscal year 2020/2021 (July 1, 2020 through June 30, 2021) rates as the base and 
assume a 3% increase in each subsequent fiscal year beginning July 1, 2021. 
 
Dr. Andrew Whitehead (Principal Investigator / Associate Professor): $70,232 
Funding in the amount of $70,232 is requested for Dr. Andrew Whitehead.  He will work 1.0 academic 
months (8.33% effort based on annual FTE) in project year one, 1.0 academic month (8.33% effort 
based on annual FTE) in project year two, 1.0 academic months (8.33% effort based on annual FTE) in 
project year three, 1.0 academic months (8.33% effort based on annual FTE) in project year four and 2.0 
academic months (16.67% effort based on annual FTE) in project year five. Dr. Whitehead will be 
responsible for project coordination, design of experiments, oversight of genomics data collection, and 
design of the data analysis strategy.  He will also assist in writing manuscripts along with help train the 
postdoctoral researcher in data analysis and offer career mentoring. 
 
Jennifer Roach (Staff Research Associate III): $234,980 
$234,980 in funding support is requested to employ Staff Research Associate (III) Jennifer Roach on 
the project who will work 9 person months (75.0% effort based on annual FTE) in each project year.  
Ms. Roach will be primarily responsible for sample processing and data collection for genomics data 
(QTL genotyping, expression profiling for eQTL and transcriptomics).    
 
To Be Named (Postdoctoral Scholar, Level 0): $147,015 
$147,015 in funding support is requested for the employment of a To Be Named Level 0, Postdoctoral 
Scholar beginning in year 3 of the project.  The To Be Named Level 0, Postdoctoral Scholar will be 
employed for 9 person months (75.0% effort based on annual FTE) in project year 3 and 12 person 
months (100.0% effort based on annual FTE) in project years 4 and 5.  The To Be Named Level 0, 
Postdoctoral Scholar will be primarily responsible for genomics data analysis, data interpretation along 
with assisting in the authoring of the manuscripts. 
 
 
Benefits: $200,018 
Employee Benefits are based on Federally Approved Composite Benefit Rates.  The University of 
California’s current Composite Benefit Rates have been federally reviewed and approved through June 
30, 2021 and assume a 3% increase in each subsequent fiscal year beginning July 1, 2021. 
 
Dr. Andrew Whitehead (Principal Investigator): $29,899 
As Dr. Whitehead is a UC Davis faculty member he is subject to two possible composite benefit rate 
schedules depending on when salary is charged to the project.  As the charging of the salary will in the 
form of additional compensation, and take place during the summer period, the estimated composite 
benefit rates of 39.4%, 40.6%, 41.8%, 43.05% and 44.35% have been used to calculate benefit costs for 
any salary costs (as additional compensation) paid out during the periods of  July 1, 2021 through June 
30, 2022, July 1, 2022 through June 30, 2023, July 1, 2023 through June 30, 2024, July 1, 2024 through 
June 30, 2025 and July 1, 2025 through March 31, 2026 respectively. 
 
Jennifer Roach (Staff Research Associate III): $131,484 
Benefit costs for Ms. Roach have been based on the estimated composite benefit rate for those in the 
Staff Research Associate title series of 52.35%, 53.9%, 55.5%, 57.15%, and 58.85% and these rates 
have been used to calculate benefit costs for any salary paid out during the periods of April 2021 
through June 30, 2022, July 1, 2022 through June 30, 2023, July 1, 2023 through June 30, 2024, July 1, 
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2024 through June 30, 2025 and July 1, 2025 through June 30, 2026 respectively. 
 
To Be Named (Postdoctoral Scholar, Level 0): $38,635 
Benefit costs for the To Be Named Level 0, Postdoctoral Scholar have been based on the estimated 
composite benefit rate for those in the Postdoctoral Scholar title series of 23.85%, 24.55%, 55.5%, 26%, 
and 26.8%  and these rates have been used to calculate benefit costs for any salary paid out during the 
periods of April 2021 through June 30, 2022, July 1, 2022 through June 30, 2023, July 1, 2023 through 
June 30, 2024, July 1, 2024 through June 30, 2025 and July 1, 2025 through June 30, 2026 respectively. 
 
 
TRAVEL: $14,000 
Domestic Travel: $14,000 
Funding supporting the amount of $14,000 is requested to support travel that will be incurred in relation 
to this project.  $6,000 ($2,000 in project years 1, 2 and 3) is requested to support travel for the PI to 
one academic meeting per year to present findings from this project. Additionally $8,000 in project year 
5 is requested to fund the travel of both the PI and the To Be Named Level 0, Postdoctoral Scholar to 
two academic meetings each. 

 
 

SUPPLIES: $540,643 
Funding totaling $540,643 is requested to support material and supply costs associated with the project. 
 
$332,323 ($115,549 in PY2, $110,774 in PY3 & $106,000 in PY4) in funding is requested to support 
genomics data collection for genotyping of QTL mapping families. We anticipate genotyping 300 
individuals per family from each of 24 families (2 populations * 3 chemicals * 2 doses * 2 replicate 
families), summing to 7,200 individuals. We have developed and used high-throughput genome-wide 
genotyping (RAD-seq) for our model species (F. heteroclitus). Genotyping costs per 100 individuals 
includes $400 for DNA isolation, $1,450 for library preparation, and $2,346 for sequencing. For 
genotyping 7,200 individuals this sums to $302,112. The remaining genotyping funds will be used to 
cover families that exceed 300 individuals. 
 
$158,480 ($80,825 in PY2, $53,883 in PY3 & $23,772 in PY4) in funding is requested to support 
genomics data collection for genome-wide gene expression profiling for eQTL mapping. We anticipate 
generating RNA-seq data from each of the 300 individuals genotyped from six of the QTL mapping 
families (2 populations * 3 chemicals * 1 dose), which sums to 1,800 individuals. We will use Tag-seq 
to generate genome-wide gene expression profiles for each individual. Per-individual Tag-seq costs 
include $5 for RNA extraction and $83 for library preparation and sequencing. 

 
In project year 1 $15,840 in funding is requested for genomics data collection for dose-response 
transcriptomics profiling. We anticipate generating RNA-seq data from each of 5 replicate individuals 
from each of 36 treatments (2 populations * 3 chemicals * 6 doses). This sums to 180 individuals. We 
will use Tag-seq to generate genome-wide gene expression profiles for each individual. Per-individual 
Tag-seq costs include $5 for RNA extraction and $83 for library preparation and sequencing. 
 
In project year 1 an additional $34,000 in funding is requested for bulk purchasing of plastics (tubes, 
plates, pipette tips, etc.), chemical reagents (e.g., for buffers, etc.), and backup hard drives, that will be 
used over the duration of the experiment. We find that bulk purchasing of these supplies at the 
beginning of a large experiment can include significant discounts from vendors. 
 
 
PUBLICATION COSTS: $5,000 
Funding support in the amount of $5,000 is requested to cover open-access fees that will be incurred in 
association with the project.  It is anticipated that two publications in project period 5 will be submitted 
as a cost of $2,500 per manuscript. 
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SUBAWARDS: $1,997,270 
Woods Hole Oceanographic Institution: $1,997,270 
Funding totaling $1,997,270 is requested for the purpose of issuing a sub-award to Woods Hole 
Oceanographic Institution.  They will be providing their expertise in molecular and cellular mechanisms 
of toxicity and adaptation along with their research experience involving the killifish. 
 
 
INDIRECT COSTS: $705,026 
As UC Davis’ indirect cost rates have not been approved beyond August 13, 2019, UC Davis’ current 
Federally approved rate of 57% Modified Total Direct Cost (MTDC) has been used to calculate indirect 
costs for the duration of the project. 
 
 
NOTES: 

1) Two Senior/Key persons are US EPA employees who are contributing effort to the proposed 
projects, but are not being paid from the grant since their work is supported by their positions at the 
EPA. 

Dr. Diane Nacci is a Research Biologist at the Atlantic Ecology Division (AED) laboratory of 
the U.S. Environmental Protection Agency’s Office of Research and Development, located in 
Narragansett, RI.  She first identified the PCB-resistant population of Atlantic killifish in New 
Bedford Harbor and has been studying PCB tolerant populations of killifish for more than 20 
years. Dr. Nacci is a long-time collaborator of Drs. Hahn, Karchner, and Whitehead as reflected 
in several co-authored papers. Her prior research has included QTL mapping for PCB 
sensitivity. Her research group maintains several generations of killifish from various sites 
(including those to be used in the proposed research: New Bedford Harbor, Scorton Creek, 
Elizabeth River, Kings Creek) and has made those available to us. She will be involved in 
several aspects of the research including performing QTL crosses, raising QTL families, and 
providing embryos for dose-response experiments. Her laboratory will raise killifish that have 
been injected with CRISPR-Cas9 reagents for use in screening to identify founders. Please see 
letter from Division Director Dr. Wayne Munns, Jr. No salary is being requested for Dr. Nacci; 
her work is supported through her position at EPA. 
 
Dr. Bryan Clark is an ORISE (Oak Ridge Institute for Science and Education) Postdoctoral 
Fellow at the Atlantic Ecology Division (AED) laboratory of the U.S. Environmental Protection 
Agency’s Office of Research and Development, located in Narragansett, RI. He has more than 
10 years of experience with research using the killifish model system and PAH effects, focusing 
on cardiovascular phenotypes. He will be involved in several aspects of the proposed research 
including setting up phenotyping assays and interpreting the data. Please see letter from 
Division Director Dr. Wayne Munns, Jr. No salary is being requested for Dr. Clark; his work is 
supported through his position as an ORISE Fellow at EPA. 

 
2) As per the RFA instructions (PA-19-292), per-year direct costs do not exceed $499,999.00. We 
consider direct costs to be the sum of direct costs in the UC Davis budget plus the direct costs in the 
subaward (WHOI) budget. We summarize those in the table below:  

  Year 1 Year 2 Year 3 Year 4 Year 5 Total 

UC Davis direct costs $139,964 $287,379 $306,843 $288,072 $189,630 $1,211,888 
WHOI (subcontract) direct 
costs $358,334 $211,251 $189,183 $208,282 $257,188 $1,224,238 

Total direct costs $498,298 $498,630 $496,026 $496,354 $446,818 $2,436,126 
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Budget Justification for WHOI 

WHOI Budget Information 
 
The Woods Hole Oceanographic Institution (WHOI) is a non-profit [501(c)(3)] research and education 
organization subject to the cost principles of 2 CFR 200. WHOI Principal Investigators are responsible for 
conceiving, funding and carrying out their research programs.  Senior Personnel are expected to raise 12 
months of support per calendar year for themselves and their staff by writing proposals and obtaining 
sponsored research grants and contracts from a variety of sources. Some teach voluntarily in WHOI’s Joint 
Program, but support for this is limited.   
 
The rates included in the proposal are negotiated with our cognizant government agency. 
 
WHOI has an annually negotiated rate agreement with the Office of Naval Research and uses the method of 
allocation of indirect costs to Modified Total Direct Costs (MTDC). The normal exclusions contained in 2 CFR 
200.68 (MTDC) apply, as well as the following cost categories; ship use, submersible use, vessel charters and 
ship fuel. 
 
A proposed labor month is equal to 152 hours or 1824 hours annually versus 2080 hours (40 hours/week for 
52 weeks). The difference is for vacations, holidays, sick time, and other paid absences, which are included in 
the Paid Absences calculation.   WHOI cannot “waive” or reduce overhead rates on any sponsored research 
project due to the structure of our negotiated rates with our cognizant government agency (Office of Naval 
Research).  When a program sets limits on overhead, WHOI must use Institution unrestricted funds to pay the 
unfunded portion of the overhead costs. 
 
Employee benefits have been proposed using composite weighted average rates that are the total assignable to 
salaries of regular employees including paid absences, excluding Graduate Research Assistants, overtime 
salaries & allotted paid leave benefits. The period composite rates are weighted averages of the specific rates for 
each fiscal year in accordance with WHOI’s 2020 provisional rate agreement (dated 12/31/2019) and 2019 
Provisional Forward Pricing Letter (dated 2/12/2019) with the Office of Naval Research. 
 
Personnel Justification 
 
Senior/Key Personnel 
 
Dr. Mark E. Hahn is a Senior Scientist in Biology at WHOI, lead WHOI PI and multiple PI (MPI) on the 
proposal.  Dr. Hahn is a toxicologist by training and has more than 30 years of experience studying 
comparative toxicology in fish and mammalian systems. Dr. Hahn will be involved in the design, execution, and 
interpretation of all of the proposed studies and in the preparation of manuscripts. Dr. Hahn will devote 3.0 mo 
(calendar) per year to this project. 

Dr. Neelakanteswar Aluru is a Tenured Associate Scientist in the Biology Department at WHOI and a co-
investigator on the project. His recent research has been focused in epigenetic mechanisms of toxicant action, 
including DNA methylation, and on the use of genome-editing to study mechanisms of toxicity. Dr. Aluru will 
participate in the phenotyping and will help design and perform the genome-editing experiments.  He will 
participate in the design and interpretation of the studies and in preparing manuscripts for publication. Dr. Aluru 
will devote 2.0, 1.0, 1.0, 1.0, and 3.0 mo (calendar) in years 1-5, respectively, to this project.  

Dr. Sibel I. Karchner is a Research Specialist supervised by Dr. Hahn. She is an experienced molecular 
biologist who has been with Dr. Hahn since 1993 and also has worked with Dr. Aluru.  She has experience in 
molecular cloning, RNA-sequencing, genome-editing, and a variety of other molecular and biochemical 
techniques. She will be directly involved in design and performance of experiments, including the phenotyping 
and genome-editing experiments, and will contribute to preparation of manuscripts. Dr. Karchner will devote 
3.0, 2.0, 1.0, 3.0, and 3.0 mo (calendar) in years 1-5, respectively, to this project.  
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Other Personnel 
 
Ms. Diana Franks is a Research Associate who has been working at WHOI for more than 30 years, and with 
Dr. Hahn since 1996. Ms. Franks will provide technical assistance in several aspects of the study, including 
embryo treatment with chemicals, larval phenotyping, screening of CRISPR mutants, and general laboratory 
maintenance directly related to the research. She also is responsible for the lab’s safety monitoring and 
recordkeeping. She will devote 1.0 mo (calendar) per year in years 1-3 during the establishment of embryo 
exposures and phenotyping procedures, and 2.0 mo (calendar) per year in years 4 and 5 when the majority of 
the genome-editing experiments will be occurring.  

The TBA Postdoctoral Investigator will participate in and oversee the phenotyping studies and the analysis 
of phenotyping data. This will be someone with experience in cardiovascular phenotyping in fish embryos and 
larvae after chemical exposure. The Postdoctoral Investigator will devote 8.0, 6.0, and 4.0 mo (calendar) in 
years 1-3, respectively. 

 

Other costs: 
 
Permanent Equipment 

We are requesting funds to purchase two complete phenotyping stations. Each consists of a dissecting 
microscope, high-speed video camera, computer with video card, and software for analysis of cardiac 
phenotypes from the videos. We are also requesting funds to purchase one incubator dedicated to incubating 
exposed embryos and larvae prior to phenotyping. The microscopes and incubator are listed under Permanent 
Equipment, whereas the cameras, computers, and software are included under Supplies. 

Travel 

Funds are requested in years 3-5 for one of us to present the research at the annual meeting of the Society of 
Toxicology or similar venue. 

Materials and Supplies 

This category includes all of the materials and supplies necessary to carry out the proposed research, 
including chemicals, general laboratory supplies, glassware and plasticware, fish rearing and maintenance 
supplies, microscopy reagents, and molecular biology reagents and kits for genome-editing experiments and 
screening. The amounts vary by year and have been estimated based on the types of activities anticipated in 
each year of the project. The year 1 budget includes the cameras, computers, and software for the 
phenotyping stations. 

Publication costs 

We are requesting funds in years 3-5 to cover the cost of publishing open-access papers (with open-access 
journals or open-access options for other journals) to better disseminate the results. 

Other 

Two Guest Students will be appointed in year 1 to perform the phenotyping assays. These will be 
undergraduates from Northeastern University’s Co-op program. The students will each receive a subsistence 
stipend of $10,260 and a housing allowance of $4,980 for their six-month co-op rotation in our labs. 
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Tracking Number: GRANT13167819 Funding Opportunity Number: PAR-19-292.       Received Date: 2020-07-14T11:25:57.000-04:00

Total Direct Costs less Consortium F&A

NIH policy (NOT-OD-05-004) allows applicants to exclude consortium/contractual F&A costs when determining if an application falls at or beneath any applicable direct cost limit. When a direct 

cost limit is specified in an FOA, the following table can be used to determine if your application falls within that limit. 

Categories Budget Period 1 Budget Period 2 Budget Period 3 Budget Period 4 Budget Period 5 TOTALS

Total Direct Costs less Consortium F&A 498,297 498,631 496,027 496,354 446,819 2,436,128
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PHS 398 Cover Page Supplement
OMB Number: 0925-0001

Expiration Date: 02/28/2023

1. Vertebrate Animals Section

Are vertebrate animals euthanized? ● Yes ❍ No

If "Yes" to euthanasia

Is the method consistent with American Veterinary Medical Association (AVMA) guidelines?

● Yes ❍ No

If "No" to AVMA guidelines, describe method and provide scientific justification

 

2. *Program Income Section

*Is program income anticipated during the periods for which the grant support is requested?

❍ Yes ● No

If you checked "yes" above (indicating that program income is anticipated), then use the format below to reflect the amount and
source(s). Otherwise, leave this section blank.

*Budget Period *Anticipated Amount ($) *Source(s)

     

Tracking Number: GRANT13167819 Funding Opportunity Number: PAR-19-292 . Received Date:
2020-07-14T11:25:57.000-04:00
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PHS 398 Cover Page Supplement

3. Human Embryonic Stem Cells Section

*Does the proposed project involve human embryonic stem cells? ❍ Yes ● No

If the proposed project involves human embryonic stem cells, list below the registration number of the specific cell line(s) from the
following list: http://grants.nih.gov/stem_cells/registry/current.htm. Or, if a specific stem cell line cannot be referenced at this time,
check the box indicating that one from the registry will be used:

  Specific stem cell line cannot be referenced at this time. One from the registry will be used.
Cell Line(s) (Example: 0004):

4. Human Fetal Tissue Section
*Does the proposed project involve human fetal tissue obtained from elective abortions? ❍ Yes ● No

If "yes" then provide the HFT Compliance Assurance

If "yes" then provide the HFT Sample IRB Consent Form

5. Inventions and Patents Section (Renewal applications)
*Inventions and Patents: ❍ Yes ● No

If the answer is "Yes" then please answer the following:

*Previously Reported: ❍ Yes ❍ No

6. Change of Investigator/Change of Institution Section

❏
Change of Project Director/Principal Investigator

Name of former Project Director/Principal Investigator
Prefix:  
*First Name:  
Middle Name:  
*Last Name:  
Suffix:  

❏ Change of Grantee Institution

*Name of former institution:
 

Tracking Number: GRANT13167819 Funding Opportunity Number: PAR-19-292 . Received Date:
2020-07-14T11:25:57.000-04:00
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PHS 398 Research Plan
OMB Number: 0925-0001

Expiration Date: 02/28/2023

              Introduction
1. Introduction to Application
(for Resubmission and Revision applications)

 Introduction_v081028415736.pdf

Research Plan Section
2. Specific Aims  Specific_Aims_V111028415738.pdf

3. Research Strategy*  Research_Strategy_V141028415737.pdf

4. Progress Report Publication List  

Other Research Plan Section
5. Vertebrate Animals  Vertebrate_Animals_final_July20201028415682.pdf

6. Select Agent Research  

7. Multiple PD/PI Leadership Plan  MPI_Leadership1028415586.pdf

8. Consortium/Contractual Arrangements  Consortium_contractual1028415591.pdf

9. Letters of Support  Letter_of_Support_Whitehead_Nacci1028415617.pdf

10. Resource Sharing Plan(s)  Resource_Sharing_Plan_20201028415734.pdf

11. Authentication of Key Biological and/or
Chemical Resources  Authentication_Key_Resources_20201028415735.pdf

Appendix
12. Appendix
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Contact PD/PI: Whitehead, Andrew 

Page 86



1. INTRODUCTION: Response to Critiques. We thank the reviewers for helpful comments, which include 
identification of many strengths (not repeated here) as well as a few weaknesses. Here we address the 
weaknesses and note changes in the application.  
Resume and Summary of Discussion: Power analysis: A core strength of our approach comes from 
amplifying the QTL signal by integrating with population genomics data. In our experience we can reliably 
produce families of 300+ offspring, yielding single loci with effect sizes as small as 6-10% (Nacci et al 2016)34. 
QTL analyses of families including only 96 individuals have explained between 44% to 88% of total phenotypic 
variation in PCB-induced heart malformations (unpublished, Fig. 2 in proposal). We now include a power 
analysis (Purcell et. al., 2003)75 showing that family sizes of 204 are sufficient for 80% power for detecting QTL 
that contribute 10% of the phenotypic variance (a = 0.001). This analysis and our experience suggests that 
family sizes of 300+ will provide sufficient statistical power for capturing the majority of variation in cardiac 
phenotypes – indeed, they should capture a larger proportion of total phenotypic variation than is typical for 
most QTL analyses of disease phenotypes. We have added this information (Aim 1, section 3.3.1). 
Inclusion of controls: An unexposed control is included in the transcriptomic experiments (Fig. 3). An 
unexposed control is not needed for the QTL studies, because the traits that we are quantifying are congenital 
heart disease (CHD) phenotypes in response to chemical exposure. All source populations have very low 
prevalence of CHD in the absence of chemical exposures, and at test doses some F2 fish (those fully tolerant) 
exhibit normal phenotype (no CHD). Including unexposed controls that do not develop CHD would be a poor 
use of resources; phenotyping and genotyping many unexposed fish with no quantitative variation in the traits 
of interest would not contribute to the results. We now point this out (Aim 1, section 3.3.1).  
Killifish generation time:  There was concern about our ability to do QTL and genome-editing experiments 
given killifish generation time. For QTL studies, F1 families are in hand, so F2 families can be created in the 
first breeding season after funding is approved. Regarding genome-editing, we discussed killifish generation 
time and described alternative approaches using zebrafish; we have success in gene targeting in both species. 
However, we now think that the genome-editing experiments are better performed using zebrafish, a proven, 
complementary model that will provide a more robust and efficient way to test the function of genes identified in 
the QTL studies (Aim 4, section 3.3.4). In this way, we take advantage of the strengths of each model. 
Support from human epi data: We have expanded our description of the associations between human CHD 
and exposure to PAHs and DLCs to provide specific examples (Significance, section 1.2).  
Translatability / Human relevance:  While two reviewers found the killifish population model for studying CHD 
to be relevant and well justified, another questioned the translatability of the results to humans. The proposed 
research was inspired by the associations between chemical exposure and CHD in humans and model 
systems, but it is not a translational study and it was not intended to model a specific form of human CHD. The 
goal of the research is to use a powerful population genetic model to identify fundamental mechanisms of GxE 
in heart development and disease. The genes and pathways that we identify are likely to be well conserved, 
but additional research will be needed to translate these findings to specific human CHD phenotypes. We have 
provided additional discussion of this point at the end of the Research Strategy (Future Studies, section 6). 
CHD Endpoints for QTL:  There was confusion about the phenotypic endpoints to be studied and their 
relationship to specific CHD phenotypes in humans. We now describe the phenotypes to be measured 
(Phenotyping CHD deficits, section 3.3.1) and their relationship to specific human CHD deficits (section 1.4).  
Other points raised:  
Scant discussion of exposures of wild source populations (Reviewer 1): The importance of the exposures of 
the wild populations is that they drove natural selection for the genetic variation that we propose to exploit and 
dissect in these studies. We are using killifish that have adapted to complex mixtures of toxicants through 
complex genetic change; our experimental plan is designed to reveal linkages between specific classes of 
chemicals and subsets of these adaptive genetic changes that are linked to specific phenotypes. Thus, we 
propose to use individual PAH and PCB model compounds as experimental tools to identify genetic variation 
that interacts with exposure (GxE). We now describe this better (Aim 1, section 3.1.3). 
Research plan is speculative and observational (Reviewer 3): Our research plan is exploratory in that it 
extends current knowledge based on well-founded expectations rather than speculation. Uniquely, we exploit 
natural selection, and the footprint it has left in the genomes, to reveal genes and pathways that are relevant 
for fitness in the polluted environments. We have expectations from the data (e.g., variation in genes involved 
in AHR signaling, genes involved in excitation/contraction coupling, etc.), but the strength of our exploratory 
QTL approach is in capturing effects beyond original predictions. Hypotheses generated by our QTL and 
population genetic associations will be tested by manipulative experiments. 
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SPECIFIC AIMS: Understanding the multifactorial etiology of human diseases is a major challenge. 
Individual differences in susceptibility and disease severity are controlled by both genetic and environmental 
factors but the identities and relative roles of these factors remain poorly understood because of their 
complexity and the difficulty studying them in human populations. Population-based models, i.e., models 
that exploit natural genetic diversity, provide new opportunities to advance our understanding of genes and 
pathways that influence susceptibility and resistance to environmental diseases.  
Here we propose a novel population-based vertebrate model system for studying complex disease 
outcomes and demonstrate its utility by elucidating the role of environmental exposures in the etiology of 
congenital heart disease (CHD). CHD, the most common human congenital malformation, encompasses a 
suite of structural and functional deficits. The etiology of CHD appears to involve both genetic and 
environmental risk factors, including exposure to chemicals such as certain polychlorinated biphenyls 
(PCBs) and polycyclic aromatic hydrocarbons (PAHs). These chemicals disrupt cardiovascular development 
through distinct mechanisms, causing outcomes, conserved among vertebrates, resembling CHD. 
The Atlantic killifish (Fundulus heteroclitus) is a novel population-based model system that harbors 
substantial genetic diversity and exhibits chemical-induced cardiovascular disease states that mimic many 
aspects of CHD in humans. Killifish populations inhabit both pristine and urbanized environments that are 
polluted by PCBs and PAHs and show adaptive heritable variance in their sensitivities to these exposures. 
Our prior killifish genomic studies have revealed population-distinguishing patterns of variation in the genes 
and pathways that influence fitness in these pollution sensitive or tolerant populations. This natural 
experiment provides an opportunity to dissect the gene-environment interactions that affect CHD caused by 
distinct classes of chemicals.  
The overall objective of the proposed research is to use the genetic variation inherent in this unique and 
powerful killifish system to reveal the genes and pathways that control sensitivity to PCB- and PAH-induced 
CHD. We will breed replicate families using quantitative genetic strategies and test for genetic associations 
with exposure-induced CHD phenotypes through genome-wide genotyping of animals exposed to PCBs 
and PAHs. Quantitative trait locus (QTL) mapping will define the relevant genetic variation that has 
segregated in these natural vertebrate populations and influences PCB/PAH-induced CHD. Experiments will 
test for associations with genome-wide gene expression patterns and the multiple specific structural and 
functional deficits that define the suite of CHD phenotypes. We will test whether the different CHD features 
are associated with unique or shared variants between populations, and whether disease-associated 
variants are unique or shared among structurally diverse classes of chemicals that may cause CHD by 
different mechanisms. We will evaluate the relevance of CHD-associated variants by testing whether they 
are associated with variable fitness between DLC-tolerant and sensitive populations, and by using genome 
editing to test hypothesized associations of genes and variants with sensitivity to chemical-induced CHD.  
Aim 1: QTL mapping to associate genetic variation with a suite of CHD deficits after PCB exposure. 
Initial dose-response experiments will define QTL exposures that discriminate sensitive and tolerant killifish 
populations and generate transcriptomic profiles to characterize the molecular events contributing to CHD-
specific adverse outcomes. QTL experiments will use replicate F2 mapping families derived from crosses 
between two pairs of sensitive and tolerant populations. Developing embryos will be exposed to two 
concentrations of PCB126, a CHD-promoting PCB congener, and phenotyped for multiple structural and 
functional CHD deficits. Expression-based QTL (eQTL) mapping will help refine candidate gene 
identification and offer insight into the functional basis of disease etiology.  
Aim 2:  QTL mapping to associate genetic variation with the suite of CHD deficits after PAH 
exposure. QTL mapping and whole-genome scans will be used as in Aim 1 to test whether disease-
associated variants are unique or shared among structurally and mechanistically distinct classes of CHD-
causing PAHs, represented by benzo[k]fluoranthene and phenanthrene. 
Aim 3: Integration of QTL, eQTL, and population genomics data for candidate gene/pathway 
inference. We will employ a novel integrative approach to enhance the analysis of QTL data. 
Aim 4: Evaluation of selected candidate genes using genome editing. Genetic association studies 
generate hypotheses about candidate genes and pathways that control susceptibility to disease. In this aim, 
we will test several of these hypotheses in vivo using CRISPR-Cas9 genome editing in zebrafish. 
This research in a new population-based vertebrate model will reveal mechanisms underlying gene-
environment interactions involved in determining susceptibility to CHD, a common congenital condition. 
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Research Strategy 
1. SIGNIFICANCE 
The proposed research will use the Atlantic killifish (Fundulus heteroclitus) as a novel and powerful population-
based vertebrate model system to study the interactions between contaminant exposures and genetic variation 
that contribute to the etiology of congenital heart disease (CHD). The historical influence of natural selection in 
this system has revealed patterns of genetic variation that underlie variable sensitivity to contaminant-induced 
developmental toxicity in wild killifish. Here, we leverage that variation to explore mechanisms underlying CHD 
in killifish, which mimics many aspects of the disease in humans. Thus, this system is uniquely positioned to 
accelerate our discovery of the genes and pathways that harbor genetic variation that influences contaminant-
induced sensitivity to CHD through the proposed quantitative trait locus (QTL) and expression QTL (eQTL) 
mapping studies. The underlying premise of our proposed research is that, given extensive homology and their 
outbred nature, use of killifish populations for discovery of the genes and pathways that link gene-environment 
interactions (GxE) to CHD will help focus searches for relevant genetic variation in humans. Indeed, Leonid 
Kruglyak, in reference to the power of model species, recently wrote “Although the individual causal DNA 
variants are most probably not the same as those in humans, the same genes, pathways and networks may 
nevertheless harbour important genetic variation in several species”1. 
1.1. CHD is the most common congenital malformation worldwide.  Congenital heart disease (CHD), which 
encompasses a suite of structural and functional deficits, is the most common congenital malformation 
worldwide. It affects more than 1.3 million infants per year and is a substantial cause of fetal and infant death in 
both the developing and developed world2. Today, through improved diagnosis and surgery, more children with 
CHD survive, and along with individuals with milder lesions that are clinically undiagnosed for decades, they 
comprise a growing population of individuals with cardiovascular disease that poses a significant healthcare 
challenge2, 3. Therefore, understanding the causes of CHD has been and continues to be an important 
research objective. 
1.2. Contaminant exposures contribute to CHD etiology. Contaminant exposure increases the risk of CHD3, 4. 
Cardiovascular development in mammals and fish is disrupted by dioxin-like compounds (DLCs)5 and 
polycyclic aromatic hydrocarbons (PAHs)6-9. Epidemiological studies link heart disease and CHD with exposure 
to PAHs from air pollution3, 10-12, exposure to industrial releases of DLCs13, and maternal proximity to National 
Priority List Superfund sites containing DLCs and other contaminants14. For example, a cluster of congenital 
cardiovascular malformations in the Washington-Baltimore area was associated with elevated exposure to air 
polluted with dioxin and DLCs13, and biomarkers of exposure to PAHs in pregnant women were associated 
with fetal CHD in case-control studies.15 
1.3. Genetic variation also contributes to CHD but interactions with the environment are poorly understood. 
Genetic lesions that contribute to CHD, including chromosomal anomalies, Mendelian syndromes, and non-
syndromal single gene disorders, are increasingly identified16, but some epidemiological studies have 
suggested that less than 15% of the cases of CHD exhibit clear Mendelian inheritance3, 17. Additionally, 
because CHD is actually a complex suite of structural and functional deficits, meta-analyses of both human 
and model organismal studies show that different genetic and environmental risk factors converge in disruption 
of protein networks driving the development of specific cardiac structures18. Indeed, cardiac malformations 
caused by exposures to DLCs and PAHs are mediated, in part, through perturbation of AHR signaling19, and 
mutations in AHR interact with exposures to elevate CHD risk.20 The preponderance of evidence underscores 
the need for better understanding of the GxE interactions in the etiology of heart disease3, 4. 
1.4. Killifish present an ideal model system for revealing genetic variation that contributes to CHD from 
contaminant exposures. Killifish harbor specific unique features that make them valuable as model systems for 
studying GxE for contaminant-induced CHD. This system leverages the influence of natural selection over the 
past ~80 years to reveal naturally segregating genetic variation that contributes to inter-individual variation in 
sensitivity to contaminant-induced CHD21. Killifish has a well-annotated reference genome22 (the killifish 
genome annotation includes more human orthologs than other fish genomes) with a new PacBio reference in 
assembly, and a database of 384 whole genome sequences; analyses of these reveal genetic variation 
associated with variable fitness between contaminated and clean environments23. These existing data provide 
a rare opportunity for validation of QTL loci (proposed studies) that contribute to environmentally induced 
disease and affect fitness in natural populations. Killifish, like zebrafish, are vertebrate animals that are closely 
related evolutionarily to humans. Cardiovascular system function, genetics, and development are highly 
conserved among vertebrates, including between humans and fish24-28. Over 17,000 human genes have 
orthologs in killifish (a greater number than for zebrafish)22. Killifish are also more similar to humans than 
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rodent models for some cardiovascular traits such as heart rate (human, killifish, and mouse heart rates are 
120-160 bpm, 110-160 bpm, and 300-600 bpm, respectively). Fish, including killifish, present a broad spectrum 
of structural and functional deficits that contribute to CHD29-34. Indeed, many heart defects associated with 
human CHD are observed in fish and have shared molecular underpinnings (e.g., septal defects, dilated 
cardiomyopathy, looping defects, arrhythmia, edema);35 we carefully characterize these phenotypes as 
described in section 3.3.1. Importantly, killifish develop externally and have transparent embryos that facilitate 
in vivo observations of cardiovascular phenotypes during early life development. Furthermore, because fish 
development in early embryogenesis is not dependent on a functioning circulatory system, embryos with 
cardiovascular system defects survive throughout organogenesis and thus cardiac phenotypes are observable. 
Such defects are normally lethal during early development in mammals, thereby precluding observation in 
those model systems. We know of no other vertebrate model system that harbors this combination of 
attributes, which are especially compelling for studying GxE that contributes to the etiology of CHD. 
1.5. Relevance to NIEHS mission. The proposed research is closely aligned with the mission of NIEHS (NIEHS 
Strategic Plan36). We propose fundamental research using a systems approach and population-based studies 
to understand basic biological processes (Theme 1, Goal 1) and individual susceptibility (Theme 1, Goal 2). 
The research also addresses metrics of exposure (Theme 1, Goal 4) and uses data-driven approaches to 
create knowledge relevant to public health (Theme 1, Goal 7 and Theme 2, Goal 1).  
2. INNOVATION 
2.1. The killifish model leverages the influence of natural selection to magnify relevant genetic variation. Killifish 
populations represent a novel vertebrate evolutionary model system for revealing GxE underlying differential 
susceptibility to environmental chemical exposures. Natural selection can efficiently reveal genetic variation 
that influences fitness across variable environments. We leverage the power of natural selection, which has 
acted on natural genetic variation across dozens of generations in multiple populations (e.g., multiple genetic 
backgrounds) of F. heteroclitus, to expose the genetic variation that influences variable sensitivity to pollutant-
induced CHD, and thereby reveal the genes and pathways that matter. Our prior data23 include a catalog of 
genome-wide genetic variation that influences fitness between polluted and clean environments. This 
represents a crucial resource for validating the relevance of genetic variation that is linked to CHD sensitivity in 
QTL mapping families. Though the population genomics data are a crucial resource, alone they do not indicate 
which fitness-associated loci are associated with which CHD phenotypes caused by which chemicals, which 
can be accomplished through integration with QTL mapping data. Studies that link genotype with phenotype, 
and with fitness, provide the greatest opportunity for discovering genetic variation that matters for 
environmental health37-41. To our knowledge, these combined attributes of killifish are features of no other 
vertebrate model system. 
2.2. Killifish are amenable to high-throughput experimentation compared to other vertebrate models. Killifish 
present significant advantages for high-throughput cardiac phenotyping, particularly compared to other 
vertebrate models. They are hardy and easy to maintain and breed in the lab. A single female can produce 
hundreds of embryos per clutch and is capable of breeding every two weeks, which allows generation of the 
large families needed for rigorous, well-powered QTL experiments. Fish are established models of 
cardiovascular development and disease, and the molecular and cellular mechanisms of cardiogenesis are 
highly conserved with other vertebrates including humans42-48. Furthermore, killifish have distinct advantages 
for high-throughput assessment of cardiac development, including rapid development and generation of large 
numbers of optically transparent, externally developing embryos that are ideal for non-invasive in vivo imaging. 
Cardiac phenotyping will take advantage of high throughput software and analysis systems that have been 
developed for zebrafish. These advantages support generation of many large families that support 
sophisticated QTL experimental designs, for example that include multiple factors, such as multiple chemicals 
at multiple doses, in multiple genetic backgrounds.  
2.3. Genome editing provides powerful test of the genetic variants that contribute to contaminant-induced 
sensitivity to CHD. Population-based studies that take advantage of population genetic variation provide a 
valuable approach for elucidating GxE interactions. The killifish population model proposed here has the 
additional advantage of incorporating information from natural selection acting on this variation to reveal genes 
and pathways that influence susceptibility. A limitation of all population-based studies, however, is that they 
rely on statistical associations between genes/pathways and the adverse outcomes of interest. Such 
associations, even when strong, do not establish a cause-effect relationship, nor do they identify the specific 
molecular mechanism by which specific molecular variants may confer sensitivity or resistance. The 
population-based studies, in essence, generate hypotheses to be tested. Genome editing to generate loss-of-
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function or altered-function alleles is a powerful way to test these hypotheses49. The proposed studies are 
innovative in combining population-based studies and genome-editing to establish the functional roles of the 
identified gene candidates, providing a rigorous mechanistic perspective to this research. 
3. APPROACH 
3.1. Preliminary Results 
3.1.1. Killifish reveal a broad spectrum of structural and functional deficits that constitute CHD upon exposure 
to contaminants. We have previously demonstrated that killifish embryos exhibit a spectrum of morphological 
and functional deficits characteristic of CHD when exposed to environmental contaminants including PAHs29-32 
and PCBs30, 50, 51. In a normally developing fish heart, blood is consolidated in the sinus venosus from the 
network of vessels surrounding the yolk sac, then passes through a single atrium via the atrioventricular valve 
to a single thick-walled ventricle, and finally out of the heart via the bulbus arteriosus. Exposure to some PAHs 
and dioxin-like PCBs during embryogenesis causes a stereotypical suite of cardiovascular deficits, including 
altered chamber alignment (incomplete cardiac looping), changes in heart chamber size or wall thickness, 
improper blood flow control in the outflow tract and/or the atrioventricular constriction, cardiovascular 
hemorrhaging, and pericardial effusion (Fig. 1). Functionally, exposed embryos demonstrate reduced cardiac 
output, reduced peripheral blood flow, arrhythmias, and reduced heart rate (e.g., Fig. 1). Severely affected 
embryos exhibit hearts that resemble a thin tube with no obvious chamber differentiation and no valves, unable 
to generate substantial blood flow, which is typically accompanied by significant pericardial effusion. 

	
Fig. 1. Examples of embryonic cardiovascular phenotypes. A) Unexposed animal showing normal heart morphology, including ventricle 
(V), atrium (A), and sinus venosus (SV). B) and C) PCB126-exposed animal showing malformations of V, A, SV, and bulbus arteriosus 
(BA), and pericardial effusion (PE) and hemorrhaging (H). D) PCB126 dose-response for embryonic heart anomalies (10 dpf), 
embryonic heart rate (10 dpf), and larval survival (7 d post-hatch, ~=21 dpf). 

3.1.2. Comparative functional genomics reveals the molecular pathways that vary between individuals with 
variable sensitivity to contaminant-induced CHD. Our prior microarray studies explored the functional 
differences between killifish that vary in sensitivity to PCBs. These experiments have been revealing: inter-
individual and population differences in PCB sensitivity were strongly correlated with variable inducibility of 
genes regulated by the aryl hydrocarbon receptor (AHR)52-54. These results provided valuable insight into the 
molecular pathways that underpin the adverse outcome pathway (AOP) that leads to CHD caused by exposure 
to PCB-126 (3,3’,4,4’,5-pentachlorobiphenyl) during embryogenesis. Importantly, these data revealed the 
mechanism of heritable divergence in PCB sensitivity between populations from clean and polluted sites. 
Indeed, subsequent genome scans demonstrated that the loci with the strongest fitness effects between clean 
and polluted sites included genes that govern this signaling pathway23. Since expression profiles have been so 
informative about AOPs, including those that define inter-individual variation in sensitivity and especially when 
integrated with genetic analyses, we propose to create RNA-seq dose-response profiles for each of our 3 
chemicals (Step 1 of Aim 1).  
3.1.3. Population genomics reveals genetic variation that contributes to variable fitness between clean and 
contaminated environments. We have sequenced whole genomes from 384 individuals from multiple clean 
sites and multiple polluted urban sites. We have shown that individuals between these sites differ in sensitivity 
to contaminant-induced developmental toxicity, and these differences are heritable33. Genome-wide scans 
revealed fitness-associated genetic differences between clean and polluted populations23. This is a crucially 
valuable resource, as it documents the genetic variation that underpins inter-individual variation in sensitivity to 
contaminant-induced CHD in natural outcrossing populations. Since this variation has been segregating in 
populations for dozens of generations, the fitness-associated regions are identifiable at fine resolution. 
However, the population genomics data do not reveal which variants are associated with variable sensitivity to 
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which phenotypes caused by which chemicals. The proposed QTL studies, which include exposures to distinct 
classes of chemicals, and linked with the population genomics data, will inform this. In addition, the population 
genomics data document fitness-associated variants in multiple genetic backgrounds. Though many fitness-
affecting variants are unique across genetic backgrounds, the most important variants are shared across 
backgrounds23. It is well known that the phenotypic effects of mutations can depend on genetic background55. 
We therefore propose experiments that compare two different genetic backgrounds (FST=0.2; similar to cross-
continent differentiation between human populations56, 57) in order to discover genes and pathways that 
influence sensitivity to CHD that are unique or common between divergent genetic contexts (e.g., Fig. 2). 
3.1.4. QTL mapping of phenotypic extremes reveals feasibility of our proposed studies. Our first generation of 
QTL mapping studies in this species used microsatellite markers34. Our most recent experiments employ RAD-
seq markers for greater genome coverage and easier integration with Illumina sequence workflows. In 
preliminary experiments we genotyped individuals from the phenotypic extremes in an F2 backcross family: 48 
individuals showing the most severe suite of CHD deficits upon exposure to PCB-126 and 48 individuals 
showing the fewest deficits. This was repeated for individuals drawn from two distinct urban populations. 
Though these preliminary data include only a small number of individuals, they show that some sensitivity-
associated loci are common across genetic backgrounds, and some are unique (Fig. 2). Importantly, trait-
associated regions were confirmed as regions affecting fitness between polluted and clean sites (Fig. 2, 
insets). These discoveries were possible with one lane of Illumina sequence data. We propose more 
comprehensive QTL mapping studies that build on our prior successes: studies that consider larger families, 

include multiple families from different genetic 
backgrounds, include exposures to three 
chemicals, and that score the entire suite of 
structural and functional deficits that constitute 
CHD. QTLs from these preliminary experiments 
accounted for 44-88% of phenotypic variation 
(depending on population; Fig. 2); the proposed 
studies with much larger families will be even 
more well-powered (see section 3.3.1). 
3.1.5. CRISPR mutants have been generated and 
validated in killifish and zebrafish. As noted above 
(2.3), genome-editing provides a powerful test of 
genes and gene variants emerging from 
population-based studies. We have established 
both gene knock-down58, 59 and knock-out60 
approaches in the Fundulus model system, the 
latter including both zinc-finger nuclease (ZFN) 
and CRISPR-Cas9 genome-editing to mutate 
AHR genes. More recently, we have generated 
germ-line mutants in both killifish [AHR2a, 
AHR2b, and AIP (AHR-interacting protein)]61 and 
zebrafish (AHRRa, AHR1b, AIP, Nrf2b, Nrf3).62, 63  
3.2. Overall Strategy 
Our overarching goal is to discover the genes and 
pathways that contain variants that affect inter-
individual variation in sensitivity to contaminant-
induced CHD in natural outcrossing populations. 

Such variants, because they are found in natural populations, are unlikely to be strongly deleterious. To 
achieve this, we propose to collect three types of genome-scale data: 1) dose-response transcriptomics to 
reveal the molecular pathways that underpin CHD from chemical exposures during embryogenesis, and that 
distinguish individuals with divergent sensitivity; 2) QTL mapping to associate genetic markers with 
developmental sensitivity to contaminant-induced CHD; 3) eQTL mapping to discover genetic variants that are 
predictive of inter-individual variation in contaminant-induced gene expression. We integrate these data 
together, and with our database of variants that affect fitness between contaminated and clean sites, to infer 
the genes and pathways that contribute to contaminant-induced variation in CHD. Finally, a set of prioritized 

Fig. 2. Preliminary QTL mapping of CHD deficits following PCB 
exposure in two mapping families from different genetic 
backgrounds (NBH and ER). Select QTL (orange) are 
intersected with genome scan data (insets) showing signatures 
of fitness effects (blue or red shading) between polluted and 
clean reference site fish (elevated FST, and/or reduced 
nucleotide diversity [pi]). Some QTL are shared, and some 
unique, between genetic backgrounds. The locus on 
chromosome 18 includes an AHR gene. 
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candidate variants will be verified through genome editing in a complementary model, the zebrafish Danio 
rerio, an efficient and proven system for gene targeting. 
Within this design, we include three layers of contrasts (populations, chemicals, doses): 1) Because the 
phenotypic effect of mutations can depend on genetic background, our experiments include multiple 
populations. The urban Elizabeth River (ER) population has been exposed to complex mixtures of PAH 
contaminants for dozens of generations. This population will be contrasted with a nearby clean population 
(Kings Creek, KC). ER and KC fish have diverged in their sensitivity to PAH-induced CHD. The urban New 
Bedford Harbor (NBH) population has been exposed to complex mixtures of PCBs for dozens of generations. 
This population will be contrasted with a nearby clean population (Scorton Creek, SC). NBH and SC fish have 
diverged in their sensitivity to PCB-induced CHD. NBH and ER populations are genetically divergent 
(FST=0.2)23. For QTL mapping studies NBH will be crossed with SC, and ER with KC. Notably, in all 
populations, variable sensitivity to PCBs correlates with sensitivity to PAHs64, 65. 2) We examine three distinct 
classes of chemicals that are common urban pollutants and that each contribute to CHD but through different 
mechanisms and possibly influenced by variants in distinct genes and pathways. Specifically, we know that 
some sub-classes of both PCBs and PAHs act to some extent through the AHR pathway, yet other less well-
studied mechanisms contribute to the developmental lethality that has been the focus of many studies. We 
have selected model contaminants that vary in the extent to which the AHR pathway probably contributes to 
specific CHD outcomes. We therefore test for genetic variation associated with induced CHD following 
exposures to environmentally important model contaminants for each class, i.e., PCB-126, a congener that is 
referred to as a model for dioxin-like compounds that act to large extent through the AHR31, 66, 
benzo[k]fluoranthene (B[k]F; high molecular weight PAH), whose mechanism of action may include AHR 
pathway but also others67, and phenanthrene (low molecular weight PAH) that does not act primarily through 
the AHR68. 3) Different functional and structural deficits are revealed by different exposure concentrations 
as well as by different contaminants. We therefore will phenotype QTL families at exposures that cause both 
mild and more severe deficits, as these may or may not be underpinned by mutations in different genes or 
pathways. Each mapping family will be created in duplicate, where the progenitor female will be alternated 
between a sensitive or resistant individual in case disease-associated genetic variation is sex-linked.  
3.3. Experimental Design and Methods 
3.3.1. Aim 1: QTL mapping - PCBs  
Dose-response range-finding experiments.  In a prior QTL study, dose-response experiments in one pair of 
sensitive and tolerant populations were used to select a ‘single discriminating exposure’ to PCB12651. In that 
study, this exposure concentration produced embryos with multiple cardiac abnormalities in sensitive 
genotypes yet normally developed embryos in tolerant genotypes; a phenotypic scoring system was created to 
capture these characteristics consistently and reproducibly69. In this proposed research, we will define 
discriminating exposures for additional quantifiable phenotypic endpoints representing effects on cardiac 
development and function in individuals from the two sensitive and two tolerant populations – the same 
populations to be used as progenitors for QTL families. The research proposed in this Aim differs from our 
previous QTL study in several important ways: 1) Proposed studies will examine the full spectrum of specific 
CHD deficits, whereas previous studies examined only gross developmental malformation; 2) Proposed 
studies genotype individuals that span the entire phenotypic spectrum, whereas previous studies genotyped 
only individuals representing the phenotypic extremes; 3) Proposed studies will map phenotypes induced by 
multiple chemicals, multiple doses, and in multiple genetic backgrounds, whereas previous studies included 
only single levels for each of these factors. Our preliminary data suggest that sensitive embryos exposed to 
PCB126 at concentrations ~10-100x lower than lethal concentrations display specific cardiac anomalies, such 
as offset cardiac chambers and reduced heart rates. Based on our previous work and unpublished data, initial 
range-finding doses from 0.006-60 nM PCB-126 will be used to select the low and high discriminating doses to 
be used in QTL mapping50, 51. Described in the context of an Adverse Outcome Pathway (AOP) framing 
strategy, we will use initial range-finding experiments to define sub-lethal exposure concentrations that 
consistently produce specific quantifiable adverse cardiac outcomes at specified developmental stages in 
individuals from sensitive populations but not in those from tolerant populations. By sampling from these 
groups we will further characterize molecular events (e.g., as revealed through transcriptomics) that are linked 
to these outcomes (Fig. 3). These data will offer insight into the genes and pathways that are mechanistically 
linked to CHD outcomes. 
Source populations. The founding wildtype tolerant individuals for QTL mapping studies were collected from 
two distinct genetic backgrounds: e.g., from each of two populations located in US EPA National Priorities List 
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Superfund sites (New Bedford Harbor, MA [NBH], and Elizabeth River, VA [ER]) and from nearby 
uncontaminated reference sites (Scorton Screek, MA [SC], and Kings Creek, VA [KC]). NBH is an urban 
estuary with extreme PCB contamination in sediment and biota due to industrial waste discharge70. Sediment 
PCB concentrations are over 20,000 times higher at NBH compared to SC. Consistent with PCB-induced 
fitness effects, NBH killifish can tolerate > 1800-fold higher concentrations of PCB-126 compared to SC fish50. 
For QTL studies, SC fish will be cross-bred with NBH fish. The second polluted site population (ER) resides in 
the Atlantic Wood Superfund Site in the heavily industrialized and urbanized Elizabeth River estuary in 
Portsmouth, VA. Although there is some PCB contamination (200 ng/g dry total), the ER is dominated by a 
complex mixture of PAHs, including from former creosote wood treatment facilities, with sediment 
concentrations of total PAHs > 120,000 ng/g (dry)30. Both PCB and PAH sediment concentrations are greater 
than 200-fold lower at the KC reference site compared to ER30, 50. KC fish are sensitive, but ER killifish are 
insensitive to developmental toxicity caused by PAHs30 and by PCBs 50. KC fish will be cross-bred with ER fish 
to represent a second distinct genetic background for QTL testing. After collection from these four sites, adult 
fish have been maintained in uncontaminated conditions in a 11,500 square foot state-of-the-science flow-
through seawater aquaculture facility at the Atlantic Ecology Division of the USEPA (see attached letter of 
support). This facility houses >10,000 killifish from various wild populations and laboratory bred families. 

	
Fig. 3. Conceptual model of proposed studies. Preliminary dose-response experiments characterize CHD deficits and 
gene expression following exposures during development to PCB126, B[k]F, and phenanthrene in wildtype sensitive and 
tolerant embryos. This informs choice of doses for exposures to F2 intercross embryos, and reveals molecular pathways 
that contribute to adverse disease outcomes. Genotype-phenotype association is determined in F2 intercross animals 
following exposures to two doses for each chemical. Causal gene verification and inference is refined by testing whether 
variation affects variable fitness between polluted and clean site fish (existing population genomics data). eQTL mapping 
helps refine candidate gene identification, and with comparative transcriptomics offers insight into the systems etiology of 
CHD. Candidate gene hypotheses are tested using CRISPR Cas-9 genome editing. 
QTL mapping family breeding design. Generation of QTL mapping families follows the methods previously 
described51. F1 progeny have already been produced by crossing wildtype sensitive and tolerant individuals 
from each of the two genetic backgrounds (NBH with SC, and ER with KC). F1 siblings from multiple 
independent parental lines will be bred to produce families of F2 intercross embryos. Mature females can 
produce several hundred embryos per clutch, so large F2 families for each QTL exposure can be generated by 
repeated breeding of paired F1 individuals. To ensure generation of families of sufficient size, F2 offspring of 
multiple replicate F1 pairs will be exposed and phenotyped for each chemical treatment, and one family per 
chemical treatment will be selected for genotyping based on number of progeny and phenotypic distribution. 
We do not include QTL analyses of unexposed families; this would be a poor use of resources since all 
populations have very low prevalence of CHD in the absence of exposures.71-74 This entire breeding scheme 
will be repeated in a second parental lineage (where the source population of the progenitor female is 
switched) to provide replicate F2 mapping families for each chemical treatment. To maximize family sizes, 
manual strip-spawning will be performed as described previously31. After spawning and fertilization, embryos 
will be held in an incubator at 23 °C. We will produce families of 300+ offspring, which should yield single loci 
with effect sizes as small as 6-10%51. QTL analyses of families including only 96 individuals have explained 
between 44% to 88% of total phenotypic variation in PCB-induced heart malformations (Fig. 2, unpublished). 
Power analysis75 indicates that family sizes of 204 are sufficient for 80% power for detecting QTL that 
contribute 10% of the phenotypic variance (a = 0.001). We conclude that family sizes of 300+ will provide 
sufficient statistical power for capturing the majority of variation in cardiac phenotypes – indeed, they should 
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capture a larger proportion of total phenotypic variation than is typical for most QTL analyses of disease 
phenotypes. 
QTL embryo exposure. For each chemical treatment, F2 intercross embryos will be exposed to a low or a high 
concentration of chemical, as done previously51. Certified analytical grade stocks of PCB-126 (this aim) or 
phenanthrene or B[k]F (Aim 2) (AccuStandard, New Haven, CT, USA) will be diluted in acetone to create 
working stocks at the appropriate concentrations to achieve desired final concentrations. Dosing solutions will 
be prepared by adding 1 µL of the appropriate working stock for every 10 mL of final volume of dosing solution 
in seawater. The final concentration of acetone will be held below 0.01% (v/v), which consistently shows no 
observed adverse effects on development50. Embryos will be screened for proper development at 24 hours 
post fertilization (hpf), corresponding to stage 19 of killifish development76, and placed in 10 mL of dosed 
seawater in individual glass scintillation vials. The vials will be capped and placed in an incubator at 23 °C, and 
exposures will continue through 7 days post fertilization (dpf), which is post-organogenesis. Embryos will then 
be transferred to clean seawater until 10 dpf (developmental stage 35, just prior to hatch), at which point 
embryos will be phenotyped for developmental deficits as described below. We propose this exposure regime 
because in our experience this produces a full suite of developmental deficits associated with CHD. Following 
phenotyping, embryos will be flash frozen in liquid nitrogen and archived at -80 °C for subsequent nucleic acid 
extraction. We have previously used this strategy in killifish to produce large families of individuals that vary 
along a cardiac phenotypic spectrum for QTL mapping51. 
Phenotyping CHD deficits. QTL mapping requires generation of large families, so phenotyping will focus on 
representative endpoints of cardiac form and function that can be assessed using reproducible, high-
throughput techniques. Measurement of these morphological and functional endpoints has been used 
extensively in fish models of cardiac development and disease, including the effects of environmental 
toxicants43-45, 47. At 10 dpf, each embryo will be phenotyped using brightfield microscopy. We will use a 
previously developed scoring system to rapidly identify a suite of cardiac developmental malformations that are 
associated with exposure to PAHs and PCB-12631, 50, 51. Specifically, embryos will be examined to identify the 
presence and severity of pericardial effusion, hemorrhaging in the head, trunk, and pericardium, and abnormal 
heart morphology, including alterations of total heart length, atrial-ventricular alignment, and formation of 
valves at the bulbus arteriosus and the atrioventricular constriction. Following this examination, video recording 
will be performed with a high frame rate digital camera and Noldus software (Noldus Media Recorder and 
DanioScope). Embryos will be positioned so that both chambers of the heart can be visualized, using the 
alignment of the eyes and jaw to ensure consistent positioning among individuals. Video of each embryo will 
be recorded for 2 minutes. Heart rate measurements will all be performed in temperature-controlled conditions. 
DanioScope and similar software will be used to quantify multiple morphological and functional endpoints from 
video48, 77. Using still frames, we will measure total length of the heart (distance from bulbus arteriosus to sinus 
venosus), angle of atrial-ventricular alignment (a measure of completion of cardiac looping), area of the atrium 
and ventricle, and long and short diameters of the ventricle at end-systole and end-diastole. Danioscope 
software can also calculate heart rate using analysis of pixel movement. We will record total heart rate, along 
with separate beat rates for the ventricle and atrium, to quantify arrhythmias, including atrioventricular block. 
Furthermore, using the measured chamber diameters and heart rate, we will calculate a variety of important 
functional endpoints, including fractional shortening, stroke volume, and cardiac output48. 
Phenotyping of gene expression (RNA-seq) and eQTL analysis. The power of eQTLs for inferring the genetic 
basis of complex traits was first demonstrated 14 years ago78, and recent widespread adoption of the approach 
has accelerated the discovery of disease-associated causal variants1. This is because the eQTL approach 
offers increased resolution for inference of trait-associated genes, and functional insight into disease etiology. 
We will extract RNA and DNA from the same F2 backcross individuals, such that both genome-wide 
transcription levels and CHD deficits may be quantified and genetically mapped in all individuals. Whole 
embryos will be homogenized in chaotropic buffer and homogenate split between fractions for DNA and RNA 
isolation79. Transcriptome profiles will be created by sequencing Tag-seq libraries created from the RNA 
fraction. Tag-seq, in contrast to traditional RNA-seq, generates a single sequence tag from the 3’ end of 
transcripts, thereby dramatically increasing throughput and cost efficiency. Furthermore, Tag-seq has higher 
accuracy compared to NEBNext libraries, especially for low-abundance transcripts80. Tag-seq reads will be 
mapped to the reference transcriptome22, and per-sample read counts generated using Salmon81. Per-gene 
log2-transformed read counts will be treated as quantitative traits. Combined with individual-specific genotypes 
(see below), per-gene expression variation will be mapped using interval mapping (R/qtl82, 83), followed by false 
discovery rate multiple test correction. 
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Genotyping (RAD-seq) and QTL analysis. We will use RAD-seq for genome-wide genotyping. We have used 
RAD-seq for multiple studies in F. heteroclitus including population genomics84, association mapping84, and 
preliminary QTL mapping (Fig. 2). In our experience, quality filtering (for coverage, base quality, missing data, 
minor allele frequency) gives ~40,000 SNPs spaced approximately every 25 kb, which is sufficient for QTL 
linkage analysis. RAD-seq is high-throughput and cost efficient. We can genotype 100 indexed individuals per 
lane of Illumina Hi-seq 4000. Multiple cardiovascular traits are scored (see above), that together constitute the 
spectrum of CHD deficits. Different deficits may occur by shared or unique mechanisms, such that inter-
individual variation may be underlain by shared or unique genetic variants. We will analyze the data using both 
single-trait and multiple-trait models for QTL mapping. This approach is one feature that distinguishes the 
proposed studies from those previous, which considered a single phenotypic score from individuals 
representing only the phenotypic extremes (most tolerant and most resistant)34. For single-trait mapping, for 
each trait we will identify linkage groups using interval mapping using qtl.oubred85 and R/qtl82, 83. Significance of 
QTLs will be determined by permutation, and confidence limits on their positions by bootstrap analysis. For 
multiple-trait mapping we seek to improve statistical power through joint analysis of multiple traits using the 
seemingly unrelated regression (SUR) model implemented in R/qtlbim86. This model allows for each trait to be 
based on different genetic models, but includes the between-trait correlation matrix to increase power and 
precision. We will also test for QTL-by-environment (chemical, low and high dose) interactions using R/qtlbim86 
or Genstat (Genstat.co.uk). Finally, we will intersect QTL with the population genomics data, test for QTL 
coincidence with fitness-associated regions, and thereby refine the interval of the causative locus. 
Expected results, potential problems, and alternate approaches. We hypothesize that individual CHD deficits 
are functionally related, insofar as one or few mechanisms underlie inter-individual variation in CHD induced by 
a particular chemical. This will be supported if QTL for individual CHD deficits overlap across single-trait 
mapping outcomes, and further confirmed from our multi-trait QTL models. Alternatively, the etiology of some 
deficits may not be mechanistically related, and will therefore be associated with different QTL. Both results are 
informative! Similarly, we hypothesize that the genetic basis of CHD deficits revealed at low doses will be 
shared with those revealed at high doses. This would suggest that high-dose deficits are simply more severe 
manifestations of an underlying etiology that is shared with low dose responses. Alternatively, if low-dose 
deficits are mechanistically distinct from those manifest at high doses, then we should expect distinct QTLs 
between high and low dose experiments. 
We anticipate that some sensitivity-associated variants will be shared, and some unique, between different 
genetic backgrounds. Indeed, our population genomics data23 and preliminary QTL data show this to be the 
case (Fig. 2). Shared genes suggest mutational targets of large phenotypic effect. Differences may be because 
of epistasis. Alternatively, differences could be a result of long-term exposure to distinct primary contaminants 
at different sites. The ER site is primarily polluted with PAHs, whereas the NBH site is primarily polluted with 
PCBs. Though PCB-tolerant individuals from NBH are cross-tolerant to PAHs (and vice versa for ER 
individuals), the mutations that were initially favored in these different selective environments may be from 
different genes and pathways. Even though implicated genes may be different in distinct genetic backgrounds, 
they may be members of the same pathways or networks. Indeed, this is what our population genomics data 
show; many fitness-associated variants that are found in only one population are shared at the pathway level23. 
In any case, it is clear that by expanding the number of populations included in our analysis, we expand the 
discovery of genes and pathways that contribute to contaminant-induced CHD. 
A central feature of the killifish model is that natural selection has altered the frequency of relevant genetic 
variants, making them apparent, and our population genomics data provide a catalog of these fitness-affecting 
variants given their divergence between polluted and clean sites. The premise here is that fitness-associated 
regions (in the population genomics data) are apparent because variants that contribute to inter-individual 
variation in contaminant-induced CHD have been altered in their frequency between clean and polluted sites 
through natural selection operating across dozens of generations. That is, some variants that affect fitness do 
so because they affect developmental sensitivity to contaminants. Stated in reverse, variants that affect 
developmental sensitivity to contaminants, and that are segregating in natural populations, will contribute to 
fitness differences between individuals living in clean versus contaminated environments. Therefore, overlap 
between QTL and fitness-associated regions provide increased scope for inference of causative genes.  
It is plausible that fitness-associated regions do not overlap with QTL. Indeed, this is anticipated, since urban 
fish have adapted to a complex suite of environmental changes, which include but are not limited to 
contamination with the three classes of chemicals that we consider in the proposed studies. Another 
explanation may be that progenitors of mapping families did not differ in causative genotypes. We will verify 
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this by genotyping progenitors. It is also plausible that QTL do not associate with fitness-associated regions. 
The most likely explanation for this is that such variants are associated with much standing genetic variation 
such that the signal from the population genomics data is weak. That is, selection on intermediate-frequency 
standing genetic variation is difficult to detect using standard methods87, 88. If this is the case, we may return to 
the population genomics data and apply coalescent-based models to detect signals of selection on standing 
variation89. However, if eQTL and transcriptomics data also fail to implicate such a QTL, then we may not 
prioritize the locus for testing by genome-editing (Aim 4). 
In our experience, RAD-seq provides a method for genotyping that produces tens of thousands of reliable 
markers genome-wide at low cost, and we have established bioinformatics pipelines that support appropriate 
quality control and data analysis. Costs are comparable to SNP-chip genotyping technologies (e.g., Illumina 
Infinium)90. However, we will re-assess these costs at the time of project initiation. If at that time pricing 
appears favorable to the SNP-chip technology, we may consider switching since the genotyping bioinformatics 
pipeline is simplified compared to RAD-seq. Genotypes are also available from RNA-seq data, but sequence 
coverage will vary widely between genes based on their expression level, such that RAD-seq is more reliable. 
Though multiple traits are often analyzed separately in QTL analyses, joint multivariate analyses of complex 
traits (as proposed) can offer improvements in statistical power and QTL localization. However, in multivariate 
models statistical power can suffer if QTL effects are small91. If we find that QTL effects from multi-trait models 
are small, then we may consider newly proposed resampling strategies to improve statistical power91. 
3.3.2. Aim 2: QTL mapping – PAHs 
In this aim we will perform QTL mapping to identify genes associated with sensitivity to CHD induced by two 
structurally and mechanistically distinct PAHs: phenanthrene and B[k]F.  PAHs are important environmental 
contaminants, especially in urban environments, and can contribute to CHD10, 92, 93. Furthermore, they 
contribute to the pollution burden in urban estuaries where killifish are resident, and populations exhibit 
divergent sensitivity to PAH-induced CHD65, 94. PAHs likely cause CHD through distinct molecular mechanisms, 
such that the GxE that contributes to CHD may be different between PCBs and PAHs. Furthermore, within the 
PAHs, high and low molecular weight congeners differ in their mechanism of causing CHD68. Methods for 
range-finding experiments, dose-response experiments, phenotyping, and genotyping for exposures to 
phenanthrene and B[k]F will be similar those described for PCB-126 (section 3.3.1, Aim 1). Individual PAHs 
are less-potent toxicants than PCB-126, so will be used at higher concentrations. Based on our previous 
experience and published data, initial range-finding doses of 0.01-10 µM B[k]F and 0.1-100 µM phenanthrene 
will be used to select the low and high discriminating doses to be used in QTL mapping30, 31, 68, 95-97. 
Expected results, potential problems, and alternate approaches. Expected results and alternative approaches 
are similar to those articulated for PCB experiments (above). Additional expectations include potential 
similarities or differences we find between PCB and PAH experiments. We anticipate that genomic regions 
predictive of variable CHD sensitivity to PCB-126 and B[k]F exposures will center on the same genes and 
pathways. This is because these two chemical classes exert their toxicity through similar mechanisms (e.g., 
altered AHR signaling). However, since the cellular mechanism through which low molecular weight PAHs 
cause CHD is distinct from coplanar-PCBs and high molecular weight PAHs68, we predict that variants 
associated with phenanthrene sensitivity will implicate genes and pathways that are distinct from those 
implicated by the other two chemicals. 
3.3.3. Aim 3: Genomics Data Integration 
The power of our data lies in their integration (see conceptual model, Fig. 3). We have strategically designed 
experiments to generate data that inform each other, and that together will offer greater scope for inference 
than could be achieve by any dataset on its own. Haplotype blocks in association studies are often long, and 
include many genes. Indeed, for human GWAS, resolution is often upwards of 100 kb98, and in rodent 
population-based models haplotype blocks often exceed hundreds of kb99, 100, making identification of causal 
genes still challenging. The killifish system, and our proposed studies, offers pathways toward fine-resolution 
inference of causative genes within a region of association.  
Our population genomics data23 reveal genomic regions associated with fitness differences between polluted 
and clean sites, and these fitness-associated intervals are much narrower than QTL-associated regions. We 
will overlay QTL regions with population genomics selection scan data to narrow the region of association. 
Within this narrowed region, additional evidence for causative gene inference will be gained from eQTL 
overlap, and from whether genes within the region are members of pathways that we know are differentially 
regulated by chemical exposure within and between polluted and clean populations.  
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eQTL offer an efficient path to candidate gene identification. eQTL data, when combined with disease-QTL and 
with transcriptomics data associated with disease AOPs, offer two distinct benefits: increased resolution for 
inference of trait-associated genes, and functional insight into disease etiology. We will test for overlap 
between expression-QTL and CHD phenotype QTL; this offers increased resolution for inferring causative 
genes. If an eQTL overlaps with a disease QTL, this is evidence that the causative mutation is one that 
introduces variation in expression for that gene. The vast majority of disease-associated QTL (including 
cardiovascular disease) appear to affect gene regulation101. With eQTL data, one can quickly infer which gene 
in a region of disease association is mis-regulated1, 98. Combined with transcriptomics data generated in an 
AOP framework, the intersection of these data provide much power for inferring the causal genes that underlie 
inter-individual variation in disease outcomes following contaminant exposures.  
Consider the following hypothetical example that highlights our pathway for inference. We may find that PCB-
126-induced CHD sensitivity localizes to a 1-Mb region including the aryl hydrocarbon receptor (AHR) 
transcription factor (e.g., Fig 2). Population genomics data show that variable fitness between polluted and 
clean populations centers on a 200-kb region including AHR23. eQTL mapping data may reveal that AHR-
regulated transcripts (e.g., CYP1A1) have an eQTL that coincides with the CHD QTL. CYP1A1 mis-regulation 
during development following PCB exposures is predictive of adverse outcomes94, 102, and this transcriptional 
response differs between clean and polluted populations53. These layers of evidence would integrate to offer 
strong evidence that variants of AHR or its regulation contribute to inter-individual variation in PCB-induced 
CHD outcomes, while at the same time offering insight into the genomic architecture that contributes to the 
systems etiology of the disease. Whole-genome population genomics data can then be interrogated to 
determine whether AHR protein sequence differs between populations that differ in sensitivity (e.g., insertions, 
deletions, amino-acid changing mutations). If not, then differences in the presence/absence of cis-regulatory 
modules can be assessed. The outcome of this assessment would guide the design of gene editing 
experiments (Aim 4).   
3.3.4. Aim 4: Genome editing 
Rationale. The goal of this aim is to experimentally test hypotheses regarding the function of specific candidate 
pathways, genes, and gene variants that emerge from the QTL and eQTL studies in Aims 1 and 2. The 
population-based studies will reveal statistical associations between genes/pathways and CHD, but will not 
establish cause-effect relationships or identify specific molecular mechanisms by which genes and variants 
may confer variable sensitivity. The use of genome-editing to test these associations adds mechanistic rigor to 
the powerful population-based approach49. 
Outline of experiments. To test the function of candidate genes and variants, we propose to perform 
manipulative experiments using genome-editing by CRISPR-Cas9 technology. We will generate null or 
precision-edited alleles at the candidate gene loci in zebrafish.  Fish carrying mutated alleles will be crossed to 
generate homozygous and heterozygous mutant embryos. We will then expose these fish to the appropriate 
chemical and assess their sensitivity to CHD.  
CRISPR-Cas9 technology.  Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 
technology uses an RNA-guided DNA nuclease to inactivate genes by introducing targeted insertions and 
deletions (indels). A single guide RNA (sgRNA) complementary to a 20-bp target DNA sequence guides Cas9 
endonuclease to induce a double-strand break at the target site103, 104. The repair of these breaks by non-
homologous end-joining (NHEJ) is error prone, producing indels at the target site. The resulting indels often 
produce frameshift mutations, leading to truncated and inactive proteins103, 104.  The CRISPR-Cas9 approach 
has been applied successfully to generate germ-line null alleles in zebrafish105-115 and we have used it to 
generate mutant alleles in zebrafish and killifish60-63 (Preliminary Results). RNA-guided targeting can also be 
used to perform precise genomic editing, including knock-in of single base-pair changes or short sequences 
using homology-directed repair (HDR)108, 116-120 or microhomology-mediated end-joining (MMEJ)118, 121-123.  In 
this process, single-stranded108, 118 or double-stranded119, 120 donor DNA containing the desired change is 
introduced into embryos along with the sgRNA and cas9 mRNA. Injected embryos are raised to adulthood and 
screened by sequencing to identify those containing the desired knock-in.  
Rationale for using zebrafish.  Although we have successfully used CRISPR-Cas9 to perform genome-editing 
in killifish,60, 61 we propose to use zebrafish as the primary model to test hypotheses regarding the function of 
candidate genes identified in Aims 1-3. The much shorter generation time of zebrafish (3 mo) versus killifish 
(12-24 mo) means that gene targeting can be performed much more efficiently in zebrafish. Moreover, the 
zebrafish is an established model for vertebrate heart development,124-126 congenital heart disease,35, 43, 124, 127 
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and developmental cardiotoxicity.45, 128-131 In addition, gene-targeting in zebrafish is a proven approach to 
understanding the genetic basis for CHD,132-137 supporting its use to test GxE hypotheses as proposed here. 
The zebrafish combines the advantages of an in vivo model with the efficiencies that come from its fecundity, 
short generation time, small size, and established tools for transgenic and genetic manipulation. Based on our 
experience in genome-editing in both species,60-63 zebrafish is the model of choice for these experiments. 
Selection of candidate genes.  Genes and gene variants will be selected from among those emerging from the 
QTL and eQTL experiments. We will use the following four criteria to prioritize the candidate genes to test 
using genome editing. 1) gene falls within QTL interval, 2) gene falls within narrower fitness-effects interval 
(population genomics), 3) gene is part of the functional pathway or network that is connected to transcripts that 
are mis-regulated during exposure (e.g., part of the AOP), 4) gene has a significant eQTL. Genes that satisfy 
all four criteria will be prioritized followed by genes that satisfy the first three. We anticipate selecting at least 
two genes (or gene variants) for each population pair and chemical examined (≥12 in all) for genome editing. 
Generation of mutant alleles by CRISPR-Cas9 gene targeting. We will design sgRNAs targeting candidate 
genes and, for knock-in experiments, appropriate donor plasmids encoding the desired change. Zebrafish 
embryos will be microinjected with sgRNA and Cas9 protein (plus DNA donor for knock-ins) at the one-cell 
stage and screened at 2 dpf for somatic mutations to confirm effectiveness of the sgRNA. Genomic DNA will 
be isolated from pools of 5 embryos. The region around the target site will be amplified by PCR and screened 
using the Surveyor® mutation detection kit138. PCR products from positive embryo pools will be cloned and 
sequenced. We will look for indels causing frame-shift mutations or successful knock-in of candidate SNPs. 
Following a successful somatic mutation result the remaining microinjected embryos will be raised to adults to 
identify founders (germ-line mutants). Once a founder is identified, it will be bred with wild-type fish to obtain 
large numbers of heterozygotes (F1), which will be raised to adults. Genomic DNA from fin-clips of these adults 
will be screened by direct-sequencing of PCR products to determine the haplotype of the fish60. Heterozygous 
mutant adults (F1) will be crossed to obtain null (-/-), heterozygous (-/+), and wild-type (+/+) embryos for the 
exposure experiments. Potential off-target sites will be screened by PCR60. In addition to genomic DNA 
screening, the null genotype will be confirmed by cloning the targeted cDNA from the null embryos to ensure 
that only the mutant transcript is being expressed. 
Rigor in specificity of gene targeting:  We use several strategies to optimize the specificity of genome editing, 
maximizing efficiency while minimizing off-target effects139, 140. 1) Careful selection of target sites and design of 
sgRNAs. Individual exons are searched for target sites using ZiFiT141, 142. We seek target sites in the 5'-end of 
the coding region to obtain the shortest truncated proteins. We choose targets with no off-target matches; the 
zebrafish genome is screened for off-target sites using the fuzznuc algorithm143. 2) Use of engineered high-
fidelity Cas9 nucleases144-146 to eliminate or greatly reduce off-target effects. 3) Injecting Cas9 protein 
complexed with sgRNA, instead of Cas9 RNA + sgRNA, to accelerate and shorten the window of genome 
editing112, 147. 4) Use of truncated sgRNAs148, 149 to improve specificity of targeting. 5) Use two independent 
sgRNAs to replicate phenotypes. 6) Screen fish for mutations at predicted off-target sites60. 
Sensitivity of edited zebrafish embryos to CHD after exposure to chemicals.  Mutant (-/- or -/+) and wild-type 
(+/+) embryos will be exposed to PCB126 or PAH as in Aims 1 and 2, but using exposure conditions that we 
and others have described for zebrafish,150-154 and the same suite of CHD phenotypes (Aims 1,2) will be scored 
to test for the phenotypic effect of the mutant genotype.  
Expected results, potential problems and alternative approaches. We expect that the genome-editing 
experiments will confirm most of the hypotheses emerging from QTL analyses, but will also provide additional 
information concerning the mechanisms by which the candidate genes influence sensitivity to CHD. One 
potential problem is that complete loss of function of some genes may be embryonic lethal. If homozygous null 
mutations are embryonic lethal, careful morphological examination of the mutants and the developmental stage 
at which they die will provide important information and contribute to our understanding of gene function. In the 
case of embryonic lethals, heterozygous mutants may also be useful. An alternative to the use of heterozygous 
mutants is to perform conditional targeting of candidate genes. Conditional mutagenesis using CRISPR-Cas9 
to generate tissue-specific or inducible, biallelic mutations has been demonstrated in zebrafish120, 155, 156.  
A potential pitfall of the CRISPR-Cas9 approach is the generation of off-target mutations. However, the number 
of off-target events is lower in vertebrate embryos as compared to transformed cells107, 114, 139. Moreover, as 
described above (Rigor in specificity of gene targeting), we will be rigorous in employing several strategies that 
minimize such events and maximize the specificity of the gene-targeting process.  
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For knock-in experiments (e.g. to insert a candidate SNP), we will perform in vivo targeting using CRISPR-
Cas9 and a donor sequence, and conditions that promote homology-directed repair (HDR)108, 116-120. To 
increase the efficiency of HDR, we will silence or inhibit enzymes involved in NHEJ116, 117. An alternative 
approach is to use microhomology-mediated end-joining (MMEJ), which may be more efficient than HDR for 
precise, targeted genome integration of short sequences118, 121-123. Alternatively, we will use single-base editing, 
an emerging technique157, 158 that is now being applied to zebrafish159. 
For some genes, loss-of-function may lead to compensatory changes, such as up-regulation of functionally 
related proteins49, 160-162. We will look for evidence of this by performing RNA-seq on mutant embryos. 
Although we propose to use zebrafish as our primary model in this Aim, there could be advantages in pursuing 
some of the experiments in killifish, the same model system in which the candidate genes were identified. We 
have generated germ-line mutants in killifish, and we could further optimize procedures to increase the 
frequency of F0 or biallelic mutations, as done in other fish models109, 120, 155, 156, 163-165. Decisions about whether 
to use killifish for some of these experiments will be made based on the state of the technology in year 3, when 
we would be initiating these experiments. 
4. FEASIBILITY 
Given the strategic division of labor, and combined expertise and experience of our research group, the 
proposed studies are feasible. Co-Investigator Clark is an expert in phenotyping developmental cardiovascular 
defects in killifish and zebrafish. The UC Davis group (Whitehead) is expert in second-generation sequencing 
data generation and analysis for genotyping and gene expression. Their group has developed and 
implemented high-throughput methods for RAD-seq and RNA-seq library preparation and multiplexing, 
including bioinformatics pipelines for data analysis. The Woods Hole group (Hahn, Aluru, Karchner) has much 
experience in both killifish and zebrafish, including the gene-editing techniques proposed. Sufficient numbers 
of embryos per family, and from sufficient families, are available for QTL studies (see attached letter of support 
from US EPA). Indeed, we have generated, genotyped and phenotyped such families in the past34. Preliminary 
data demonstrate that all techniques are up and running in our respective labs. 
5. CONSIDERATIONS OF RIGOR, REPRODUCIBILITY, AND TRANSPARENCY  
The proposed research incorporates experimental designs and methods that ensure robust and unbiased 
results. These include replication of QTL families, use of multiple chemical concentrations, verifying chemical 
uptake into embryos, inclusion of both sexes in all experiments, blind phenotyping, statistical power analyses 
(e.g. RNA-seq data), use of both negative and positive controls, robust methods to ensure specificity of gene 
targeting, authentication of key biological and chemical reagents (see Authentication of Key Resources Plan), 
regular calibration of instruments and tools, and public availability of all genomics data, including a GitHub 
repository of all custom bioinformatics scripts. Published manuscripts will include sufficient detail about 
methods and reagents to allow replication by others. 
6. FUTURE STUDIES 
The goal of the proposed research is to use powerful population-based and genetic models to identify 
fundamental mechanisms (genes and pathways) that link gene-environment interactions (GxE) to heart 
development and disease. The genes and pathways that we identify are likely to be conserved, but additional 
research will be needed to translate these findings to specific human CHD phenotypes. Although association-
mapping studies in humans and model systems have contributed to illuminating disease mechanisms, 
translational applications for personalized medicine lie in the future98. Databases of human genetic variation, 
eQTL, and disease-associated variation are emerging critical resources98. Genetic associations discovered in 
animal models such as killifish, which reveal the genes and pathways that matter for inter-individual variation in 
environment-induced disease, may help focus the search for relevant genetic variation in human databases.   
7. TIMELINE 
F1 hybrid families are in hand; F2 intercross families will be available in year 1. Dose-response exposures (Aim 
1) will be conducted in year 1. QTL mapping experiments (Aim 2) including exposures, phenotyping, and 
genotyping will be conducted in years 2 to 4. The first year of QTL mapping (project year 2) will provide data to 
inform choice of genes to initiate genome editing (Aim 4) in the second half of year 3. eQTL mapping data 
collection will follow year 2 QTL experiments. Genomics data integration (Aim 3) and genome editing (Aim 4) 
will be completed in years 4 and 5. Manuscripts will be prepared as data are collected and analyzed. 
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Vertebrate Animals 
 
The procedures using live vertebrate animals will be conducted at the Woods Hole Oceanographic 
Institution, Woods Hole, MA (WHOI) and the U.S. Environmental Protection Agency, Office of Research and 
Development, Atlantic Ecology Division, Narragansett, RI (EPA).  
 
The Woods Hole Oceanographic Institution (WHOI) has on file an Animal Care and Use Committee 
Assurance (number D16-00381, formerly A3630-01) with the Office of Laboratory Animal Welfare (OLAW) 
at NIH. All of the specific protocols for the proposed research, whether carried out at WHOI or EPA, will be 
submitted to WHOI’s Animal Care and Use Committee for approval. Procedures conducted at EPA will be 
submitted to the on-site Animal Care Coordinator for approval. 
 
1. Procedures: 
Species, populations, ages, sexes, numbers:  

Atlantic killifish (Fundulus heteroclitus) and zebrafish (Danio rerio) will be used.  
Killifish: We will use two pairs of killifish populations; a northern and a southern pair. Each pair 

includes one population that occupies a polluted urban estuary and a second reference population from a 
nearby clean estuary. Populations within a pair have very similar genetic background (FST between polluted 
and clean site populations is 0.08 for the northern pair and 0.02 for the southern pair). However, genetic 
divergence between the two population pairs is substantial (FST is 0.2 between northern and southern 
populations) – this level of divergence is comparable to cross-continent divergence among human 
populations. Similar genetic background within pairs is optimal for QTL crosses, and divergence between 
the northern and southern pair enables exploring GxE in two different genetic backgrounds.  

Experiments will involve both embryos (phenotyping and genotyping) and adults (breeders). We 
cannot determine sex in developing embryos prior to exposure, without destructive genotyping, so all 
experiments will include a mix of male and female embryos. Sex-associated SNPs will be detectable in 
RAD-seq and RNA-seq data, so we can assign sex for each individual used for genotyping and gene 
expression analysis and include sex as a variable in statistical models.  

Zebrafish are held in the WHOI Zebrafish Facility (See Facilities and Resources for description). TL 
wild-type zebrafish lines will be reared from embryos obtained originally from the Zebrafish International 
Resource Center (ZIRC) at the University of Oregon. Genetic diversity has been maintained by obtaining TL 
stock from ZIRC and other sources. Zebrafish will be held at appropriate densities depending on tank size, 
age and breeding status. Mutant lines with null or edited alleles will be generated as part of the project. All 
of the embryos and larvae to be used will be mixed sex; studies in embryos and early larvae cannot use sex 
as a variable a priori as the sex determination of zebrafish is both genetic and environmental and not fixed 
until after the larval study period (8 dpf).  
 The table below lists the estimated total number of fish to be used over 5 years, with each Specific 
Aim listed separately. 

 killifish (F. heteroclitus) zebrafish (D. rerio) 
 # embryos # adults # embryos # adults 
Aim 1 6240 500 -- -- 
Aim 2 12480 1000 -- -- 
Aim 3 --- --- -- -- 
Aim 4 -- -- 4320 1560 
Total 18720 1500 4320 1560 

 
The numbers of embryos needed for the experiments are estimates based on the experimental designs as 
outlined in the Experimental Approach section of the Research Strategy. The number of adults comprises 
breeding stock necessary for breeding the embryos to be used in experiments, as well as adults raised from 
the embryos shown. 
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Experimental procedures: 
Husbandry and crosses (EPA, WHOI): Adult killifish of both sexes from all four populations to be 

used to generate embryos for Aims 1 and 2 are maintained at EPA. Embryos will be produced by natural 
spawning into collection baskets or by manual “strip-spawning” and in vitro fertilization. For strip-spawning, 
eggs are expressed from ripe females by gently pressing from mid-abdomen toward the anal fin. To express 
milt for fertilization, the ventral surface of the male is rubbed gently to express the milt, which is used to 
fertilize the eggs (Clark et al. 2010). 

Exposures to chemicals and phenotyping (EPA, WHOI): Embryos generated at EPA will be 
transported to WHOI where they will be exposed to a range of concentrations of three chemicals: PCB-126, 
benzo[k]fluoranthene, and phenanthrene. All concentrations will be sub-lethal, as determined from previous 
experiments. Dose-response experiments will also include acetone solvent control and clean water control. 
Exposures will start one day post fertilization, and will continue to 7 days post fertilization (post-
organogenesis). Following this, developing embryos will be transferred to clean water and sampled at 
developmental stage 35 (~10 days post fertilization). At this stage, animals will be phenotyped for 
developmental deficits by microscopy. Animals will then be flash frozen in liquid nitrogen and archived at -
80°C for subsequent gene expression analysis. Experimental treatments will be performed in a separate 
room, so that toxic chemicals are not present in the room in which fish are maintained and bred. 

PIT tagging (EPA): To allow identification of specific individuals for paired breeding, wild-type 
parental individuals and their F1 offspring are uniquely tagged with passive interference transponder (PIT) 
tags (Rudershausen et al. 2014).	Adult fish (> 5 g) are anesthetized with tricaine methanesulfate (125 g/L of 
seawater) prior to implantation of the tags in the peritoneal cavity. A small (< 1 mm) ventral incision is made 
just anterior to the anal fins, through which a small MiniHPT8 PIT tags (8.4 mm, Biomark, Boise, ID, USA) is 
inserted. Following implantation, the individual is placed in ambient seawater and monitored during 
recovery. 

Genome editing with CRISPR-Cas9 (WHOI): Zebrafish embryos will be microinjected with single-
guide RNA together with capped Cas9 mRNA or Cas9 protein at the 1- to 4-cell stage, according to 
standard procedures that we have described previously (Aluru et al. 2015). Injected embryos will be raised 
to adulthood. Genotyping will be done on DNA isolated from fin clips. 
 
2. Justification:  

Multiple wild populations of Atlantic killifish Fundulus heteroclitus were chosen because of specific 
unique features that make them valuable as model systems for studying GxE for contaminant induced 
disease. These features are detailed in the text of the proposal. Briefly, this model system leverages the 
influence of natural selection over the past ~50 years to reveal naturally segregating genetic variation that 
contributes to inter-individual variation in sensitivity to contaminant-induced disease, including CHD. We 
have a database of 384 whole genome sequences that reveal genetic variation associated with variable 
fitness between contaminated and clean environments. We know of no other vertebrate model system that 
harbors these attributes. Killifish, like zebrafish, are vertebrate animals that are more closely related 
evolutionarily to humans than are other model species such as Drosophila melanogaster or Caenorhabditis 
elegans. Cardiovascular system development is highly conserved among vertebrates, including between 
humans and fish. Over 17,000 human genes have orthologs in killifish. Killifish are also more similar to 
humans than rodent models for some cardiovascular traits such as heart rate; human, killifish, and mouse 
heart rates are 120-160 bpm, 110-140 bpm, and 300-600 bpm, respectively. Importantly, killifish develop 
externally and have transparent embryos that facilitate in vivo observations of cardiovascular phenotypes 
during early life development. Furthermore, fish development in early embryogenesis is not dependent on a 
functioning circulatory system, such that embryos with cardiovascular system defects survive throughout 
organogenesis and are therefore observable. Such defects are normally lethal during early development in 
mammals, thereby being much more difficult to observe and study in those model systems. For these 
reasons, observations of cardiovascular system development, and the defects caused by exposures, are 
amenable to study in killifish, but much less so in other models including mammals.  

Zebrafish were chosen because of specific features that make them valuable as models in 
developmental biology and toxicology, and in particular, because they have a much shorter generation time 
than killifish, facilitating the proposed genome-editing procedures and the generation of homozygous null 
mutants. Other features are detailed in the text of the proposal. Briefly, zebrafish are vertebrate animals that 

Contact PD/PI: Whitehead, Andrew 

Vertebrate Animals Page 103



are closely related evolutionarily to humans. They develop externally and have transparent embryos that 
facilitate in vivo observations. They have been shown to be a good model for studying effects of 
environmental exposures during early life (embryos) and are an established model for studying heart 
development and for performing genome editing. To study the role of specific genes and the effects of 
chemicals on embryonic development, there is no good substitute for using live animals. Mathematical 
models, human cells, invertebrate models, or in vitro methods could not be used to accomplish the goals of 
this study. 
 
3. Minimization of Pain and Distress 
Killifish and zebrafish will be well cared for during this study and all efforts will be made to minimize pain 
and distress.  Fish will be maintained at EPA or WHOI in aerated tanks at appropriate densities, with flowing 
or recirculating, filtered seawater (killifish) or freshwater (zebrafish), under natural light cycles.  
Three procedures to be used have the theoretical potential to produce discomfort or pain in killifish:  egg 
injection, toxic chemical exposure, and euthanasia.  Egg injection will not cause pain because the fertilized 
egg at this stage has not yet developed a nervous system. Some of the exposure experiments could result 
in toxicity due to the chemicals involved.  At low doses associated with altered gene expression, the 
compounds produce no observable pain or distress.  At high doses, there could be toxicity or death in some 
embryos or larvae.  We will minimize discomfort by immediately euthanizing any obviously moribund 
embryos or larvae. Euthanasia after anesthesia should not produce pain to the fish.   
Methods of euthanasia will be consistent with the American Veterinary Medical Association (AVMA) 
Guidelines for the Euthanasia of Animals. (See checkbox on Cover Page Supplement.) 
 
References cited: 
Aluru N, Karchner SI, Franks DG, Nacci D, Champlin D, Hahn ME (2015) Targeted mutagenesis of aryl 
hydrocarbon receptor 2a and 2b genes in Atlantic killifish (Fundulus heteroclitus). Aquatic Toxicology 158: 
192-201. 
Clark, B. W., C. W. Matson, D. Jung and R. T. Di Giulio (2010). "AHR2 mediates cardiac teratogenesis of 
polycyclic aromatic hydrocarbons and PCB-126 in Atlantic killifish (Fundulus heteroclitus)." Aquatic 
Toxicology 99: 232-240. 
Rudershausen, P. J., J. A. Buckel, T. Dubreuil, M. J. O’Donnell, J. E. Hightower, S. J. Poland and B. H. 
Letcher (2014). "Estimating movement and survival rates of a small saltwater fish using autonomous 
antenna receiver arrays and passive integrated transponder tags." Marine Ecology Progress Series 499: 
177-192. 
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Multiple PD/PI Leadership Plan 
The Multiple PD/PI (MPI) leadership team is Dr. Andrew Whitehead (University of California, 
Davis; Contact PI) and Dr. Mark Hahn (Woods Hole Oceanographic Institution).  Drs. Whitehead 
and Hahn have been collaborating since 2005, when they were both founding members of the 
Fundulus Genomics Consortium. They have co-authored five papers1 and served as co-PIs on 
an NSF grant. 
The MPIs have complementary training and expertise. Dr. Whitehead’s training is in 
environmental toxicology and evolutionary genomics and his research focuses on how genetic 
variation affects toxicity and adaptation to environmental stressors. He is an expert in using 
high-throughput genome-scale approaches. Dr. Hahn was trained in biochemical toxicology in a 
medical school environment and has been conducting research in comparative molecular 
toxicology, focusing on the AHR pathway and use of genome editing to test mechanistic 
hypotheses in fish model systems. MPI leadership provides a mechanism to integrate this 
complementary expertise in pursuit of a common research goal that will benefit from the 
combined expertise of both MPIs.    
Roles and Responsibilities:  Drs. Whitehead and Hahn will each ensure that the research 
activities at their respective institutions are performed in compliance with all applicable 
regulations and policies. Drs. Whitehead and Hahn will jointly design experiments. Dr. 
Whitehead will have responsibility for the overall genomics data analysis strategy and 
implementation, including transcriptomics analyses, genome-wide genotyping, and QTL 
mapping in the PCB- or PAH-exposed killifish. He will oversee the integration of eQTL, QTL, 
and population genomics data and will supervise the personnel at UC Davis involved in these 
activities.  Dr. Hahn will have responsibility for the PCB and PAH exposure experiments, the 
phenotyping for structural and functional features associated with CHD, and the genome-editing 
experiments. Dr. Hahn will supervise the personnel at the Woods Hole Oceanographic 
Institution and will coordinate exposure studies with Drs. Nacci and Clark at U.S. EPA. Drs. 
Whitehead and Hahn (and collaborators) will work together on all manuscripts arising from the 
research. 
Fiscal and Management Coordination: The grant will be administered through the University of 
California, Davis. A subcontract will be awarded to the Woods Hole Oceanographic Institution 
(WHOI). Dr. Whitehead will manage the UC Davis budget and Dr. Hahn will manage the WHOI 
budget.  
Decision-making: The primary criterion for decisions is how they advance the goals of the 
research. The decision-making process will involve open, candid discussion of issues among 
the key personnel involved in the project (Whitehead, Hahn, Nacci, Clark, Aluru, Karchner). The 
goal is that decisions will be made by consensus. The team has worked together previously and 
has established mutual respect. However, there will be an explicit understanding that final 
decisions and responsibility must lie with the MPIs, Drs. Whitehead and Hahn. In all cases, 
there must be transparency in decision-making so that all research team members understand 
who made the decisions, and the reasons for them. 
Communication: The research team is spread among three locations (UC Davis, WHOI, EPA-
Narragansett), so communication will be vital to the success of the research. The MPIs will 
schedule a standing monthly meeting at which all team members will share results and plan 

																																																								
1 1. Burnett, et al. (2007) Comp Biochem Physiol D 2: 257-286.  2. Reid, et al. (2016) Science 354: 1305-
1308.  3. Holland, et al. (2017) Aquat Toxicol 192: 105-115.  4. Reid, et al. (2017) Genome Biology and 
Evolution 9: 659–676.  5. Whitehead, et al. (2017) Evolutionary Applications 10: 762–783. 
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activities. The meetings will be held by web conference (e.g. Zoom) so that there is both visual 
and aural contact. Data sharing will also occur continuously via shared platforms (Google 
Drive). Drs. Whitehead and Hahn will communicate more frequently, via phone (at least weekly) 
and email (as needed). Annual in-person meetings of the entire team will be arranged in 
conjunction with the annual meeting of the Society of Toxicology or similar meeting. 
Publication:  Publications will be prepared with participation of the entire research team. At the 
beginning of the project, Drs. Whitehead and Hahn will prepare a publication plan outlining the 
anticipated papers and expected lead authors. As the research progresses, the plan will be 
revisited and modified as needed, with authorship determined based on relative contributions of 
those involved. Drs. Whitehead and Hahn will ensure that papers are submitted in a timely 
manner. 
Conflict Resolution:  Drs. Whitehead and Hahn have been engaged in a productive relationship 
for 14 years, so conflicts are not anticipated. However, should a conflict arise, the MPIs will first 
attempt to resolve it through discussion, including input from other research team members if 
appropriate. If the conflict is not resolved, the MPIs will engage an arbitration team consisting of 
their respective department chairs plus a third senior administrator mutually agreed upon by 
both MPIs.  
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CONSORTIUM/CONTRACTUAL ARRANGEMENTS 
 
The grant will be administered through the University of California, Davis. A subcontract will be 
awarded to the Woods Hole Oceanographic Institution (Dr. Hahn). See Budget Justifications for 
details of Dr. Hahn’s role. Dr. Whitehead and Dr. Hahn bring different and complementary types 
of expertise to this application, making a collaborative arrangement both desirable and 
necessary for the proposed work. 
 
Dr. Whitehead (PD/PI) will administer the scientific aspects of the grant and will communicate 
directly with Dr. Hahn to coordinate the research activities in which he is involved.  Drs. 
Whitehead and Hahn have collaborated previously on a multi-investigator project and have co-
authored several papers. 
 
The appropriate programmatic and administrative personnel at UC Davis and the Woods Hole 
Oceanographic Institution are aware of the NIH’s consortium agreement policy and are 
prepared to establish the necessary inter-organizational agreement(s) consistent with that 
policy. 
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Internet Address (URL)  •  http://www.epa.gov 

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
CENTER FOR ENVIRONMENTAL MEASUREMENT AND MODELING 

ATLANTIC COASTAL ENVIRONMENTAL SCIENCES DIVISION 
27 TARZWELL DRIVE • NARRAGANSETT, RI  02882 

  OFFICE OF  
 RESEARCH AND DEVELOPMENT 

July 24, 2020 
 
Andrew Whitehead, Ph.D. 
Department of Environmental Toxicology 
University of California 
Davis, CA 95616 

Mark E. Hahn, Ph.D. 
Biology Department 
Woods Hole Oceanographic Institution (WHOI) 
Woods Hole, MA 02543 

 
Re:  Proposed Research in response to NIEHS PAR-19-292 – Mechanistic Studies of Gene-Environment 
Interplay in Dental, Oral, Craniofacial, and Other Diseases and Conditions 
 
Dear Drs. Whitehead and Hahn: 
 
The Atlantic Coastal Environmental Sciences Division (ACESD) is responsible for marine, coastal, and 
estuarine research that supports the mission of the U.S. Environmental Protection Agency to protect 
human health and the environment. ACESD’s mission is to develop and evaluate theory, methods, and 
data necessary to understand and quantify the environmental effects of anthropogenic stressors on the 
coastal waters and watersheds of the Atlantic seaboard. Because of our mission, this Division, and those 
of other laboratories in the Office of Research and Development have great interest in supporting 
research that examines mechanisms of toxic action of environmental contaminants that expand our 
knowledge of both the potential for adverse health effects in humans and the potential for detrimental 
ecological impacts. 
 
As an entity of the Federal Government, we are precluded from commitments of support to any specific 
grant application or to show favor to any applicant for research funds. It would be inappropriate for us to 
influence NIEHS’s competitive process by providing a commitment to one entity without offering the 
same support to other qualified parties. However, should the referenced proposal be funded, two of our 
scientists, Drs. Diane Nacci and Bryan Clark, are working with several Fundulus populations that may 
be of interest to your research. Specifically, Drs. Nacci and Clark maintain at ACESD killifish 
populations that vary widely in their sensitivity to toxic pollutants characterized as dioxin-like 
compounds (DLCs). These populations include DLC-tolerant killifish from New Bedford Harbor, MA, 
and the Elizabeth River, VA. Furthermore, laboratory-bred populations that have been maintained 
include hybrids of DLC-tolerant and DLC-sensitive killifish populations, appropriate for use in 
Quantitative Trait Loci studies such as those Dr. Nacci and colleagues have conducted. We are willing 
to share live killifish and quantities of killifish tissues from field-collected, laboratory-held, and 
laboratory-treated conditions that are maintained as part of our ongoing EPA research. 
 
We hope to continue our good working relationship with the UCD and WHOI through this and other 
collaborative activities. 
 
        Sincerely, 
         
 
        Wayne R. Munns, Jr., Ph.D., Director 
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RESOURCE SHARING PLAN 
 
1. Data Management and Sharing Plan: 
A. Statement of the investigator's commitment to share data.  The research team (Drs. 
Whitehead, Nacci, Clark, Hahn, Aluru, and Karchner) is committed to data sharing. We will 
make all data resulting from this project available in a format and with sufficient 
documentation and metadata such that data will be accessible to the public and useful the 
scientific community. We will adhere to all NIH Sharing Policies 
(https://grants.nih.gov/policy/sharing.htm) including the Data Sharing Policy 
(https://grants.nih.gov/grants/policy/data_sharing/). 
B. Description of the data to be produced.  Data will include: fish parentage and breeding 
records, phenotype scores, microscope images (still and video), RNA-seq data (including 
read files and processed normalized read count data), and genotyping (RAD-seq) data 
(including raw reads and variant calls). 
C. Description of the data to be shared.  All processed data used for interpretations in 
scientific publications will be publically shared. Some raw data, such as raw sequencing 
reads, will also be shared publically (See 3. Genomic Data Sharing Plan). Other raw data 
will be maintained and available for analysis upon request. 
D. Standards to be used for collected data and metadata.  All data and metadata will be 
collected using best practices and standards as defined by the data type. For example, for 
RNA-seq data, we will follow the best practice guidelines of the ENCODE Consortium 
(https://www.encodeproject.org/about/experiment-guidelines/).  
E. Mechanisms for providing access to/sharing data.  Data will be shared through deposition 
in appropriate databases, with an emphasis on publicly available repositories. For RNA-seq 
data, we will follow the best practice guidelines of the ENCODE Consortium 
(https://www.encodeproject.org/about/experiment-guidelines/). RNA-seq reads data, 
including MIAME-compliant metadata, will be deposited at the NCBI Gene Expression 
Omnibus (GEO) database. Genotyping data will be deposited at the GenBank Sequence 
Read Archive. Phenotyping data will be deposited at the Dryad Digital Repository, where the 
phenotype matrix will be reported for each sample, and each sample will be linked with 
individual genotype files stored at GenBank. Furthermore, RNA-seq reads from eQTL 
mapping experiments will be linked (through metadata) with individual genotype files stored 
at the GenBank SRA. Custom scripts (e.g., UNIX, PERL, R) for genomics analyses will be 
made available upon publication at a project-dedicated public GitHub repository. Data will be 
available and accessible through web-based servers or standard software packages that are 
widely used (e.g. MS Excel, Word). Images and associated metadata will be accessible 
through html, PNG, JPG, RDF, XML, and other standard formats via web services. 
F. Responsibility for data management.  Dr. Whitehead, as PD/PI of the grant, will have 
overall responsibility for ensuring that data are managed properly. The co-investigators will 
each take responsibility for working with Dr. Whitehead on their specific data sets to ensure 
proper data management. Dr. Whitehead will be responsible for sharing genotyping and 
gene expression data. Dr. Nacci and Dr. Clark will be responsible for sharing wildtype and 
QTL embryos (see 2. Sharing Model Organisms, below) and data on their husbandry. Dr. 
Hahn will be responsible for sharing phenotyping data and mutant fish lines. Sharing data 
that are to be made public upon publication will be the responsibility of the senior author of 
the publication. 
G. Milestones and timelines for making the data publicly accessible.  Data will be released 
no later than at the time of acceptance for publication of the main findings derived from each 
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data set. In some cases the data will be released prior to this point. For example, genomic 
data will be uploaded to public data repositories following quality filtering. Some manuscripts 
may be posted on preprint servers prior to peer review (e.g., bioRxiv.org). 
H. Limitations or special considerations for data sharing.  None 
I. Sharing of Genomic Data.  See 3. Genomic Data Sharing Plan, below. 
 
2. Sharing Model Organisms: 
The Nacci lab (US EPA, see letter from Wayne Munns) has housed and cultured multiple 
populations of Fundulus heteroclitus over the past ~25 years. Her group has already created 
founding lines for the QTL component of this project, is committed to providing embryos 
from these fish to this research project and the broader research community (see letter), and 
will continue to do so upon request. This project proposes to generate zebrafish or killifish 
mutants (Aim 4). We will adhere to the NIH Model Organism Sharing Policy. Immediately 
after the initial publication describing the null mutants or their use, these lines will be 
distributed freely, making them available to the broader research community. We will fill 
requests in a timely fashion. In addition, we will provide relevant protocols and published 
data upon request. Material transfers will be made with no more restrictive terms than in the 
Simple Letter Agreement (SLA) or the Uniform Biological Materials Transfer Agreement 
(UBMTA) and without reach-through requirements. Should any intellectual property arise 
which requires a patent, we will ensure that the technology (materials and data) remains 
widely available to the research community in accordance with the NIH Principles and 
Guidelines document.  
 
3. Genomic Data Sharing Plan: 
We will adhere to the NIH guidelines for sharing of genomic data, as outlined in the most 
recent Genomic Data Sharing (GDS) Policy (NOT-OD-14-124). Data type: We will be 
generating non-human transcriptomic sequence (RNA-seq) and genome-wide reduced-
representation genotyping-by-sequencing (RAD-seq) data. For RNA-seq data, we will follow 
the best practice guidelines of the ENCODE Consortium 
(https://www.encodeproject.org/about/experiment-guidelines/). RNA-seq reads data will be 
deposited at the NCBI Gene Expression Omnibus database, including MIAME-compliant 
metadata. Genotyping data will be deposited at the GenBank Sequence Read Archive 
(SRA). Phenotyping data will be deposited at the Dryad Digital Repository, where the 
phenotype matrix will be reported for each sample, and each sample will be linked with 
individual genotype files stored at GenBank. In addition to raw read files, processed variant 
call files (VCF) files from genotyping will also be archived on the project database at the 
Dryad Digital Repository. Furthermore, RNA-seq reads from eQTL mapping experiments will 
be linked (through MIAME-compliant metadata) with individual genotype files stored at the 
GenBank SRA. Custom scripts (e.g., UNIX, PERL, R) for genomics analyses will be made 
available at a project-dedicated public GitHub repository. Scripts will be annotated with 
sufficient detail to enable exact replication of analyses. Raw genomics (sequence read) data 
will be made publicly available through uploading to the above-mentioned databases 
immediately following quality control filtering. Processed VCF files will be made publicly 
available prior to manuscript submission for peer review. Custom scripts will be made 
publicly available prior to manuscript submission for peer review. 
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Authentication of Key Biological and Chemical Resources 
To ensure rigor, reproducibility, and transparency in the proposed research, we plan to validate 
all key biological and chemical reagents. 
 
Biological Resources 
 
Plasmids: 
All plasmids used will be verified by sequencing. Detailed information about source of plasmids 
will be provided in all publications. 
Wild-type and genetically modified fish lines:  Two different species of fish may be used in this 
research.  
Atlantic killifish (Fundulus heteroclitus) will be either field collected from research sites and 
identified using standard binary field guides, or obtained from the U.S. EPA Atlantic Ecology 
Division laboratory via Dr. Diane Nacci (see letter from Dr. Wayne Munns, Jr., Division Director). 
Killifish from Dr. Nacci have been maintained and bred in the laboratory from the same sites 
from which field-caught fish will be obtained.  
Zebrafish (Danio rerio) are proposed for use in Aim 4. Wild-type TL strains have been obtained 
from the Zebrafish International Resource Center (ZIRC, Eugene, Oregon) and from 
Christopher Lawrence at the Massachusetts General Hospital, and maintained in culture at 
WHOI. To maintain genetic diversity in laboratory strains, additional stock is periodically 
obtained from the ZIRC.  
The proposed research will generate null or functionally compromised alleles for several genes 
in zebrafish and/or killifish.  In each experiment in which such fish are used, the presence of the 
edited allele (in either a homozygous or heterozygous state) will be confirmed by PCR of 
genomic DNA or RT-PCR of RNA, using primer sets that distinguish wild-type and edited 
alleles. 
Antibodies: 
If any antibodies are needed, each antibody will be identified by its source and catalog number 
as well as by its RRID (Research Resource IDentifier) a stable and unique archival identifier for 
antibodies, organisms and software tools [Bandrowski, et al. (2015). The Resource Identification 
Initiative: A cultural shift in publishing. F1000Res 4: 134.] Positive control antigens will be run in 
parallel with samples being analyzed, to ensure that the specificity and sensitivity of the 
antibody has not changed. Negative controls (samples known not to express the protein of 
interest) will be run also in each assay to confirm the specificity of the antibody. 
 
Chemical Resources 
 
We will use the highest purity chemicals commercially available. In lab notebooks and published 
papers, we will cite the source, purity, catalog number, and lot of the chemicals used. 
Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) will be of the 
highest purity obtainable from Ultra Scientific (North Kingstown, RI) or Cambridge Isotope 
Laboratories. Standard purity analyses from the commercial vendors accompany the chemicals 
and we have obtained more detailed analytical information directly from the vendor upon 
request.  
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