
ABSTRACT 
 

GORAN, BOZINOVIC. Development and Population Divergence. (Under the Direction 
of Damian Shea and Marjorie F. Oleksiak.) 
 

Changes in gene expression, coupled by biochemical, physiological, and 

behavioral alterations play a critical role in adaptation to environmental stress.  To 

explore the ways natural populations may have adapted to local polluted environments, 

we took advantage of natural populations of the teleost fish Fundulus heteroclitus, one of 

the few studied fish species in North America that has established resistant populations in 

highly contaminated urban estuaries.  We quantified expression of about one-fourth of 

Fundulus genes in all 40 stages of Fundulus embryogenesis.  Waves of differential gene 

expression are associated with the different hallmarks of development (e.g., gastrula, 

vascular and organ development).  Contrasting developmental patterns of gene 

expression and phenotypic variation among populations indicate that individuals from 

heavily polluted sites have an altered developmental program during critical 

developmental stages.  Exposure to polluted sediment during development has a greater 

effect on individuals from “clean” sites, suggesting that individuals from polluted sites 

have evolved mechanisms to enhance developmental canalization. 
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INTRODUCTION 

The goal of my research was to determine the effects of chronic pollution on 

morphology, histology, physiology and gene expression during sensitive developmental 

stages in natural populations of Fundulus heteroclitus.  This research takes advantage of 

populations of F. heteroclitus that inhabit heavily contaminated urban estuaries polluted 

with persistent and bioaccumulative chemicals.  Fundulus is one of the few studied 

species in North America that has shown resistance to pollutants among both adults and 

embryos.  While sediment extracts from polluted environments can be lethal to Fundulus 

embryos from reference sites, embryos of parents from polluted sites are remarkably 

resistant.  

Using annotated F. heteroclitus microarrays, observed changes in mRNA 

expression in F1 Fundulus embryos of parents from clean and polluted sites were 

analyzed during sensitive developmental stages and correlated to resistance phenotypes.  

The integration of phenotypic changes with genome-wide measures of gene expression 

provides evidence for functionally important changes in gene expression affected by 

pollution. 

Background and Significance  

Increased mortality rates among adults and embryos, decreased fecundity, and 

impairment of physiological performances are likely effects of chronic exposure to 

pollution among populations (Bickham et al., 2000; Smith and Weis, 1997; Weis et al., 

1999; Weis and Weis; 1989).  Such effects may lead to a decrease in effective population  
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size and genetic variability (Wirgin and Waldman, 2004).  However, individual responses 

vary, and while some individuals are sensitive, others survive and reproduce, therefore 

establishing resistant populations.  This acquired resistance is associated with fitness 

costs so that resistance genes are rarely fixed in natural populations (Coustau et al., 

2000); counterbalancing selection pressure decreases the frequency of resistance genes in 

the absence of inducer, such as a chemical pollutant. 

Embryos are highly sensitive to pollution and exposure to contaminated water and 

sediments can result in altered development and growth and can affect survival.  When 

exposed to highly polluted sediment extracts, F. heteroclitus embryos from reference 

sites show significantly higher numbers of developmental abnormalities and do not 

survive, while most of the embryos from polluted sites are resistant and develop normally 

(Meyer et al., 2002; Meyer et al., 2003; Ownby et al., 2002; Nacci et al., 1999).  What 

changes during development contribute to this resistance?  The main hypothesis 

underlying this research is that altered gene expression patterns during sensitive 

developmental stages are critical in determining sensitivity and resistance to pollution 

within natural populations of Fundulus.  Adaptation to a new environment, such as a 

polluted one, often involves large modifications of the previous phenotype(s) and 

changes in gene expression and regulation may explain these phenotypic changes.  

Notably, changes in gene regulation can affect development, resulting in different 

morphological or physiological characteristics (Rifkin et al., 2003) that are potentially 

critical for developing resistance. 
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Natural Fundulus Populations 

Fundulus is a small minnow that lives in salt marshes along the East Coast of the 

U.S.  The home range of only a few hundred yards from its natal creek, hibernation 

within marsh mud, and diet ranging from detritus to small vertebrates, all make Fundulus 

indicative of pollution within its environment.  These fish are easily caught in the field 

and quickly acclimate to laboratory conditions where they can be spawned and cultured.  

There is an extensive literature on Fundulus reproductive physiology, embryology and 

developmental biology (Armstrong and Child, 1965; Hsiao et al., 1994; Oppenheimer, 

1937; Selman and Wallace, 1983; Selman and Wallace, 1986).  Fundulus’ migration rate 

is small enough so that natural selection can occur, yet large enough so that the effects of 

genetic drift are minimized (Brown and Chapman, 1991).  These fish are ecologically 

relevant and genetically diverse models used to study pollution effects and genotype-

environment interactions within and among populations, yet little is known about effects 

of chemical contamination on their population genetics or about functionally important 

variation in gene expression underlying resistance mechanisms.  Importantly, Fundulus is 

one of the few studied species in North America living in the highly polluted urban 

estuaries (relative locations of Fundulus populations from clean and polluted sites used in 

this research are shown in Figure 1) that has shown resistance to pollutants, among both 

adults and embryos (Prince and Cooper, 1995; Nacci et al., 1999; Elskus et al., 1999; 

Meyer et al., 2003), and Fundulus populations living in heavily contaminated urban areas 

are exposed to some of the highest levels of aromatic hydrocarbon (AH) pollutants of any  
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vertebrate species (Table 1.1; Wirgin and Waldman, 2004).  

Multiple Fundulus populations live in highly contaminated, geographically 

unrelated urban estuaries, and comparing gene expression profiles of many individuals 

can reveal conserved patterns of gene expression among these populations (Figure 1.1).  

In addition, each population can be associated with the primary pollutants that are 

specific for that location.  For example, one population of Fundulus from the Elizabeth 

River, VA is predominantly exposed to polycyclic aromatic hydrocarbons (PAHs), while 

populations living in New Bedford Harbor, MA are mostly associated with 

polychlorinated biphenyl (PCBs) exposure.  Site-specific exposures might point out 

differences in response not only based on the individual variation, but also on exposure 

differences.  

Fundulus Development 

Many aspects of vertebrate development, including those in humans, are mirrored in 

the fish embryo.  Thus, transcript profiling of early fish development and how it is 

affected by environmental influences should further our understanding of vertebrate 

embryogenesis (Linney et al., 2004).  Development of Fundulus from fertilized egg to 

hatching is a complex and well-defined process characterized by extremely fast cell 

proliferation and programmed cell death during which the organism is more sensitive to 

pollution than the adult organism (Palmer et al., 1998; Ehlinger and Richard, 2004; 

Ringwood, 2005).  Because rapid changes occur during development, the embryo is a  
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sensitive target for stressors, such as chemical pollutants.  Further, the effects of a 

developmental abnormality can cascade throughout the different developmental stages.  

Changes in size, biochemistry, physiology, form and functionality are regulated by gene 

transcription of regulatory genes, first via maternally inherited genes present in the egg 

before fertilization, and subsequently by genes expressed during embryogenesis.  

Although pollution exposure is not unique to developing embryos, it may quickly cause 

pathogenetic response in the embryo, resulting in reduced cell proliferation, cell death, 

altered cell-cell interactions, reduced biosynthesis, inhibition of morphogenic 

movements, and/or disruption of developing structures (Wilson, 1977). 

Multiple Fundulus populations inhabit and have adapted to heavily contaminated 

urban estuaries (Nacci et al., 1999; Meyer et al., 2002; Ownby et al., 2002) which 

contain persistent and bioaccumulative chemicals that are toxic to early fish development 

(Nacci et al., 1999; Elskus et al., 1999).  Acute and chronic exposure of Fundulus 

embryos to toxicants present in the polluted sites can lead to functional deficit, growth 

retardation, malformation, and even death (Nacci et al., 1999; Meyer et al., 2002; Meyer 

et al., 2003).  The resultant morphological alterations and deformities caused by pollutant 

exposure can be observed, scored, and used as an indicator of adverse effects (Wilson, 

1973; Meyer et al., 2003).  

Fundulus is a favorable model for embryological research since field sampling, 

spawning, and egg culturing are relatively easy, and the embryo is large, hardy, and 
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transparent, which allows for non-invasive experimental approaches.  Moreover, 

theembryo’s sensitivity to xenobiotics makes Fundulus an excellent indicator of 

developmental toxicity based on exposures to a wide range of environmental pollutants 

(Prince and Cooper, 1995; McMillan et al., 2006; Nacci et al., 2005; Elskus et al., 1999; 

Meyer et al., 2002; Meyer et al., 2003;Meyer and Di Giulio, 2003).  

Resistance has been observed in Fundulus embryo populations from three highly 

contaminated US Superfund sites: New Bedford Harbor, MA, Newark Bay, NJ, and 

Elizabeth River, VA.  New Bedford Harbor is highly contaminated with polychlorinated 

biphenyls (PCBs) (Elskus and Stageman, 1989; Black et al., 1998; Gutjahr-Gobell et al., 

1999), the lower Hudson River estuary in Newark Bay is predominantly contaminated 

with 2,3,7,8-tetrachloro-p-dioxin (TCDD) (Powell et al., 2000), and Elizabeth River, VA, 

is contaminated with creosote, mostly polycyclic aromatic hydrocarbons (PAHs) (Elskus 

and Stageman, 1989; Vogelbein et al., 1990).  Chemical structures of common PAHs are 

shown in Figure 1.2.  

Concentrations of contaminants similar to those measured in New Bedford, MA 

polluted site-collected eggs were lethal to reference embryos but not to embryos from the 

New Bedford Harbor population.  This resistance in the New Bedford Harbor embryos 

appeared to be inherited and independent of maternal deposition (Nacci et al., 1999).  

Differences in CYP1A expression between clean and polluted sites among Fundulus 

larvae indicated that populations from polluted sites have altered response to CYP1A 
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inducers that is consistent and possibly an indicator of resistance to chemical stressors 

(Elskus et al., 1999).   

Embryos from Newark Bay were less sensitive to TCDD-caused lethality and 

inductionof CYP1A compared to reference site embryos (Nacci et al., 1999; Prince and 

Cooper, 1995).  Resulting mortality among the reference embryos was associated with 

pericardial edema and hemorrhaging, hallmark pathologies of TCDD-induced toxicity in 

fish (Prince and Cooper, 1995).  No differences were observed in TCDD absorption 

between embryos from the polluted and clean environments, suggesting that mechanisms 

other than differential uptake or efflux were responsible for variable susceptibilities 

(Nacci et al., 1999). 

Embryos from clean environments do not survive when grown on sediment from 

the Elizabeth River site (Meyer et al., 2003) and develop significantly higher numbers of 

cardiac abnormalities due to exposure to contaminated sediments compared to embryos 

from the Elizabeth River (Ownby et al., 2002).  Offspring of Elizabeth River Fundulus 

were significantly more resistant to oxidative stress than the reference site Fundulus 

offspring and showed upregulated antioxidant defenses which suggests that such 

upregulated antioxidant defense plays a role in both short term/physiological and 

heritable resistance mechanisms to environmental pollutants (Meyer et al., 2003).  

Similar patterns were observed upon embryo exposure to both sediments from the 

Elizabeth River polluted site and pure PAHs.  The resistance in the Elizabeth River larvae 
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was apparent in first generation larvae, less apparent in second generation ones (Meyer 

and Di Giulio, 2003), and much closer to the reference larvae response in third generation 

larvae (Meyer et al., 2002). 

 

Developmental Effects of Persistent Organic Pollutants 

Various developmental abnormalities caused by persistent organic pollutants 

(POPs) in humans and other species have been described.  For example, POPs are 

resistant to environmental degradation and metabolism and tend to accumulate in food 

chains due to their lipophilic nature (Miettinen et al., 2006).  Fetuses and children are 

more sensitive than adults to toxicity of such pollutants partially because of their higher 

cell proliferation rates, lower immunological competence, and decreased ability to 

detoxify carcinogens and to repair DNA damage (Anderson et al., 2000; Perera et al., 

2004).  Epidemiological studies have shown a relationship between perinatal exposure to 

POPs and neurological and behavioral disturbances in infants and children (Jacobson and 

Jacobson, 1997; Koopman-Esseboom et al., 1996; Patandin et al., 1998).  Infants of 

mothers consuming large amounts of contaminated Great Lakes fish show developmental 

effects, such as decreased intellectual capacity, altered attention and memory processes, 

reduced birth size, decreased growth rate, altered psychomotor activity and delayed 

sexual development (Jacobson et al., 1990).  Exposure to ambient POPs has been 

associated with altered physical growth, immune function, and thyroid hormone function 
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in infants (Koopman-Esseboom et al., 1994).  

Although sensitivity to POPs varies greatly among adult individuals, developing 

animals are generally affected at lower doses, and resultant developmental effects may be 

irreversible (Miettinen et al., 2006).  For example, gestational exposure to dioxins is 

minor compared to lactational exposure, but is sufficient to induce at least the most 

sensitive developmental effects (Miettinen et al., 2002).  Breast-fed human infants are 

exposed far more than adults because chemicals such as TCDD are mobilized from 

mother’s fat tissue during lactation, and an infant’s daily intake on a body weight basis 

may be up to two orders of magnitude higher than an adult’s.  TCDD-induced 

developmental effects include hydronephrosis and cleft palate in rodents (Abbott et al., 

1987), and low doses of TCDD alter the development of reproductive organs (Gray et al., 

1997; Hamm et al., 2000), bone (Miettinen et al., 2005), and teeth (Kattainen et al., 2001; 

Miettinen et al., 2002).  In-vitro experiments examining the species and organ 

sensitivities to TCDD suggest that altered regulation of growth factors and their receptors 

may involve inappropriate proliferation and differentiation of target cells, ultimately 

causing TCDD-induced teratogenic effects (Couture et al., 1990). 

Although production of PCBs has stopped in many countries, they persist in the 

environment due to their chemical and thermal stability.  PCBs cause neurochemical and 

behavioral disruptions in humans and experimental animals.  Developing individuals are 

particularly susceptible since the early developmental exposure period is most important 

for the induction of neurobehavioral disorders (Lilienthal and Winneke, 1991).  
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Epidemiological studies with infants and children reported a possible association between 

poorer cognitive and psychomotor development and perinatal exposure to PCB mixtures 

at contemporary background levels (Huisman et al., 1995a; Huisman et al., 1995b; 

Jacobson and Jacobson, 1997).  In primates, perinatal PCB exposure resulted in 

neurobehavioral effects, such as impairment of cognitive tasks, which are indicative of 

effects on learning and memory (Levin et al., 1988).  Animal studies have confirmed that 

PCBs produce deficits in motor activity (Hany et al., 1999), learning (Lilienthal and 

Winneke, 1991), memory, attention, andresponsiveness to aversive stimuli (Daily et al., 

1989), neuromuscular development (Bernhofelt et al., 1994), and sensory function 

(Crofton and Rice, 1999).  PCB exposure during development also affects mortality, 

growth, thyroid function, and neurobehavior in rodents (Bowers et al., 2004). 

PAHs are generated by the incomplete combustion of fossil fuels and are among the 

most harmful pollutants: a number of PAHs, such as benzo(a) pyrene (BaP) are known 

human mutagens and carcinogens.  Some are transplacental carcinogens in experiment 

bioassays, causing tumor formation in liver, lung, lymphatic tissues and nervous system 

of the offspring (Rice and Ward, 1982; Veselinovich et al., 1975).  PAHs are 

developmental toxicants in humans (Dejmek et al., 2000; Perera et al., 2003; Perera et 

al., 2004).  Mothers of newborns with higher exposure to ambient air pollution had 

increased PAH-DNA adducts (Whyatt et al., 1998) and newborns with more PAH-DNA 

adducts had significantly decreased birth weight, length, and head circumference (Perera 

et al., 1999).  Because PAH-DNA adducts reflect individual variation in exposure, 
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absorption, metabolic activation, and DNA repair, they provide measurable endpoints and 

valuable risk markers.  

Parallel effects in Fundulus embryos from polluted environments are likely.  

Conserved differences among independent populations of Fundulus from polluted sites 

will indicate common responses to stress.  Differences in developmental gene expression 

also will be used to target genes and explore mechanisms that underlie biological 

responses caused by chronic exposure to site-specific pollutants, such as differences in 

gene expression among individual mostly exposed to PCBs (New Bedford Harbor) and 

PAHs (Elizabeth River).  

Why gene expression during Fundulus development?  

Susceptibility to toxic substances released into the environment depends on the 

embryo genotype and the manner in which it interacts with the polluted environment 

(Jelinek, 2005).  Rapid and diverse processes occur during critical developmental stages 

when organisms are vulnerable to environmental influences.  Gene expression is 

ubiquitous throughout development and strongly modulates responses to environmental 

stimulus (Linney et al., 2004).  

The goal of this study was to identify genes that respond to chemical contamination 

exposures, to potentially discover new gene interactions, and to better understand 

pathways and mechanisms involved in sensitivity and development of resistance to 

pollutant exposure among and within natural populations.  Such data can provide insights  
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into the extent of expression differences underlying diseases and malignancies and reveal 

genes that may prove useful as diagnostic and prognostic markers (Golub et al., 1999; 

Jernas et al., 2006)).  Furthermore, gene expression changes during fish embryo 

development may reveal common or novel mechanisms in sensitivity and resistance 

shared among species, including human populations.  Natural populations exposed to 

complex mixtures of pollutants likely will show polygenic responses, and the genes that 

respond will identify pathways and point to mechanisms associated with stress.  

Genetically variable, independent Fundulus populations exposed to pollution are under 

natural selection and could evolve different solutions forresistance to pollution.  

However, one reason a similar solution among these populations is likely results from the 

fact that natural selection acts on standing genetic variation and only genes and inducible 

pathways that are variable can respond.  These inducible pathways have few rate limiting 

steps and altering activities of such genes by changing their expression levels could be 

the most effective way to alter toxicity of a pollutant.  Moreover, natural selection should 

favor genes that minimize toxicant effect, but that should also have the least overall 

negative effect on other traits and the fewest negative epistatic effects (Wolf et al., 2000).  

This limits the number of genes and could result in similar responses in independent 

natural populations.  

Results of Fundulus embryo exposure to contaminated sediments and direct 

exposure to toxicants present in the sediment suggest that both genetic and non-genetic 

mechanisms contribute to resistance (Meyer and Di Giulio, 2003) although the role of 
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global gene expression during development has not been investigated.  Changes in gene 

regulation during development may play an important role in adaptive evolution, 

especially during adaptation to heavily polluted environments.   

 

Why Genomics and Microarrays 

Microarrays are thousands of 150 to 250 micron spots of DNA bound to microscope 

slides in a precise and known pattern (Ramsay, 1998, Schena et al., 1998).  Each DNA 

spot quantitatively hybridizes to a specific mRNA so that expression of thousands of 

individual genes can be measured simultaneously.  This technology enables genome-wide 

gene expression analysis and is a powerful means to better understand physiological 

responses that involve complex regulatory networks affecting gene expression.  

Microarrays can be used to clarify the mechanisms of actions of compounds, provide 

insight into functions of genes with no known function, and advance many areas of 

biologic and biomedical research (Lobenhofer et al., 2001) .   

Our goal was to identify patterns of transcriptional gene activity associated with 

resistance phenotypes, assuming that the changes in mRNA expression levels reflect the 

changes in active protein concentrations.  Although not all of the protein activities are 

influenced solely on mRNA level, variations in many quantified mRNAs affect protein 

activities and resultant phenotype (Oleksiak and Crawford, 2005).  Overall, gene 

expression analyses of developing embryos from clean and polluted sites were used to 
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identify changes in gene expression that are important in dealing with environmental 

pollution. This research provides insights into how organisms are affected and respond to 

chronic pollutant exposure and addresses the question of why some individuals develop 

resistance to a chemical exposure while other individuals are sensitive. 

Research Goals 

 The goals of my dissertation research were to characterize embryonic gene 

expression in F. heteroclitus, quantify effects of chemical exposures on developing F.  

heteroclitus embryos from both sensitive and resistant populations, and explore evolved 

changes in gene expression among embryos from different F. heteroclitus populations.  

Chapter 2 defines the quantitative patterns of gene expression for all 40 F. heteroclitus 

developmental stages.  Gene expression profiles are accompanied by an in vivo 

developmental atlas with detailed descriptions of each developmental stage.  The atlas is 

used to correlate significant changes in gene expression with specific morphological 

changes during development.  These data provide standards of normal development 

against which to contrast patterns of gene expression in embryos adapted to polluted 

Superfund sites. 

 In chapter 3, embryos from both sensitive and resistant populations are exposed to 

sediment extract from the polluted site to determine how pollutant exposure alters 

patterns of gene expression and corresponding morphological changes (time to stage, 

heart rate and heart morphology) in reference and polluted populations.  In addition, we  
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quantify chemical exposures.  In chapter 4, a similar experiment compares embryos from 

both sensitive and resistant populations to a defined mixture of pollutants found in the 

sediment extract.   

 Finally, chapter 5 compares and contrasts development among populations during 

late organogenesis to identify evolved differences in gene expression.  Gene expression, 

time to stage, heart rates, and morphology are compared and contrasted among 

populations for four families from each of five populations (2 polluted and 4 flanking 

reference populations) and using one, distinct biological stage.  The experimental design 

provides for statistical testing of adaptive differences in gene expression during a critical 

stage of organ development.  

 

 

 

 

 

 

 

 

 
 
 
 



 17 

References 

Abbott, B. D., L. S. Birnbaum, and R. M. Pratt. 1987. TCDD-induced hyperplasia of 
the ureteral epithelium produces hydronephrosis in murine fetuses. Teratology 
35:329-334. 

 
Anderson, L. M., B. A. Diwan, N. T. Fear, and E. Roman. 2000. Critical windows of 

exposure for children's health: cancer in human epidemiological studies and 
neoplasms in experimental animal models. Environ Health Perspect 108 Suppl 
3:573-594. 

 
Armstrong, P. B., and J. S. Child. 1965. Stages of normal development of Fundulus 

heteroclitus. Biological Bulletin 128:143-168. 
 
Bernhofelt, A., I. Nafstad, P. Engen, and J. U. Skaare. 1994. Effects of pre and post-

natal exposure to 3,3,4,4,5-pentachlorobiphenyl on physical development, 
neurobehavior, and xenobiotic metabolizing enzymes in rats. Environmental 
Toxicology and Chemistry 13:1589-1597. 

 
Bickham, J. W., S. Sandhu, P. D. Hebert, L. Chikhi, and R. Athwal. 2000. Effects of 

chemical contaminants on genetic diversity in natural populations: implications 
for biomonitoring and ecotoxicology. Mutat Res 463:33-51. 

 
Black, D. E., R. Gutjahr-Gobell, R. J. Pruell, B. Bergen, L. Mills, and A. E. 

McElroy. 1998. Reproduction and polychlorinated biphenyls in Fundulus 
heteroclitus (Linnaeus) from New Bedford Harbor, Massachussets, USA. 
Environmental Toxicology and Chemistry 17:1405-1414. 

 
Bowers, W. J., J. S. Nakai, I. Chu, M. G. Wade, D. Moir, A. Yagminas, S. Gill, O. 

Pulido, and R. Meuller. 2004. Early developmental neurotoxicity of a 
PCB/organochlorine mixture in rodents after gestational and lactational exposure. 
Toxicol Sci 77:51-62. 

 
Brown, B. L., and R. W. Chapman. 1991. Gene Flow and Mitochondrial DNA 

Variation in the Killifish Fundulus heteroclitus. Evolution 45:1147-1161. 
 
Coustau, C., C. Chevillon, and R. ffrench-Constant. 2000. Resistance to xenobiotics 

and parasites: can we count the cost? Trends Ecol Evol 15:378-383. 
 
 
 
 
 
 



 18 

Couture, L. A., B. D. Abbott, and L. S. Birnbaum. 1990. A critical review of the 
developmental toxicity and teratogenicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin: 
recent advances toward understanding the mechanism. Teratology 42:619-627. 

 
Daily, H. B., D. R. Hertler, and D. M. Sargent. 1989. Ingestion of environmentally-

contaminated Lake Ontario salmon by laboratory rats increases avoidance of 
unpredictable aversive nonreward and mild electric shock. Behavioral 
Neuroscience 103:1356-1365. 

 
Dejmek, J., I. Solansky, I. Benes, J. Lenicek, and R. J. Sram. 2000. The impact of 

polycyclic aromatic hydrocarbons and fine particles on pregnancy outcome. 
Environ Health Perspect 108:1159-1164. 

 
Ehlinger, S. E., and A. T. Richard. 2004. Survival and Development of Horseshoe Crab 

(Limulus polyphemus) embryos is hypersaline conditions. The Biological Bulletin 
206:87-94. 

 
Elskus, A. A., E. Monosson, A. E. McElroy, J. J. Stageman, and D. S. Woltering. 

1999. Altered CYP1A expression in Fundulus heteroclitus adults and larvae: a 
sign of pollutant resistance? Aquatic Toxicology 45:99-113. 

 
Elskus, A. A., and J. J. Stageman. 1989. Induced cytochrome P450 in Fundulus 

heteroclitus associated with environmental contamination by polychlorinated 
biphenyls and polynuclear aromatic hydrocarbons. Marine Environmental 
Research 27:31-50. 

 
Golub, T. R., D. K. Slonim, P. Tamayo, C. Huard, M. Gaasenbeek, J. P. Mesirov, H. 

Coller, M. L. Loh, J. R. Downing, M. A. Caligiuri, C. D. Bloomfield, and E. 
S. Lander. 1999. Molecular classification of cancer: class discovery and class 
prediction by gene expression monitoring. Science 286:531-537. 

 
Gray, L. E., C. Wolf, P. Mann, and J. S. Ostby. 1997. In utero exposure to low doses 

of 2,3,7,8-tetrachlorodibenzo-p-dioxin alters reproductive development of female 
Long Evans hooded rat offspring. Toxicol Appl Pharmacol 146:237-244. 

 
Gutjahr-Gobell, R. E., D. E. Black, L. J. Mills, R. J. Pruell, B. K. Taplin, and S. 

Jayaraman. 1999. Feeding the mummichog (Fundulus heteroclitus) a diet spiked 
with non-ortho- and mono-ortho-substituted polychlorinated biphenyls: 
Accumulation and effects. Enironmental Toxicology and Chemistry 18:699-707. 

 
 
 
 
 



 19 

Hamm, J. T., B. R. Sparrow, D. Wolf, and L. S. Birnbaum. 2000. In utero and 
lactational exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin alters postnatal 
development of seminal vesicle epithelium. Toxicol Sci 54:424-430. 

 
Hany, J., H. Lilienthal, A. Roth-Harer, G. Ostendorp, B. Heinzow, and G. Winneke. 

1999. Behavioral effects following single and combined maternal exposure to 
PCB 77  

 
(3,4,3',4'-tetrachlorobiphenyl) and PCB 47 (2,4,2',4'-tetrachlorobiphenyl) in rats. 
Neurotoxicol Teratol 21:147-156. 

 
Hsiao, S. M., M. S. Greeley, and R. A. Wallace. 1994. Reprodictive cycling in female 

Fundulus heteroclitus. Biological Bulletin 186:271-284. 
 
Huisman, M., C. Koopman-Esseboom, V. Fidler, M. Hadders-Algra, C. G. van der 

Paauw, L. G. Tuinstra, N. Weisglas-Kuperus, P. J. Sauer, B. C. Touwen, and 
E. R. Boersma. 1995a. Perinatal exposure to polychlorinated biphenyls and 
dioxins and its effect on neonatal neurological development. Early Hum Dev 
41:111-127. 

 
Huisman, M., C. Koopman-Esseboom, C. I. Lanting, C. G. van der Paauw, L. G. 

Tuinstra, V. Fidler, N. Weisglas-Kuperus, P. J. Sauer, E. R. Boersma, and B. 
C. Touwen. 1995b. Neurological condition in 18-month-old children perinatally 
exposed to polychlorinated biphenyls and dioxins. Early Hum Dev 43:165-176. 

 
Jacobson, J. L., and S. W. Jacobson. 1997. Evidence for PCBs as neurodevelopmental 

toxicants in humans. Neurotoxicology 18:415-424. 
 
Jacobson, J. L., S. W. Jacobson, and H. E. Humphrey. 1990. Effects of exposure to 

PCBs and related compounds on growth and activity in children. Neurotoxicol 
Teratol 12:319-326. 

 
Jelinek, R. 2005. The contribution of new findings and Ideas to the old principles of 

teratology. Reprodictive Toxicology 20:295-300. 
 
Jernas, M., J. Palming, K. Sjoholm, E. Jennische, P. A. Svensson, B. G. Gabrielsson, 

M. Levin, A. Sjogren, M. Rudemo, T. C. Lystig, B. Carlsson, L. M. Carlsson, 
and M. Lonn. 2006. Separation of human adipocytes by size: hypertrophic fat 
cells display distinct gene expression. FASEB J 20:1540-1542. 

 
 
 
 
 



 20 

Kattainen, H., J. Tuukkanen, U. Simanainen, J. T. Tuomisto, O. Kovero, P. L. 
Lukinmaa, S. Alaluusua, J. Tuomisto, and M. Viluksela. 2001. In 
utero/lactational 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure impairs molar 
tooth development in rats. Toxicol Appl Pharmacol 174:216-224. 

 
Koopman-Esseboom, C., D. C. Morse, N. Weisglas-Kuperus, I. J. Lutkeschipholt, C. 

G. Van der Paauw, L. G. Tuinstra, A. Brouwer, and P. J. Sauer. 1994. Effects 
of dioxins and polychlorinated biphenyls on thyroid hormone status of pregnant 
women and their infants. Pediatr Res 36:468-473. 

 
 
Koopman-Esseboom, C., N. Weisglas-Kuperus, M. A. de Ridder, C. G. Van der 

Paauw, L. G. Tuinstra, and P. J. Sauer. 1996. Effects of polychlorinated 
biphenyl/dioxin exposure and feeding type on infants' mental and psychomotor 
development. Pediatrics 97:700-706. 

 
Levin, E. D., S. L. Schantz, and R. E. Bowman. 1988. Delayed spatial alternation 

deficits resulting from perinatal PCB exposure in monkeys. Arch Toxicol 62:267-
273. 

 
Lilienthal, H., and G. Winneke. 1991. Sensitive periods for behavioral toxicity of 

polychlorinated biphenyls: determination by cross-fostering in rats. Fundam Appl 
Toxicol 17:368-375. 

 
Linney, E., B. Dobbs-McAuliffe, H. Sajadi, and R. L. Malek. 2004. Microarray gene 

expression profiling during the segmentation phase of zebrafish development. 
Comp Biochem Physiol C Toxicol Pharmacol 138:351-362. 

 
Lobenhofer, E. K., P. R. Bushel, C. A. Afshari, and H. K. Hamadeh. 2001. Progress 

in the application of DNA microarrays. Environ Health Perspect 109:881-891. 
 
McMillan, A. M., M. J. Bagley, S. A. Jackson, and D. E. Nacci. 2006. Genetic 

diversity and structure of an estuarine fish (Fundulus heteroclitus) indigenous to 
sites associated with a highly contaminated urban harbor. Ecotoxicology 15:539-
548. 

 
Meyer, J. N., and R. T. Di Giulio. 2003. Heritable adaptations and fitness cost in 

killifish (Fundulus heteroclitus) inhabiting a polluted estuary. Ecological 
Applications 13:490-503. 

 
 
 
 



 21 

Meyer, J. N., D. E. Nacci, and R. T. Di Giulio. 2002. Cytochrome P450A (CYP1A)in 
Killifish (Fundulus heteroclitus): Heritability of Altered Expression and 
Relatioship to Survival in Contaminated Sediments. Toxicological Sciences 
68:69-81. 

 
Meyer, J. N., J. D. Smith, G. W. Winstin, and R. T. Di Giulio. 2003. Antioxidant 

defenses in killifish (Fundulus heteroclitus)  exposed to contaminated sediments 
and model prooxidants: short-term and heritable responses. Aquatic Toxicology 
65:377-395. 

 
Miettinen, H. M., S. Alaluusua, J. Tuomisto, and M. Viluksela. 2002. Effect of in 

utero and lactational 2,3,7,8-tetrachlorodibenzo-p-dioxin exposure on rat molar 
development: the role of exposure time. Toxicol Appl Pharmacol 184:57-66. 

 
Miettinen, H. M., P. Pulkkinen, T. Jamsa, J. Koistinen, U. Simanainen, J. Tuomisto, 

J. Tuukkanen, and M. Viluksela. 2005. Effects of in utero and lactational 
TCDD exposure on bone development in differentially sensitive rat lines. Toxicol 
Sci 85:1003-1012. 

 
Miettinen, H. M., R. Sorvari, S. Alaluusua, M. Murtomaa, J. Tuukkanen, and M. 

Viluksela. 2006. The effect of perinatal TCDD exposure on caries susceptibility 
in rats. Toxicol Sci 91:568-575. 

 
Nacci, D., M. Pelletier, J. Lake, R. Bennett, J. Nichols, R. Haebler, J. Grear, A. 

Kuhn, J. Copeland, M. Nicholson, S. Walters, and W. R. Munns, Jr. 2005. An 
approach to predict risks to wildlife populations from mercury and other stressors. 
Ecotoxicology 14:283-293. 

 
Nacci, D. E., L. Coiro, D. Champlin, S. Jayaraman, R. Mckinney, T. R. Gleason, J. 

Munns, W.R., J. L. Specker, and K. R. Cooper. 1999. Adaptation of wild 
populations of the estuarine fish Fundulus heteroclitus to persistant environmental 
contaminants. Marine Biology 134:9-17. 

 
Oleksiak, M. F., and D. L. Crawford. 2005. Functional genomics in Fishes: Insights 

into Physical Complexity. Physiology of Fishes, 3rd ed.:523-545. 
 
Oppenheimer, J. M. 1937. The normal stages of Fundulus heteroclitus. Anatomical 

Record 68:1-15. 
 
 
 
 
 



 22 

Ownby, D. R., M. C. Newman, M. Mulvey, W. K. Vogelbein, M. A. Unger, and L. F. 
Arzayus. 2002. Fish (Fundulus heteroclitus) populations with different exposure 
histories differ in tollerance of creosote-contaminated sediments. Enironmental 
Toxicology and Chemistry 21:1897-1902. 

 
Palmer, F. B., C. A. Butler, C. A. Timperly, and C. W. Evans. 1998. Toxicity to 

embryo and adult zebrafish of copper complexes with two malonic acids as 
models for dissolved organic matter. Environmental Toxicology and Chemistry 
17:1538-1545. 

 
Patandin, S., C. Koopman-Esseboom, M. A. de Ridder, N. Weisglas-Kuperus, and P. 

J. Sauer. 1998. Effects of environmental exposure to polychlorinated biphenyls 
and dioxins on birth size and growth in Dutch children. Pediatr Res 44:538-545. 

 
Perera, F. P., W. Jedrychowski, V. Rauh, and R. M. Whyatt. 1999. Molecular 

epidemiologic research on the effects of environmental pollutants on the fetus. 
Environ Health Perspect 107 Suppl 3:451-460. 

 
Perera, F. P., V. Rauh, W. Y. Tsai, P. Kinney, D. Camann, D. Barr, T. Bernert, R. 

Garfinkel, Y. H. Tu, D. Diaz, J. Dietrich, and R. M. Whyatt. 2003. Effects of 
transplacental exposure to environmental pollutants on birth outcomes in a 
multiethnic population. Environ Health Perspect 111:201-205. 

 
 
Perera, F. P., D. Tang, Y. H. Tu, L. A. Cruz, M. Borjas, T. Bernert, and R. M. 

Whyatt. 2004. Biomarkers in maternal and newborn blood indicate heightened 
fetal susceptibility to procarcinogenic DNA damage. Environ Health Perspect 
112:1133-1136. 

 
Powell, W. H., R. Bright, S. M. Bello, and M. E. Hahn. 2000. Developmental and 

tissue-specific expression of AHR1, AHR2, and ARNT2 in dioxin-sensitive and -
resistant populations of the marine fish Fundulus heteroclitus. Toxicol Sci 57:229-
239. 

Prince, R., and K. R. Cooper. 1995. Comparison of the effect of 2,3,7,8-
tetrachlorodibenzo-p-dioxin on chemically impacted and nonimpacted 
subpopulations of Fundulus heteroclitus: II Metabolic Considerations. 
Environmental Toxicology and Chemistry 14:589-595. 

 
Ramsay, G. 1998. DNA chips: state-of-the art. Nature Biotechnology 16:40-44. 
 
 
 
 



 23 

Rice, J. M., and J. M. Ward. 1982. Age dependance of susceptibility to carcinogenesis 
in nervous system. Annals of the New York Academy of Sciences 381:274-289. 

 
Rifkin, S. A., J. Kim, and K. P. White. 2003. Evolution of gene expression in the 

Drosophila melanogaster subgroup. Nat Genet 33:138-144. 
 
Ringwood, A. H. 2005. The relative sensitivities of different life stages of Isognomon 

californicum to cadmium toxicity. Environmental Contamination Toxicoogy 
19:338-340. 

 
Schena, M., R. A. Heller, T. P. Theriault, K. Konrad, E. Lachenmeier, and R. W. 

Davis. 1998. Microarrays: biotechnology's discovery platform for functional 
genomics. Trends In Biotechnology 16:301-306. 

 
Selman, K., and R. A. Wallace. 1983. Oogenesis in Fundulus heteroclitus. III. 

Vitellogenesis. J Exp Zool 226:441-457. 
 
Selman, K., and R. A. Wallace. 1986. Gametogenesis in Fundulus hetericlitus. 

American Zoologist 12:173-192. 
 
Smith, G. M., and S. J. Weis. 1997. Predator-prey relationships in mumischogs 

(Fundulus heteroclitus): Effects of living in a polluted environment. Journal of 
Expreimental Marine Biology and Ecology 209:75-87. 

 
Veselinovich, S. C., D. R. Kandala, and N. Mihailovich. 1975. Neoplastic response of 

mouse tissues during perinatal age periods and its significance in chemical 
carcinogenesis. National Cancer Institute Monographs 51:230-250. 

 
Vogelbein, W. K., J. W. Fournie, P. A. Van Veld, and R. J. Huggett. 1990. Hepatic 

neoplasms in the mummichog Fundulus heteroclitus from a creosote-
contaminated site. Cancer Res 50:5978-5986. 

 
Weis, J. S., G. M. Smith, and T. Zhou. 1999. Altered predator/pray behavior in polluted 

environments: Implications for conservation. Environmental Biology of Fishes 
55:43-51. 

 
Weis, J. S., and P. Weis. 1989. Effects of environmental pollutants on early fish 

development. Reviews in Aquatic Sciences 1:45-73. 
 
 
 
 
 
 



 24 

Whyatt, R. M., R. M. Santella, W. Jedrychowski, S. J. Garte, D. A. Bell, R. Ottman, 
A. Gladek-Yarborough, G. Cosma, T. L. Young, T. B. Cooper, M. C. 
Randall, D. K. Manchester, and F. P. Perera. 1998. Relationship between 
ambient air pollution and DNA damage in Polish mothers and newborns. Environ 
Health Perspect 106 Suppl 3:821-826. 

 
Wilson, J. G. 1973. Environment and Birth Defects. Academic Press, New York. 
 
Wilson, J. G. 1977. Embryotoxicity of drugs in man.309-355. 
 
Wirgin, I., and J. R. Waldman. 2004. Resistance to contaminants in North American 

fish populations. Mutat Res 552:73-100. 
 
Wolf, J. B., E. D. I. Brodie, and M. J. Wade. 2000. Epistasis and the evolutionary 

process. New York, Oxford University Press. 
 
 
 



 25 

Max. Concentrations Measured in Water (ng/L) 
Study Sites Total PAHs Total PCBs Mercury 

 27,400 18,000   47 New Bedford Harbor, MA 
Sandwich, MA    1,100          0.3     1.7 

 46,000      128 140  Newark Bay, NJ 
Barnegat Bay, NJ    3,100          1.9     4.5 

109,100        13   22 Elizabeth River, VA 
Knots Island, NC        360          0.085     3.3 
 

 
 
 
 
 
 
 
 
 

Table 1.1.  Chemical Data of Clean and Polluted sites populated by Fundulus  
heteroclitus from various publications of Dr. Damian Shea, NCSU. 
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Figure 1.1. Relative locations of Fundulus populations used for 
this study.  Reference sites (): A - Sandwich, MA; C – 
Succotosh, RI; D – Clinton, CT; F – Tuckerton, NJ; G – Magotha, 
VA; I – Manteo, NC. Polluted sites (♦): B – New Bedford Harbor, 
MA; E – Newark Bay, NJ; H – Elizabeth River, VA. 
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Figure 1.2. Chemical structures of representative PAHs 
found at the Elizabeth River, VA site populated by 
Fundulus heteroclitus 
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ABSTRACT 

 

Although numerous aspects of development have been discovered through studies 

of diverse species, a comprehensive analysis of gene expression at every stage of 

vertebrate development is lacking.  The teleost Fundulus heteroclitus is a valuable model 

in vertebrate developmental and environmental biology.  We quantified gene expression 

patterns of about one-fourth of Fundulus genes for all 40 developmental stages using 

microarray analysis.  Our data illustrates temporal dynamics of gene activity during 

embryogenesis highlighting waves of differential gene expression associated with the 

different hallmarks of development.  Analysis of stage-specific gene expression and onset 

of peak gene activity provide insights about relationships between gene activity and 

major physiological processes throughout development.  We also provide a 

comprehensive atlas and timeline of normal Fundulus development and present histology 

during late organogenesis.  
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INTRODUCTION 

 One of the main goals of developmental biology is to understand the relationship 

between regulated changes in gene expression and progression of development on the 

cellular, tissue, and organism level.  Since the activity of regulatory genes drives embryo 

development (Davidson et al., 2002), efforts are made to study developmental 

mechanisms via differentially regulated gene expression.  Analyzing expression of many 

genes can point to sets of individual genes for further study, and genes expressed in 

similar patterns often are associated with common signaling or metabolic pathways. 

Microarray technology is a useful tool to study embryonic gene expression screens and 

establish developmental profiles by monitoring activity of thousands of genes preferably 

during all developmental stages, from unfertilized egg to hatching.  This allows for 

temporal and spatial analysis of gene expression patterns and for identifying novel genes 

not previously associated with embryogenesis (Altmann et al., 2001; Ton et al., 2002; 

Linney et al., 2004).   

Fish, in particular zebrafish and medaka, are established vertebrate models in 

developmental biology because they combine the best features of all the other models: 

multiple embryos develop externally and can be viewed and manipulated at all stages; 

development is rapid, the organization of the embryo is relatively simple and the embryo 

is transparent.  Like the mouse, the fish embryo is amenable to genetic analysis: it is easy 

to induce new mutations, and large-scale screens have been used to identify mutations  
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causing defects in some biological processes, such as the developing nervous system 

(Powers, 1989; Cossins and Crawford, 2005).  These advantages have resulted in dense 

genetic maps in the zebrafish, which have been useful for the comparative mapping of 

human genes (Postlethwait and Talbot, 1997).  There is extensive similarity between the 

fish and human genomes and many human developmental and disease genes have 

counterparts in fish (Zon, 1999; Ton et al., 2000).  

The teleost Fundulus heteroclitus is arguably the most environmentally important 

fish species on the east coast of the U.S. (Burnett et al., 2007) with populations widely 

distributed in salt marshes from Florida to Maine (Lee et al., 1980, Scott and Crossman, 

1998).  Fundulus are small (6-12 cm), abundant, non-migratory, hardy fish (Skinner et 

al., 2005).  They can tolerate variable salinities (Griffith, 1974; Marshall and Grossel, 

2005) and temperatures (Powers et al., 1993; Crawford et al., 1999) and can thrive in 

heavily polluted environments (Wirgin and Waldman, 2004; Prince and Cooper, 1995; 

Elskus et al., 1999; Nacci et al., 1999; Vogelbein et al., 1990; Ownby et al., 2002; Meyer 

et al., 2003).  Such characteristics make Fundulus an exceptional model for studying 

population and individual response to changing environments, physiology, toxicology, 

disease, and evolution.  Similar to adults, Fundulus embryos are resilient and can develop 

under different environmental conditions, which is important when assessing the effects 

of many natural and anthropogenic factors on normal development (Oppenheimer, 1937;  

Armstrong and Child, 1965; Preston et al., 2006).  Moreover, Fundulus is an excellent 

developmental model with several important characteristics: eggs are translucent and  
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larger than zebrafish and medaka  (about 2 mm); eggs are easily stripped from females on  

a relatively regular bi-weekly schedule under controlled laboratory conditions (Hsiao et 

al., 1996; Nacci et al., 1998; internal data) and can be fertilized in vitro, yielding large 

numbers of viable eggs; the time to develop from unfertilized egg to free-swimming 

larvae takes 10-14 days and can be manipulated  (Armstrong and Child, 1965; Taylor, 

1999; internal data).  This developmental time period (longer than that of zebrafish and 

medaka) allows for more accurate morphologic observations and measures of stage-

specific gene expression responses.  

A standardized and systematic approach to embryo staging is a critical tool in 

developmental biology, toxicology, and disease studies that involve experiments and 

statistical analyses using numerous embryos during relatively short developmental time-

periods.  To date, the most comprehensive Fundulus atlas was reported by Armstrong and 

Childs (1965), with drawings and descriptions of 39 stages of normal development.  We 

complement this work with images using equipment common in today’s laboratories (10-

80x magnification dissecting microscope and digital camera) and provide additional 

angles, details, depth, and focus of critical structures that define particular stages.  In 

contrast to Armstrong and Childs, we separated stage 35 into two distinct stages (pre- and 

post-hatching) for the practicality of identifying changes in gene expression taking place 

before and after embryos break through the chorion membrane and become free-

swimming.  Thus, in total we characterize 40 distinct stages of F. heteroclitus 

development. 
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Our analysis of normal development in F. heteroclitus is three-fold.  We provide a  

detailed atlas identifying the 40 stages of development and average times embryos reach 

a specific stage under controlled laboratory conditions.  We augment this atlas with 

histological sections identifying major structures of a late organogenesis stage.  Finally, 

using microarray analyses, we report a statistical analysis of gene expression patterns of 

each developmental stage during Fundulus embryogenesis. 

  

MATERIALS AND METHODS 

Fish field collection and maintenance 

Adult Fundulus heteroclitus were captured from King’s Creek, VA (37° 17’ 

54.04”N; 76° 25’ 32.06”W) using minnow traps and transported under controlled 

temperature and aeration conditions to NCSU Aquatic Laboratory.  Fish were maintained 

at 20°C and 15 ppt salinity in 40 gallon flow-though re-circulating tanks under a pseudo-

summer light cycle (8 h dark / 16 h light) for 2 months prior to embryo culturing.  

Effluent from the tanks was passed through an activated charcoal filter system, and 20% 

of the water was changed weekly.  Fish were fed (brine shrimp flake, blood meal flake, 

and Spirulina flake - FOD, Aquatic Biosystems), and checked for health status daily.  
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Fish spawning, fertilization, development, and egg collection for Atlas, Histology 

and Gene Expression 

To minimize variability, we used embryos from a single Fundulus population,  

developing under controlled laboratory conditions.  Mature females were stripped of their 

eggs and sperm from mature males were collected in separate beakers.  Eggs from 

multiple females were fertilized by sperm of multiple males, and excess sperm were 

removed.  Fertilized embryos were maintained in Petri dishes half submerged in 15 ppt 

filtered seawater in a 25°C environmental chamber under light during the first two stages 

of development (2-cell stage).  Embryos that successfully reached the 2-cell stage within 

3 hours were incubated under a 16 hour light: 8 hour dark photoperiod at 25°C in the 

environmental chamber (818 Low Temperature Illuminated Incubator, Precision 

Scientific, USA).  Fertilization success and embryo progress was monitored daily by 

examining representative stages during pre-determined time periods (Armstrong and 

Childs, 1965; internal data) using a dissecting stereo microscope (Nikon SME1500, 

Japan).  Time to stage, normal versus abnormal development, and mortality also were 

recorded.  Unfertilized eggs, malformed and/or dead embryos were removed from the 

population, and times and stages of arrest and abnormal development were recorded 

accordingly.  Once the normally developing embryos reached pre-determined 

developmental stages, embryos were photographed using a Micropublisher 5.0 RTV 

Camera (QImaging) fitted on the stereo microscope, immediately placed in pre-chilled  
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1.5 ml eppendorf tubes and snap-frozen at -80°C for later RNA analyses.   

 

Average time to stage and heart rate 

To determine the average time to stage for all 40 stages, three embryos from 10  

different families (each family consisted of offspring from a single female and male 

cross) were monitored in individual 20-ml scintillation vials.  Identification of each stage 

was determined using a dissecting stereo microscope (Nikon SME1500, Japan) at 70-80X 

magnification.  Multiple images of developing embryos were taken at different phases of 

each developmental stage.  Images were captured with the Micropublisher 5.0 RTV 

Camera (QImaging), and catalogued, stored, and analyzed using QCapture Pro imaging 

software. 

We calculated average times during which >50% of observed embryos showed 

most of the morphological characteristics of a particular stage.  The embryos were 

observed during pre-determined time periods based on the reported Fundulus 

developmental data (Armstrong and Child, 1965) and our preliminary results.  

The same embryos used to determine average time to stage were used to 

determine heart rate during early organogenesis (stage 31) and pre-hatching (stage 35).  A 

beating heart is formed, with both chambers completely differentiated and in full view by 

stage 31, and the heart rate can be accurately determined from that stage on.  Individual 

embryos were placed on a depression slide under the dissecting stereo microscope for 1  



 36 

minute prior to taking heart rate measurements so that the stressed embryo could re-

establish resting heart beat (most Fundulus embryos temporarily arrest their heart beat 

due to a sudden change of environment, such as transfer from the petri dish to a well-lit 

slide surface).  The heart rate of each embryo was measured by counting the number of 

heart beats for 30 seconds (preliminary results showed no change in the average heart  

beat when counts were taken at either 30 second or 1 minute intervals). 

Differences among embryos were analyzed with Prism Statistical Software using 

one-way Analysis of Variance (1-way ANOVA, p < 0.05) for time-to-stage and heart rate 

differences among embryo groups (families), respectively.  A pairwise t-test (p < 0.05) 

was used to test the differences of the means between families for both time-to-stage and 

heart rate.   

 

Histology 

Recognition of specific organs/tissues 

Decisions to refer to a structure as a specific organ or tissue were made using at least 

three criteria:  

1. Spatial - position, relationship to other structures; 

2. Temporal- time at which the structure first appears;  

3. Features of its tissue and cellular components.  

All of these were made possible by the publications of earlier works, which have  

defined stages in development of various fish species (Oppenheimer, 1937; Armstrong  
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and Child, 1965; Iwamatsu, 2004; Kimmel et al., 1995; Gonzales-Doncel et al., 2005).  

Observations made with stereoscopic dissection microscopes at relatively low 

magnification are sufficient to provide a list of structures for early cellular stages of 

development.  Similarly, as organ systems begin to appear, take on pigmentation and/or 

move, their presence provides markers for consistent recognition of specific 

developmental landmarks.  

What has been less common is provision of detailed histological sections with 

sufficient resolving power to recognize organs, tissues and their component cell types. 

Despite the strengths of differentiating stains and greater magnification and resolution, 

the ability to orient sections within the changing architectural plan of a developing 

embryo is essential for accurate characterization to organ, tissue and cellular levels of 

organization.  In this work, we used horizontal-logitudinal sections, sagattal sections and 

transverse sections.  Horizontal-longitudinal sections cleave the embryo into dorsal and 

ventral portions.  This is analogous to the frontal sections of mammalian organisms.  

However, since the embryo is curved over the yolk sac, a single plane of section is 

unlikely to be maintained through the length of the embryo.  Sagittal sections cleave the 

embryo at the midline creating equal right and left halves of the organism.  Sections to 

the side of the sagittal section are referred to as parasagittal.  Transverse sections separate 

rostral from caudal portions of the embryo.  

Due to the fact that the embryo and the outer surface of its associated yolk are 

curved, spatial relationships are difficult to define in entirety.  This results from the  
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embryo being inside spherical membranes and positioned flat upon a spherical surface 

subsequently maintained through processing by the cross-linking of proteins in the fixed 

embryo.  Given the above, histological sections yielding true planes completely defining 

all of the above relationships are rare, is they exist at all.  Thus, we often were faced with 

sections skewed to some degree, along dorsal-ventral, lateral to contralateral, lateral to 

medial, and/or horizontal to longitudinal orientations.  For continuity and for overall 

representation, we regard relationships seen nearly in their entirety at lower magnification 

(10X objective) as valuable and these are followed by analysis of smaller areas using 

higher magnification and for the most part, differentiating power (i.e., the ability to 

distinguish one structure from its neighbors) giving us the potential to label organs, 

tissues and cells.  

Late organogenesis of Fundulus development was chosen as a representative 

stage of major histological structures.  During this stage, the heart chambers are fully 

differentiated and all the major organ systems are developed and fully functional.  Upon 

confirming the stage and measuring the heart rate, the embryo pictures were taken and 

catalogued, the embryos were fixed in 10% Neutral Buffer Formalin for 24-48 hours and 

stored overnight in 30% sucrose.  The embryos were punctured through the chorion once, 

using the tip of a hypodermic needle, transferred to the mesh tissue cassettes, and allowed 

to fix longer overnight due to the thickness of chorionic membrane. 

Embryos were embedded in paraffin, trimmed into 100 micron blocks and 

reinfiltrated in paraffin, and then reimbedded into the block.  Tissues were then  
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embedded for sectioning, which was done at 5 microns and placed on Silanized coated 

slides.  Embryos were stained with hemotoxylin and eosin.  Histological sections were 

viewed under a Nikon Eclipse E600 microscope, and the images were taken using 

Lumenera Infinity 2 (model #2-2C) 2.0 megapixel, 12 fps, CCC color camera.  Digital 

images were analyzed using Eclipse Net Version 1.16.5 software.   

 

Embryo RNA isolation, amplification, and labeling 

Pools of frozen embryos collected at each developmental stage were used for 

RNA isolation, labeling, and microarray hybridization.  Four pools of 25 embryos were 

used for stages 1-10, four pools of 15 embryos were used for stages 11-15, and 4 pools of 

10 embryos were used for stages 16-40.  Embryo RNA was extracted using a Trizol 

buffer (Invitrogen, Carlsbad, CA, USA) followed by purification using the Qiagen 

RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA).  Purified RNA was quantified with 

a spectrophotometer, and RNA quality was assessed by gel electrophoresis.  RNA for 

hybridization was prepared by one round of amplification (aRNA) using Ambion’s 

Amino Allyl MessageAmp aRNA Kit to form copy template RNA by T7 amplification.  

Amino-allyl UTP was incorporated into targets during T7 transcription, and resulting 

amino-allyl aRNA was coupled to Cy3 and Cy5 dyes (GE Healthcare, Piscataway, NJ, 

USA). 

Labeled aRNA samples (2 pmol dye/ul) were hybridized to slides in 10 ul of 

hybridization buffer (50% formamide buffer, 5x SSPE, 1% sodium dodecyl sulfate,  
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0.2 mg/ml bovine serum albumin, 1 mg/ml denatured salmon sperm DNA (Sigma), and 1 

mg/ml RNAse free poly(A) RNA (Sigma)) for 44 hours at 42º C.  Slides were prepared 

for hybridization by blocking in 5% ethanoloamine, 100 mM Tris pH 7.8, and 0.1% SDS 

added just before use for 30 minutes at room temperature, washed for one hour in 4x 

SSC, 0.1% SDS at 50º C, and then boiled for 2 minutes in distilled water to denature the 

cDNAs.  Resulting 16 bit Tiff Images were quantified using ImaGene® (Biodiscovery, 

Inc.) spotfinding software.  Controls and any gene that did not have at least one 

individual with a signal greater than the average signal from all herring sperm control 

spots (non-specific hybridization signal) plus one standard deviation were removed prior 

to statistical analyses.  In total, 6,789 genes were analyzed.   

 

Microarrays 

Amplified cDNA sequences for 7,000 genes from F. heteroclitus cDNA libraries 

were spotted onto epoxide slides (Corning) using an inkjet printer (Aj100, ArrayJet, 

Scotland).  Libraries were made from all 40 stages of Fundulus development, 

immediately post-hatch whole larvae, and adult tissues.  Each slide contained 5 spatially 

separated arrays of ~7,000 spots (genes) including controls.  Sequence information, 

annotation and gene ontology are available for Fundulus on the FunnyBase website 

http://genomics.rsmas.miami.edu/sandbox22/sandbox22.html. 
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Experimental Design for Microarrays 

A double loop design was used for the microarray hybridizations where each 

sample is hybridized to 2 arrays using both Cy3 and Cy5 labeled fluorophores (Kerr and 

Churchill, 2001).  The loop consisted of Cy3 and Cy5 labeled embryo aRNAs from 4 

biological pools for each of 40 stages (S).  In total, 160 biological pools were hybridized 

to 80 microarrays.  Each array had different combinations of biological pools (Altman 

and Hua, 2006).  The double loop formed was S1 S2  S3 … S40 S1 and S40 

S39 S38 … S2 S1  S40 where each arrow represents a separate hybridization 

(array) with the biological pool at the base of the arrow labeled with Cy3 and the 

biological pool at the head of the arrow labeled with Cy5.   

Embryonic gene expression: 

Log2 measures of gene expression were normalized using a linear mixed model in 

SAS (JMP v3.2 with a microarray platform beta-version in SAS v9.1.3) to remove the 

effects of dye (fixed effect) and array (random effect) following a joint regional and 

spatial Lowess transformation in MAANOVA Version 0.98.8 for R to account for both 

intensity and spatial bias (Wu et al., 2003).   

The model was of the form yij = µ  + Ai + Dj + (AxD)ij + εij where, yij is the signal 

from the ith array with dye j, µ is the sample mean, Ai and Dj are the overall variation in 

arrays  and dyes (Cy3 and Cy5), (AxD)ij is the array x dye interaction and εij is the 
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stochastic error (Jin et al., 2001; Wolfinger et al., 2001).   

Residuals from the above model were used in a linear mixed model to test for 

differences between stages on a gene-by-gene basis. The model was rijkm = µ  + Ai + Dj + 

Tk + εijkm where Tk is the kth treatment (stage 1-40).  We used a similar analysis to test for 

differences between pre and post-hatch embryos except the kth treatment represented pre-

hatch (stages 1-35) and post-hatch (stages 36-40).   

For all mixed model analyses, we used a nominal p-value cut-off for significant 

genes of p < 0.01.  Using this p-value reveals more genes that may be differentially 

expressed but risks identifying genes that may be false positives.   

Hierarchical clustering used JmpGenomics, Cluster 3.0 for Mac OS X, and Java 

TreeView version 1.0.8 (de Hoon et al., 2004).  Correlation analyses used Matlab version 

7.2.  For peak expression, genes were ordered by their time of peak expression.  Separate 

peaks were defined as within the 90% CI of the maximum transcript level measured and 

at least 3 stages away from another peak.   

These experiments were performed according to an approved Institutional Animal 

Care and Use Committee at North Carolina State University. 

 

RESULTS 

Our goal was to provide detailed in vivo quality images and comprehensive stage 

descriptions using early guidelines of Fundulus development (Oppenheimer, 1937;   
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Armstrong and Child, 1965), which would be useful as a practical tool to clearly and 

efficiently identify stages of normal Fundulus development.  Atlas morphology and stage 

descriptions are supplemented by time-to-stage and heart physiology data.  We also 

report a histological analysis of the stage 31, which is characterized by complete heart 

differentiation and the formation of fully functional major organ systems (Armstrong and 

Childs, 1965).  Moreover, we present a statistical analysis of gene expression throughout 

Fundulus development, profiling all 40 developmental stages of Fundulus development, 

from an unfertilized ovum to post-hatching.  

 

Figure 2.1 shows the 40 stages of normal embryo development in Fundulus.  

  

Stage 1: Mature Unfertilized egg 

 The mature spherical ovum is on average 2 mm in diameter, although the size 

varies and correlates to the size of the female, with larger females having larger but not 

necessarily more eggs.  The egg is enveloped by the chorion – a thick 2-layer membrane 

consisting of inner protein fibrils and outer homogenous protein fibers. The micropyle 

looks like a small funnel-shaped indentation on the outer layer of the chorion’s animal 

(uppermost) pole.  At the center of the egg is the homogenous and opaque yolk covered 

with the small round cortical granules (yolk platelets) and oil droplets, which vary in size.  
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Stage 2: 1-cell stage 

Upon fertilization, formation of pre-vitalline membrane causes the egg to shrink away 

from the inner chorion membrane and the cortical granules disappear.  The cytoplasm 

migrates to the micopyle (animal) pole of the egg and eventually forms an elevated 

blastodisc. Oil droplets migrate towards and eventually aggregate at the vegetal pole.  

 

Stage 3: 2-cell stage 

The blastodisc undergoes first cleavage resulting in two blastomeres (cells) equal in size.  

 

Stage 4: 4-cell stage 

The two blastomeres flatten and the second cleavage takes place, usually at the right 

angle of the first cleavage plane, forming 4 blastomeres of equal size. 

 

Stage 5: 8-cell stage 

The third cleaveage, which is parallel to the first, divides the four blastomeres into 2 

parallel rows of four, resulting in 8 blastomeres.  The blastoderm elongates along the 2nd 

cleavage axis, and arrangement of cells can sometimes appear slightly irregular. 

 

Stage 6: 16-cell stage 

The fourth cleavage plane, which is parallel to the second, forms 4 parallel rows of 4 cells 

whose arrangement can also appear irregular.  By the end of this stage, most of the oil  
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droplets migrate towards the vegetal pole. 

 

Stage 7: 32-cell stage 

The fifth cleavage plane divides 16 outer cells meridionally, while the inner 4 cells are 

divided horizontally, crating an inner and outer layer of cells.  Later in this stage the outer 

cells undergo rearrangement and appears irregular with respect to each other. 

 

Stage 8: Early Morula (64-128 cells) 

The sixth cleavage, which is difficult to follow, results in the 64 smaller cells, with no 

apparent increase in blastodisc size.  The cells are clustered together forming 2-3 layers 

in the center.  

 

Stage 9: Late Morula (256-512 cells) 

Depending on their position within a blastoderm, the cells have different cleavage planes 

and undergo further divisions.  The peripheral cells flatten, and the overall cell 

arrangement results in the formation of 3-4 layers.  

 

Stage 10: Early Blastula 

The ongoing divisions result in smaller and more numerous cells, with central cells being 

smaller than the outer.  There is no apparent change in blastoderm size, which appears 

thick.  The nuclei of cells from the outer layer migrate out, and form a few rows in the  
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yolk syncytial layer known as periblast. 

 

Stage 11: Flat Blastula 

The blastoderm sinks, flattens, and caps the yolk.  The individual cells cannot be resolved 

and blastoderm appears as a homogenous mass. 

 

Stage 12: Pre-early gastrula 

The circular blastoderm expands further over the yolk.  The cell layers appear thicker on 

one side, as the outer layer of cells migrates towards the vegetal pole.  The blastoderm 

appears as a biconvex disc with the upper layer being more convex.  Under higher 

magnification, 4-5 bands of irregular migrating nuclei can be observed at the margin of a 

blastodisc.  

 

Stage 13: Early gastrula 

The blastoderm flattens and expands further to cover less than 20% of the yolk mass.  

The band of cells on one side of the periblast continues to thicken, forming a dorsal lip of 

the  blastoderm. The fine droplets concentrate at the animal pole, the site where the 

blastopore will eventually close. 
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Stage 14:  

The blastoderm expands further to cover about 25% of the yolk’s surface.  The peripheral 

cell layers of the dorsal lip thicken further, marking the future location of the embryonic 

shield.  

 

Stage 15: Pre-mid-gastrula 

The blastoderm extends further over about 30% of the yolk, a process termed epiboly, 

causing the relative thinning of this layer, while the embryonic shield continues to build 

up increasing size around the dorsal lip.   

 

Stage 16:  The blastoderm covers more than 33% of the yolk sphere.  The dorsal lip 

elongates and the subsequent cell divisions cause further build up of the embryonic 

shield, which is greater at one portion of the blastoderm.  

 

Stage 17: Mid-gastrula  

The blastoderm covers 50% of the yolk, and the streak caused by thickening of the 

embryonic shield, known as the embryonic axis, is apparent.  

 

Stage 18. Late Gastrula 

The blastoderm covers 75% of the yolk and the embryonic shield elongates and becomes 

more pronounced, appearing as a narrow streak.  The fine droplets concentrate further at  
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the vegetal pole. 

 

Stage 19. Early Neurula 

The blastoderm covers most of the yolk, with the small area at the vegetal pole, the 

blastosphere, exposed.  The embryonic axis (neural keel or neurula) broadens, with the 

distinctive thickening anteriorly, forming a head (cephalic) region.  The bilateral 

thickening of the head region indicates the presence of rudimentary optic vesicles.  Small 

vacuoles (Kupffer’s vesicles) are present at the caudal (posterior) end, which is in contact 

with the small blastophore. 

 

Stage 20. Late Neurula 

The blastophore is closed and the blastoderm covers the entire yolk.  The upper cephalic 

region widens and forms two optic buds. The further thickening of the head region results 

in formation of the brain, forebrain, midbrain, and hindbrain regions.  A group of 

mesodermal cells aggregate ventrally to the embryonic axis, marking the location of 

future anterior somite region.  

 

Stage 21.  3-4 somites 

The embryo increases in size and further mesodermal segmentation forms of 3-4 somites 

apparent bilaterally in the embryo’s midline.  The optic lobes in the head region are more 

defined.  
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Stage 22: 6-9 somites 

The brain regions are well defined and the optic cup is formed within the optic lobe.  The 

number of somites increases.  The small strands on the yolk’s surface indicate the 

initiation of the blood islands.  Outlines of the pericardial cavity are located anterior to 

the head.  The two otic placodes (auditory vesicles) are caudal in the cephalic region.  

The Kuupfer’s vesicle is located anterior to the tail region, and the fine droplets aggregate 

under the tip of the tail. 

 

Stage 23. Heart formation 

The embryo grows in size and the main structures differentiate further with 10-12 somites 

now apparent.  The main brain region is well defined.  The optic vesicles differentiate 

further and the optic lenses are formed, but do not protrude out of the optic cup.  The 

outline of the pericardial cavity can be viewed bilaterally to the mid and hindbrain.  The 

flat body cavity forms on the yolk’s surface bilateral to the mid and hindbrain.  The heart 

anlagen (primitive tubular heart) is under the head, caudal to the mod-brain and anterior 

to the hindbrain.  The blood islands grow in size, and small pigment cells appear scarred 

over the yolk sac.  The tail region is round and attached to the yolk. 

 

Stage 24: Heart beat initiation 

The embryo occupies almost 50% of the yolk’s surface and there are 14-16 somites.  The 

body cavity extends towards the caudal end of the eye vesicles, and the otocysts  
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(differentiated otic vesicles) become more prominent.  The optic lenses are spherical, 

filling in the optic cups.  The outlines of Cuverian ducts appear laterally around the yolk 

sac, but are incomplete.  The anterior heart region is under the forebrain and eye vesicles.  

The elongated heart pulsates slowly (30-40 bpm) from the venous to the arterial end, 

while the melanophores appear larger on the yolk surface and the larger blood islands 

form a linkage.  Circulation is not observed and the tail region remains attached to the 

yolk, having not extended in caudal direction.   

 

Stage 25: Onset of circulation 

The heart rate increases (>50 bpm) and the pericardial cavity extends, separating the head 

from the underlying yolk.  The concentrated bloods cells form the venous end of the heart 

and the tip of the tail are slowly   pushed out of the blood islands resulting in slow, 

pulsating circulation.  Later in this stage, the heart rate increases (>60 bpm), and the 

circulation stabilizes, with the blood cells moving through the three vitelline veins.  The 

ducts of Cuvier extend further laterally around the yolk.  The tip of the tail, with the 

vitello-caudal vein in the view, detaches from the yolk.  The optic lenses have increased 

in density due to increase in melanin pigmentation.  The embryo has 24 somites.  

 

Stage 26: 

The heart elongates and curves at the cranial end.  The blood can be seen circulating 

anteriorly to the hindbrain.  The eyes are darker, while the paired otoliths appear as dark,  
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round granules.  The embryo contraction is first apparent in musculature of the few 

cranial somites.  The vitelline caudal vein extends from the tip of the elongated tail onto 

the yolk sac, branching further into the vitelline vessels.  There are 30 somites. 

 

Stage 27: 

Embryo contractions, in the anterior somites, become more pronounced and more 

frequent. Volume of the yolk gradually decreases.  The embryo occupies about 2/3 of the 

yolk sphere.  The otoliths look like small granules within the larger otocyst.  The  

rudiments of pectoral fins protrude as buds posteriorly to the base of the ducts of  

Cuvier;.  The heart rate is >80 bpm, and the ventricles form an irregular heart chamber.  

The body cavity expands, with the gut attached to the yolk sac.  The melanophores 

expand on the yolk’s surface and the tail bends laterally in some embryos.  A total of 34 

somites are formed at this stage. 

 

Stage 28: 

The heart rate is 80-100 bpm, and the arterial end of the heart shifts slightly to the right. 

The eyes appear darker due to apparent thickening and melanin pigmentation.  The body 

cavity extends further, lifting the gut off the yolk sac, with the blood vessels along the gut 

now in view.  The liver rudiment appears on the left of the first pair of somites, and the 

round, dark gall bladder is seen to the left of the midline anterior to the liver as still 

attached to the yolk mass.  A small, inactive urinary bladder appears as a bilobed 
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structure at the caudal end, which is still attached to the yolk.  There are about 35 somites 

formed.  

 

Stage 29: 

The embryo is wrapped three-fourths of the way around the remaining yolk.  The heart is 

further repositioned, with the slight bend at the rostral end to the left and the arterial end 

to the right. In lateral view, the atrium and ventricle are visible under the head.  The 

overall size of the eyes and their pigmentation increases.  The pectoral fins extend further 

from the trunk, while the liver rudiment enlarges in left view at somites 3-4.  The urinary 

bladder appears as a small bilobed organ above the pectoral fin. 

 

Stage 30: 

The embryo is wrapped five-sixths of the way around the remaining yolk, with all of the 

structures further differentiated.  The heart rate is at about 100-120 bpm.  The retina is 

darker due to pigment accumulation and cellular growth, and the pectoral fin stretches 

slightly over the lateral line.  The gallbladder increases in size and assumes a greenish 

color.  The Ducts of Cuvier move towards the surface of the yolk sac, and the circulation 

can be observed throughout the liver with the hepatic vein draining into the left Duct of 

Cuvier. The urinary bladder differentiates further into a small bilobed structure but does 

not form a precipitate.  The tail straightens out completely and moves frequently, 

reaching above the hindbrain during lateral flexion.  Melanophores increase further in 
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size.  The embryo’s surface pigmentation increases, but is localized to spots on the 

surface. 

 

Stage 31:  

The heart rate reaches 120-130 bpm, and the heart chambers are differentiated under the 

cephalic region into two distinct chambers – the atrium on the left, and the ventricle 

rostrally.  The blood is pushed out from the atrium to the ventricle although the ventricle 

does not fully fill out.  Caudal to the heart, the vein splits into the left and right cardinal 

veins, which join posteriorly, forming the common cardinal vein and eventually emptying 

into heart’s sinus venosus.  The blood circulates through a closed channel system and 

flows to each side of the head via the carotid artery.  The dorsal aorta in the trunk 

continues as a caudal artery as it enters the tail and subsequently bifurcates dorsally and 

ventrally to enter the caudal fin.  A faint circulation in the vessel parallel to the pectoral 

fin is apparent.  The liver is larger, and the circulation through the sinusoids can be 

observed.  The bilobed urinary bladder can now be seen to contain precipitate.  

 

Stage 32: 

The head elongates and gradually “straightens out”.  The retina is darker, and the outline 

of the lens can be depicted with increased transillumination.  The operculum outline is 

visible anterior to the otocysts.  The aorta increases in size and heartbeat is stronger with 

increased volume being pushed through the chambers.  The liver and gall bladder are  
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closer when observed laterally, and the hepatic vessel blood flow is pronounced, with the 

blood draining into the left Duct of Cuvier.  The tip of the tail can reach the eyes and its 

movements are frequent.  A single vessel forms within the membranous pectoral fin, and 

the vessels begin to radiate within the caudal fin.   

 

Stage 33: 

The yolk sac is further reduced and the embryo exhibits frequent movement.  The retina 

is larger and heavily pigmented.  The head extends out farther in a rostral direction,  

separating the embryo from the yolk surface anteriorly at the level of the hindbrain.  The 

mouth forms under the head and rudimentary lower and upper jaws are seen; the lower 

jaw is firmly attached to the outer surface of the adjacent yolk.  The membranous pectoral 

fin movement is weak and irregular, and several melanophores can be observed along the 

faint rays of the caudal fin.  

 

Stage 34: 

Two small olfactory pits appear on the frontal bone between the eyes, and the oral cavity 

is composed of the upper and the lower jaw. The latter remains loosely attached to the 

yolk surface.  Later in this stage, the lower jaw separates from the yolk, and the mouth 

opens frequently.  The hatching enzymes concentrate in the buccal epithelium beneath 

and ventral to the eyes.  The gill arches are apparent but poorly differentiated, and the 

heart rate is stabilized, remaining between 120-130 bpm.  A small vacuolar body between  
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the pectoral fins outlines the formation of the future swim bladder.  The tail can reach the 

middle of the eyes and the ventral fin is formed along the tail.  Blood circulates 

throughout the vessels radiating through the caudal fin, and the embryo’s movement is 

frequent, accompanied by an uncoordinated fluttering of the pectoral fins.  

 

Stage 35. Pre-Hatching 

Continuous elongation of the head causes further separation of the ventral head region 

from the yolk.  The eyes are large and move frequently.  The liver increases in size and  

obscures the view of the gall bladder.  Operculum (gill cover) margins are now well 

defined. The tail can reach beyond the caudal border of the eye.  The heart rate remains 

stable between 120-135 bpm.  The contraction of the embryo, resembling swimming 

movements, is accompanied by frequent but unsynchronized fluttering of the pectoral 

fins.  The tip of the tail can reach beyond the otic vesicle and the embryo often rotates 

within the chorion.  A strong tail movement often results in the complete rotation of the 

emrbyo. 

 

Stage 36:  Hatching 

The more frequent opening of the lower jaw indicates the beginning of the hatching 

process, during which the hatching enzyme is likely released from the glands located in 

the bucco-pharyngeal cavity.  The chorion eventually lyses and the embryo breaks free 

tail-first. The tail straightens immediately upon hatching, and the embryo is able to  
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assume swimming movements within the hatching medium.  

 

Stage 37. 

The yolk is significantly reduced in size and now extends from the under the pectoral fins 

to the anus, which is located approximately at the body’s midline.  The overall embryo 

movements are frequent and well coordinated, with pectoral fins fluttering continuously.  

The early formation of dorsal and ventral fins contributes to the maturation of the motor 

skills.  The lower jaw and the opercular movements appear more synchronized, and the  

motor activity becomes more efficient overall.  

 

Stage 38. 

Viewed laterally, the yolk sac covers the anterior region of the operculum and extends 

pass the caudal end of the pectoral fin.  The swim bladder increases in size, while the 

dorsal and ventral fins become more prominent.  The rays within the pectoral and caudal 

fins are now well defined.  The embryo’s movement improves, but the movements 

between the operculum and the pectoral fins are not completely synchronized. 

 

Stage 39: 

The diminishing yolk sac covers the area beneath the pectoral fins and the embryo swims 

frequently and efficiently.  
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Stage 40: 

The yolk is completely absorbed, marking the initiation of the larval stage.  The embryo  

movement is characterized by synchronized activity of the operculum and constant 

movement of the pectoral fins. The size of the swim bladder is sufficient, so that the 

embryo is able to suspend itself within the water column.  

 

Time-to-stage: 

We recorded stage progression for 30 embryos (10 families of 3 embryos), and 

calculated mean development time for each stage (Table 2.1).  Stage means were not 

statistically different among embryos  (1-way ANOVA, p > 0.05).  Most of our embryos 

reached post-10 developmental stages sooner that previously reported (Armstrong and 

Child, 1965), which was likely due to our embryos developing in a 25°C environmental 

chamber instead of at 20°C.  The average time for early somitogenesis (stage 21) was 44 

hours, while the onset of circulation occurred within 72 hours.  The heart was completely 

differentiated by the end of day 5 (stage 31), while most of the embryos hatched within 

10 days.  The final stage of development (stage 40), which is characterized by free-

swimming larvae with all of the yolk consumed, was completed on day 12 after 

fertilization.  

 

 

 

 



 58 

Embryo Heart Rates during heart differentiation and pre-hatching: 

Stage 31 is characterized by complete heart differentiation and allows for accurate 

measure of a heartbeat, with blood expelled forcefully from atrium to ventricle.  We also 

measured heart rates during stage 35 since we were interested in possible changes of 

heart dynamics caused by rapid growth and further organ differentiation, including pre-

hatching.  The average heart rate among 10 families of 3 embryos / family was 123.3 ± 

1.09 bpm, while an average heart rate during pre-hatching stage was 125.3 ± 0.64 bpm.  

The mean heart rates among embryos were not significantly different during either stage, 

or between stages 31 and 35 (1-way ANOVA, p>0.05). 

 

Histology 

Histology sections of stage 31 Fundulus embryo development are presented in the 

Figure 2.3 A-R.  Stage 31 was chosen as representative of advanced organogenesis of 

most major organ systems.  

 

A-B. Near complete parasagittal section of the stage 31 Fundulus embryo (a-10X; b-

20X): at the rostral-most extent of the embryo, the eye with lens and differentiating layers 

of retina are shown.  Continuing with the central nervous system the rostral-most portion 

of the midbrain is the future optic tectum.  Just caudal to this is the cerebellum continuing 

into the spinal cord, an elongated layer of cartilage is just ventral to the cerebellum and 

forms part of the cerebral vault.  The basophilic structures immediately ventral to the  
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cerebellum and rostral to the cartilage are apparent but not definitively identified. 

Candidate structures include: basal ganglia and/or pituitary.  Between the aforementioned 

structures and the underlying yolk is a region of the branchial cavity including portions of 

four branchial arches.  The eosinophilic single cells of the branchial and pharyngeal 

mucosa are remnants of hatching gland cells.  Little to no differentiation of respiratory 

portions of the gill is seen at this time.  Immediately caudal to the branchial cavity is the 

kidney showing sections through five individual tubules. Just caudal, appearing ventral, 

due to the curvature of long axis of embryo, is the liver.  Two rounded structures between 

the liver and the adjacent foregut are bile ducts.  The caudal-most portion of the embryo 

in this section reveals paraxial skeletal muscle.  

 

C-D. Parasaggital sections of intestine, extramural glands, and longitudinal views of the 

spinal cord and notochord (20X).  Dorsally (right side of the figure), brain and spinal 

cord descend toward the tail.  Between the spinal cord and the structures of the kidney 

and intestine, there is a good depiction of the linear extent of a portion of the notochord.  

With respect to the kidney, the section through the glomerulus shows a portion of the 

vascular tuft.  Other structures include a glancing section through the periphery of the 

liver bud and adjacent gallbladder, which is lined by a single layer of flattened epithelial 

cells.  In the mesentery between the two profiles of the intestine, a pancreatic bud is 

shown.  
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E. Parasagittal section of a portion of the head and neck regions and the rostral- most 

portion of the abdominal cavity (10X).  The lens of the eye, various layers of cells 

representing the differentiating retina and a portion of the anterior chamber of the eye are 

shown.  Dorsal and somewhat caudal to the eye are a portion of the forebrain and the 

rostral-most portion of the midbrain.  The triangular space caudal to the eye and forebrain 

is the semicircular canal.  A small ossicle is shown within the space.  Proceeding in a 

caudal direction, the dorsal-most structure is a portion of the cerebellum.  Immediately 

beneath the cerebellum is a small cartilage.  This is a portion of the future cranial vault.  

The rounded structure above the yolk sac is the liver bud.  Between the liver bud and the 

caudal most portion of the brain is a region of skeletal muscle.   

 

F. Liver (20X).  The hepatocytes reveal a normal appearance with basophilic staining 

surrounding the nucleus and more peripheral regions of cells showing clear to pale 

staining, signifying glycogen depots.  There are numerous sinusoidal profiles whose 

lumens contain nucleated red blood cells.  A cluster of basophilic cells is at the top of the 

field. Some of these have differentiated into definitive epithelial cells surrounding 

extrahepatic ducts.  

 

G. Parasaggital section of Embryo mid-region (20X): the kidney contains portions of two 

glomeruli: the lower of which shows a thin walled circumferential epithelium of 

Bowman's capsule and a small region, with increased basophilia.  This region is the 
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urinary pole of the glomerulus.  To the left of the glomeruli, the lumen of the 

branchial/buccal/pharyngeal region is continuous with the lumen of the foregut.  

Epithelium within the former is arranged in multiple layers while that of the latter is a 

single layer with tall columnar epithelial cells.  Due to the curving nature of the intestine,  

a transverse section and a longitudinal section are shown.  Between the two portions of 

intestine are structures within the mesentery.  The lower most portion resembles exocrine 

pancreas while the upper structure with numerous capillaries represents endocrine 

pancreas (i.e., Islet of Langerhans).  

 

H. Parasaggital section of heart chambers (10X): at the uppermost left margin of the 

figure the atrium is shown.  Note the thin atrial wall.  Moving to the right in contrast is 

the thick wall of the ventricle.  The black material in the upper portion of the figure 

corresponds to melanin in the sclera of the eye. 

 

I. Caudal end of the coelomic cavity (10X).  At the top of the field the yolk sac is visible. 

The center of the field contains the distal end of the intestine is shown.  The urinary 

bladder is dorsal to the intestine and lies beneath the notochord and spinal cord.   

 

J. Parasagital Secion, embryo midline (10X): as evidenced by the absence of the eye, the 

plane of this parasagittal section is much closer to the midline of the embryo.  As a result, 

sections of the heart are visible.  The atrium is shown at the left extreme margin and its  
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lumen is nearly filled with nucleated red blood cells.  Moving from left to right, the 

thicker walled ventricle is seen.  Immediately above the atrium, material within the 

pericardial cavity is lightly eosinophilic and may indicate the presence of protein.  

Elements of the semicircular canals are shown immediately to the right of the brain, 

including the cells of the neuromast and a single ossicle.  At the most dorsal margin of 

the figure is a section through a pectoral fin.  Moving toward the caudal end of the 

embryo, we see a glancing section through the tail showing spinal cord and notochord.  

Immediately to the left of this we see the epithelium lining the urinary bladder and the 

mucosal epithelium associated with the distal end of the intestine.   

 

K-L. Parasaggital sections (10X): structures found in the junction of pharyngeal and 

branchial cavities; the mid and hindbrain regions including extension into the spinal cord 

and notochord:  Eye and the pineal gland dorsal most are seen.  Ventral, midbrain 

structures lie immediately dorsal to the pharyngeal and branchial cavities.  Within the 

branchial cavity, eosinophilic cells comprise the unicellular glands containing hatching 

enzyme (chorionase). Note portions of four branchial arches.  Between the rostral most 

portion of the notochord and the roof of the branchial cavity is an elongated strip of 

cartilage.  This will become a portion of the cranial vault.   

Examination of the foregut reveals two sections suggesting that the gut has 

undergone a curve from a truly midline longitudinal orientation to one that is somewhat 

transverse.  A portion of the liver bud and adjacent gallbladder lie near the distal portion  



 63 

of foregut and between the two sections of foregut is the developing pancreas.  In the tail 

section of the embryo, the spinal column is dorsal to the notochord as shown.  The head 

kidney is in close proximity to the rostral-most notochord.  

 

M. Longitudinal horizontal section  (10X).  The left eye contains a lens and this organ is 

separated from the contralateral eye by the intervening forebrain.  Caudal to the brain is 

the pharynx and associated branchial chamber containing a portion of four gill arches on 

each side.  The light blue material surrounding the embryo proper is the yolk.  A portion 

of the tail is at the top of the field, and a longitudinal horizontal section through a portion 

of the foregut lies in the middle line between the tail and the aforementioned branchial 

cavity.  The liver bud is lateral to the foregut on the left side of the developing embryo.  

The pectoral fin projects caudally on the right side. 

 

N. Expanded partial view (20X).  In the left of this field the gill arches are seen in the 

pharyngeal cavity.  Extending caudally from the gill is a horizontal-longitudinal section 

of the foregut.  The liver bud appears just below the terminal portion of the foregut and is 

surrounded by yolk material.  The pectoral fin is at the top of the field.  

 

O. Transverse section through the head at the level of the eyes (10X).  The forebrain is 

between the left and right eye while the dorsal-most brain region is the midbrain.  The 

ventral most structure in the mid line represents a portion of the heart and great vessels. 
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P. Transverse section of the atrioventricular passageway (20X).  This section illustrates 

atrioventricular opening.  The left side of the embryo (right aspect of this figure) is cut 

more deeply (caudally) than is the contralateral side, which shows not only the eye, but 

also the lens within the eye.  The overlying structures include: mandibular cartilage, the 

lumen of the buccal cavity, and elements of the forebrain between the eyes. 

 

Q. Transverse section through rostral-most region of the head (20X).  This section 

illustrates the relationship of the great vessels and heart to the overlying embryo.  

Between the bilateral eyes is the mucosa of the buccal cavity.  The presence of  

mandibular cartilage is an indication that the plane of section is very close to the rostral 

tip of the organism.  The heart (i.e., the ventricle) is immediately ventral to the midline at 

the rostral portion of the head.  Appearance of the forebrain can be used for orientation 

when viewing sagittal and parasagittal sections. 

 

R. Transverse section at the rostral end of the head shows heart chambers and bilateral 

symmetry between the left and right eyes  (20X).  The red blood cells are grouped within 

a thin-walled atrium on the right, while ventricle has a much more thickened wall and 

shows muscle bundles surrounded by endothelium within the chamber and fewer blood 

cells in the lumen.  
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Gene Expression 

Expression patterns of 95.5% (6,551 of 6,857) of analyzed genes are significantly 

different based on pairwise comparisons of any two stages during development.  These 

comparisons give a false impression of the number of significantly differently expressed  

genes but provide a meaningful overview of altered expression patterns throughout 

development (Figure 2.3).  Pairwise comparisons of adjacent stages (Figure 2.4) indicate 

differences in the number of significant genes in each 2-stage comparison.  Peak 

expression of these genes (Figure 2.5) shows the timing of the highest level of expression 

during each stage.  Correlations among ribosomal genes are shown in Figure 2.6.  In 

total, 1,697 genes (24.7%) are significantly differently expressed with respect to stage (p 

< 0.01, mixed model ANOVA), and the correlations among these significant genes are 

shown in Figure 2.7. 

 We also analyzed gene expression before and after hatching by assigning stages to 

pre-hatch (stages 1-35) and post-hatch (stages 36-40) groups (Figure 2.8a-b).  

Hierarchical clustering, relative differences in expression intensities (Figure 2.8a), and 

expression differences and significance values (Figure 2.6b, volcano plot) of 

differentially expressed genes illustrate the differences in global gene expression before 

and after hatching of Fundulus embryos.  Approximately 13.5% of the genes (923 of 

6,857) have significantly different expression patterns (mixed-model ANOVA, p < 0.01) 

when comparing these two groups.  
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DISCUSSION  

Recent studies in developmental biology using model species have provided 

evolutionary insight and novel application to human biology in combating diseases,  

therapeutic and reproductive cloning, stem cell research, and further understanding of 

fundamental biological processes, such as cell proliferation, differentiation, 

specialization, and programmed cell death.  The emphasis of modern developmental 

biology is on gene expression, in particular where, when, and what are the transcript 

levels of genes that regulate developmental processes.  Improvements in large-scale 

genomic approaches allow us to monitor concerts of thousands of genes whose 

expression governs cell growth, differentiation, and cell death, ultimately giving rise to 

tissues, organs, and organisms. 

Species development is variable, and Fundulus embryos are no exception. 

Fundulus’ embryogenesis is characteristic of teleost development, sharing most features 

with zebrafish (Danio rerio) (Kimmel et al., 1995) and Japanese medaka (Oryzias 

latipes) (Iwamatsu, 2004; Gonzales-Doncel et al., 2003).  Despite controlling for 

fertilization and incubation conditions, this inherent variability can be enhanced by 

embryo crowding (clustering), available oxygen, temperature, salinity, and other 

parameters.  The time-line of Fundulus development highlighting major embryonic 

events (Table 1) was developed under controlled conditions and using a single Fundulus  
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population to minimize variability in time to stage, yet the standard deviations at each 

stage show overlap among most neighboring stages, suggesting that even during normal 

development (e.g., untreated embryos) time should not be used as a surrogate for stage.  

There is a balance between the number and characteristics (such as size) of 

anatomical features used to define a stage and the feasibility of easily and accurately 

staging multiple individuals.  We made an effort to point out as many anatomical features 

defining a stage as is practical (Figure 2.1), yet the more features assessed, the more time 

and embryo manipulation is needed.  This is especially undesirable during experiments 

using large numbers of embryos and can be particularly problematic for species with 

much shorter embryo development time periods, such as zebrafish (typical development 

times of < 72 hours (Kimmel et al., 1995)).  We provide detailed photomicrographs of all 

40 developmental stages (Figure 2.1).  In addition, since accurate diagnosis of diseases or 

pathological changes due to treatments or stressors usually requires histopathological 

examination of samples, we provide histological sections of late organogenesis (stage 31, 

Figure 2.2).  By stage 31, all organs are in late organodifferentaition stage, suggesting 

they were fully functional and identifiable.  We show representative sections identifying 

major organs and tissues sufficient to recognize and describe major histopatholgical 

alterations, primarily in cardio-vascular and cranio-facial structures, liver, and kidney. 

  Embryogenesis during each developmental stage is characterized by regulated 

changes in expression levels of large sets of genes.  Identifying such changes and their 
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role is essential for understanding mechanisms of embryo development.  Using 

microarray analysis, we quantified gene expression of 6,857 genes during all 40 stages 

(from fertilization to free swimming larvae) of teleost Fundulus hetericlitus development.  

We performed statistical analyses on four biological replicates per stage (160 separate 

samples), each consisting of 10+ embryos per stage.  We used a loop design with each 

point on the loop consisting of a separate biological sample (Altman and Hua, 2006).  

Expression of 6,551 genes (95.5% of 6,857) changed significantly between any 

two stages (p < 0.01).  Hierarchical clustering of these genes (Figure 2.3) groups stages 

into three main clusters:  1) stages 1-14: fertilization – blastula; 2) stages 15 – 25: 

gastrula – heart formation; 3) stages 26- 40: onset of circulation – late organogenesis and 

post-hatch.  These groups are ordered as expected (i.e., in order of development, Figure 

2.3), with few exceptions: stages 12 and 13 group between stages 8 and 9, stage 16 

between 18 and 19, stage 25 between 22 and 23, and stages 39 and 40 right after stage 31.   

Hierarchical clustering using only the genes with a significant ANOVA (1,697, 

24.7%, p < 0.01) shows a similar pattern as the cluster using many more genes (6,457) 

with pairwise differences.  The same three, major clusters of stages are formed with 

minor differences in order (data not shown).  On average, significant genes have 5.4 fold 

differences in expression throughout development.  The smallest difference among stages 

is for an unannotated gene (Un_27564) with a 1.9 fold difference in expression, and the 

largest difference is for parvalbumin beta with a 36.0 fold difference in expression.  This 
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percentage of significantly altered genes is approximately half of that found for 

drosophila embryogenesis (52%, Arbeitman et al., 2002)) and may reflect different 

statistical methods.   

The number of genes that alter expression between adjacent stages differs widely, 

from 6 up to 667 (Figure 4).  The highest number of differentially expressed genes (667, 

10.2%) occurs between pre-hatching (stage 35) and hatching (stage 36), which validates 

our incentive to distinguish these two stages.  Expression of 611 (9.3%) and 478 (7.3%) 

genes is significantly different between the 4-cell (stage 4) and 8-cell (stage 5) stages and 

the 8-cell and 16-cell (stage 6) stages, respectively.  This suggests dilution of maternal 

genes in conjugation with initiation of embryonic gene activity, and in fact, stages 4 and 

5 in Fundulus correspond to timing of maternal gene degradation and onset of embryo 

gene activity during zebrafish embryogenesis (Mathavan et al., 2005).  Other notable 

differences occur between stages 38 and 39 (302, 4.6% genes), when most of the yolk is 

consumed by the free-swimming Fundulus larvae and between stages 25 and 26 (223, 

3.4% genes), marked by the onset of circulation.   

These examples emphasize the importance of correctly identifying a 

developmental stage and not relying on time post fertilization.  Not surprisingly, the 

variability in time to stage among embryos becomes more pronounced as later stages 

become longer (Table 2.1).  Thus, using time alone rather than developmental markers 

can lead one to misidentify a stage.  Even early stages can be misidentified based on time.  

For example, stages 5 and 6 are on average one hour apart yet have a combined standard  
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deviation of slightly more than 1 hour.  Because these stages have many differences in 

gene expression, misidentifying these stages based on time could have significant effects 

on interpretations of gene expression changes. The wave of genes turned on throughout 

development is shown in figure 5.  Each gene was ranked based on the onset of its peak 

expression. Four distinct quadrants, similar to the hierarchical clustering results (Figure 

2.3) are formed: stages 1-14 (unfertilized egg – blastoderm), stages 15-25 (pre-gastrula – 

onset of circulation), stages 26-35 (growth and organodifferntiation – pre-hatching), and 

stages 36-40 (post hatching and growth).  Most genes (68%) show one peak during 

development, 24% have two peaks, and 7% have three or more distinct peaks.  The onset 

of highest peak activity is during pre – mid gastrula (stage 16) when 748 genes show 

peak expression, followed by pre-hatching (stage 35, 524 genes) and the 8-cell stage 

(stage 5, 383 genes).   

Genes with peak expression during pre – mid gastrula (stages 15 – 17) are 

significantly enriched for ribosomal genes (p < 1.68 x 10-13, Fisher exact test), which 

show highly positively correlated expression patterns (Figure 2.6).  Interestingly, these 

ribosomal genes are significantly negatively correlated with many of the other ribosomal 

genes expressed during development.  Pre to mid-gastrula stages also are significantly 

enriched for oxidative phosphorylation genes (p < 0.0086, Fisher exact test) suggesting 

high energy demands during cellular proliferation and protein synthesis.   

Among the 1,697 genes that were significantly differently expressed with respect 
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to stage, almost half (49.2%) have a significant correlation coefficient (0.4 correlation 

coefficient, p < 0.01): 27.7% are significantly positively correlated and 21.5 % are 

significantly negatively correlated (Figure 2.7).  With larger correlation coefficients, the 

ratio of significant positively to negatively correlated genes increases.  Thus, when 

correlation coefficients exceed 0.5, this ratio is 1.5 (20.6%/14%) and when correlation 

coefficients exceed 0.8, it is 7.5 (3%/0.4%).  The numerous correlated genes suggest 

concerted changes in gene expression throughout development.   

We analyzed changes in gene expression pre and post-hatching.  Transcript levels 

of 923 genes (14.1%, p < 0.01) are significantly different when comparing gene 

expression during pre-hatching (stages 1-35) and post-hatching (stages 36-40) (Figure 

2.8a and b).  Forty-eight genes show > 3-fold differences in expression levels, and 25 of 

these genes have > 4-fold expression differences.  433 genes (47%) have lower 

expression levels before hatching, while 489 genes (53%) are upregulated after hatching.  

Several post-hatch up regulated genes have important functions in muscle tissue 

development and movement including parvalbumin beta gene, (10 fold higher expression 

post-hatch (Lannergren et al., 1993; Pauls et al., 1996)), myosin regulatory light chain, 

skeletal muscle isoform (6.3 fold increase (Kabaeva et al., 2002)), myosin light chain 3, 

skeletal muscle gene (5.3 fold increase (Sachdev et al., 2003)),  myosin binding protein C 

(3.4 fold increase (Yasuda et al., 1995; Mohamed et al., 1998)).  The increased transcript 

levels of these genes suggest the significant increase in movement and muscle activity of 

a free-swimming Fundulus compared to restricted movement within a chorion  
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microenvironment before hatching.  In addition, the creatine-kinase system is important 

for energy delivery in skeletal and cardiac muscle (Momken et al., 2005), and the 3-fold 

up regulation of muscle type creatine-kinase post-hatch indicates increases in metabolic 

activity and ATP consumption resulting from skeletal muscle activity caused by 

swimming. 

Low transcript levels pre-hatch, and higher levels post-hatch of both retinal-cone 

rhodopsin-sensitve cGMP (2.4 fold increase) and photosystem I reaction center subunit 

II-like gene (3.75 fold increase) are associated with vision (Fain et al., 2001;  Nelson and 

Ben-Shem, 2002).  Since both genes are induced by light, and Fundulus embryos are 

exposed to higher light intensity after hatching than within the chorion which is 

composed of parallel sheets of protein fibrils (Iconomidou et al., 2000) that block light, 

the upregualtion of these two genes suggest embryo photoreceptor system response to a 

brighter external environment. 

Finally, several up regulated genes post-hatch suggest changes in metabolic 

activity of the free-swimming Fundulus.  These include nucleoside disphospate kinase 

NBR-beta (6-fold increase) which is required for nucleoside triphosphate sythesis (other 

than ATPs) and is necessary for lipid and polysaccharide synthesis, protein elongation, 

signal transduction and microtubule polymerization (Berg et al., 2002; Gilles et al., 

1991), trifunctional purine biosynthetic protein adenosine-3 (GART) (5.7-fold increase) 

which plays a major role in purine biosythesis (Schild et al., 1990;  Patterson et al., 1981)  
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and fatty acid-binding protein which is required for lipid transport and metabolism.  Both 

liver and heart fatty acid binding protein genes are upregulated in Fundulus post hatch, 

(liver – 2.4-fold, heart – 2-fold), and the increased expression levels likely are caused by 

changes taking place within the last two stages of Fundulus development marked by the 

transition period between complete yolk consumption and increasing dependence on 

external food sources. 

Nearly half of the significantly differently expressed genes (47% of 923) have 

expression transcript levels significantly reduced after hatching, and their down 

regulation likely reflects changes in tissues and energy demands during development. 

Thus, higher expression of some genes during early development likely reflects periods 

of high rates of cellular proliferation and growth, relative to post-hatch.  As discussed, 

genes with peak expression during stages 15-17 (gastrulation) are significantly enriched 

for oxidative phophorylation genes, and three subunits of cytochrome C oxidase show 

significantly lower expression levels after hatching (S1 – 2.3 fold; S2 – 1.75 fold; S3- 1.7 

fold.  The ferritin middle subunit is involved in iron solubility and red blood cell 

maturation (Dickey et al., 1987).  The higher levels of ferritin pre-hatching likely are 

associated with erythrocyte maturation during the early developmental stages (after stage 

25).   

The transcript level differences of certain genes before and after Fundulus hatching 

are examples of dynamic changes in gene expression during normal embryogenesis.  
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These examples reflect temporal expression patterns of genes associated with  

fundamental biological processes during development - protein synthesis, cell 

proliferation, organodifferentiation and growth, metabolism, locomotion, and visual 

perception.  

 

CONCLUSION 

Our study provides a detailed atlas and timeline of teleost Fundulus heterclitus 

normal development and introduces histology of late organogenesis in Fundulus.  More 

importantly, we quantified expression of nearly one-fourth of Fundulus genes during all 

40 stages of embryogenesis, highlighting temporal dynamics of developmental gene 

expression and stage clustering based on expression profiles.  Our analyses of differences 

in gene expression between adjacent stages and onset of peak gene activity emphasizes  

the importance of correctly identifying stage during embryogenesis.  We provide 

examples of transcript level differences before and after hatching to illustrate temporal 

gene expression dynamics associated with major biological processes during 

development. 



 75 

REFERENCES 
 
Altman, N. S., and J. Hua. 2006. Extending the loop design for two-channel microarray 

experiments. Genet Res 88:153-163. 
 
Altmann, C. R., E. Bell, A. Sczyrba, J. Pun, S. Bekiranov, T. Gaasterland, and A. H. 

Brivanlou. 2001. Microarray-based analysis of early development in Xenopus 
laevis. Dev Biol 236:64-75. 

 
Arbeitman, M. N., E. E. Furlong, F. Imam, E. Johnson, B. H. Null, B. S. Baker, M. 

A. Krasnow, M. P. Scott, R. W. Davis, and K. P. White. 2002. Gene expression 
during the life cycle of Drosophila melanogaster. Science 297:2270-2275. 

 
Armstrong, P. B., and J. S. Child. 1965. Stages of normal development of Fundulus 

heteroclitus. Biological Bulletin 128:143-168. 
 
Berg, J. M., L. Tymoczko, and L. Stryer. 2002. Biochemistry - 5th Edition. WH 

Freeman and Company. 
 
Burnett, K. G., L. J. Bain, W. S. Baldwin, G. V. Callard, S. Cohen, R. T. Di Giulio, 

D. H. Evans, M. Gomez-Chiarri, M. E. Hahn, C. A. Hoover, S. I. Karchner, 
F. Katoh, D. L. Maclatchy, W. S. Marshall, J. N. Meyer, D. E. Nacci, M. F. 
Oleksiak, B. B. Rees, T. D. Singer, J. J. Stegeman, D. W. Towle, P. A. Van 
Veld, W. K. Vogelbein, A. Whitehead, R. N. Winn, and D. L. Crawford. 
2007. Fundulus as the Premier Teleost Model in Environmental Biology: 
Opportunities for New Insights Using Genomics. Comp Biochem Physiol Part D 
Genomics Proteomics 2:257-286. 

 
Cossins, A. R., and D. L. Crawford. 2005. Fish as models for environmental genomics. 

Nat Rev Genet 6:324-333. 
 
Crawford, D. L., V. A. Pierce, and J. A. Segal. 1999. Evolutionary physology of 

closely related taxa: analysis of enzyme expression. American Zoologist 39:389-
400. 

 
 
 
 
 
 
 
 
 



 76 

Davidson, E. H., J. P. Rast, P. Oliveri, A. Ransick, C. Calestani, C. H. Yuh, T. 
Minokawa, G. Amore, V. Hinman, C. Arenas-Mena, O. Otim, C. T. Brown, 
C. B. Livi, P. Y. Lee, R. Revilla, A. G. Rust, Z. Pan, M. J. Schilstra, P. J. 
Clarke, M. I. Arnone, L. Rowen, R. A. Cameron, D. R. McClay, L. Hood, and 
H. Bolouri. 2002. A genomic regulatory network for development. Science 
295:1669-1678. 

 
de Hoon, M. J., S. Imoto, J. Nolan, and S. Miyano. 2004. Open source clustering 

software. Bioinformatics 20:1453-1454. 
 
Dickey, L. F., S. Sreedharan, E. C. Theil, J. R. Didsbury, Y. H. Wang, and R. E. 

Kaufman. 1987. Differences in the regulation of messenger RNA for 
housekeeping and specialized-cell ferritin. A comparison of three distinct ferritin 
complementary DNAs, the corresponding subunits, and identification of the first 
processed in amphibia. J Biol Chem 262:7901-7907. 

 
Elskus, A. A., E. Monosson, A. E. McElroy, J. J. Stageman, and D. S. Woltering. 

1999. Altered CYP1A expression in Fundulus heteroclitus adults and larvae: a 
sign of pollutant resistance? Aquatic Toxicology 45:99-113. 

 
Fain, G. L., H. R. Matthews, M. C. Cornwall, and Y. Koutalos. 2001. Adaptation in 

vertebrate photoreceptors. Physiol Rev 81:117-151. 
 
Gilles, A. M., E. Presecan, A. Vonica, and I. Lascu. 1991. Nucleoside diphosphate 

kinase from human erythrocytes. Structural characterization of the two 
polypeptide chains responsible for heterogeneity of the hexameric enzyme. J Biol 
Chem 266:8784-8789. 

 
Gonzales-Doncel, M., M. S. Okihiro, S. A. Villalobos, D. E. Hinton, and J. V. 

Tarazona. 2003. A quick reference guide to the normal development of Oryzias 
latipes (Teleostei, Adrianichthyidae). Journal of Applied Ichthyology 21:39 - 52. 

 
Griffith, R. W. 1974. Environment and salinity tolerance in the genus Fundulus. Copeia 

2::319 - 339. 
 
Hsiao, S. M., S. W. Limesand, and R. A. Wallace. 1996. Semilunar follicular cycle of 

an intertidal fish: the Fundulus model. Biol Reprod 54:809-818. 
 
 
 
 
 
 
 



 77 

Iconomidou, V. A., D. G. Chryssikos, V. Gionis, M. A. Pavlidis, A. Paipetis, and S. J. 
Hamodrakas. 2000. Secondary structure of chorion proteins of the teleostean fish 
Dentex dentex by ATR FT-IR and FT-Raman spectroscopy. J Struct Biol 
132:112-122. 

 
Iwamatsu, T. 2004. Stages of normal development in the medaka Oryzias latipes. Mech 

Dev 121:605-618. 
 
Jin, W., R. M. Riley, R. D. Wolfinger, K. P. White, G. Passador-Gurgel, and G. 

Gibson. 2001. The contributions of sex, genotype and age to transcriptional 
variance in Drosophila melanogaster. Nat Genet 29:389-395. 

 
Kabaeva, Z. T., A. Perrot, B. Wolter, R. Dietz, N. Cardim, J. M. Correia, H. D. 

Schulte, A. A. Aldashev, M. M. Mirrakhimov, and K. J. Osterziel. 2002. 
Systematic analysis of the regulatory and essential myosin light chain genes: 
genetic variants and mutations in hypertrophic cardiomyopathy. Eur J Hum Genet 
10:741-748. 

Kerr, K., and G. Churchill. 2001. Experimental design for gene expression analysis. 
Biostatistics 2:183-201. 

 
Kimmel, C. B., W. W. Ballard, S. R. Kimmel, B. Ullmann, and T. F. Schilling. 1995. 

Stages of embryonic development of the zebrafish. Dev Dyn 203:253-310. 
 
Lannergren, J., G. Elzinga, and G. J. Stienen. 1993. Force relaxation, labile heat and 

parvalbumin content of skeletal muscle fibres of Xenopus laevis. J Physiol 
463:123-140. 

 
Lee, D. S., C. R. Gilbert, V. H. Hocutt, R. E. Jenkins, D. C. McAllister, and J. R. 

Stauffer. 1980. Atlas of North American Fresh Water Fishes. Survey. . NCB., 
editor. North Carolina State Museum of Natural History Publication # 1980-12. 

 
Linney, E., B. Dobbs-McAuliffe, H. Sajadi, and R. L. Malek. 2004. Microarray gene 

expression profiling during the segmentation phase of zebrafish development. 
Comp Biochem Physiol C Toxicol Pharmacol 138:351-362. 

 
Marshall, W. S., and M. Grossel. 2005. Ion transport, osmoregulation, and acid-base 

balance. CRC Press, Boca Raton. 
 
 
 
 
 
 
 



 78 

Mathavan, S., S. G. Lee, A. Mak, L. D. Miller, K. R. Murthy, K. R. Govindarajan, 
Y. Tong, Y. L. Wu, S. H. Lam, H. Yang, Y. Ruan, V. Korzh, Z. Gong, E. T. 
Liu, and T. Lufkin. 2005. Transcriptome analysis of zebrafish embryogenesis 
using microarrays. PLoS Genet 1:260-276. 

 
Meyer, J. N., J. D. Smith, G. W. Winstin, and R. T. Di Giulio. 2003. Antioxidant 

defenses in killifish (Fundulus heteroclitus)  exposed to contaminated sediments 
and model prooxidants: short-term and heritable responses. Aquatic Toxicology 
65:377-395. 

 
Mohamed, A. S., J. D. Dignam, and K. K. Schlender. 1998. Cardiac myosin-binding 

protein C (MyBP-C): identification of protein kinase A and protein kinase C 
phosphorylation sites. Arch Biochem Biophys 358:313-319. 

 
Momken, I., P. Lechene, N. Koulmann, D. Fortin, P. Mateo, B. T. Doan, J. Hoerter, 

X. Bigard, V. Veksler, and R. Ventura-Clapier. 2005. Impaired voluntary 
running capacity of creatine kinase-deficient mice. J Physiol 565:951-964. 

 
Nacci, D. E., L. Coiro, D. Champlin, S. Jayaraman, R. Mckinney, T. R. Gleason, J. 

Munns, W.R., J. L. Specker, and K. R. Cooper. 1999. Adaptation of wild 
populations of the estuarine fish Fundulus heteroclitus to persistant environmental 
contaminants. Marine Biology 134:9-17. 

 
Nacci, D. L., A. Coiro, D. Kuhn, W. Champlin, J. Munns, J. Specker, and K. 

Cooper. 1998. Nondestructive indicator of ethoxyresorufin-O-deethylase activity 
in embryonic fish. Environmental Toxicology and Chemistry 17. 

 
Nelson, N., and A. Ben-Shem. 2002. Photosystem I reaction center: past and future. 

Photosynth Res 73:193-206. 
 
Oppenheimer, J. M. 1937. The normal stages of Fundulus heteroclitus. Anatomical 

Record 68:1-15. 
 
Ownby, D. R., M. C. Newman, M. Mulvey, W. K. Vogelbein, M. A. Unger, and L. F. 

Arzayus. 2002. Fish (Fundulus heteroclitus) populations with different exposure 
histories differ in tollerance of creosote-contaminated sediments. Enironmental 
Toxicology and Chemistry 21:1897-1902. 

 
Patterson, D., S. Graw, and C. Jones. 1981. Demonstration, by somatic cell genetics, of 

coordinate regulation of genes for two enzymes of purine synthesis assigned to 
human chromosome 21. Proc Natl Acad Sci U S A 78:405-409. 

 



 79 

Pauls, T. L., J. A. Cox, and M. W. Berchtold. 1996. The Ca2+(-)binding proteins 
parvalbumin and oncomodulin and their genes: new structural and functional 
findings. Biochim Biophys Acta 1306:39-54. 

 
Postlethwait, J. H., and W. S. Talbot. 1997. Zebrafish genomics: from mutants to 

genes. Trends Genet 13:183-190. 
 
Powers, D. A. 1989. Fish as model systems. Science 246:352-358. 
 
Powers, D. A., M. Smith, I. Gonzalez-Villasenor, L. DiMichele, D. L. Crawford, G. 

Bernardi, and T. A. Lauerman, eds. 1993. A multidisciplinary approach to the 
selectionsit/neutralist contraversy using the model teleost, Fundulus heteroclitus. 
Oxford University Press, New York, NY. 

 
Preston, R. L., A. E. Flowers, B. C. Lahey, S. R. McBride, C. W. Petersen, and G. 

W. Kidder. 2006. Measurement of the dessication of Fundulus heteroclitus 
embryos in controlled humidities. Bulletin of the Mt. Desert Island Biology 
Laboratory 45:101-103. 

 
Prince, R., and K. R. Cooper. 1995. Comparison of the effect of 2,3,7,8-

tetrachlorodibenzo-p-dioxin on chemically impacted and nonimpacted 
subpopulations of Fundulus heteroclitus: II Metabolic Considerations. 
Environmental Toxicology and Chemistry 14:589-595. 

 
Sachdev, S., M. K. Raychowdhury, and S. Sarkar. 2003. Human fast skeletal myosin 

light chain 2 cDNA: isolation, tissue specific expression of the single copy gene, 
comparative sequence analysis of isoforms and evolutionary relationships. DNA 
Seq 14:339-350. 

 
Schild, D., A. J. Brake, M. C. Kiefer, D. Young, and P. J. Barr. 1990. Cloning of three 

human multifunctional de novo purine biosynthetic genes by functional 
complementation of yeast mutations. Proc Natl Acad Sci U S A 87:2916-2920. 

 
Scott, W. B., and E. J. Crossman. 1998. Freshwater Fishes of Canada. Galt House 

Publications Ltd.; Oakville, Canada. 
 
Skinner, M. A., S. C. Courtneay, W. R. Parker, and R. A. Curry. 2005. Site fidelity 

of mummichog (Fundulus heteroclitus) in an Atlantic estuary. Water Quality 
Research Journal of Canada 40. 

 
Taylor, M. M. 1999. A suite of adaptations for intertidal spawning. American Zoologist 

39:313 - 320. 
 



 80 

Ton, C., D. M. Hwang, A. A. Dempsey, H. C. Tang, J. Yoon, M. Lim, J. D. Mably, 
M. C. Fishman, and C. C. Liew. 2000. Identification, characterization, and 
mapping of expressed sequence tags from an embryonic zebrafish heart cDNA 
library. Genome Res 10:1915-1927. 

 
Ton, C., D. Stamatiou, V. J. Dzau, and C. C. Liew. 2002. Construction of a zebrafish 

cDNA microarray: gene expression profiling of the zebrafish during development. 
Biochem Biophys Res Commun 296:1134-1142. 

 
Vogelbein, W. K., J. W. Fournie, P. A. Van Veld, and R. J. Huggett. 1990. Hepatic 

neoplasms in the mummichog Fundulus heteroclitus from a creosote-
contaminated site. Cancer Res 50:5978-5986. 

 
Wirgin, I., and J. R. Waldman. 2004. Resistance to contaminants in North American 

fish populations. Mutat Res 552:73-100. 
 
Wolfinger, R. D., G. Gibson, E. D. Wolfinger, L. Bennett, H. Hamadeh, P. Bushel, 

C. Afshari, and R. S. Paules. 2001. Assessing gene significance from cDNA 
microarray expression data via mixed models. J Comput Biol 8:625-637. 

 
Wu, H., K. Kerr, X. Cui, and G. Churchill. 2003. "MAANOVA: a software package 

for the analysis of spotted cDNA microarray experiments". The Analysis of Gene 
Expression Data: Methods and Software. 

 
Yasuda, M., S. Koshida, N. Sato, and T. Obinata. 1995. Complete primary structure of 

chicken cardiac C-protein (MyBP-C) and its expression in developing striated 
muscles. J Mol Cell Cardiol 27:2275-2286. 

 
Zon, L. I. 1999. Zebrafish: a new model for human disease. Genome Res 9: 99-100. 



 81 

 
 
 
Table 2.1. Stages, Main developmental Events, and Average Time of onset for 
each stage: criteria for time determination used: > 50% of the observed embryos were 
characterized by most of the morphological characteristics for a particular stage (please 
see Figure 2a-c).  
 
Characterization Stage Time (h) Characterization Stage Time (h) 
Unfertilized egg 1 0 3-4 somites 21 44 ± 4.67 

1 cell 2 1.5 ± 0.25 6-9 somites 22 49 ± 4.42 
2 cells 3 2.5 ± 0.20 Heart Formation 23 54 ± 5.39 
4 cells 4 3.0 ± 0.44 Heart Beat Initiation 24 65 ± 5.32 
8 cells 5 5.0 ± 0.51 Onset of Circulation 25 72 ± 5.22 

 16 cells 6 6.0 ± 0.50 26 80 ± 5.71 
 32 cells 7 7.5 ± 0.50 27 90 ± 7.80 

Early Morula 8 8.5 ± 0.51 28 102 ± 11.35 
Late Morula 9 9.5 ± 0.51 29 110 ± 13.31 

Early Blastula 10 10.0 ± 0.70 30 120 ± 13.31 
Flat Blastula 11 12.0 ± 1.32 31 140 ± 12.06 

Pre-early Gastrula 12 15.0 ± 1.83 32 160 ± 11.72 
Early Gastrula 13 19.0 ± 1.63 33 180 ± 10.31 

Blastoderm 14 21.0 ± 1.25 

Growth and 
Organodifferentiation 

34 195 ±  9.46 
15 25.0 ± 2.38 Pre-Hatching 35 212 ± 12.80 

Pre-mid Gastrula 16 28.5 ± 2.24 Hatching 36 226 ± 11.25 
Mid-Gastrula 17 31.0 ± 1.75 37 238 ± 10.01 
Late Gastrula 18 34.0 ± 1.75 38 256 ±  9.95 
Early Neurula 19 38.0 ± 2.51 39 278 ± 14.78 
Late Neurula 20 42.0 ± 3.42 

Growth 
40 290-374 ± 

30.29 
 
 
 



 82 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Stages (1-40) of normal development of Fundulus heteroclitus: A–anus; 
AP–animal pole; AT-atrium; AV-auditory vesicle; BC-body cavity; BD-blastoderm; BK-
blastodisk; BI-blood islands; BM-blastomere; CA-caudal artery; CF-caudal fin; CG-
cortical granules; CH-chorion; CL-cleavage; CR-caudal fin rays; DC-duct of Cuvier; DL-
dorsal lip; EA-embryonic axis; ES-embryonic shield; EY-eye; FB-forebrain; GB-gall 
bladder; GT-gut; H-heart; HB-hindbrain; HG-heart region; HR-head region; IC-inner 
cells; L-optic lens; LJ-lower jaw; LV-liver; MB-midbrain; MP-micopyle; MPH-
melanophores; MR-morula; NK-neural keel; OB-optic bud; OC-outer cells; OD-oil 
droplet; OF-olfactory pits; OL-optic lobe; OM-operculum; OP-optic cup; OR-oral cavity; 
OT-otolith; OV-optic vesicle; PB-periblast; PC-pericardial cavity; PF-pectoral fin; RT-
retina; SO-somite; SR-somite region; UB-urinary bladder; VM-vitaline membrane; VP-
vegetal pole; VT-ventricle; Y-yolk. 
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Figure 2.2, A-R – Fundulus heteroclitus embryo histology at stage 31: AT-atrium; BA-
branchial arches; BC-branchial chamber; BE-biliary epithelial cells; BG-basal ganglia; 
BO-Bowman’s capsule; BT-bile duct; BU-buccal cavity; BV-bracheal cavity; C-
cerebellum; CA-cartilage; CC-coelomic caity; EC-eosinophilic cells; EP-endocrine 
pancreas; EY-eye; FB-forebrain; FG-foregut; G-gills; GA-gill arches; GB-gall bladder; 
GL-glomeruli; GT-gut; GV-great vessels; GY-glycogen; H-heart; HC-hepatocytes; HE-
hatching enzyme; HK-head kidney; I-intestine; K-kidney; L-optic lens; LB-liver bud; LV-
liver; M-melanin; MB-midbrain; MC-mandibular cartilage; ME-mesentery; MS-mucosa; 
MU-muscle bundle; NM-neuromast; NT-notochord; O-ossicle; OU-optic tectum; P-
pancreas; PC-pericardial cavity; PF-pectoral fin; PG-pineal gland; PH-pharynx; PT-
pituitary; PV-pharyngeal cavity; RBC-red blood cells; RT-retina; S-sclera; SC-semi-
circular canal; SM-skeletal muscle; SP-spinal cord; UB-urinary bladder; VF-vascular taft; 
VT-ventricle, XH-extra hepatic duct; XP-exocrine pancreas; Y-yolk.  
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Figure 2.3: Heat map and hierarchical clustering of Fundulus genes with pairwise 
differences (t-test, p<0.01) for all 40 developmental stages. 

Fold change 
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Figure 2.4. Pairwise comparisons between adjacent developmental stages.  Pairwise 
comparisons indicate the number of significant genes (p < 0.01) between adjacent 
stages of Fundulus heteroclitus development.  Significances of differences are plotted 
against log2 differences in expression of adjacent stages.  The colors correspond to the 
colors of the gene tree in Figure 2.3.   
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Figure 2.5. Timing of peak expression levels of significant 
genes (p < 0.01) during each stage of Fundulus heterclitus 
development. 

  Fold change 
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Figure 2.6.  Correlations of ribosomal genes.  Correlation  
coefficients > 0.4 and < -0.4 are significant at p < 0.01.   
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Figure 2.7.  Correlations Among Significant Genes.  Correlations among 1,697 
significant genes arranged by peak order.  Numbers along the left side and bottom 
delineate numbers of genes.  Correlation coefficients > 0.4 and < -0.4 are  
significant at p < 0.01. 
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Figure 2.8a-b. Gene Expression pre and post-hatch analysis of Fundulus 
heteroclitus embryo development: a) Heat map and hierarchical clustering and 
of 923 genes whose expression is significantly different (mixed model ANOVA, 
p < 0.01) between pre-hatch (stages 1-35) and post-hatch (stages 36-40) 
embryos. b) Volcano plot of gene expression between pre and post-hatch 
developmental stages.  Significance is plotted against log2 fold-differences in 
expression between pre-hatch and post-hatch embryos.  The colors of the gene 
tree in figure 8a correspond to the colors of the points in figure 8b.  

Fold change 
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Effects of pollutant exposures on 
chemistry, physiology, morphology, 
histology, and gene expression in 
sensitive and resistant embryos  
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ABSTRACT 
 

Polycyclic aromatic hydrocarbons (PAHs) are among the most harmful and 

widespread classes of natural and anthropogenic pollutants and are proven developmental 

toxicants.  We characterized clean and PAH-polluted sites, extracted sediments and then 

exposed sensitive and resistant Fundulus heteroclitus embryos to site-specific sediment 

extracts during four critical developmental stages.  Chemical analysis of embryos 

suggests PAH accumulation among sensitive embryos during development that 

ultimately results in 100% mortality prior to hatch, while resistant embryos develop 

normally.  The adverse effects on sensitive embryos are mirrored as developmental 

delays, reduced heart rates, severe morphological alterations of cardiac and other organs, 

and abnormalities in microscopic anatomy of heart, liver, and kidney.  Gene expression 

analysis of early somitogenesis, heart beat initiation, late organ differentiation, and pre-

hatching stages reveals genes whose expression significantly differs between embryo 

populations and may help better understand mechanisms of sensitivity and resistance to 

polluted environments during animal development. 
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Introduction 
 
 

Developmental abnormalities caused by persistent organic pollutants (POPs) in 

humans and other species are well documented.  Many POPs are resistant to environmental 

degradation and metabolism and accumulate in food chains due to their lipophilic nature 

(Miettinen et al., 2006).  Fetuses and children are more sensitive than adults to toxicity of 

such pollutants because of their higher cell proliferation rates, lower immunological 

competence, and decreased ability to detoxify carcinogens and to repair DNA damage 

(Anderson et al., 2000; Perera et al., 2004).  Epidemiological studies have shown a 

relationship between perinatal exposure to POPs and neurological and behavioral 

disturbances in infants and children (Jacobson and Jacobson, 1997;  Jacobson et al., 1990; 

Koopman-Esseboom et al., 1996; Patandin et al., 1998).  Exposure to ambient POPs has been 

associated with altered physical growth, immune function, and thyroid hormone function in 

infants (Koopman-Esseboom et al., 1994).  

Polycyclic aromatic hydrocarbons (PAHs) generated by the incomplete combustion 

of fossil fuels are among the most harmful and widespread classes of natural and 

anthropogenic POPs.  Many PAHs accumulate in soils and sediments and adversely affect 

estuarine and costal marine ecosystems.  A number of PAHs, such as benzo(a) pyrene (BaP) 

are human mutagens and carcinogens, and some are transplacental carcinogens in 

experimental bioassays, causing tumor formation in liver, lung, lymphatic tissues and 

nervous system of the offspring (Rice and Ward, 1982; Veselinovich et al., 1975).  PAHs are  
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developmental toxicants in humans (Dejmek et al., 2000; Perera et al., 2004; Perera et 

al., 2003).  Mothers of newborns with higher exposure to ambient air pollution had 

increased PAH-DNA adducts (Whyatt et al., 1998) and newborns with more PAH-DNA 

adducts had significantly decreased birth weight, length, and head circumference (Perera 

et al., 1999).  Parallel effects in Fundulus embryos from polluted environments are likely 

since many aspects of vertebrate development, including those in humans, are mirrored in 

fish embryos.  Our goal is to elucidate the molecular mechanisms underlying the 

biological effects of environmental chemical exposure on developing Fundulus embryos.  

Such a mechanistic understanding is important both to understand the responses of 

animals to chronic chemical exposure and to identify molecular markers of susceptibility 

associated with increased risk in populations of animals, including humans. 

A population of the teleost F. heteroclitus thrives in the Southern branch of the 

Elizabeth River, VA, a Superfund site highly contaminated with PAHs.  PAHs occur in 

extremely high concentrations in the sediments (2200 mg/kg dry weight) in the vicinity of a 

site where creosote historically was used to treat wood for use in the marine environment 

(Alden and Winfield, 1995; Greaves, 1990).  F. heteroclitus embryos from clean 

environments do not survive when grown on sediment from the Elizabeth River site (Meyer 

et al., 2003) and develop significantly higher numbers of cardiac abnormalities due to 

exposure to contaminated sediments compared to embryos from the Elizabeth River (Ownby 

et al., 2002).  Offspring of Elizabeth River Fundulus were significantly more resistant to 

oxidative stress than the reference site Fundulus offspring and showed upregulated  



 98 

antioxidant defenses which suggest that upregulated antioxidant defense play a role in both 

short term/physiological and heritable resistance mechanisms to environmental pollutants 

(Meyer et al., 2003).  Similar patterns were observed upon embryo exposure to both 

sediments from the Elizabeth River polluted site and pure PAHs.  This resistance was 

apparent in first, less apparent in second (Meyer and Di Giulio, 2003), and much closer to the 

reference larvae response in third generation fish (Meyer et al., 2002).  

Little is known about effects of chemical contamination on population genetics, and 

even less is known about functionally important variation in gene expression underlying 

resistance mechanisms.  To explore mechanisms of resistance, we exposed Fundulus 

embryos from the Elizabeth River Superfund population and a clean population to sediment 

extracts from the polluted site and measured chemical uptake, gene expression, morphology 

and histopathology during four critical developmental stages. 

 

Materials and Methods 

Sediment and Water Collection and Analysis 

Polluted sediments and water were collected in April, 2007 from the southern 

branch of the Elizabeth River, VA (N 36° 10.551’; W 75° 56.533”) during incoming tide; 

clean reference sediments and water were collected Magotha Bay, VA in the same 

manner (N 36° 48.473’; W 76° 17.654’).  The surface layer, 5 cm deep, was scraped off 

the sediment, placed in 1 L glass jars, and transported to the lab within 24 hours.  The  
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multiple sediment sub-samples from each site were combined in the laboratory, 

thoroughly mixed manually, and placed in stainless steal containers.  Sediments were 

maintained at –20º C prior to extraction.  Collected site water was transported in 1 L glass 

jars without head space and maintained at 4° C prior to extraction. 

For extraction, sediments were thawed, mixed with site water at a ratio of 1:1 and 

shaken for 24 hours in 1 L glass jars.  The contents were settled for 6 hours, and the 

overlying water was transferred to 250 ml centrifuge bottles and spun at 1000g.  The 

supernatant was transferred to 50 ml centrifuge tubes and spun again at 3,000 RPM 

1000g.  The supernatant was serially vacuum-filtered using 3, 1, 0.8, and 0.45 µl 

Whatman uniprep filter (PFTE), and the extract was stored in 50 ml polypropylene 

centrifuge tubes at –20º C prior to embryo exposure and chemical analysis. 

For chemical analyses, sample volumes were determined and a surrogate internal 

standard (SIS) was added.  Samples were sequentially extracted three times in a 

separatory funnel with 50 ml dichloromethane (DCM).  After each shaking, the phases 

were allowed to separate, and the DCM layer was drained through anhydrous sodium 

sulfate.  Fresh DCM was added each time.  DCM extracts were combined, concentrated 

using rotary and nitrogen evaporation techniques, transferred to an autosampler vial and 

further concentrated to 0.5 ml.  An internal standard was added to the sample prior to 

GC/MS analysis. 

PAHs were analyzed using an Agilent 6890 gas chromatograph (GC) connected to an 

Agilent 5973 mass selective detector (MSD) and operated in Select Ion Monitoring (SIM) 
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 mode.  Analytes were separated on a Restek Rtx-5MS column (30m x 250µm dia. x 

0.25µm film thickness) with a 5m integrated guard column as described (Thorsen et al., 

2004). 

On site Chemical Analyses 

On site chemical exposures were measured with semi-permeable membrane 

devices (SPMDs) deployed in aluminum cages for 28 days in early April 2006 at 

Magotha Bay, VA, and Elizabeth River, VA.  At each site, six samples were placed in the 

marsh during the incoming low tide approximately 20 m apart.  Upon retrieval, the 

SPMDs were wrapped in combusted aluminum foil, placed in a plastic bag, and 

maintained on ice until frozen. SPMDs were transported to the laboratory, where they 

were maintained frozen at -20°C until time of analysis.  SPMDs were analyzed using 

established methods (Hofelt and Shea, 1997; Weisbrod et al., 2000, 2001; Luellen and 

Shea, 2002).  

Fish Maintenance and embryo culturing 

Adult Fundulus were captured from the Elizabeth River, VA (polluted Superfund 

site) and Magotha, VA (clean, reference site) by minnow traps in April 2007 and 

transported under controlled temperature and aeration condition to the NCSU Aquatic 

Laboratory.  Fish were acclimated to common conditions of 20° C and 15 ppt salinity in 

40 gal flow-though re-circulating aquatic system tanks for 4 months prior to laboratory 

spawning.  Effluent from the tanks was passed through an activated charcoal filter system 
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 and 20% water was changed weekly.  Tanks were maintained and fish were fed (brine 

shrimp flake, blood meal flake, and Spirulina flake - FOD, Aquatic Biosystems) daily and 

monitored for heath.  Fish were maintained under a pseudo-summer cycle (8 h dark / 16 h 

light).  

Eggs were stripped from 10 females and fertilized by sperm collected from 10 males 

from each population, resulting in 10 “clean” (C) and 10 “polluted” (P) family sets, each 

with multiple embryo offspring.  Fertilized embryos were maintained in Petri dishes with 

15 ppt filtered seawater in a 25°C environmental chamber under light during the initial 

two stages of development.  Fertilization success was confirmed using a stereo 

microscope.  Embryos that successfully reached 2-cell stage within a predetermined time 

period were used in the sediment extract exposure experiment.  

Sediment Extract Exposure 

Sediment extracts were thawed to room temperature and 20 ml aliquots were 

transferred to 50 ml glass scintillation vials pre-rinsed with DI-water. 10 embryos were 

placed into each vial.  Developing “polluted” and clean embryos exposed to clean and 

contaminated sediment extracts were maintained in an environmental chamber (818 Low 

Temperature Illuminated Incubator, Precision Scientific, USA) at 25°C and 16 h light / 8 

h dark cycle.  Embryo progress was monitored daily by examining representative stages 

using a dissecting stereo microscope (Nikon SME1500, Japan), and time to stage, % 

normal versus abnormal development, and % mortality were noted.  Unfertilized eggs, 

malformed and/or dead embryos were removed from the population, and times and stages  
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of arrest and abnormal development were recorded accordingly.  Criteria for time-to-

stage was based on >80% success rate of reference embryos cultured in the vials with 15 

ppt filtered seawater as well as established developmental timelines (Armstrong and 

Childs, 1965; unpublished data) and previous internal results.  Once the normally 

developing embryos reached one of four developmental stages (21, 25, 31, or 35), images 

of embryos were recorded using a Micropublisher 5.0 RTV Camera (QImaging) fitted on 

the stereo microscope, and the embryos were either preserved in neutral buffer-formalin 

for further histopathological analysis (stage 31 only) or placed in pre-chilled 1.5 ml 

eppendorf tubes and snap-frozen at -80°C for chemical and microarray analyses (stages 

21, 25, 31, and 35).  In addition, heart rates were recorded at stages 31 and 35. 

 

Embryo Chemistry analysis 

At stages 21, 25, 31, and 35, 4 pools of 10 embryos for each of the 4 treatments 

were prepared for chemical analyses.  Embryos were quickly dried by gently rolling them 

on kimwipes, placed in chilled 1.5 ml polypropylene tubes, and snap frozen at -80°C until 

analysis.  Pools of 10 frozen embryos were thawed, washed with insopropanol:DI water 

(1:1), dried, and weighed.  Embryos were then placed in 1.5 ml polypropylene tubes pre-

rinsed with water: acetone, 1:1, and 3 mm glass beads were added to the tubes which 

were then frozen in liquid nitrogen for 2 minutes.  Embryos were homogenized in a 

Silamat s5 shaker for 30s, centrifuged at 1000g and then frozen overnight at -20° C.  

Surrogate internal recovery standards were added to the tubes and 1 ml DCM was added  



 103 

to the tubes.  The tubes were vortexed for 1 minute, the solvent was transferred to the 

reservoir of a Whatman uniprep filter (PFTE, 0.45 um), 0.5 ml DCM was added to each 

tube and tubes were vortexed for 1 minute.  Solvent was quantitatively transferred to 

Whatman uniprep filter and extracted to a 1.8 ml autosampler vial. 

The sample was transferred to a 50 ml Teflon tube, spiked with surrogate internal 

standard, and serially extracted three times on a shaker table with a total of 75 ml DCM.  

Extracts were combined, concentrated and filtered.  Lipids were removed by gel-

permeation chromatography (GPC).  The lipid fraction was dried and used for  lipid 

determination.  The final extract was concentrated to 0.5 ml and a recovery internal 

standard was added prior to analysis.  GC/MS was performed as for sediment extracts 

(above).   

 

Embryo survival and developmental delays 

Fertilization success and resultant embryo progress was monitored twice daily by 

examining representative stages during pre-determined time periods (Armstrong and 

Child, 1965); internal data) using a dissecting stereo microscope (Nikon SME1500, 

Japan).  Time to stage, normal versus abnormal development, and mortality also were 

recorded.  Unfertilized eggs, malformed and/or dead embryos were removed from the 

population, and times and stages of arrest and abnormal development were recorded 

accordingly.  Survival rates were measured within a family of each population and as 

overall survival rates between populations.  Embryos that successfully hatched and 
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survived to stage 40 as free-swimming normal-appearing larvae were considered as 

survivors.  

To determine developmental delays to stages 31 and 35 within a population, five 

embryos from five families were monitored in individual 20-ml scintillation vials.  

Identification of each stage was determined by scoring embryos at predermined time-

periods for both stages 31 (140 hours post-fertilization) and 35 (212 hours post-

fertilization (Armstrong and Child, 1965); internal unpublished data) using a dissecting 

stereo microscope (Nikon SME1500, Japan) at 70-80X magnification.  Multiple images 

of developing embryos were taken at different phases of each developmental stage.  

Images were captured with the Micropublisher 5.0 RTV Camera (QImaging) and 

catalogued, stored, and analyzed using QCapture Pro imaging software. 

 

Embryo heart rate  

Those embryos used to determine time to stage were also used to determine heart 

rates during early organogenesis and pre-hatching stages (31 and 35, respectively).  

Embryos were tracked to assure that the hear rate was measured from the same embryo at 

each stage.  To do this, embryos were placed in a depression slide under a dissecting 

stereo microscope for 1 min prior to taking heart rate measurements so that the stressed 

embryo could re-establish resting heart beat (most Fundulus embryos temporarily arrest 

their heart beat due to a sudden change of environment, such as transfer from the petri 

dish to a well-lit slide surface).  Heart rates of each embryo were measured by counting  
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number of heart beats/30 seconds (preliminary results showed no change in the average 

heart beat when counts were taken for either 30 sec or 1 min).  Only the embryos that 

developed successfully to stage 35 were considered for analysis.  

 

Embryo morphology 

During development, pictures of three randomly selected embryos from each 

population at stage 31 and 35 were taken and catalogued at each stage, and any resultant 

morphological abnormalities were photographed and catalogued.  Embryos were scored 

for normal versus abnormal development.  Deformities include various degrees of 

incompletely differentiated heart chambers, pericardial edema, cranio-facial alterations, 

loss of pigmentation, scoliosis, tail shortening, and hemorrhaging.  Since heart 

deformities were found to be the most sensitive and reliable endpoint scored in our 

previous embryo exposure studies, they were more heavily weighted in deformity 

scorings.  Deformities were ranked using a scale from 1 to 5, 1 representing no 

deformities, 2-mild, 3-moderate, 4-severe, and 5-extreme deformities, respectively.  

All experiments were performed according to an approved protocol (Institutional 

Animal Care and Use Committee, North Carolina State University). 

 

Histopathology 

 This was restricted to late organogenesis by which organs and their respective 

tissues were unequivocally recognized and presence of blood cells in specific  
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microvasculature elements and/or pigment or precipitate in fluid-filled spaces signified 

function.  These were also correlated with in vivo trans-chorionic analysis as described 

above.  

 Fixation – 10% natural buffered formalin was used.  Following initial 24-48 hr 

storage in fixative, embryos were placed in 30% sucrose, and chorion was punctured to 

facilitate entry of processing and staining fluid.  Fixed embryos were transferred to the 

mesh tissue cassettes, fixed overnight, and then processed. 

After embedment in paraffin and trimming into 100 micron blocks, embryos were 

reinfiltrated in paraffin, oriented and embedded in larger paraffin blocks.  Sectioning on 

the rotary microtome was done at 5 microns and resultand sections were placed on 

Silanized coated slides.  Embryos were stained with hemotoxylin and eosin (H&E).  

Histological sections were viewed under a Nikon Eclipse E600 microscope, and images 

were taken using Lumenera Infinity 2 (model #2-2C) 2.0 megapixel, 12 fps, CCC color 

camera.  Digital images were analyzed using Eclipse Net Version 1.16.5 software.   

 

Microarrays 

Amplified cDNA sequences for 7,000 genes from F. heteroclitus cDNA libraries 

were spotted onto epoxide slides (Corning) using an inkjet printer (Aj100, ArrayJet, 

Scotland).  Libraries were made from all 40 stages of Fundulus development, 

immediately post-hatch whole larvae, and adult tissues.  Each slide contained 4 spatially 
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 separated arrays of ~7,000 spots (genes) including controls.  Sequence information, 

annotation and gene ontology are available for Fundulus on the FunnyBase website 

http://genomics.rsmas.miami.edu/sandbox22/sandbox22.html. 

 

Embryo RNA isolation, amplification, and labeling  

Pools of ten frozen embryos collected at four developmental stages (21, 25, 31, 

34; Armstrong and Childs, 1965) were used for RNA isolation, labeling, and microarray 

hybridization.  Embryo RNA was extracted using a Trizol buffer (Invitrogen, Carlsbad, 

CA, USA) followed by purification using the Qiagen RNeasy Mini Kit (Qiagen Inc., 

Valencia, CA, USA.  

Purified RNA was quantified with a spectrophotometer, and RNA quality was 

assessed by gel electrophoresis.  RNA for hybridization was prepared by one round of 

amplification (aRNA) using Ambion’s Amino Allyl MessageAmp aRNA Kit to form 

copy template RNA by T7 amplification.  Amino-allyl UTP was incorporated into targets 

during T7 transcription, and resulting amino-allyl aRNA was coupled to Cy3 and Cy5 

dyes (GE Healthcare, Piscataway, NJ, USA). 

Labeled aRNA samples (2 pmol dye/ul) were hybridized to slides in 10 ul of 

hybridization buffer (50% formamide buffer, 5x SSPE, 1% sodium dodecyl sulfate, 0.2 

mg/ml bovine serum albumin, 1 mg/ml denatured salmon sperm DNA (Sigma), and 1 

mg/ml RNAse free poly(A) RNA (Sigma)) for 44 hours at 42º C.  Slides were prepared 

for hybridization by blocking in 5% ethanolamine, 100 mM Tris pH 7.8, and 0.1% SDS  
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added just before use for 30 minutes at room temperature, washed for one hour in 4x 

SSC, 0.1% SDS at 50º C, and then boiled for 2 minutes in distilled water to denature the 

cDNAs.  Resulting 16 bit Tiff Images were quantified using ImaGene® (Biodiscovery, 

Inc.) spotfinding software.  Controls and any gene that did not have at least one 

individual with a signal greater than the average signal from all herring sperm control 

spots (non-specific hybridization signal) plus one standard deviation were removed prior 

to statistical analyses.  In total, 6,789 genes were analyzed.   

 

Experimental Design for Microarrays 

A loop design (Figure 2) was used for the microarray hybridizations where each 

sample is hybridized to 2 arrays using both Cy3 and Cy5 labeled fluorophores (Kerr and 

Churchill, 2001) modified as per Altman (Altman and Hua, 2006).  The loop consisted of 

Cy3 and Cy5 labeled embryo aRNAs from 4 biological pools for four developmental 

stages (S: S21, S25, S31, and S35) and four different treatments (PP, PC, CC, and CP, 

where the first letter denotes the family, polluted or clean and the second letter denotes 

the exposure, polluted sediment extract or clean sediment extract).  In total, 64 biological 

pools were hybridized to 32 microarrays.  Each array had different combinations of 

biological pools, so that the most direct comparisons (i.e. PP vs CC stage 31 samples) are 

hybridized to the same array (Figure 2).  The loop formed was S21-PP S21-CC  

S21-PC S21-CP S25-PP S25-CC S25-PC S25-CP S31-PP S31CC  

S31-PCS31-CP S35-PP S35-CC  S35-PC  S35-CP, where each arrow 
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represents a separate hybridization (array) with the biological pool at the base of the 

arrow labeled with Cy3 and the biological pool at the head of the arrow labeled with Cy5. 

 

Statistical Analyses 

 Survival, Heart Rate, Developmental Delays, and Morphology 

Differences in the embryo survival, heat rate, time to stage, and morphology 

among 2 embryo populations and 2 treatments were analyzed with Prism Statistical 

Software version 4.0 using one-way Analysis of Variance (1-way ANOVA, p < 0.05) and 

Bonferroni post-test analysis (p < 0.01); pairwise t-test was used to test the differences of 

means between treatment groups, while Dunnett’s one-tailed t-test was used to evaluate 

differences between “clean” and “polluted” embryos, respectively.  Correlation between 

developmental delays, heart rate, and morphology were determined using non-linear fit 

polynomial second-order analysis. 

Microarrays 

Log2 measures of gene expression were normalized using a linear mixed model in 

SAS (JMP v6.0.0 with a microarray platform beta-version in SAS v9.1.3) to remove the 

effects of dye (fixed effect) and array (random effect) following a joint regional and 

spatial Lowess transformation in MAANOVA Version 0.98.8 for R to account for both 

intensity and spatial bias (Wu et al., 2003).   

The model was of the form yij = µ  + Ai + Dj + (AxD)ij + εij, where, yij is the signal  
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from the ith array with dye j, µ is the sample mean, Ai and Dj are the overall variation in 

arrays  and dyes (Cy3 and Cy5), (AxD)ij is the array x dye interaction and εij is the 

stochastic error (Jin et al., 2001; Wolfinger et al., 2001).   

Residuals from above model were used for a gene-by-gene analyses using stage, 

treatment, population, population x treatment, stage x treatment, population x stage, stage 

x treatment x population and dye as fixed effects.  The model was rijkngm = µ  + Ai + Dj + 

Tk + Pn + Sm + (TxP)nk + (TxS)km + (SxP)mn + (SxTxP)mkn + εijknm where Tk is the kth 

treatment (sediment extract), Pn is the nth population, Sm is the mth stage (TxP)nk is 

treatment by population interaction, (TxS)km is the treatment by stage interaction, (SxP)mn 

is the stage by population interaction, and (SxTxP)mkn is the stage by treatment by 

population interaction. 

Because we were interested in treatment and population effects more than stage 

effects, we also analyzed the data by stage.  Here the model was rijkn = µ  + Ai + Dj + Tk + 

Pn + (TxP)nk + eijkn where Tk is the kth treatment (polluted or reference sediment extract),  

Pn  is the nth population, and (TxP)nk is treatment by population interaction. 

For all mixed model analyses, we used a nominal p-value cut-off for significant 

genes of p < 0.01.  Using this p-value reveals more genes that may be differentially 

expressed but risks identifying genes that may be false positives.   

Hierarchical clustering used JmpGenomics, Cluster 3.0 for Mac OS X, and Java 

TreeView version 1.0.8 (de Hoon et al., 2004).  
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RESULTS 
 

On-site Chemistry Analysis 

Sediment Extract Chemistry 

Compared to the reference site, the Elizabeth River sediment extract was highly 

polluted with a variety of PAHs, including both low and high molecular weight 

compounds (Figure 3.1).  The only chemicals detected in the reference site extract were 

naphthalene (0.8% of the Elizabeth River level) and 1 and 2-methylnaphthalenes (4% of 

Elizabeth River levels).  

SPMDs 

We detected very low concentrations of only 10 of the 42 PAHs for which we 

tested. These were mostly low molecular weight napthalenes, from SPDMs deployed at 

the reference site, compared to polluted site (Figure 3.2).  The highest PAH concentration 

was 11.86 ng/L C1-naphtalenes, followed by 7.86 ng/L fluoranthene.  We detected all 42 

tested PAHs in the Elizabeth River site, with the lowest concentration of 9.13 ng/L 

acenapthalene and 11.54 ng/L biphenyl, and high concentrations among high molecular 

weight PAHs – 689.57 ng/L phenanthere, 2,075.03 ng/L pyrene, and 7,048.59 ng/L 

fluranthene.   

Embryo chemistry analysis: 

PAH content within embryos during four sensitive developmental stages was 

measured to examine the protective role of the chorion.  We detected the highest  
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concentrations of PAHs in clean embryos exposed to polluted sediments, while PAH 

concentrations in clean embryos developing in clean extracts were the lowest among the 

four treatment groups.  Nine PAHs were detected in clean reference embryos developing 

in polluted extracts and resistant embryos developing in both clean and polluted extract; 

naphthalenes (C1-C4) were the most prevalent PAHs detected in all treatment groups 

(Figure 3.3a-d).  PAH concentrations of clean and resistant embryos in polluted extracts 

were similar during later development stages.  

Embryo survival and developmental delays 

We found significant differences in survival rates among treatment groups (Figure 

3.4, 1-way ANOVA, p<0.05).  Clean embryos developing in clean sediment extracts 

during stages 31, 35, and hatching, had the highest survival rates (87.5 %) among all 

treatment groups.  Resistant embryos raised in both clean and polluted sediment extracts 

(PC and PP) and sensitive embryos raised on polluted extracts  (CP) had significantly 

lower survival rates (57.5-65%) than reference embryos raised on clean extracts to stage 

35. Importantly, none of the sensitive Magotha embryos exposed to polluted sediment 

extracts hatched; they subsequently died (Bonferroni post test: CC hatch vs. CO hatch: p 

< 0.01, t = 12.6).   Hatching success of other treatment groups, although significantly 

lower than controls (CC hatch versus PC or PP  hatch: p < 0.05, t = 4.171), did not 

statistically differ from within a treatment survival to either stage 31 or 35.  

Significant delays (Figure 3.5, 1-way ANOVA, p < 0.01) and incomplete  
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development were noted among clean embryos exposed to polluted extract (CP) at both 

stages 31 (Bonferroni post test, CC 31 versus Cp 31: P < 0.01, t = 5.542) and 35 (CC35 

versus CP 35, P < 0.01, t – 5.924), with slightly more pronounced delays in the later stage 

when compared to other treatment groups (Figure 3.5).  Although slightly delayed, 

resistant Elizabeth River embryo development did not differ significantly, and most of 

the embryos developed on time, including the resistant embryos exposed to polluted 

extracts. While CC, PC, and PP embryos reached pre-hatching stage 35 within the 

expected time period (approximately 212 hours), the CP (sensitive embryos exposed to 

polluted sediments) were, on average, 3 stages (52 hours) behind (Figure 3.6). 

 

Embryo Heart Rates 

The average heart rates among “clean” embryo populations in clean extracts 

during stages 31 and 35 were 125.2 and 125.8 bpm, respectively, which were 

significantly higher than the rates observed among CP embryos (Figure 3.7; 1-way 

ANOVA, p < 0.01; Bonferroni post test: stage 31, p < 0.05, t = 7.14; stage 35, p < 0.01, t 

= 5.84).  We measured the lowest average hart rate in CP embryos during stage 31 (108.7 

bpm).  This rate increased slightly during stage 34 (112.3 bpm).  Average heart rates 

during both stages in PC (120.0 bpm; 122.3 bpm) and PP (124.0 bpm; 123.8 bpm) did not 

differ significantly either from CC embryos or each other, suggesting no exposure effect 

on cardiac function.  
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Embryo morphology 

Representative morphological deformities are presented in Figure 3.8, a-f.  Sensitive 

embryos raised on polluted sediment (CP) were significantly deformed, when compared to 

all other treatment groups (1-way ANOVA, p < 0.01; Bonferrni post test: CC3 versus CP31, 

p < 0.01; t = 12.83; CC35 versus CP35, t = 12.15).  The most severe morphological 

abnormalities were noted among all sensitive embryos exposed to polluted sediment extracts  

(N=12 / treatment group).  These deformities included pericardial edema, hemorrhaging, 

cranio-facial malformations, tail shortening and bleeding, and general loss of pigment 

(Figure 3.8).  The most deformed embryo hearts (score ≥ 4) failed to differentiate, resulting 

in a “tube-heart” structure, which appeared as a barely-visible long tube with transparent 

fluid slowly trickling through (instead of a 2 fully-formed round chambers with the red blood 

forcefully pumping from the atrium into a ventricle, as seen in the control embryos).  The 

average morphological score for sensitive embryos raised on clean extracts (CC) was 1.083 

for both stages 31 and 35 (Figure 3.9), indicating that almost all of the reference embryos 

developed normally.  With the exception of the CP treatment group, there were no significant 

differences in morphology scores between CC embryos and other treatment groups. 

Significantly deformed PC embryos were found to be either severely or extremely deformed 

(score 4 and 5) due to exposure to polluted ER sediment extracts, with average scores of 

4.083 (stage 31), and 4.250 (stage 35). 

Morphology scores, heart rate, and stage delays were correlated among sensitive 

embryos exposed to PAH-polluted sediment extracts, while there was no correlation  
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among resistant embryos exposed to either clean or polluted extracts (Figure 3.10a-i).  As 

sensitive embryos become more deformed and their morphology scores increase, their 

heart rates significantly decreased (R2 = 0.78; Figure 10B-a).  The morphological 

deformities also caused significant development delays, characterized by altered cardiac 

physiology (R2 morphology  - developmental delays = 0.82, Figure 10B-a; R2 

developmental delays – heart rate = 0.65, Figure 3.10C-a).  By stage 35, sensitive 

embryos exposed to polluted sediments were 3 stages (48 hours) behind, relative to other 

treatment groups (Figure 3.6).  There was no correlation between developmental delays, 

heart rate, and morphology scores among resistant embryos (Figure 3.10A-C, b). 

 

Embryo Histopathology 

Histological abnormalities were detected only in reference embryos exposed to 

contaminated sediments.  Due to difficulties in sectioning chorionated (i.e. unhatched) 

embryos, we were not able to analyze all individuals.  Among the informative histology 

slides, we observed the most prevalent alterations in heart development (70% of embryos, 

N=8) and minor alterations in liver and kidney tissues (40%, N=5). 

Representative histological sections of clean stage 31 embryos exposed to 

polluted sediments are presented in Figure 3.11a-i.   

A-B: Liver and Kidney (40x) 

Figures 3.11a and 3.11b show a portion of the foregut, liver and adjacent renal 

tubules of the kidney.  The foregut epithelium appears essentially normal and mitotic  
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activity was noted in several of the epithelial cells.  The liver was comprised of 

hepatocytes, biliary epithelial cells, endothelial cells of the sinusoids, and fat storing cells 

of Ito. Thus, cellular differentiation of the liver similar to an older organism was present.  

The cytoplasm of the hepatocytes was stained throughout and numerous hepatocytes 

contained small round vacuoles suggesting lipids.  This is in contrast to the glycogen-

laden hepatocytes of livers from resistant embryos raised over clean sediment.  Numerous 

mitotic figures were seen in the hepatocyte population signifying continued and expected 

growth of the organ.  Within the renal tubules, epithelial cells were swollen and this 

change was particularly apparent at basal regions of cells. The lumens of the tubules were 

compromised by the swollen epithelial cells.  

C: Ventricular Wall (40x) 

Figure 3.11c shows a section through the rostral- most portion of the head.  At the 

center of the field the ventricular wall is seen. Numerous nucleated red blood cells are 

found within the lumen of the ventricle.  A large subendothelial separation is apparent in 

the right hand portion of the field.  This appearance suggests fluid accumulation within 

the ventricle wall.   

D: Atrium (40x) 

Figure 3.11d is a somewhat elongated view of the atrium showing nucleated red 

blood cells within the lumen and subendothelial vacuolation as well as higher degree 

separation of subendothelial elements (lower left of the vessel wall; see arrows).  The 

integrity of the atrium wall is compromised by subendothelial vacuolation and greater  
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diameter separation of mural elements.  The clear space surrounding the atrium is devoid 

of cells indicating that the response is neither hemorrhage nor inflammation but rather an 

effusion possibly due to a loss of integrity of the chamber wall.  

E: Tube Heart (40x) 

This identical embryo was imaged in life (in vivo) and showed an elongated, 

tubular heart.  Using in vivo observations, the rate of tubular heart contraction was 

determined.  While the normal heart contraction rate of a stage 31 embryo is between 120 

and 132 per minute (bpm), the rate in this embryo was determined to be 54 bpm.  

Furthermore, after fixation of the above embryo and processing for high-resolution light 

microscopy, we were able to confirm and extend in vivo observations.  In this view, the 

section passes through a large vein near the atrium.  The endothelium of this vessel is 

widely separated from outlying structures by what appears to be a fluid-filled space.  The 

absence of cells within this space suggests that the process is neither hemorrhage nor 

inflammation, rather effusion.  While it is tempting to regard the eosinophilic 

proteinaceous material surrounding the vessel profile as sign of an exudate, note its high 

similarity to yolk and the fact that we see discrete red round globules in each.  

F: Yolk vein vascular alterations (10x) and Yolk sac hemorrhage (40x) 

In addition to the above changes in contraction rate and the associated alterations 

in wall of veins, atrium, and ventricle, alterations were also seen in the yolk veins (Figure 

3.11f).  Large clear artifacts of preparation are seen in yolk material.  Note the large 

accumulations of nucleated red blood cells around the periphery of the yolk sac in this 
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specimen.   

Higher magnification of one of the vascular alterations from the previous figure 

reveals an absence of vessel wall and a large portion of the circumference devoid of  

endothelium.  This hemorrhage of yolk sac veins was often associated with the presence 

of tubular heart.  In vivo imaging of this same individual showed hemorrhage into the 

yolk sac.   

G: Atrio-ventricular alterations (40x) 

Figure 3.11g illustrates the elements found at the juncture of the atrium and a 

ventricle in the stage 31 embryo.    The atrium is shown at the right of the figure and a 

large subendothelial space has formed separating the endothelium from the outlying atrial 

myocytes. Changes within the ventricular wall appear restricted to vacuolation of 

myocytes.   

H: Tube Heart (10x) 

Toward the bottom left of the field a group of nucleated red blood cells is shown 

and higher magnification view of this area revealed (not shown in figures) an absence of 

endothelial lining for this extent of the yolk vein (Figure 3.11h).  Near the top of the field 

the vessel extends to near the atrium.  At this point analysis of the lumen and wall of the 

vessels reveals a paucity of red blood cells.  During in vivo observations of this identical 

embryo the lumen of the elongated tube heart was described as lacking pigmentation 

(showing clear fluid) normally associated with large vessels of embryos and having a 

very weak contraction with slowed contraction rate.   
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I: tube heart (20x) 

Figure 3.11i includes an area of hemorrhage in the lower left of the field and is 

followed by, as one moves up in the field and to the right, profiles of subsequent portions 

of the yolk vein.  This figure confirms and extends observations made through the 

dissection microscope (in vivo imaging).  The arrows indicate portions of the yolk vein, 

which are devoid of red blood cells.  The slowly contracting tubular heart contained fluid 

that lacked the normal pigmentation of a large vein in stage 31 embryos.  Perhaps the 

lack of pigment is due to hemorrhage involving afferent veins that lead to the tubular 

heart.  

 

Gene Expression 

We analyzed expression of 6,789 Fundulus genes during four critical 

developmental stages of two Fundulus embryo populations.  We exposed sensitive 

embryos of parents from the clean site and resistant embryos of parents form polluted site 

to both clean and polluted sediment extracts (Table 3.1) during early somitogenesis (stage 

21), heart beat initiation (stage 25), late organogenesis (stage 31), and pre-hatching (stage 

35).  In total, 1,345 genes (20% of 6,789) were significantly differently expressed (mixed 

model ANOVA, p < 0.01, Table 2).  111 genes (1.6% of 6,789) show a significant 

treatment by population by stage interaction.  Hierarchical clustering of the 111 genes 

with a significant treatment by population by stage interaction (Figure 3.12) reveals four 

main clusters among treatment groups based on the similarities in gene expression 
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 patterns. Because we were interested in treatment and population effects more than stage 

effects, we also analyzed the data by stage.  The numbers of significant genes for stages 

21, 25, 31 and 35 are shown in Table 3.3.  The highest total number of significant genes 

due to population differences and population by treatment effects is at stage 31 (71 genes 

for both population and population by treatment), while the highest numbers of 

significant genes due to treatment alone is at stage 35 (250 genes), followed by stage 21 

(102 genes).  The lowest number of significant genes due to population only (25 genes), 

and treatment alone (20 genes), occurs at stage 25, while the lowest number of significant 

genes due to population by treatment interaction is at stage 21 (23 genes).  The highest 

total number of significantly differently expressed genes (282) is at stage 35, while the 

lowest number of significantly differently expressed genes (80), is at stage 25 (Table 3.3, 

Figure 3.13).  

The hierarchical clustering of significant genes based on mixed model analyses at 

each stage is presented in Figure 3.13.  Similarities of gene expression patterns reveal that 

at stages 21, 31, and 35, both embryo populations group by treatment (CP with PP, and 

CC with PC), while at stage 25, sensitive embryos from polluted sediments groups with 

resistant embryos from clean sediments (CP with PC), and sensitive embryos from clean 

sediments group with resistant embryos from polluted sediments (CC with PP).  Selected 

differentially expressed genes between embryo treatment groups at stage 35 are listed in 

Table 3.4. 
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Discussion 
 

Chemical analysis of the embryos’ parental environment shows marked 

differences in PAH concentrations in sediment extracts between Magotha and Elizabeth 

River, VA sites (Figure 3.1).  The Elizabeth River sediments are heavily contaminated 

with numerous low and high-molecular weight PAHs, which have been shown to elicit 

toxicological effects during Fundulus embryogenesis (Meyer and Di Giulio, 2003; Meyer 

et al., 2002; Incardona et al., 2004).  In contrast, we detected only three low molecular 

weight PAHs in Magotha Bay sediments, indicating that the parents of embryos sensitive 

to PAHs live in a relatively clean environment as compared to fish from the highly PAH-

polluted Elizabeth River site.  We also measured concentrations of PAHs at these two 

sites by using semipermeable membrane devices (SPMDs), which passively accumulate 

the dissolved, and bioavailable fraction of organic chemicals and are used to estimate 

time-weighted average exposure to PAHs.  These membranes are not susceptible to 

biological variation affecting bioaccumulation in living organisms, and correlate well 

with PAH accumulation in caged mussels (Hofelt and Shea, 1997).  We detected high 

concentrations of all 42 PAHs tested in Elizabeth River sediment extracts compared to 

only ten low-concentration PAHs detected in the reference site sediment extract, 

indicating differences in exposures to Fundulus adults and embryos at these two sites 

(Figure 3.2).   
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To determine the concentrations and species of PAHs that penetrate the embryos’ 

protective membrane (chorion) and come in direct contact with the developing embryo, 

we measured unexposed embryos at the two cell stage and embryos exposed to sediment 

extracts from the clean and polluted sites at four critical developmental stages: stage 21 

(early somitogenesis), stage 25 (initiation of heart beat), stage 31 (late organogenesis), 

and stage 35 (pre-hatching).  The PAH-content of unexposed embryos of both 

populations at the two-cell stage (Figure 3) is comparable, with the exception of 

napthalenes.  Napthalenes initially are present in slightly higher concentrations among 

resistant embryos, suggesting maternal transfer in the Elizabeth River fish (Figure 3.3).   

Notably, the dry weight of resistant embryos are, on average, 21% less than that 

of sensitive embryos, and the lowest PAH concentrations inside the chorion are among 

sensitive embryos exposed to clean extracts.  The highest PAH concentrations are 

detected among resistant embryos exposed to polluted extracts (Figure 3.3).  These higher 

concentrations suggest additive effects of PAHs due to both maternal transfer and 

environmental exposure.  However, PAH concentrations increase during development 

among sensitive embryos exposed to polluted extract (CP), when compared to resistant 

embryos (PP), possibly reflecting differences in the embryo’s ability to detoxify and 

eliminate PAHs post complete organodifferentiation (stage 31).  By stage 31, the liver, 

which expresses P450 family enzymes with a crucial role in PAH detoxification (Nock et 

al., 2007), is functional.  Importantly, all of the PAHs detected in our embryo chemistry 

analyses are low-molecular weight, which was expected based on properties of the  
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chorion.  The chorion plays a critical protective role from mechanical and chemical injury 

during teleost development.  It is composed of dense multi-layer protein sheets, which is 

likely impermeable to high molecular-weight molecules during early development 

(Iconomidou et al., 2000).  As embryos grow and reach advanced developmental stages 

during which the demand for the oxygen increases, the chorion becomes thinner, and its 

permeability increases.   

When embryos were exposed to polluted sediment extracts, we found significant 

differences in survival rates among treatment groups (Figure 3.4, ANOVA, p<0.05).  

Sensitive embryos developing in clean sediment extracts (CC) up to stages 31 and 34 had 

the highest survival rates (> 90%).  Exposure of sensitive embryos to polluted sediment 

extracts (CP) resulted in significantly lower survival rates than the control (CC), but 

exposure to polluted sediment extracts did not significantly decrease survival rates among 

resistant embryos (PP).  Notice, that among resistant embryos, there is lower survival yet 

a lack of response to the polluted sediments while the sensitive population has a 

significant decline in survival.  These data suggest that the resistant embryos are less 

likely to survive but are transiently unaffected by exposure to PAH-polluted sediment 

extracts. 

Despite the fact that > 60% of sensitive embryos exposed to polluted sediment 

survive to hatching, none of them hatched.  They all died, suggesting direct effects of 

PAH-polluted sediment extract on their survival.  The 100% mortality among sensitive 

embryos (CP) post-hatch is preceded by significant developmental delays, reduced heart 
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rates, and severe to extreme degree of morphological abnormalities, relative to other 

treatment groups (Figures 3.5-3.9). 

Assessment of heart morphology ranks all of the sensitive embryos exposed to 

polluted sediment extracts as either severely or extremely deformed prior to hatching 

(Figure 3.9).  The degree of deformities is most evident in cardiac structure and function 

abnormalities, which are characterized by incomplete differentiation of heart chambers  

(Figure 3.8) and reduced contractile force and stroke volume, causing an inadequate 

supply of oxygenated blood to developing tissues during metabolically demanding stages.  

While both sensitive embryos from clean sediments (CC), and polluted embryos from 

both exposures (PC and PP) show no signs of PAH-induced heart damage, the sensitive 

embryo heart rates are significantly lower (Figure 7).  As a result, the sensitive embryos 

are on average three stages behind in their development prior to hatching (Figures 3.5 and 

3.6), and their extreme morphological abnormalities are particularly apparent in cardiac 

and cranio-facial structures (Figure 3.8).  The sensitive embryos ultimately become so 

deformed, that by stage 35 the heart resembles a barely-contracting thin transparent tube 

with the clear fluid slowly trickling through, a condition known as a “tube heart” (Weis 

and Weis, 1977).  These embryotoxic alterations primarily associated with cardiac 

structure and function are similar to effects seen in zebrafish (Danio rerio) embryos 

exposed to a complex PAH mixture from crude oil.  The primary mechanism of embryo 

toxicity involves irreversible inhibition of cardiac conduction, subsequent loss of 

circulation and accumulation of edema, ultimately resulting in sublethal effects  
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(Incardona et al., 2004).   In contrast to the sensitive embryos exposed to polluted 

sediment extract, the sensitive embryos exposed to clean sediment extract and resistant 

embryos developing in both clean and polluted sediment extracts show fully formed, 2-

chambered, healthy hearts forcefully pumping the blood throughout an apparently 

normally-developed embryo.   

The relationships between morphological abnormalities, cardiac function, and 

developmental delays are evident in sensitive embryos exposed to polluted sediment 

extract.  On average, the correlation between morphological alterations, heart rate, and 

developmental delays is 75% while less than a 30% correlation exists among these traits 

in the resistant embryo population (Figure 3.10a-i).  As sensitive embryos become more 

deformed and their morphology scores increase, their heart rates slow down because the 

deformed heart is not able to deliver enough blood to growing tissues (R2 = 0.78, Figure 

3.10B-a). The morphological deformities, primarily affecting cardiac physiology, cause 

the same embryos to lag in their development significantly (R2 morphology  - 

developmental delays = 0.82, Figure 3.10B-a; R2 developmental delays – heart rate = 

0.65, Figure 3.10C-a), being on average 3 stages (48 hours) behind, relative to other 

treatment groups (Figure 3.6). 

Histopathological analysis of stage 31 embryos confirmed the morphological 

evidence for PAH induced toxicity.  Deformities occur among sensitive embryos exposed 

to polluted sediments but not among any of the other treatment groups (Figure 3.11).   

Similar to the morphological analyses, the most convincing evidence of PAH-induced 
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embryo toxicity is abnormal cardiac tissue.  Deformed hearts, shaped as thin transparent 

tubes, are evident among 70% of the sensitive embryos exposed to PAH sediment 

extracts.  Additional abnormalities include fluid accumulation in the ventricular walls, 

subendothelial separation resulting in the effusion, loss of cardiac chamber wall integrity, 

vacuolation of myocytes, and yolk vein hemorrhaging (Figure 3.11c-i).  Forty percent of 

the sensitive embryos exposed to polluted sediment extracts show evidence of liver 

damage in the form of vacuolization and lipid accumulation within hepatocytes and 

kidney damage seen as swelling of epithelia and compromised tubular lumen (Figure 

3.11a-b). Morphology and histopathological analyses strongly suggest that the deformed 

hearts of sensitive embryos are not able to support the growth and required function of 

the vital organs, and that the combined effects on liver and kidney lead to inability of 

these embryos to cope with the PAH toxicity.  The cumulative effect of PAH toxicity 

results in failure to hatch and 100% mortality among sensitive embryos.  Importantly, 

although the resistant embryos exposed to the same polluted extract show higher 

concentrations of PAHs during development (Figure 3.3), their development is not 

drastically altered.  They ultimately hatch and successfully complete development to free-

swimming Fundulus.  

 To better understand differences between the sensitive and resistant embryos at 

the molecular level, we measured gene expression for 6,789 Fundulus genes during the 

same four developmental stages (stages 21, 25, 31, and 35).  In total, 1,345 genes were 

significantly differently expressed (20%, p<0.01, mixed model ANOVA).  350 genes  
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differed due to stage, 80 genes due to population, and 169 genes due to a treatment effect 

(Table 3.2).  In 2-way interactions, expression of 130 genes were significant due to 

populations by stage, 105 genes due to stage by treatment, and 400 genes due to 

population by treatment effect.  Hierarchical clustering of the 111 genes with a significant 

population by stage by treatment effect (57 genes at pFDR < 0.05) reveals a striking up 

regulation of a subset of genes only in stage 35 resistant embryos treated with polluted 

sediment extracts (PP35, Figure 3.11).  Fifteen genes make up this subset and include the 

60S ribosomal subunit L22, troponin C, arsenite resistance protein, trifunctional purine 

biosynthetic protein adenosine-3, parvalbumin beta, the serine protease inhibitor A3M, 

and nine unannotated genes.  Expression of these genes is from 1.4 to 3.8-fold higher in 

these PP35 embryos than in any other embryo-treatment combination.  Because resistant 

embryos treated with polluted sediment extract show few morphological effects of 

pollutant exposure and hatch normally, this subset of up regulated genes might be 

important for dealing with exposure.   

Because we were more interested in treatment and population effects than stage 

effects, we analyzed gene expression patterns at each developmental stage separately.  

All four stages show similar numbers of significantly differently expressed genes due to 

population, treatment and population by treatment interactions except at stage 25 that had 

few genes (20) significant with treatment and stage 35 had many genes (250) significant 

with treatment (compared to 102 and 90 genes for stages 21 and 31 respectively), and 

stage 31 has more genes significant with population compared to the other stages (71  
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genes versus 26, 25, and 18 genes, Table 3.3).   

One explanation for the low number of significantly differently expressed genes 

due to treatment at stage 25 is canalization of gene expression so that treatment has little 

effect on gene expression.  The heartbeat initiates at stage 25.  Up to four-fold more 

genes are significantly differently expressed due to population at stage 31 compared to 

the other three stages.  At stage 31, all of the major organ systems are completely 

differentiated and fully functional, and so this might be when differences in tissues 

involved in detoxification mechanisms are important (e.g., differences between the livers 

of sensitive and resistant embryos might be evident and affect gene expression).  Finally, 

at stage 35 treatment effects on gene expression dominate: 250 genes have significant 

differences in gene expression due to treatment.  This avalanche of altered gene 

expression is reflected in the chemical, morphological, and physiological results where 

stage 35 sensitive embryos have the greatest pollutant burdens and show the most severe 

effects.     

Hierarchical clustering of significant genes at each stage (Figure 3.13) shows that 

in stages 21, 31, and 35, the most similar gene expression patterns are based on treatment 

so that sensitive and resistant embryos developing in clean sediment extracts cluster 

together (PP and CP), and sensitive and resistant embryos developing in polluted extracts 

cluster together (PC and CC).  This is not the case for stage 25 embryos, where polluted 

embryos exposed to clean sediment and clean embryos exposed to polluted sediment (PC 

and CP) share similarities in gene expression patterns as do polluted embryos exposed to 
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 polluted sediment and clean embryos exposed to clean sediment (PP and CC).  

Importantly, the most significantly differently expressed genes (282), and the most 

distinct gene expression pattern differences based on treatment effects occur at stage 35.  

Both sensitive and resistant embryos developing in clean sediment extracts (CC and PC) 

cluster together and show striking gene expression similarities prior to hatching, with less 

variation in their expression profiles compared to the CP and PP cluster.  This is 

supported with our embryo chemistry, developmental delay, and physiology and 

morphology data, showing that the most distinct differences between sensitive and 

resistant populations caused by cumulative treatment are at the pre-hatching stage (stage 

35).  

Stage 35 shows cumulative effects of polluted sediment exposures to sensitive 

and resistant embryos.  Several genes whose expression patterns significantly differ 

before hatching play important roles in Fundulus embryogenesis and fundamental 

biological processes, and their defects cause severe abnormalities during the development 

and adult life in humans (Table 3.4).  Their relatively high and low expression patterns 

may be important in explaining differences between these two embryos populations.  Up 

regulated genes among sensitive and resistant embryos exposed to polluted sediment 

extracts (CP and PP) play roles in the synthesis of proteins, purines, lipids, and 

polysaccharides, lipid transport and metabolism.  Their up regulation, coupled by higher 

expression of genes associated with skeletal, smooth, and cardiac muscles contraction, 

and blood oxygen supply to cells and tissues are likely results of induction processes and 
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 repair mechanisms associated with PAH toxicity.  For instance, super oxide dismutase 

(SOD), which helps eliminate reactive oxygen species, free radicals, and reactive 

intermediates sometimes produced during PAH metabolism (Meyer et al., 2003), is up 

regulated in both embryo populations exposed to polluted sediments.  At the same time, 

the suppression of genes that play critical roles in cell proliferation, programmed cell 

death, ATP hydrolysis, smooth, skeletal and cardiac muscle contraction, and vision, may 

suggest more severe negative effects of PAH-polluted sediment extracts on critical 

biological processes during embryo development.  

A small group of genes is only induced in sensitive embryos treated with polluted 

sediment extract.  These same genes are refractory to induction in resistant embryos 

treated with polluted sediment extract.  One of these genes, CYP1A, has previously been 

shown to be refractory to induction by typical CYP1A inducers such as PAHs not only in 

Elizabeth River embryos, but also in Fundulus from two other highly polluted sites, New 

Bedford Harbor, MA and Newark Bay, NJ.  In addition to CYP1A, the ferritin heavy 

subunit, the phosphatidyl inositol 3 kinase regulatory gamma subunit, WAP four-

disulfide core domain protein 3, tumor differentially expressed protein 2, Ubl carboxyl-

terminal hydrolase 18, contraspin-like protease inhibitor 3, NifU-like N-terminal domain 

containing protein, RNA polymerase II holoenzyme componet SRB7, and GPI anchored 

protein as well as four unannotated genes show the same pattern of expression: induced 

in sensitive embryos exposed to polluted sediment extract but not in resistant embryos 

exposed to polluted sediment extract.  For CYP1A, lack of induction to typical inducers  
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such as PAHs has been postulated to be a protective mechanism as reduced ligand-

binding does not activate receptor-mediated toxicity responses in resistant fish (Powell et 

al., 2000).  Similar lack of induction for the other genes also might be beneficial to the 

polluted embryos exposed to polluted sediment extract.   

  

Conclusion 
 

Our study reveals important differences between sensitive and resistant embryo 

populations exposed to contaminated PAH sediment extracts. Chemistry, physiology, in 

vivo morphology, and histopathology results clearly show that the PAH-contaminated 

sediments are significantly more toxic to sensitive embryos of parents from clean sites, 

than to resistant embryos of parents who live in a highly contaminated environment.  

Gene expression data during four critical developmental stages reveals genes whose 

expression significantly differs between these embryo populations and whose patterns of 

expression at each developmental stage may help better understand mechanisms of 

sensitivity and resistance to polluted environments during animal development.  While 

expression patterns of selected significant genes reveal important differences between 

sensitive and resistant embryos, they also confirm the complexity of interactions 

associated with mechanisms of sensitivity and resistance within developing organisms. 
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Table 3.1.  Symbols used in reporting results among 2 embryos populations exposed to 
clean and polluted sediment extracts. 
 
  
 
 
 
 
 
 
 
 
 
Table 3.2. Number and percent of significant genes (Mixed model ANOVA, p < 0.01 and 
pFDR < 0.05) of 6,789 analyzed due to Population, Stage, and Treatment alone, and 
Pop x Treat, Pop x Stage, Treat x Stage, and Pop x Treat x Stage interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.3: Number of significant genes due to stage, treatment, and treatment-by-stage 
interactions stages 21, 25, 31, and 35 of Fundulus embryo development.  
 
 
 
 
 
 
 
 
 
 

 Treatment 
Embryo Population Clean Sediment 

Extract = C2 
Polluted Sediment 

Extracts = P2 
Magotha – Sensitive = C1 C1C2  =  CC C1P2  =  CP 

Elizabeth River – Resistant = P1 P1C2  =  PC P1P2  =  PP 
 

 Pop Stage Treat Pop x 
stage 

Pop x 
Treat 

Treat x 
Stage 

Pop x  
Stage x  
Treat 

# Sig. Genes 
(p<0.01) 

 
80 

 
350 

 
169 

 
130 

 
400 

 
105 

 
111 

% Sig. Genes 
(p<0.01) 

 
1.17 

 
5.15 

 
2.49 

 
1.91 

 
5.89 

 
1.55 

 
1.63 

# Sig. Genes 
pFDR (p < 0.05) 

 
63 

 
133 

 
43 

 
52 

 
42 

 
77 

 
57 

 

Stage Population Treatment Population by Treatment Total 
21 26 102 23 149 
25 25  20 35  80 
31 71  90 71 219 
35 18 250 25 282 
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Table 3.4. Selected Differentially expressed genes during late organogenesis (stage 35) 
among sensitive and resistant embryos exposed to clean and polluted sediment 
extracts. 

 
 
 
 
 

Gene        Expression 
                 ↑ CP, PP;  
                 ↓ CC, CP 

 
Function 

 
Defect 

 
Reference 

Superoxide Dismutase (SOD) Antioxidant 
defense 

ASL: Motor-neuron disease DiDonato et al., 2003 

Mitochondrial ribosomal 
protein s24 
 

Protein synthesis Diamond-Blackfan Anemia 
– erythroind precursor 
differentiation disease 

Gazda et al., 2006 

Trifunctional purine 
biosynthetic protein 
adenosine-3 (GART) 

Purine biosynthesis Down Syndrome Brodsky et al., 1997 

Fatty acid binding protein – 
liver 
 

Regulation of lipid 
transport and 
metabolism  

 Chan et al., 1985 

Nucleoside-diphosphate kinase 
NBR-B 

Synthesis of NTPs 
– nucleic acid, 
lipid, and 
polysaccharide 
synthesis and 
protein elongation  

Distinct roles in different 
tumors 

Hailat et al., 1991. 

Parvalbumin beta Muscle relaxation 
post contraction 

Amyotrophic lateral 
sclerosis 

Beers et al., 2001 

Actin alpha - skeletal Muscle contraction Nemaline myopathy; fiber-
type disproportion 

Nowak et al., 1999 

Troponin T, fast SKM isoform 
 

Regulation of 
ATPase activity in 
striated muscles; 
muscle contraction 

Arthryogryposis multiplex 
congenita 

Sung et al., 2003 

Myosin heavy chain, fast SKM Muscle contraction Sheldon-Hall syndrome: 
bone anomalies and limb 
malformations 

Toydemir et al., 2006 

Troponin C, slow cardiac Striated muscle 
contraction 

Dilated cardiomyopathy, 
ventricular dilation, 
impaired systolic function, 
congestive heart failure; 
arrhythmia 

Mogensen et al., 
2004 

Myosin heavy chain, cardiac 
Beta isoform 
 

Muscle contraction Cardiomyopathy familial 
hypertrophic type 1 – 
ventricular hypertrophy 

Watkins et al., 1993 

Hemoglobin beta chain 
 

RBC oxygen 
transport; blood 
pressure control 

Beta-thallasemia; 
Sickle-cell anemia; 
Heinz’s Body Anemia 

Thein et al.., 1990; 
Ashley-Koch et al., 
2000; 
Schechter, 2008. 
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Table 3.4 Continued 

Myosin regulatory light chain-
2, smooth muscle 

Contraction of 
smooth muscle and 
vascular smooth 
contractility; 
cytokinesis and cell 
locomotion 

 Suizu et al., 2000 

Myosin light chain, cardiac Ca++ binding; 
Skeletal muscle 
tissue development; 
Cardiac contraction 
 
 

Sarcomeric cardiac 
myopathy; cariomyocyte 
size and number reduction 

Flavigny et al., 1998 

Sodium / potassium –
transporting ATPase alpha-3 
chain 

Catalyzes ATP 
hydrolysis; Na/K 
cellular transport 

Dystonia Type 12 – 
involuntary muscle 
contractions and 
neurologic disability 

Herrera et al., 1987. 

Ras-association domain family 
2 

Ras-effector / tumor 
suppressor: 
promotes apoptosis 
and cell cycle arrest 

Growth-antagonistic 
effects: senescence, cell-
cycle arrest, cell 
differentiation, and 
apoptosis 

Vos et al., 2003 

Complement C1g tumor-
necrosis factor-related protein 

Vision Retinal degeneration Shu et al., 2006 

 
 
 
 
 

 
Gene         Expression 
                  ↓  CP, PP 
                  ↑  CC, PC 

 
Function 

 
Defect 

 
Reference 

Putative methyl-transferase Cell proliferation 
control; meiotic 
development of 
germ cells 

Inhibition of germ cell 
proliferation 

Dorsett et al., 2009 

Athropin-like protein Transcriptional 
repressor during 
development; cell 
survival control 

Overexpression causes cell 
death 

Waerner et al., 2001 
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Table 3.4 Continued 

Gene        Expression 
                ↑  CP 
                ↓  CC, PC, PP 

 
Function 

 
Defect 

 
Reference 

Ferritin, heavy subunit Iron homeostasis; 
Iron transport; 
Kidney development 

 Boyd et al., 1985 

Phosphatidyl Inositol 3 kinase 
regulatory gamma subunit 

Phospholipids 
metabolism; Signal 
transduction; 

 Stoyanov et al., 1995 

CYP4501A 
 

Drug and 
Xenobiotic Phase I 
Metabolism 

Altered xenobiotic and 
drug metabolism; 
Increased lung cancer 
susceptibility 

Nock et al., 2007 

GPI-anchored protein Cell proliferation 
and migration of 
multiple cell types 

 Gessler et al., 1996 
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Figure 3.1.  Chemical Analyses of PAH concentrations present in Elizabeth River, 
VA, and Magotha Bay, VA sediment extracts. 
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Figure 3.2. PAH-exposure analysis using SPDMs at Elizabeth River, VA, and 
Magotha Bay, VA sites. 
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Figure 3.3a-d. Chemical Analysis of reference and resistant embryos exposed to 
clean and polluted sediments extracts during 4 developmental stages (CC = clean 
embryos in clean extracts; CP = clean embryos in polluted extracts; PC = resistant 
embryos in clean extracts; PP = resistant embryo in polluted extracts). 
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Figure 3.4. Survival rates for embryos from two populations 
exposed to clean and polluted sediment extracts.  Survival was 
scored at stages 31 and 34 for embryos from the clean population 
raised in clean sediment (CC), embryos from the clean population 
raised in polluted sediment (CP), embryos from the polluted 
population raised in clean sediment (PC), embryos from the 
polluted population raised in polluted sediment (PP). 
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Figure 3.5. Time-to-stage for embryos from two populations 
developing in clean and polluted sediment extracts. 1-way 
ANOVA (p<0.01) indicates significantly slower development of 
reference embryos exposed to contaminated sediment extracts 
for both stages 31 and 34, when compared to other embryo 
populations. 

 
 
 
 
 
 
 
 
 
 



 148 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 3.6. Developmental delays of sensitive embryos 
exposed to polluted sediment extracts (CP), relative sensitive 
embryos developing in clean extracts (CC), and resistant 
embryos exposed to clean and polluted extracts (PC ad PP) 
before hatching (stage 35). 
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Figure 3.7: Embryo heart rates (bpm) measured in 
reference and resistant embryo populations. 1-way 
ANOVA (p<0.05) indicates significantly lower heart 
rates among reference embryos developing in 
contaminated sediment extracts and resistant 
embryos developing in clean sediment extracts, when 
compared to other embryo populations. 
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Figure 3.8, A-D. Embryo Morphology at stage 31: A – normal  CC embryo; B – 
normal PC embryo; C – normal PP embryo; D - progression of deformities among 
exposed sensitive embryos:  1 – 5  = mildly-deformed (score 2); 6-10 – 
moderately-deformed (score 3); 11-16 – severely deformed (score 4); 17-25 = 
extremely deformed (score 5). A – atrium; BI – blood island; E – eye; CD – cranial 
deformity (reduced cranial width and eye distance, diminished cranial ridges); HM 
– hemorrhage; M – melanin; PE – pericardial edema; T – tail; TH – tube heart; V 
– ventricle. 
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Figure 3.9. Embryo deformity assessment among 
sensitive (blue) and resistant (red) embryos exposed to 
clean and polluted sediment extracts.  1-way ANOVA 
(p<0.01) and Bonferroni post-test (p<0.01, t = 12.85 – 
stage 31, and t = 12.15 – stage 35) revealed statistical 
differences between CP embryos and all other 
treatment groups. 
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Figure 3.10, A-C. Correlation among developmental delays, heart rate, and morphology 
of Fundulus embryos: A: Developmental Delays – Morphology correlation among a) 
sensitive embryos, b) resistant embryos, c) both embryo populations; B: Heart Rate – 
Morphology correlation among a) sensitive embryos, b) resistant embryos, c) both embryo 
populations; C: Heart rate – Developmental Delays correlation among a) sensitive embryos, 
b) resistant embryos, c) both embryo populations. 
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Figure 3.11. Embryo histopathology of stage 31: A, B – Liver and Kidney; 
C – Ventricular Wall; D – Atrium; E – Tube Heart; F – Yolk Vein Vascular 
Alterations and Yolk Sac Hemorrhage; G – Atrio-Ventricular Alterations; H, 
I – Tube Heart. A, AT – atrium, BE – biliary epithelial cells, El – epithelial 
cells; ES – effusion; FG – foregut; GY – glycogen; HC – hepatocytes, HM 
– Hemorrhage, IC – Ito cells, K – kidney, LV – liver, MY – myocytes, RBC 
– red blood cells, SE - subendothelium , SV – subendothelial vacuolation, 
TH – tube heart, Y – yolk, YV – yolk vein, VW – vessel wall. 
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Figure 3.12. Heat map and hierarchical clustering of significant genes (Mixed model 
ANOVA, p < 0.01) in treatment-by-population-by-stage analysis of sensitive and 
resistant embryos exposed to clean and polluted sediment extracts 
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Figure 3.12. Heat map and hierarchical clustering of significant genes (Mixed model 
ANOVA, p < 0.01) in treatment-by-population-by-stage analysis of sensitive and 
resistant embryos exposed to clean and polluted sediment extracts 
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Figure 3.13. Heat maps and hierarchical clustering of genes whose expression 
significantly differs  (pairwise comparisons, p < 0.01) within each developmental 
stage, among sensitive and resistant embryos exposed to clean and polluted 
sediment extracts.  
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Chapter IV 

 

 

Synergistic effects and underlying 
mechanisms of representative PAH-
type CYP1A inducers and inhibitors 

during Fundulus heteroclitus embryo 
development 
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ABSTRACT 
 

Polycyclic aromatic hydrocarbon (PAH) polluted sediments comprise complex 

mixtures toxic to many organisms at multiple life stages (e.g., adults, larvae, and embryos). 

The co-occurrence of PAH-type AHR agonists and CYP1A inhibitors is common for typical 

PAH mixtures, and although the current risk assessments of PAHs assumes an additive 

model of PAH toxicity, synergy between AHR agonists and CYP1A inhibitors may be an 

important outcome for risks posed by PAH exposures.  To better understand mechanisms of 

sensitivity and resistance mediating PAH toxicity during development, we compared 

exposure effects of an AHR agonist and CYP1A inducer on survival rates, time-to-stage, 

morphology, cardiac physiology, EROD induction, and gene expression in embryos from 

two populations of the teleost Fundulus heteroclitus.  Embryos from one population do 

not survive when exposed to sediment extract from a site highly contaminated with PAHs 

(sensitive embryos).  Embryos from the other population are remarkably resistant to the 

polluted sediment extract (resistant embryos).  Our results highlight significant 

differences in response between these two embryo populations: while most treatments 

had very little effect on development of resistant embryos, synergistic effects of an AHR 

agonist and CYP1A inhibitor caused significant developmental delays, impaired cardiac 

function, severe morphological alterations and failure to hatch, ultimately causing deaths 

of sensitive embryos.  The developmental delays in sensitive embryos underscore the  
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importance of correctly staging treated embryos for appropriate comparisons, especially 

when comparing gene expression results.  The gene expression results demonstrate 

significant differences in gene expression patterns between exposed sensitive and 

resistant populations (2.7% of genes), and highlight several differentially expressed genes 

whose expression patterns play critical roles during embryo development.  
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INTRODUCTION 

PAHs are petroleum products created by the combustion of organic materials 

which originate from both natural and anthropogenic sources.  They have been found at 

600 of 1,430 National Priority List sites, and as a group they are ranked number eight on the 

2007 Comprehensive Environmental Response, Compensation, and Liability Act 

(CERCLA) priority list of hazardous substances (ATSDR, 2003, 2007).  These chemicals 

pose a significant risk to human and animal health due to their carcinogenic properties; more 

recent research in aquatic organisms has described their equally damaging role as teratogens 

(Barron et al., 2004, Wassenberg and Di Giulio, 2004a, b). 

Cardiovascular malformations, resulting in significantly higher mortality rates, are 

well documented in fishes exposed to PAH mixtures (Meyer and Di Giulio, 2003; 

Wassenberg et al., 2005; Wassenberg and Di Giulio, 2004b; Billiard et al., 2006; internal 

data).  Some of these effects are thought to be mediated by the aryl hydrocarbon receptor 

(AHR) (Incardona et al., 2004; Andreasen et al., 2002; Billiard et al., 2006; Evans et al., 

2005; Timme-Laragy et al., 2007).  Studies of cardiovascular effects using model PAHs 

show synergistic interaction between PAH-type AHR agonists and CYP1A-inhibitors.  

Typically, the AHR is induced by PAHs and activates expression of CYP1A (REF).  In F. 

heteroclitus, embryos exposed to the PAH-type AHR agonist β-naphthoflavone (BNF) and 

the CYP1A inhibitor α-naphthoflavone (ANF) had decreased levels of CYP1A activity and a 

synergistic increase in the occurrence of cardiac deformities as measured by heart elongation 

and pericardial edema (Wassenberg and Di Giulio, 2004a).  BNF and ANF are synthetic 
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 flavonoids commonly used as surrogate model PAHs, BNF as an AHR agonist, and ANF 

which acts as a reversible competitive CYP1A inhibitor that can bind to either the active site 

or the ferric heme (Goujon et al., 1972; Testa and Jenner, 1981; Miranda et al., 1998). 

Agonists and inhibitors often co-occur in typical PAH mixtures, and although the current risk 

assessments of PAHs assumes an additive model of PAH toxicity, this synergy may be an 

important outcome for risks posed by PAH-exposures.   

To better understand the synergistic effects of PAH-type AHR agonists and CYP1A 

inhibitors, we examined the effects of exposure to BNF and ANF on gene expression in 

embryos from both reference site and resistant populations of killifish during late 

organogenesis (stage 31).  Resistant embryos come from a thriving population of the 

teleost Fundulus heteroclitus that inhabits the Atlantic Wood Superfund site, a site that 

contains one of the highest documented levels of PAH contamination in the world 

[concentrations of  >500 ppm (Vogelbein and Unger, 2003)].  Stage 31 was chosen for gene 

expression assessment due to its high metabolic activity and observable phenotypes.  Hence, 

we compare survival rates, time-to-stage, morphology, cardiac physiology, and gene 

expression profiles of individual Fundulus embryos from PAH-sensitive and resistant 

natural populations. 
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Materials and Methods 

Fish Care 

 Adult killifish were collected from both a reference site at King’s Creek, in 

Gloucester County, Virginia, (37º17’52.4”N, 76º25’31.4”W) and from a contaminated 

site on the Elizabeth River in Portsmouth, Virginia (36º48’27.48”N, 76º17’35.77”W).  

Adult fish were depurated for 12 months in a recirculating system containing artificial 

seawater (ASW 25 ppt) prepared from Instant Ocean® (Mentor, OH).  Fish were kept at 

23-25º C on a photoperiod of 14:10 L:D and fed daily a diet of Tetramin® Tropical Fish 

Food (Tetra Systems, Blacksburg VA, USA) and newly hatched brine shrimp (Artemia, 

Brine Shrimp Direct, Ogden, UT).  Killifish embryos were obtained from in vitro 

fertilization of pooled oocytes mixed with pooled milt from multiple males.  Embryos 

were examined 24 hours post fertilization (hpf) for viability and placed individually into 

20 mL glass scintillation vials with 10 mL of treatment solution.   

 

Chemicals and Exposure 

 Dimethyl sulfoxide (DMSO), ANF, BNF, and ethoxyresorufin were purchased 

from Sigma-Aldrich (St. Louis, MO).  Killifish embryos were exposed to ANF (0, 50, or 

100 µg/L) with or without 1 µg/L BNF.  Individual embryos of parents from both 

populations were exposed to the treatment solution or to the DMSO vehicle control from 

24 to 120 hpf  (n = 20).  In all of the treatment groups, DMSO concentration was 

maintained at less than 0.03%.  At 120 hpf, embryos were removed from the dosing  
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solution and placed into vials containing clean ASW.  In ovo EROD (7-ethoxyresorufin-

O-deethylase) was measured at 120 hpf and cardiac deformities were assessed treatment-

blind by light microscopy at 168 hpf.  

 

 Embryo Survival, Developmental Delays, and Heart Rate   

Fertilization success and embryo progress was monitored daily by examining 

representative stages during pre-determined time periods (Armstrong and Child, 1965; 

internal unpublished data) using a dissecting stereo microscope (Nikon SME1500, 

Japan).  Stage progression, developmental delays, normal versus abnormal development, 

and mortality also were recorded.  Unfertilized eggs, malformed and/or dead embryos 

were removed from the population, and times and stages of arrest and abnormal 

development were recorded accordingly.  Survival rates were measured within each 

treatment in both populations.  Embryos that successfully reached stage 31 were used for 

heart rate and gene expression analysis.  Ten embryos from each treatment group were 

assessed for hatching success and survival to complete embryogenesis, marked with the 

total yolk consumption by the free-swimming Fundulus (Armstrong and Child, 1965; 

internal unpublished data).  

 To determine developmental delays, ten embryos from each population were 

monitored in individual 20-ml scintillation vials.  Identification of each stage was 

determined using a dissecting stereo microscope (Nikon SME1500, Japan) at 70-80X 

magnification.  At approximately 144-150 hours post fertilization, when the embryos  
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were expected to reach stage 31 (Unpublished internal data; Armstrong and Childs, 

1965), multiple images of developing embryos were captured with the Micropublisher 

5.0 RTV Camera (QImaging). These images were catalogued, stored, and analyzed using 

QCaputre Pro imaging software.  Each embryo was scored based on the multiple 

morphological characteristics and assigned the appropriate developmental stage. 

The same embryos used to determine time to stage were used to determine heart 

rates during early organogenesis (stage 31).  A beating heart is formed, with both 

chambers completely differentiated and in full view, by stage 31 and the heart rate can be 

accurately measured from that stage on.  Embryo vials were labeled to assure that the 

heart rate was measured from the same embryo at both stages.  Individual embryos were 

placed on a depression slide under the dissecting stereo microscope for 1 minute prior to 

taking heart rate measurements so that the stressed embryo could re-establish resting 

heart beat (most Fundulus embryos temporarily arrest their heart beat due to a sudden 

change of environment, such as transfer from the petri dish to a well-lit slide surface).  

The heart rate of each embryo was measured by counting the number of heartbeats for 30 

seconds (preliminary results showed no change in the average heart beat when counts 

were taken at either 30 second or 1 minute intervals). 

 

Embryo Morphology and Deformity Assessment 

At stage 31, ten embryos from each treatment were randomly selected and scored for 

morphological abnormalities.  Clean and polluted embryo populations in both treatments 
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were scored blind for heart deformities (tube heart), pericardial edema, hemorrhaging, 

cranio-facial alterations, tail shortening, and pigment loss.  While all phenotypes were 

considered in determining the final score, the heart deformities were found to be the most 

sensitive and reliable endpoint used in deformity assessment.  Embryo score was based 

on a 1-5 scale, 1 representing no deformities, 2-mild, 3-moderate, 4-severe, and 5-

extreme, respectively.  Results for each treatment were represented as an average of the 

individual scores. 

 

These experiments were performed according to approved protocols (Institutional 

Animal Care and Use Committee, North Carolina State University and Duke University). 

 

In Ovo EROD Assay 

 In ovo EROD assay was used to measure CYP1A activity in the developing 

embryos by the method outlined in (Nacci et al., 1998) and modified by (Wassenberg and 

Di Giulio, 2004a).  Embryos were dosed individually from 24 to 120 hpf in 20 mL glass 

scintillation vials with 10 mL of treatment solution made with ASW (20 ppt) containing 

21 µg/L ethoxyresorufin and either DMSO (vehicle control< 0.03% v/v) or ANF (50 and 

100 µg/L) with or without co-exposure to 1 µg/L BNF.  At 120 hpf, embryos were placed 

in clean ASW and embryos were visualized by fluorescent microscopy (Zeiss Axioskop, 

50x magnification using rhodamine red filter set).  EROD induction was measured as 

intensity of resorufin fluorescence in the bi-lobed urinary bladder and quantified digitally  

 



 165 

by IP lab software (Scanalytics, Inc., Fairfax, VA).  In ovo EROD values are expressed as 

a percentage of the mean fluorescence of DMSO exposed reference site embryos 

(average percentage of KC control induction + SEM from three replicate experiments; n 

= 20).  Individuals with deformed bladders or with fluorescence in areas other than the 

bladder (such as the pericardial sac in some embryos with severe pericardial edema) were 

excluded from in ovo EROD measurement.  

Microarrays 

Amplified cDNA sequences for 7,000 genes from F. heteroclitus cDNA libraries 

were spotted onto epoxide slides (Corning) using an inkjet printer (Aj100, ArrayJet, 

Scotland).  Libraries were made from all 40 stages of Fundulus development, 

immediately post-hatch whole larvae, and adult tissues.  Each slide contained four 

spatially separated arrays of ~7,000 spots (genes) including controls.  Sequence 

information, annotation and gene ontology are available for Fundulus on the FunnyBase 

website http://genomics.rsmas.miami.edu/sandbox22/sandbox22.html. 

 

Embryo RNA isolation, amplification, and labeling 

Four individual embryos from each treatment at developmental stage 31 (Armstrong 

and Child, 1965) were used for RNA isolation, labeling, and microarray hybridization. 

Embryo RNA was extracted using a Trizol buffer (Invitrogen, Carlsbad, CA, USA) 

followed by purification using the Qiagen RNeasy Mini Kit (Qiagen Inc., Valencia, CA,  
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USA.  

Purified RNA was quantified with a spectrophotometer, and RNA quality was 

assessed by gel electrophoresis.  RNA for hybridization was prepared by one round of 

amplification (aRNA) using Ambion’s Amino Allyl MessageAmp aRNA Kit to form 

copy template RNA by T7 amplification.  Amino-allyl UTP was incorporated into targets 

during T7 transcription, and resulting amino-allyl aRNA was coupled to Cy3 and Cy5 

dyes (GE Healthcare, Piscataway, NJ, USA). 

Labeled aRNA samples (2 pmol dye/ul) were hybridized to slides in 10 ul of 

hybridization buffer (50% formamide buffer, 5x SSPE, 1% sodium dodecyl sulfate, 0.2 

mg/ml bovine serum albumin, 1 mg/ml denatured salmon sperm DNA (Sigma), and 1 

mg/ml RNAse free poly(A) RNA (Sigma)) for 44 hours at 42º C.  Slides were prepared 

for hybridization by blocking in 5% ethanoloamine, 100 mM Tris pH 7.8, and 0.1% SDS 

added just before use for 30 minutes at room temperature, washed for one hour in 4x 

SSC, 0.1% SDS at 50º C, and then boiled for 2 minutes in distilled water to denature the 

cDNAs.  Resulting 16 bit Tiff Images were quantified using ImaGene® (Biodiscovery, 

Inc.) spotfinding software.  Controls and any gene that did not have at least one 

individual with a signal greater than the average signal from all herring sperm control 

spots (non-specific hybridization signal) plus one standard deviation were removed prior 

to statistical analyses.  In total, 6,754 genes were analyzed.   
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Experimental Design for Microarrays 

A loop design (Figure 4.1) was used for the microarray hybridizations where each 

sample is hybridized to 2 arrays using both Cy3 and Cy5 labeled fluorophores (Kerr and 

Churchill, 2001).  The loop consisted of Cy3 and Cy5 labeled embryo aRNAs from 4 

biological samples and six different treatments (T1-T6: control, 1 µg/L BNF, 50 µg/L 

ANF, 100 µg/L ANF, 1 µg/L BNF + 50 µg/L ANF, 1 µg/L BNF + 100 µg/L ANF).  In 

total, 48 biological samples were hybridized to 24 microarrays.  Each array had different 

combinations of biological samples, so that the most direct comparisons (i.e., 50 ug/L 

ANF resistant embryo and 50 ug/L sensitive embryo) are hybridized to the same array.  

The loop formed was T1S T1R  T2S T2R T3S T3R T4S T4R T5S 

T5R  T6ST6R T1S T2S  T3S  T4S  T5S  T6S  T1S  T1R  T2R 

 T3R  T4R  T5R  T6R, where each arrow represents a separate hybridization 

(array) with the biological sample at the base of the arrow labeled with Cy3 and the 

biological pool at the head of the arrow labeled with Cy5.  T1-6 is treatment, and S and R 

represent sensitive and resistant embryos, respectively. 

 

Statistical Analyses 

 Survival, Heart Rate, Time to Stage, Morphology, and EROD 

Differences in the survival, heat rate, time to stage, morphology, and EROD CYP1A 

activity among two embryo populations and six treatments were analyzed with Prism 
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Statistical Software using one-way Analysis of Variance (1-way ANOVA, p < 0.05);  

pairwise t-test was used to test the differences of means between treatment groups, while 

Dunnett’s one-tailed t-test was used to evaluate differences between “clean” embryos and 

“polluted” embryos, respectively. 

 Microarrays 

Log2 measures of gene expression were normalized using a linear mixed model in 

SAS (JMP v6.0.0 with a microarray platform beta-version in SAS v9.1.3) to remove the 

effects of dye (fixed effect) and array (random effect) following a joint regional and 

spatial Lowess transformation in MAANOVA Version 0.98.8 for R to account for both 

intensity and spatial bias (Wu et al., 2003). 

The model was of the form yij = µ  + Ai + Dj + (AxD)ij + εij, where, yij is the signal from 

the ith array with dye j, µ is the sample mean, Ai and Dj are the overall variation in arrays  and 

dyes (Cy3 and Cy5), (AxD)ij is the array x dye interaction and εij is the stochastic error (Jin et 

al., 2001; Wolfinger et al., 2001). 

Residuals from above model were used for gene-by-gene analyses of treatment effect 

during a particular developmental stage, using treatment, population x treatment, and dye as 

fixed effects, and array and spot nested in array as random effects.  The model was rijkng = µ  

+ Ai + Dj + Tk + Pn + (TxP)nk + εijkn where Tk is the kth treatment (treatments 1 -  6, above), 

Pn  is the nth population (sensitive or resistant), and (TxP)nk is the treatment by population 

interaction. 
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For all mixed model analyses, we used a nominal p-value cut-off for significant genes of 

p < 0.01.  Using this p-value reveals more genes that may be differentially expressed but 

risks identifying genes that may be false positives.   

Hierarchical clustering used JmpGenomics, Cluster 3.0 for Mac OS X, and Java 

TreeView version 1.0.8 (de Hoon et al., 2004).  

 

RESULTS 
 
Embryo Survival and Hatching Success 

Survival rates were not significantly different between populations for all 

treatment groups (2-way ANOVA, p=0.97; Figure 4.2a). 2-tailed t-test revealed no 

statistical differences (p=0.1672) between sensitive (King’s Creek) and resistant 

(Elizabeth River) embryos.  The lowest % survival was noted among sensitive embryos 

in ANF 50 treatment (71.1% ±10.7), while highest percent survival rate was among 

resistant embryos 90% ± 5.0).  All of the embryos that hatched survived to final 

embryonic stage characterized by complete yolk consumption and a free-swimming 

Fundulus.  Importantly, all of the King’s Creek sensitive embryos failed to hatch and did 

not survive either the lower or higher synergy treatment (Figure 4.2b).  2-way ANOVA 

(p<0.05) indicated significant differences in hatching success among embryo treatment 

groups.  Bonferroni’s post-test revealed significant differences between sensitive and 

resistant embryos for both 1 ug/L BNF + 50 ug/L ANF  (p < 0.001, t = 6.74), and 1 ug/L  

 



 170 

BNF + 100 ug /L ANF (p < 0.001, t = 6.12) treatment groups.  

 

Developmental Delays 

Although most of the embryos reached stage 31 within an expected time period, 

significant developmental delays were noted among sensitive embryos exposed to both 

lower and higher BNF/ANF combined treatment (2-way ANOVA, P <0.01; Figure 4.3).  

Bonferrnoni post-test analysis revealed significant differences among King’s creek 

embryos in both combined treatments (p<0.01), while time-to-stage did not significantly 

differ among other treatment groups.  King’s creek embryos were on average 3 stages 

behind (approximately 40 hours; internal data; Armstrong and Childs, 1965) when 

compared to ER embryos from the same treatment group (2-tailed t-test, p<0.01). 

 

Heart Rate 

Heart rate results at stage 31 mirrored developmental delays data: significantly 

slower heart rates (2 way-ANOVA, p<0.01; Figure 4.4) were noted among treatment 

groups. Bonferroni post-test revealed statistically significant differences in King’s creek 

embryos exposed to 1 µg BNF + 50 µg ANF (100.5 ± 10.1 bpm; p<0.01; t= 4.12) and 1 

µg BNF + 100 µg ANF (66.3 ± 36.8 bpm ; p<0.01; t =8.03), when compared to other 

treatment groups among both embryo populations. 
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Embryo Morphology 

The most severe morphological   abnormalities were noted among all King’s 

Creek embryos (N=10 / treatment group) in both combined treatment groups (Figure 4.5).  

These deformities included pericardial edema, hemorrhaging, cranio-facial 

malformations, tail shortening and bleeding, and general los of pigment (Figure 4.6).  The 

most severely-affected embryo hearts (score > 4) failed to differentiate, resulting in a 

“tube-heart” structure, which appears as a barely-visible long tube with transparent fluid 

slowly trickling through (instead of a 2 fully-formed round chambers with the red blood 

forcefully pumping from the atrium into a ventricle, as seen in the control embryos).   

The average score for the 1 µg BNF + 50 µg ANF treatment group was 3.7, and was 4.6 

for the 1 µg BNF + 100 µg ANF treatment group.  Any embryo with a score > 3 failed to 

hatch.  Statistical differences (Bonferroni post-test, p < 0.05) were noted between 

sensitive and resistant embryos in 4/6 treatments, with sensitive embryos being 

significantly more deformed at 50 µg ANF (p < 0.05; t = 2.91), 100 µg ANF  (p < 0.01; t 

= 5.827), 1 µg BNF + 100 µg ANF (p < 0.01, t = 9.71), and 1 µg BNF + 100 µg ANF (p 

< 0.01, t = 13.11).  

The relationship between heart rates and in vivo morphological deformities is 

presented in Figure 4.7a-c.  Combined data of sensitive and resistant embryos shows 

strong correlation between heart rate and morphology (R2 = 0.78; Figure 4.7c): as the 

deformities progress among sensitive embryos throughout treatments, the heart rates  
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decrease, reflecting the impaired heart function among sensitive embryos.  A similar 

trend is apparent among sensitive embryos only (Figure 4.7a) showing the strong 

correlation (R2=0.82) between the progression of deformities and decrease in heart rates 

among sensitive embryos. However, this is not the case for resistant embryos (Figure 

4.7b), as progression of deformities does not correlate with the decrease in heart rate (R2 

= 0.044).  Moreover, the resistant embryos show a slight increase in heart rates as 

deformities progress.  Notably, none of the exposed resistant embryos were scored higher 

that 3 (moderate deformities) while all of the sensitive embryos in co-exposures with 

BNF and ANF were scored between 4 (severe deformities) and 5 (extreme deformities).  

 

EROD 

In Ovo EROD activity was significantly different between sensitive and resistant 

embryos (Figure 4.8; 2 way ANOVA, p < 0.01).  Exposure of sensitive embryos to BNF 

caused an increase in EROD activity, which was inhibited with the addition of each of the 

concentrations of ANF examined.  Relative to the sensitive control embryos, exposure to 

BNF had no significant effect on EROD activity in the resistant embryos either in the 

presence or absence of ANF.  Bonferroni post-test analysis detected no differences in 

means between sensitive and resistant control embryos (p > 0.05; t = 0.96) and between 

embryos exposed to 50 ug/L ANF (p > 0.05; t =0.13) and 100 ug/L ANF (p > 0.05, t = 

0.01).  The EROD activity was significantly higher among sensitive King’s Creek 

embryos exposed to 1 ug/L BNF (p < 0.01, t = 37.01), and both 1B + 50 ANF (p<0.01, T 
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= 10.98), and 1 + 100 ANF (p < 0.01, t = 5.373) when compared to resistant Elizabeth 

River embryos. 

 

Gene Expression 

An overview of gene expression patterns among sensitive and resistant embryos 

treated with different combinations of AHR agonists and CYP1A inhibitors is shown in 

Figure 4.9.  Genes significant (p < 0.01) in any pairwise comparison are clustered based 

on similarities in expression patterns.  This simply provides an overview of expression 

patterns among treatments.  Numbers of significant genes (Student t test, p < 0.01) 

between and within populations for the different treatments are listed in Table 4.1.  

Of the 6,754 genes analyzed for altered expression patterns, expression of 151 

genes (2.24%) is significantly different (mixed model ANOVA, p < 0.01; Figure 4.10a-

c).  The combined effect of population and treatment analysis reveals 73 significant genes 

(Figure 4.10a).  Expression of 52 genes is significantly different due to the effect of 

treatment alone (Figure 4.10b), while 26 genes are differentially expressed due to 

differences between sensitive King’s Creek and resistant Elizabeth River embryo 

population (Figure 4.10c).  We found no significant genes when a FDR correction is 

applied at p < 0.05. 

 Expression of 105 genes (1.6%) is significantly different (mixed model ANOVA, 

p<0.01) due to the effects of embryo morphology among sensitive and resistant embryos 

(Figure 4.11).  While gene expression appears similar among embryos scored for no  
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deformities (index 1), mild (index 2) and moderate (index 3), the most differences in gene 

expression patterns are among severely deformed (index 4) and extremely deformed 

(index 5) embryos.  Notably, all of the sensitive embryos exposed to 1 ug/L BNF + 50 

ug/L and 1 ug/L BNF + 100 ug/L ANF were found to be either severely or extremely 

deformed, while none of the sensitive embryos were found to be more that moderately 

deformed in any treatment.  

 

DISCUSSION 
 

Our results highlight significant differences in response between two embryo 

populations to the synergistic effects of a representative AHR agonist and CYP1A 

inducer.  We exposed two embryo populations, one of parents from a clean, reference site 

(sensitive embryos), and the one of parents living in heavily-contaminated Superfund 

sites (resistant embryos) to these surrogate model PAHs to better understand mechanisms 

of sensitivity and resistance mediating PAH toxicity during development.  In all of the 

phenotypes assessed – survival, developmental delays, cardiac physiology (heart rate), 

embryo morphology, and EROD induction, the sensitive embryos were significantly 

more affected that the resistant embryos: while most treatments caused very little effect 

on development of resistant embryos, synergistic effects of BNF and ANF caused 

significant developmental delays, impaired cardiac function, severe morphological 

alterations and failure to hatch, ultimately causing deaths of sensitive embryos. 
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Synergistic effects of ANF and BNF are lethal to the sensitive embryos, while the 

resistant embryos were largely unaffected.  Although survival did not significantly differ 

between the two embryo populations throughout late organodifferentiation, all of the 

sensitive embryos failed to hatch and died while 70% of the resistant embryos hatched 

and successfully completed embryonic development to free-swimming larvae (Figure 

4.2a-b).  These results were coupled with significant developmental delays among 

sensitive embryos (Figure 4.3) in the higher ANF exposure and both BNF-ANF co-

exposures, indicating embryotoxic effects of ANF alone (Testa and Jenner, 1981; 

Miranda et al., 1998) and in synergy with BNF.  On average, sensitive embryos lagged 

almost two days (3 stages, approximately 40 hours) behind resistant embryos given the 

same exposure, which developed within an expected time period and did not significantly 

differ from both resistant and sensitive control embryos.  

Although survival was unaffected until hatching, the severity of morphological 

abnormalities (Figures 4.5 and 4.6) leading to altered physiological effects, primarily 

impaired cardiac performance (Figure 4.4) and resulted in failure to hatch among 

sensitive embryos.  In contrast, none of the resistant embryos co-exposed to ANF and 

BNF were more than moderately deformed while all of the sensitive embryos were either 

extremely, or severely deformed.  We noted the most profound abnormalities in cardiac 

morphology among sensitive embryos co-exposed to ANF and BNF: the heart chambers 

of these embryos failed to differentiate and ultimately resembled elongated transparent 

tubes (“tube hearts”) with very limited contracting abilities.  We counted significantly 
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fewer heart beats/minute among sensitive embryos co-exposed to ANF and BNF when 

compared to control embryos of both populations and resistant embryos exposed to the 

same co-exposures.  Other deformities included pericardial edema, severe hemorrhaging, 

tail shortening, cranio-facial shrinkage, reduced eye distance, and gross loss of 

pigmentation (Figure 4.6).  In a few cases, the severity among sensitive embryos was so 

profound that identifying structures was difficult. 

While all of the resistant embryos showed signs of mild to moderate deformities 

in the ANF-BNF co-exposures, the overall cardiac functions in co-exposed resistant 

embryos were not affected and did not significantly differ from both sensitive and 

resistant control embryos.  Most (95%) of the resistant embryos developed fully 

differentiated heart chambers, capable of delivering blood throughout the embryo.  

Abnormal morphologies among resistant embryos included slight cranio-facial 

alterations, loss of pigment, mild to moderate pericardial edema, and tail hemorrhaging.  

We found a strong correlation (82%) between the severity of morphological 

deformities and cardiac physiology (Figure 7a-c) among sensitive embryos.  As heart 

rates significantly decrease and become inefficient in delivering an adequate supply of 

blood to the tissues due to ANF-BNF co-exposures, sensitive embryos become severely 

and extremely deformed.  Their damaged hearts eventually become unable to support the 

demands of normal embryo development and ultimately arrest prior to hatching.  This is 

not the case among resistant embryos, and there is no relationship between the deformity 

index and cardiac function: heart rates remain unaffected in all resistant embryo treatment  
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groups, demonstrating the ability of resistant embryos to cope with the synergistic effects 

of ANF-BNF co-exposure.  

 Hierarchical clustering shows some similar patterns of embryo gene expression 

between sensitive and resistant embryos (Figure 4.9):  for example, 100 ug/L ANF and 1 

BNF + 100ul/L ANF treatment of sensitive embryos group with   1ug/L +50 ug/L 

treatment of resistant embryos.  There are also similarities between lower dose exposures 

of ANF and BNF alone between the two embryo populations, and two BNF-ANF co-

exposures (1 ug/L BNF  + 100 ug/L ANF) sensitive embryos and 1ug/L BNF + 50 ug/L 

ANF resistant embryos).  Although control embryos show similar gene expression 

patterns, there is a surprising similarity in gene expression between both sensitive and 

resistant embryo control groups and the higher ANF-BNF co-exposure treatment of 

resistant embryos.  This pattern is also found in the clustering genes that are significant in 

the population by treatment interaction (Figure 4.10a).  

Although pair-wise comparisons are not statistically robust, examining the pair-

wise differences within and between populations can provide insight into differences 

between sensitive and resistant populations (Table 4.1).  When comparing treatments 

between sensitive and resistant embryos, the number of significantly differently 

expressed genes increases as treatments progress.  As expected, the lowest number of 

significantly differently expressed genes is between control embryos, while the most 

significantly differently expressed genes occur at the highest concentration of ANF/BNF 

co-exposure.  When comparing treatments to controls within each population, the highest 
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number of significantly differently expressed genes, 227, is between the sensitive control 

and highest-dosed embryos.  Interestingly, this is not the case for the resistant embryos as 

only 27 genes significantly differ in expression relative to resistant control embryos, 

suggesting that resistant embryos are robust to chemical exposures. 

 A relatively low number of genes  (2.24 % of 6,551) show statistically significant 

differences in transcript levels (Figure 10a-c).  Among these, expression of 52 genes 

differs significantly due to treatment alone (Figure 4.10a), and hierarchical clustering of 

these genes groups most treatments of sensitive and resistant embryos together.  

Expression of 26 genes differs significantly because of differences between sensitive and 

resistant embryo populations (Figure 4.10b), while expression of 72 genes differs 

significantly due to the treatment-by-population interaction (Figure 4.10c).  Hierarchical 

clustering of these gene expression patterns reveals similarities between sensitive 

embryos exposed to the higher synergy treatment and resistant embryos exposed to the 

lower synergy treatment.  Interestingly, resistant embryos treated with the highest co-

exposure of BNF and ANF group with sensitive and resistant controls and sensitive 

embryos exposed to 50 ug/L ANF, while exposure to BNF alone does not seem to be a 

determining factor in the cluster analysis.  

 There is a striking relationship between the deformity index and differential 

expression of genes (Figure 4.11).  As treatments progress among sensitive embryos, the 

severity of deformities observed among embryos increases, causing significant decreases 

in heart rate and impaired ability to cope with stress.  Expression patterns of genes with  
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significant differences in expression due to morphology are similar among normal to 

moderately deformed embryos (1-3 on deformity index scale), while severely deformed 

embryos (score of 4) show different patterns of gene expression.  Moreover, the gene 

expression differences become even more pronounced between extremely deformed 

embryos, when compared to normal – moderately deformed and severely deformed 

embryos.  Importantly, only sensitive embryos were scored >3 in both lower and higher 

ANF-BNF co exposure treatments, providing further evidence of PAH-resistance in the 

Elizabeth River (resistant) embryo population.  

 

Cardiac structure / function and Metabolic genes 

 Several genes whose expression is significantly different due to morphology (Fig 

11b) play important roles in heart development, physiology, and major metabolic 

processes during embryogenesis.  Both cytochrome C oxidase iso-1/iso-2 and 

complement factor H-related protein 2 have 1.51 fold and 1.43 fold higher transcript 

levels, respectively, among severely deformed sensitive embryos treated with highest 

ANF/BNF co-exposure.  Both genes are linked to cardiovascular deformities of Libman-

Sacks encardititis and antiphospholipid syndrome (aPLs), marked by mitral and aortic 

valve lesions.  Such abnormalities can cause severe valvular insufficiency, infective 

endocarditis, and stroke (Atkinson et al., 2009).  The main functional abnormality caused 

by valve thickening is regurgitation affecting the mitral aortic valves; the presence of 

aPLs can also increase the risk for cerebrovascular complications (Hojnik et al., 1996).   
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We noted severe morphological alterations in cardiac tissue in the form of a “tube heart”  

(Weis and Weis, 1977), with significantly reduced heart contraction rates among 

sensitive embryos co-exposed to ANF and BNF, suggesting that differences in expression 

levels of these two genes among both sensitive and resistant embryo populations may 

contribute to their cardiac deformities.   

Myosin light chains in humans are encoded by a multigene family, including the 

adult skeletal muscle, the embryonic or atrial, and nonsarcomeric isoforms (Seidel et al., 

1988).  Mutations in the essential myosin light chain (ELC) and regulatory myosin light 

chain (RLC) genes are linked to sarcomeric hypertrophic cardiomyopathies (Seidel et al., 

1988).  In zebrafish (Danio rerio) embryos depletion of the ELC orthologue (cmlc1) 

causes an increase in cardiomyocyte size and number, resulting in a larger ventricular 

chamber volume, and depletion of the RLC orthologue (cmlc2) reduces the size and 

number of cardiomyocytes (Chen et al., 2008).  Interestingly, the expression of the 

myosin light chain skeletal muscle isoform gene is 2-fold (1.94 fold) higher among 

severely deformed sensitive embryos co-exposed with ANF-BNF compared to all other 

treatment groups (Fig 11b) while the myosin regulatory light chain 2 gene (Figure 4.10a) 

shows on average 1.3 fold higher transcript levels among sensitive embryos co-exposed 

to ANF-BNF, ANF and BNF alone, and among resistant embryos exposed to higher dose 

of ANF alone.  Assuming that the suppression of myosin light chain and myosin 

regulatory light chain genes affects the structure and function of a developing heart, our 

gene expression data showing high expression levels among the most severely deformed 
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embryos is surprising, particularly since we noted malformed tube hearts with 

significantly lower heart rates and the complete loss of body movement and muscular 

activity prior to hatching among all severely deformed embryos. 

The ATP synthase subunit S gene shows 1.47 fold lower expression levels in 

ANF/BNF-treated sensitive embryos (Fig 11b), relative to other embryos.  The ATP 

synthase complex is a critical enzyme in the cell’s energetic pathways because it 

produces the majority of cellular ATP.  The energetics of the heart, and thus the 

mitochondria, are integrally involved in the causes and phenotypes of heart failure 

(Marin-Garcia and Goldenthal, 2008); (Murray et al., 2007).  Mitochondria and energetic 

pathway modulations also are linked to preconditioning, a phenomenon by which certain 

triggers activate a cardioprotective state that minimizes heart damage during ischemic 

events (Foster et al., 2008; Murphy and Steenbergen, 2008).  Among several reports of 

the roles of mitochondrial ATP synthase complex in various cardiac phenomena, an 

increase in ATP hydrolysis by the ATP synthase complex in ischemic myocardium is 

thought to contribute to the overall depletion of the cellular ATP pool during ischemia 

(Das, 2003; Grover et al., 2008).  Although the role of ATP synthase subunit S is not well 

defined, low expression of this gene among extremely deformed Fundulus embryos in the 

ANF/BNF treatment group possibly indicates overall ATP production compromise.  

These embryos show extreme cardiac malformations and physiological impairment 

manifested as a lack of heart chamber differentiation (tube hears), which is ultimately 

embryolethal.  
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Somitogenesis, Nerulation, and Brain Development Genes 

Several genes, including zinc-finger family genes, which play important roles in 

early somitogenesis and nerulation, show statistically significant differences in transcript 

levels among treated embryos.  Somites are segmented structures stemming from 

presomitic mesoderm (PSM), which give rise to the vertebrae and muscles.  In Fundulus, 

the fist pairs of somites appear at the developmental stage 20, and by stage 30 the 

vertebra is fully formed.  Zinc finger proteins have been identified as a shared 

transcriptional regulator of embryonic stem cells (ESC) and hematopoetic stem cells 

(HSC), suggesting a common genetic basis of self-renewal in embryonic and adult stem 

cells.  The deletion of transcription factor Zfx impaired the self-renewal but not the 

differentiation capacity of murine ESC, while Zfx overexpression facilitated ESC self-

renewal by opposing differentiation.  Zfx-deficient ESC and HSC showed increased 

apoptosis and SC-specific upregulation of stress-inducible genes (Galan-Caridad et al., 

2007).  Moreover, a recently identified zebrafish gene bloody fingers (blf) encoding a 

478 amino acid protein containing fifteen C(2)H(2) type zinc fingers, is expressed only in 

hematopoietic cells during later somitogenesis.  Morpholino knockdown (MO) of the Blf 

protein results in the defects of morphogenetic movements.  Blf-MO-injected embryos 

have shortened and widened axial tissues and a split neural tube, a phenotype similar to 

the human open neural tube defect spina bifida (Sumanas et al., 2005).  Zinc-finger 

CCHC domain-containing protein 9 is expressed 1.44 fold higher among sensitive 
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embryos in the higher ANF/BNF co-exposure, relative to other treatments.  While all of 

the embryos with severely and/or extremely deformed hearts also showed a moderate 

degree of scoliosis and hemorrhaging along the vertebrae and tail, we did not observe 

split neural tube deformities among these embryos during somitogenesis and vertebrae 

formation.  Also, our analysis of significant differences in gene expression due to 

population alone (Fig 4.10b) shows overall higher transcript levels of the zinc finger 

protein 1 gene among resistant control embryos than sensitive embryo controls, and 

among sensitive embryos from BNF-ANF co-exposures and BNF exposure alone, but 

lower levels among sensitive embryos and resistant embryos exposed to ANF, suggesting 

that the BNF presence may contribute to suppression of this gene. 

Growth arrest and DNA damage-inducible protein GADD45 beta gene is 

expressed 1.56 fold higher among extremely deformed sensitive embryos treated with 

higher ANF/BNF co-exposure relative to other embryo treatment groups  (Figure 4.11b).  

Zebrafish gadd45beta1 and gadd45beta2 genes are periodically expressed as paired 

stripes adjacent to the neural tube in the anterior presomitic mesoderm (PSM) region 

where presomitic cells mature.  In mammals GADD45 family proteins play a role in cell-

cycle control.  Both knockdown and over expression of gadd45beta genes cause somite 

defects with different consequences for marker gene expression, suggesting that regulated 

expression of gadd45beta genes in the anterior PSM is required for somite segmentation 

(Akiba et al., 2002).   

We noted several skeletal abnormalities including shorter scoliotic spines, tail 
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hemorrhaging, reduction in size and number of rays in dorsal and pectoral fins, and 

complete lack of muscular activity and body movements prior to hatching among 

extremely and severely deformed embryos.  However, the high expression levels of both 

zinc finger protein 1 and GADD45 beta genes among our deformed embryos do not 

coincide with the reports indicating that the suppression of the zinc- finger protein 

possibly leads to developmental defects, while the role of relatively low or high 

expression of GADD 45 beta during the later developmental stages, when somitogenesis 

and vertebrae formation in Fundulus is complete (stages 31 and 35) is unclear.  

Inositol polyphosphate multikinase (IPMK) is the most catalytically diverse 

member of the inositol polyphosphate kinase (IPK) family and has critical roles in 

nuclear functions including mRNA export, transcriptional regulation, and chromatin 

remodeling.  Mice deficient for Ipk2 (also known as inositol polyphosphate multikinase 

active at several places in the inositol metabolic pathways) die around embryonic day 9.5 

with multiple morphological defects, including abnormal folding of the neural tube.  

Metabolic analysis of Ipk2-deficient cells showed that synthesis of the majority of 

inositol pentakisphosphates are disrupted, suggesting that Ipk2 plays a major role in the 

synthesis of inositol polyphosphate messengers during embryogenesis (Frederick et al., 

2005).  Interestingly, IPMK transcript levels are significantly higher among both 

sensitive and resistant embryos in higher ANF/BNF co-exposures in our treatment by 

population interaction analysis (Figure 10b), while relatively low expression levels 

among sensitive control embryos and sensitive embryos exposed to ANF suggest that the 
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presence of BNF in ANF/BNF co-epoxures may contribute to induction of IPMK.   

Morphology results indicate that the extremely deformed embryos (sensitive embryos 

exposed to both synergy treatments) have, on average, 1.66 fold higher expression levels 

of IPMK compared to both sensitive and resistant embryo from other groups.  

Expression of several genes is significantly lower among extremely deformed 

sensitive embryos when compared to other embryo treatment groups (Figure 4.11b): 

phosphate intosytol 4 kinase (PIPK) beta is expressed in the mouse embryo brain 

(cerebral ventricular and mantle zones) during normal development.  In the postnatal 

brain, among the seven PIPKs, the expression of genes encoding PIPK II beta is evident 

in most gray matter (Akiba et al., 2002).  The 2.25 fold lower expression levels of this 

gene among extremely deformed sensitive embryos suggest negative effect of ANF/BNF 

synergy to brain development of sensitive embryos, while most of the resistant embryos 

in the same treatment remained relatively unaffected, based on both gene expression and 

morphology results: while extremely-deformed embryos showed severe cranio-facial 

abnormalities marked by loss of cranial ridges and landmarks, diminished eye distance 

and reduced eye diameter, and loss of eye and skin pigmentation, we noted only slight 

cranio-facial asymmetry and moderate loss of pigment abnormalities among resistant 

embryos.   

Fumarate hydratase (fumarase) also shows 1.77 fold significantly lower gene 

expression levels among severely deformed, sensitive embryos relative to other treatment 

groups.  Fumarase is prevalent in humans in both fetal and adult tissues (Edwards and 
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Hopkinson, 1979) in two forms: mitochondrial and cytosolic.  The mitochondrial 

isoenzyme is involved in the Krebs Cycle, and the cytosolic isoenzyme is involved in the 

metabolism of amino acids and fumarate (Tolley and Craig, 1975).  In humans, fumarase 

deficiency is characterized by fetal brain abnormalities, including severe neurologic 

abnormalities, poor feeding, failure to thrive, and hypotonia.  Fumarase deficiency, 

defined as inactivity of both cytosolic and mitochondrial forms of fumarase, are potential 

causes of multiple severe neurologic abnormalities among affected infants (Estevez et al., 

2002; Lynch and Morton, 2006).  Fumarase deficiency also causes encephalopathy 

(Bayley et al., 2008), severe mental retardation, unusual facial features, brain 

malformation, and epileptic seizures (Kerrigan et al., 2000).  It is likely that the severe 

cranio-factial abnormalilies among sensitive embryos exposed to ANF/BNF synergy are, 

in part, due to suppression of PIPK beta and fumarase genes.  

 

Conclusion 

 
Our study demonstrates important contrasts in responses between sensitive and 

resistant natural embryo populations to synergistic effects of surrogate model PAHs that 

may be important in mechanisms mediating PAH toxicity during fish embryo 

development.  By analyzing multiple phenotypes and linking them to gene expression 

patterns of sensitive and resistant embryos, we provide additional evidence for acquired 

resistance among embryos whose parents live at heavily contaminated sites: while most 
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treatments caused very little effect on development of resistant embryos, synergistic 

effects of PAH-type representative AHR-receptor agonist and a CYP1A inducer caused 

developmental delays, impaired cardiac function, morphological alterations, and 

mortality of sensitive embryos.  Our gene expression results demonstrate similarities and 

differences of gene responses between sensitive and resistant embryos and highlight 

several differentially expressed genes whose expression patterns play a critical role 

during embryo development.  
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Table 4.1. Number of significant genes (pairwise comparisons Student t-test, p < 0.01) 
based on comparing treatments between embryo populations, and comparing controls 
with each treatment within embryo populations. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Treatment Between 
Populations 

Within Population (Control vs. 
Treatment X) 

Control 22 Sensitive Resistant 
 1 ug/L BNF 73 44 28 
50 ug/L ANF 86 23 22 

100 ug / L ANF 40 55 55 
1ug/L BNF + 50 ug/L ANF 68 39 28 

1 ug/L BNF + 100 ug/L ANF 113 227 27 
 
 

 
 
Figure 4.1. Gene expression experiment and microarray loop design  
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Figure 4.2a-b. a) Embryo survival (2-way ANOVA, p = 0.97) among 5 treatment 
groups within sensitive (blue) and resistant (red) embryo populations at 
developmental stage 31; b) Hatching success and survival to stage 40 (2 way-
ANOVA, p < 0.01) among sensitive and resistant embryos 
  

 
 
Figure 4.3. Development among control and 5 treatment groups of 
sensitive (King’s Creek) and resistant (Elizabeth River) embryos at 
144-150 hours post-fertilization. 
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Figure 4.4. Embryo heart rates: King’s Creek (sensitive, red) and 
Elizabeth River (resistant, blue) embryo hear rates during late 
organogenesis. Significantly lower heart rates (2 way ANOVA, p < 
0.01) were noted among sensitive embryos at both lower (p< 0.05; 
t = 4.12) and higher (p < 0.05; t = 8.03) BNF/ANF dose exposures 
relative to resistant embryos. 
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Figure 4.5. Embryo deformity assessment among sensitive 
(blue) and resistant (red) embryos under 6 treatments.  2-
way ANOVA (p<0.010 and Bonferroni post-test (p<0.01) 
revealed statistical differences in 4/6 treatment between 
embryo populations. 
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Figure 4.6. Embryo Morphology: progression of deformities among 
exposed sensitive embryos:  1 = control embryo; 2 = 1 ug/L BNF –
exposed embryo; 3 = 50 ug/L ANF –exposed embryo; 4 = 100 ug/l – 
exposed embryo; 5 = 1 ug /L BNF +  50 ug/L ANF – exposed 
embryo; 6 =  1 ug/L BNF + 100 ug/L ANF – exposed embryo. A – 
atrium; BI – blood island; E – eye; CD – cranial deformity (reduced 
cranial width and eye distance, diminished cranial ridges); HM – 
hemorrhage; M – melanin; PE – pericardial edema; TH – tube heart; 
V – ventricle. 
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Figure 4.7a-c. Correlation between Embryo Morphology and Heart Rate: a) 
Strong correlation (R2 = 0.82) is apparent among sensitive embryos; b) No 
correlation is apparent among resistant embryos (R2 = 0.044); c) Combined data 
of sensitive and resistant embryos shows strong correlation between progression 
of deformities and decrease in heart rates (R2 = 0.78).  

a b 

c 

Sensitive Embryos Resistant Embryos 
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Figure 4.8:  CYP1 enzymatic activity as measured by in ovo EROD 
assay (120 hpf): killifish embryos were dosed by waterborne exposure 
24-120 hpf to 21 µg/L ethoxyresorufin and either DMSO (vehicle 
control< 0.03% v/v) or ANF (50 and 100 µg/L) with or without co-
exposure to 1 µg/L BNF. N=20 embryos/treatment for each population.  
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Figure 4.9. Heat map of significant genes reflecting all pairwise comparisons 
(p<0.01) between sensitive and resistant embryos.  
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Figure 4.10a-c.  Heat maps of differentially expressed genes (Mixed model 
analysis ANOVA, p < 0.01). a) Expression patterns of 73 significant genes in 
population-by-treatment effect; b) 52 genes are significantly different due to a 
treatment effect; c) 26 genes are significantly different due to differences between 
sensitive and resistant embryo populations. 
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Figure 4.11. Expression 105 genes significantly differs (Mixed model ANOVA, p 
< 0.01) due to the effect of embryo morphology among sensitive and resistant 
embryos. 
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Chapter V 
 

 

 

Embryonic gene expression among 
and within natural Fundulus 

heteroclitus populations: sensitivity 
and resistance to pollution 
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ABSTRACT 
 

Changes in gene expression, coupled by biochemical, physiological, and 

behavioral alterations play a critical role in adaptation to environmental stress.  Our goal 

was to explore the ways natural populations may have adapted to local polluted 

environments.  We took advantage of natural populations of Fundulus heteroclitus, one 

of the few studied fish species in North America that has established resistant populations 

in highly contaminated urban estuaries.  We analyzed morphology, physiology, and gene 

expression of developing Fundulus embryos during late organogenesis; these embryos 

were from both resistant and sensitive populations and were raised in a common, 

unpolluted environment.  While cardiac heart rates suggest significant differences 

between embryos of parents from clean and heavily contaminated Superfund sites, time-

to-stage, embryo morphology, and gene expression profile analyses do not differ 

significantly between untreated embryos from resistant and sensitive populations.  

Further evaluation that includes tissue-specific approach in gene expression analysis and 

larger sample sizes may be necessary to highlight important phenotypes associated with 

mechanisms of sensitivity and resistance among natural Fundulus embryo populations.   
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INRODUCTION 
 

Chemical contamination of ecosystems and chronic exposure to pollution can 

have significant negative effects on biodiversity, including population and subpopulation 

declines, increased mortality and reproductive failures, and overall decreases in 

variability (Wirgin and Waldman, 2004; Bickham et al., 2000).  Exposure to pollution 

may show its effects at the molecular level, but also be in part responsible for changes at 

higher levels, such as tissues, organism health, reproduction, population demographics, 

and population genetics (Weis and Weis, 1989; Smith and Weis, 1997; Weis et al., 1999; 

Bickham et al., 2000, Fox, 2001).  Individual responses to pollution exposure vary, and 

while some individuals are sensitive to stress, others survive and reproduce, therefore 

establishing resistant populations.  This acquired resistance is associated with fitness 

costs so that resistance genes are rarely fixed in natural populations (Coustau et al., 

2000); counterbalancing selection pressure decreases the frequency of resistance genes in 

the absence of inducer, such as a chemical pollutant.   

Fundulus heteroclitus is a small minnow living in salt marshes along the east 

coast of the United States.  Importantly, Fundulus is one of the few studied species in 

North America living in the highly polluted urban estuaries that has shown resistance to 

pollutants, among both adults and embryos (Prince and Cooper, 1995; Elskus et al., 1999, 

Nacci et al., 1999; Meyer et al., 2003).  Fundulus’ migration rate is small enough so that 

natural selection can occur, yet large enough so that the effects of genetic drift are 

minimized (Brown and Chapman, 1991).  There is an extensive literature on Fundulus 
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reproductive physiology and embryology (Selman and Wallace, 1983; 1986; Hsiao et al., 

1994; Oppenheimer, 1937; Armstrong and Child, 1965).  These fish are ecologically 

relevant and genetically diverse models used to study pollution effects and genotype-

environment interactions within and among populations, yet little is known about effects 

of chemical contamination on population genetics, and even less is known about 

functionally important variation in gene expression underlying resistance mechanisms.    

Resistance to the lethal effects of pollution has been reported in Fundulus 

embryos from two highly contaminated US Superfund sites: Elizabeth River, VA and 

Newark Bay, NJ.  The Elizabeth River site is contaminated with creosote, a mixture of 

polycyclic aromatic hydrocarbons (PAHs) (Ownby et al., 2002; Vogelbein et al., 1990); 

the lower Hudson River estuary in Newark Bay is mostly contaminated with 

polychlorinated biphenyls  (Elskus et al., 1999, Monosson et al., 2003).  These 

independent Fundulus populations that have evolved resistance to the complex pollutant 

mixtures in their environment provide an excellent model to identify phenotypes involved 

in adaptation to pollution.  By comparing and contrasting phenotypes of embryos from 

polluted populations with those of embryos from nearby, flanking reference populations, 

we can identify altered phenotypes most likely due to pollution.  While the effects of 

maternal deposition cannot be ruled out without embryo chemical analyses, differences 

among common gardened embryos most likely will be due to evolved changes rather than 

physiologically induced ones.   

Most Fundulus embryo studies present evidence for resistance to pollution by 
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comparing embryo responses to contaminated sediments or representative chemicals in 

the laboratory (Meyer et al., 2002; Meyer et al., 2003; Ownby et al., 2002; Nacci et al., 

1999).  Our goal was to identify differences in survival, time-to-stage, cardiac 

physiology, morphology, and gene expression among non-exposed embryos of parents 

from clean and heavily pollutes sites.  We look for evidence suggesting evolved, rather 

than induced differences among these embryo populations.  We compare laboratory 

reared, common-gardened individual Fundulus embryos of parents from three reference 

sites (Manteo, NC, King’s Creek, VA, and Succotosh, RI) and two polluted Superfund 

sites (Elizabeth River, VA and Newark Bay, NJ) during a late organogenesis stage to 

investigate selected phenotypes and common conserved patterns of gene expression 

among embryos associated with clean and polluted environments.  

 

Materials and Methods 
 

Fish Maintenance and embryo culturing 

Adult Fundulus were captured at three reference sites (Manteo, NC; Kings Creek, 

VA, and Succotosh, RI) and two polluted Superfund sites (Elizabeth River, VA, and 

Newark Bay, NJ) by minnow traps in April 2007 and transported under controlled 

temperature and aeration condition to the NCSU Aquatic Laboratory.  Fish were 

acclimated to common conditions of 20°C and 15 ppt salinity in 40 gallon flow-though 

re-circulating aquatic system tanks for four months prior to embryo culturing.  Since  
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Fundulus spawn on a lunar cycle, Fundulus would have spawned up to four times during 

this four months common gardening period.  Effluent from the tanks was passed through 

an activated charcoal filter system and 20% water was changed weekly.  Tanks were 

maintained and fish were fed (brine shrimp flake, blood meal flake, and Spirulina flake - 

FOD, Aquatic Biosystems) daily and checked for health.  Fish were maintained under a 

pseudo-summer cycle (8 h dark / 16 h light).  

Eggs were stripped from 5 mature females and fertilized by sperm collected from 

5 individual males within each population, resulting in 5 family sets, each with multiple 

embryo offspring.  Fertilized embryos were maintained in Petri dishes half submerged in 

15 ppt filtered seawater in a 25°C environmental chamber under light during the first two 

stages of development (2-cell stage).  Embryos that successfully reached the 2-cell stage 

were incubated under a 16 hour light: 8 hour dark photoperiod at 25°C in the 

environmental chamber (818 Low Temperature Illuminated Incubator, Precision 

Scientific, USA).  

 

Embryo survival, developmental delays, heart rate and morphology  

Fertilization success and embryo progress was monitored twice daily by 

examining representative stages during pre-determined time periods (Armstrong and 

Child, 1965); internal data) using a dissecting stereo microscope (Nikon SME1500, 

Japan).  Time to stage, normal versus abnormal development, and mortality also were 

recorded.  Unfertilized eggs, malformed and/or dead embryos were removed from the  
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population, and times and stages of arrest and abnormal development were recorded 

accordingly.  Survival rates were measured within a family of each population and as 

overall survival rates between populations.  Embryos that successfully hatched and 

survived for two weeks as free-swimming larvae were considered to be surviving 

embryos.  

To determine developmental delays to stages 31 and 35 within a population, five 

embryos from five families were monitored in individual 20-ml scintillation vials.  

Identification of each stage was determined by scoring embryos at predermined time-

periods for both stages 31 (140 hours post-fertilization) and 35 (212 hours post-

fertilization (Armstrong and Childs, 1965; internal unpublished data)) using a dissecting 

stereo microscope (Nikon SME1500, Japan) at 70-80X magnification.  Multiple images 

of developing embryos were taken at different phases of each developmental stage.  

Images were captured with the Micropublisher 5.0 RTV Camera (QImaging) and 

catalogued, stored, and analyzed using QCapture Pro imaging software. 

The same embryos used to determine time to stage were used to determine heart 

rates during early organogenesis (stage 31) and pre-hatching (stage 35).  A beating heart 

is formed, with both chambers completely differentiated and in full view, by stage 31 and 

the heart rate can be accurately measured from that stage on.  Embryo vials were labeled 

to assure that the heart rate was measured from the same embryo at both stages. 

Individual embryos were placed on a depression slide under the dissecting stereo 

microscope for one minute prior to taking heart rate measurements so that the stressed  



 210 

embryo could re-establish resting heart beat (most Fundulus embryos temporarily arrest 

their heart beat due to a sudden change of environment, such as transfer from the petri 

dish to a well-lit slide surface).  The heart rate of each embryo was measured by counting 

the number of heartbeats for 30 seconds (preliminary results showed no change in the 

average heart beat when counts were taken at either 30 second or 1 minute intervals). 

 

Embryo morphology 

Only embryos that developed successfully to stage 35 were considered for 

analysis.  During development, pictures of three randomly selected embryos from each 

population were taken and catalogued at each stage, and any embryos showing 

morphological abnormalities were photographed and catalogued.  At stages 31 and 35, 

three embryos from each family within a population were randomly selected and scored 

for morphological abnormalities.  

Embryos were scored for normal versus abnormal development.  Deformities 

include various degrees of incompletely differentiated heart chambers, pericardial edema, 

cranio-facial alterations, loss of pigmentation, tail shortening, and hemorrhaging.  Since 

heart deformities were found to be the most sensitive and reliable endpoint scored in our 

previous embryo exposure studies, they were more heavily weighted in deformity 

scorings.  Deformities were ranked using a scale from 1 to 5, 1 representing no 

deformities, 2-mild, 3-moderate, 4-severe, and 5-extreme deformities, respectively.  

These experiments were performed according to an approved Institutional Animal 
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Care and Use Committee at North Carolina State University. 

 

Microarrays 

Amplified cDNA sequences for approximately 7,000 genes from F. heteroclitus 

cDNA libraries were spotted onto epoxide slides (Corning) using an inkjet printer 

(Aj100, ArrayJet, Scotland).  Libraries were made from all 40 stages of Fundulus 

development, immediately post-hatch whole larvae, and adult tissues.  Each slide 

contained four spatially separated arrays of ~7,000 spots (genes) including controls.  

Sequence information, annotation and gene ontology are available for Fundulus on the 

FunnyBase website http://genomics.rsmas.miami.edu/sandbox22/sandbox22.html. 

 

Embryo RNA isolation, amplification, and labeling 

Once the normally developing embryos reached stage 31, they were photographed 

using a Micropublisher 5.0 RTV Camera (QImaging) fitted on the stereo microscope. 

Embryos were then immediately placed in pre-chilled 1.5 ml eppendorf tubes and snap-

frozen at -80°C for later RNA analyses.   

One frozen embryo from four families within a population was used for RNA 

isolation, labeling, and micraorray hybridization.  Embryo RNA was extracted using a 

Trizol buffer (Invitrogen, Carlsbad, CA, USA) and quantified with a spectrophotometer, 

and RNA quality was assessed by gel electrophoresis.  RNA for hybridization was  
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prepared by one round of amplification (aRNA) using Ambion’s Amino Allyl 

MessageAmp aRNA Kit to form copy template RNA by T7 amplification.  Amino-allyl 

UTP was incorporated into targets during T7 transcription, and resulting amino-allyl 

aRNA was coupled to Cy3 and Cy5 dyes (GE Healthcare, Piscataway, NJ, USA). 

Labeled aRNA samples (2 pmol dye/ul) were hybridized to slides in 10 ul of 

hybridization buffer (50% formamide buffer, 5x SSPE, 1% sodium dodecyl sulfate, 0.2 

mg/ml bovine serum albumin, 1 mg/ml denatured salmon sperm DNA (Sigma), and 1 

mg/ml RNAse free poly(A) RNA (Sigma)) for 44 hours at 42º C.  Slides were prepared 

for hybridization by blocking in 5% ethanoloamine, 100 mM Tris pH 7.8, and 0.1% SDS 

added just before use for 30 minutes at room temperature, washed for one hour in 4x 

SSC, 0.1% SDS at 50º C, and then boiled for 2 minutes in distilled water to denature the 

cDNAs.  Resulting 16 bit Tiff Images were quantified using ImaGene® (Biodiscovery, 

Inc.) spotfinding software.  Controls and any gene that did not have at least one 

individual with a signal greater than the average signal from all herring sperm control 

spots (non-specific hybridization signal) plus one standard deviation were removed prior 

to statistical analyses.  In total, 6,659 genes were analyzed.   

 

Experimental Design for Microarrays 

A loop design (Figure 5.1) was used for the microarray hybridizations where each 

sample is hybridized to 2 arrays using both Cy3 and Cy5 labeled fluorophores (Kerr and 

Churchill, 2001).  The loop consisted of Cy3 and Cy5 labeled embryo aRNAs from 4  
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embryos (biological samples), one from each family within a population.  In total, 20 

embryos were hybridized to 10 microarrays.  Each array had a different combination of 

biological samples, so that the most direct comparisons of geographically related 

populations, and reference versus polluted populations are hybridized to the same array.  

The loop formed was M E  K N S M K S E N  M (Figure 5.1), 

where each arrow represents a separate hybridization (array) with the biological sample at 

the base of the arrow labeled with Cy3 and the biological pool at the head of the arrow 

labeled with Cy5. 

 

Statistical Analyses 

Survival, Heart Rate, Time to Stage, and Morphology 

Differences in the survival, heat rate, time to stage, and morphology among 5 

embryo populations were analyzed with Prism Statistical Software (GraphPad Prism®, 

Version 5.0) using one-way Analysis of Variance (1-way ANOVA, p < 0.05); pairwise t-

test was used to test the differences of means between embryo populations, while 

Dunnett’s one-tailed t-test was used to evaluate differences between reference embryos 

and “polluted” embryos, respectively.  Bartlett’s test of equal variance was used to 

compare variation within populations.  

Microarrays 

Log2 measures of gene expression were normalized using a linear mixed model in  
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SAS (JMP v3.2 with a microarray platform beta-version in SAS v9.1.3) to remove the 

effects of dye (fixed effect) and array (random effect) following a joint regional and 

spatial Lowess transformation in MAANOVA Version 0.98.8 for R to account for both 

intensity and spatial bias (Wu et al., 2003).   

The model was of the form yij = µ  + Ai + Dj + (AxD)ij + εij, where, yij is the 

signal from the ith array with dye j, µ is the sample mean, Ai and Dj are the overall 

variation in arrays  and dyes (Cy3 and Cy5), (AxD)ij is the array x dye interaction and εij 

is the stochastic error (Jin et al., 2001) (Wolfinger et al., 2001).   

Residuals from the above model were used for gene-by-gene analyses of 

population effect during stage 31, using population and dye as fixed effects, and array as 

a random effect.  The model was rijn = µ  + Ai + Dj + Pn + εijn where Pn is the nth 

population.  Residuals also were used for gene-by-gene analyses of treatment effect 

during stage 31, using treatment and dye as fixed effects, and array as a random effect.  

The model was rijk = µ  + Ai + Dj + Tk + εijk where Tk is the kth treatment (polluted or 

reference).  This model was run using all five populations (embryos from the two 

polluted populations versus those from the three reference populations) and the southern 

and northern populations alone (Elizabeth River embryos versus Manteo, NC and 

Magotha, VA embryos and Newark Bay embryos versus Succotash, RI ones). 

For all mixed model analyses, we used a nominal p-value cut-off for significant 

genes of p < 0.01.  Using this p-value reveals more genes that may be differentially  
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expressed but risks identifying genes that may be false positives.   

 

RESULTS 
 
 
Embryo Survival 

Survival rates were significantly different among populations (Figure 5.2, 1-way 

ANOVA, p<0.01).  The highest % survival rate (94.7±6%) was among Newark Bay, NJ 

embryos, while the lowest % survival (78.6±6%) was among Succotosh, RI embryos, 

which was significantly lower when compared to both King’s Creek, VA and Newark 

Bay, NJ embryos.  Variance within populations did not differ significantly (Bartlett’s test 

for equal variances, p = 4.42). 

 

Developmental Delays 

Although most of the embryos reached stage 31 within an expected time period, 

time-to-stage was significantly different among populations (Figure 5.3).  King’s Creek, 

VA embryos reached stage 31 the soonest, while both northern embryo populations 

(Newark Bay, NJ; Succotosh, RI) developed significantly more slowly (1-way ANOVA. 

p < 0.05), when compared to the King’s Creek embryo population.  The variance within 

populations differed significantly (p < 0.05), with the most variance noted in the northern 

most population (Succotosh, RI, 30.40 ± 0.99). 
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Embryo Heart Rate 

Heart rates at stage 31 were also significantly different among embryo 

populations (Figure 5.4, 1-way ANOVA, p < 0.01), while variance within populations 

was not (Bartlett’s test, p = 0.55).  Interestingly, both embryo populations of parents 

caught at the polluted sites showed significantly higher heart rates (Elizabeth River, VA 

133.5 ± 4.7 bpm; Newark Bay, NJ 130 ± 7.0 bmp), when compared to three reference 

embryo populations. 

 

Morphology  

Slight, but not statistically significant in vivo morphological differences were 

noted in 26% of embryos from Elizabeth River, while > 90% of embryos from the 

remaining populations developed normally (N=15, Figure 5.5).  In each case, only the 

mild abnormalities, including cranio-facial imperfections, lack of pigmentation in the 

head regions, and near-complete heart chambers at stage 31 were noted among all 

embryo populations.  None of the noted abnormalities were scored higher than 2 (mild 

abnormality).  Variation within a population did not differ when compared among 

populations (Bartlett’s test, p = 0.22). 

 

Gene Expression 

We analyzed variation in expression of 6,659 Fundulus genes among five embryo 

populations during late organodifferentiation.  Only 77 genes (1.2%) had a significant 
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population effect (p < 0.01).  Expression of 5.7 % (380) of genes was significantly 

different between any two pairs of these embryo populations (p<0.01; Figure 5.6).  As 

expected, the expression profiles of significant genes were the most similar between the 

sites, which are in close proximity, both in southern (Elizabeth River, VA, and King’s 

Creek, VA) and northern (Newark Bay, NJ, and Succotosh, RI) embryo populations 

(Figure 6).  Surprisingly, the expression profile of embryos from Manteo, NC, a reference 

site, appears most different from all other sites.  We found no significantly differently 

expressed genes at adjusted pFDR (p<0.0001).  Differences observed in heart rates 

among embryo populations did not correlate significantly with any of the significant 

genes.  

Pairwise comparison results of variation in gene expression between embryo 

populations are summarized in Table 5.1 and Figure 5.6.  The highest number of 

significantly differently expressed genes was between Manteo, NC and Succotosh, RI 

embryos (164).  Surprisingly, our results show similar differences between Manteo, NC 

embryos and nearby sites, Elizabeth River, VA (145 genes), and King’s Creek, VA (142 

genes).  Less than 1.1 % of genes were found to be significantly different in other 

population comparisons.  We found no significant differences in gene expression between 

embryo populations when applying pFDR adjustment (p < 0.00001). 

We compared the number of significant genes (p < 0.01) among pairwise 

comparisons of 5 embryo populations (Figure 5.6): of 117 significant genes, there is only 

one overlapping gene (UnAn_28909) among embryo population comparisons. 
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Expression of 54 genes were significantly different (p < 0.01) when comparing 

embryos from southern polluted site, Elizabeth River, to embryos from two nearby 

reference sites, Manteo, NC, and King’s Creek, VA.  Because these two reference sites 

flank the polluted site, the genetic distance between the two clean reference populations 

is greater than the genetic distance between the polluted population and either reference 

population.  Thus, divergence in a polluted population compared to both paired reference 

populations suggests that pollution might be causative.  Forty-two genes were 

significantly different when comparing the northern polluted site, Newark Bay, NJ, to its 

reference site, Succotosh, RI (Table 5.2).  Because we do not have two flanking reference 

sites in this comparison, differences might be due pollution (or another difference 

between the sites) or simply due to genetic drift.  We found no significant genes at pFDR 

< 0.00001 in either analysis. 

To determine shared responses between the polluted sites, both polluted sites were 

compared to all three, reference sites.  Again, the greater genetic distance among the 

reference sites as compared to the polluted sites should obviate difference due simply to 

genetic drift.  Expression of 32 genes was significantly different when comparing the two 

polluted sites to the three reference sites (Figure 5.7).  We found no significant genes at 

pFDR < 0.00001 in either analysis.  
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DISCUSSION  
 

Chemical contamination of the environment, which includes long-term chronic 

exposure and short-term, acute exposures to natural populations, could be one of the 

important factors contributing to changes in a population’s genetic diversity (Bickham et 

al., 2000; Nacci et al., 1999; Herbert and Luiker, 1996; Dieter, 1993).  Pollution exposure 

can lead to transgenerational effects and reduce population variability via somatic and 

heritable mutations and non-genetic modes of toxicity (Cronin and Bickham, 1998; 

Bickham and Smolen, 1994).  The traits favoring individuals that successfully cope with 

the environmental stress are inherited over time, and the exposed populations eventually 

consist of individuals contributing to subsequent generations whose phenotypes favor 

adaptations to current conditions.  However, it is often difficult to prove natural selection 

among natural populations (Endler, 1986).  We hypothesized that Fundulus embryos of 

parents chronically exposed to pollution may differ from embryo populations of parents 

from clean sites, and we searched for evidence in selected in vivo morphological, 

physiological, and gene expression phenotypes.  We analyzed late organogenesis stage of 

Fundulus embryos whose parents were collected at three clean and two highly 

contaminated urban Superfund sites.   

Only heart rate was consistently and significantly different in the two polluted 

populations (Figure 5.4); in both the Elizabeth River and Newark Bay embryos, heart 

rates were significantly higher than in the reference embryos.  Survival rates were 

statistically lower for two embryo populations, one polluted and one reference (Figure  
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5.2).  However, the highest survival rate was noted among embryos from the other highly 

polluted Superfund site, Newark Bay.  Time to stage was significantly longer for the two 

northern populations, Newark Bay, NJ and Succotash, RI, compared to the southern 

populations (Figure 5.3). This is likely due to average temperature differences between 

Southern and Northern Fundulus sites (1°C change / degree latitude; (Powers et al., 

1993)), which causes differences in developmental rates and metabolism (DiMichele and 

Powers, 1982).  When culturing the Fundulus embryos in the lab, the increase of 2-3° C 

causes embryos to reach later stages and hatch significantly faster (internal data).  Our 

results, however, contradict counterbalance latitude effect of water temperature that is 

associated with shorter hatching time among northern Fundulus populations 

(Massachusetts and Delaware, 10.5-12.5 days) than southern populations (Georgia, 14-15 

days) (DiMichele and Westerman, 1997).  Finally, there were no significant differences 

in in vivo morphology among any of the five populations (Fig 5.5).  Thus, for the 

physiological phenotypes that we measured, only heart rate is correlated with pollution 

exposure.   

As expected, the most similar patterns in gene expression are among 

geographically closest embryo populations, with the exception of Manteo, NC embryos 

(Fig 6).  The gene expression pattern of Manteo embryos appears strikingly different 

from all other embryo populations, including the embryos of parents collected from the 

King’s Creek, which is a reference near-by site.  A possible explanation for these 

different gene expression patterns are differences in geo-physical site characteristics: the 
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Manteo, NC site is a large salt marsh in direct contact with the ocean, and differences in 

salinity and dissolved oxygen may have contributed to the observed gene expression 

differences.  However, the embryos were common-gardened in the laboratory during 

their development, so the observed changes are not likely to be physiologically induced.  

This is supported by our time-to-stage, morphology, and survival data suggesting no 

significant differences between Manteo and other embryo populations.  Another 

possibility for the observed differences in gene expression patterns between embryos 

from the Manteo population and those from the other populations is the overall health of 

the field-collected adults coupled with acclimatization to laboratory conditions.   

Most differences in gene expression among embryo populations are due to the 

Manteo embryos.  The expression of only a little over 2% of genes are statistically 

different among embryo populations (p < 0.01), and if Manteo embryos are excluded 

from the analysis, less than 1.1% of genes are different when comparing expression of 

any two populations (Table 5.2).  When polluted and reference embryos are compared, 

only 0.5% of the genes differ significantly in expression.  This is less than the 1% 

expected by chance and suggests that parent exposure history does not have a significant 

effect on developmental gene expression in unexposed embryos at stage 31.   

The percentage of significant genes is surprisingly low, considering the large 

variation in gene expression reported within and among adult Fudulus populations 

(Oleksiak et al., 2002).  These studies with adult Fundulus used discrete cardiac tissues, 

and the lack of observed differences among embryo populations could be due to the  
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analysis of whole embryos rather than a discrete tissue, especially since we did measure 

significantly higher heart rates in embryos from parents collected from polluted 

environments.  However, other in vivo morphological measurements showed no 

consistent differences among polluted versus reference embryos.  Thus, in a common 

garden environment, developmental gene expression might be well-conserved and may 

supersede population differences.  In addition, only four unrelated embryos from each 

population were analyzed.  It is possible that an increase in number of biological samples 

and hence greater statistical power could help discern evolved changes among unexposed 

embryos of parents from polluted sites.  Finally, we only measured gene expression at 

one of the forty developmental stages.  It is possible that critical differences in gene 

expression between polluted and reference embryos occur at an earlier or later stage.  For 

instance, gene expression changes that cause increased heart rates in the embryos from 

polluted populations might occur when the heart first starts to beat (stage 25).   

Other Fundulus embryo studies implicate cardiac abnormalities as one of the 

hallmarks of embryotoxicity associated with the chemicals found at both Elizabeth River 

and Newark Bay Superfund sites (Meyer et al., 2003; Ownby et al., 2002; Prince and 

Cooper, 1995).  Notably, these studies all examined embryos that were treated with 

polluted sediments.  Our studies used embryos from polluted parents raised in a clean 

environment, i.e. untreated embryos.  Thus, a likely explanation for the lack of 

differences in gene expression between polluted and reference embryos is that most of  

the differences are induced by pollutant exposure, and without this exposure, there are 
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few differences in developmental gene expression among embryos.  In fact, a study 

comparing Elizabeth River embryos and King’s Creek embryos found that treatment with 

Elizabeth River sediment extract appeared to push embryos to next stage rather than alter 

developmental gene expression (unpublished).   

 

CONCLUSION 
 

Natural Fundulus populations, including both embryos and adults, provide a 

simple and elegant model to explore the ways individuals and populations respond to 

challenges of their ever changing environment.  With the exception of heart rates, our 

findings lead us to reject the hypothesis that the unexposed Fundulus embryo populations 

differ based on their parental exposure to pollution, at least during one stage of 

development.  However, these results open possibilities for further inquiry: the analysis 

of chosen endpoints may not reveal subtle important changes in gene expression 

contributing the resistance phenotypes; a more targeted approach that includes a tissue- 

specific analysis of gene expression and larger sample size may reveal important 

phenotypes among Fundulus embryo populations associated with the mechanisms of 

sensitivity and resistance to pollution.  Finally, gene by environment interactions may be 

necessary to clarify differences among embryos from polluted and reference populations.  

Thus, without pollutant exposure, there are few differences in developmental gene 

expression among embryos from polluted and reference populations. 
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Table 5.1. Number and percentage of significant genes of 6,659 analyzed using pairwise 
comparisons between embryo populations at p < 0.01. 
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Table 5.2.  Significant Differences in Gene Expression among Southern and Northern 
polluted embryo populations (p<0.01):  genes, p-values, and least square means (LS Means) 
differences for differentially expressed genes in each comparison of two polluted populations 
versus respective reference populations (Elizabeth River, VA versus Manteo, NC and King’s 
Creek, VA; Newark Bay, NJ versus Succotosh, RI).  Genes with a positive least square means 
difference are more highly expressed in the polluted populations compared to the reference 
populations; a negative least square means difference signifies lower gene expression in the 
polluted populations compared to reference site(s).    
 

Site Gene LSMeans 
Difference 

p-value 

Elizabeth 
River, VA 

Adrenomedullin receptor  0.38 0.0072 

 Aldehyde dehydrogenase, mitochondrial precursor  0.74 0.0037 
 Apolipoprotein B-100 precursor  1.67 0.0061 
 Calponin-2 (Calponin H2, smooth muscle) 0.49 0.0056 
 Cathepsin B precursor  0.84 0.0098 
 Clathrin coat assembly protein AP50  0.12 0.0073 
 Collagen alpha 1(XVII) chain  -0.22 0.0043 
 Complement control protein precursor  -0.58 0.0047 
 Dynein light intermediate chain 2, cytosolic  -0.31 0.0090 
 FUS interacting serine-arginine rich protein 1 -1.01 0.0009 
 Fibroin heavy chain precursor  1.20 0.0053 
 HLA class II histocompatibility antigen, DR alpha 

chain precursor  
0.80 0.0012 

 HRAS-like suppressor -0.81 0.0033 
 Hemopexin precursor -0.86 0.0096 
 Hypothetical protein  0.65 0.0070 
 Jagged-2 precursor  0.53 0.0086 
 Myosin II heavy chain, non muscle -0.42 0.0067 
 Proteasome subunit alpha type 1  -0.88 0.0011 
 Proteasome subunit alpha type 7 -1.83 0.0025 
 Adrenomedullin receptor  -0.51 0.0090 
 Aldehyde dehydrogenase, mitochondrial precursor  -0.13 0.0068 
 Apolipoprotein B-100 precursor (Apo B-100) 0.30 0.0032 
 Calponin-2 (Calponin H2, smooth muscle)  0.27 0.0033 
 Cathepsin B precursor  0.50 0.0091 
 Clathrin coat assembly protein AP50  0.56 0.0050 
 Collagen alpha 1(XVII) chain  -0.66 0.0013 
 Complement control protein precursor 0.14 0.0063 
 Dynein light intermediate chain 2, cytosolic  -0.68 0.0095 
 FUS interacting serine-arginine rich protein 1  -0.30 0.0093 
 Fibroin heavy chain precursor  -0.64 0.0072 
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Table 5.2. Continued 
 HLA class II histocompatibility antigen, DR alpha 

chain precursor  
0.68 0.0041 

 HRAS-like suppressor -0.71 0.0039 
 Hemopexin precursor -0.99 0.0027 
 Hypothetical protein  -0.47 0.0098 
 Jagged-2 precursor  0.68 0.0069 
 Myosin II heavy chain, non muscle 0.49 0.0095 
 Proteasome subunit alpha type 1  0.73 0.0088 
 Proteasome subunit alpha type 7 -0.47 0.0057 
 Semaphorin 4C precursor 0.29 0.0034 
 Superoxide dismutase [Cu-Zn]  0.38 0.0025 
 Surfeit locus protein 4 0.78 0.0083 
 Tubulin alpha-1 chain (Alpha-tubulin 1)  1.02 0.0081 
 Tubulin alpha-1 chain 0.46 0.0099 
 Tubulin beta-1 chain (Beta-1 tubulin) 0.27 0.0033 
 UnAn_21191 -0.98 0.0084 
 UnAn_22983r 0.87 0.0032 
 UnAn_22991 -0.59 0.0046 
 UnAn_23029 0.61 0.0076 
 UnAn_23405 0.98 0.0046 
 UnAn_23693 0.43 0.0065 
 UnAn_23757 -1.81 0.0056 
 UnAn_27609 1.15 0.0008 
 UnAn_27857 -0.16 0.0058 
 UnAn_27861 0.74 0.0087 

Newark 
Bay, NJ 

60S ribosomal protein 0.69 0.0099 

 ATP synthase a chain  0.96 0.0010 
 Alpha-catulin  -0.64 0.0068 
 Annexin A1 0.65 0.0057 
 Asparagine synthetase 0.77 0.0058 
 Decorin precursor 0.41 0.0003 
 Elongation factor Ts, mitochondrial precursor  -0.99 0.0060 
 F-box only protein 7 -0.81 0.0025 
 Glycylpeptide N-tetradecanoyltransferase 1  0.78 0.0062 
 H-2 class II histocompatibility antigen, E-D alpha 

chain precursor 
-0.47 0.0067 

 Heat shock cognate 70 kDa protein  -0.56 0.0098 
 Homeobox protein Hox-A5 1.28 0.0074 
 Mineralocorticoid receptor  0.39 0.0020 
 Myosin regulatory light chain 2, nonsarcomeric  1.11 0.0096 
 NACHT, leucine rich repeat and PYD containing 4A  0.94 0.0037 
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Table 5.2. Continued 
 NADH-ubiquinone oxidoreductase chain 1 -0.62 0.0055 
 Negative elongation factor E  0.67 0.0089 
 Nuclear valosin-containing protein-like -1.17 0.0036 
 PREDICTED: MUC16  -0.96 0.0047 
 Prestin  -0.46 0.0059 
 RNA-binding protein 12  0.51 0.0029 
 Succinyl-CoA ligase [GDP-forming] alpha-chain, 

mitochondrial precursor 
-0.40 0.0078 

 T-complex protein 1, alpha subunit  0.74 0.0043 
 Transcobalamin I precursor -1.12 0.0042 
 Tumor protein D54 -0.98 0.0003 
 Ubiquitin thiolesterase protein  -0.40 0.0038 
 UnAn_23041 0.52 0.0005 
 UnAn_23200 0.90 0.0058 
 UnAn_26852 0.88 0.0059 
 UnAn_27021 0.49 0.0034 
 UnAn_27617 -0.74 0.0020 
 UnAn_27828 -0.84 0.0098 
 UnAn_28215 -0.89 0.0099 
 UnAn_28588 -0.71 0.0089 
 UnAn_28909 -0.63 0.0012 
 UnAn_28983 -0.83 0.0044 
 UnAn_29074 1.16 0.0062 
 UnAn_29555 -0.40 0.0020 
 UnAn_29802 0.67 0.0021 
 UnAn_29825 0.95 0.0021 
 UnAn_29830 1.19 0.0076 
 Zinc finger protein 277 0.65 0.0014 
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Figure 5.1. Loop Design for Embryo gene expression analysis.  
Loop consists of 4 biological replicates (embryo aRNA), each 
representing a family within a population, totaling 20 biological 
replicates (4 embryos x 5 populations).  Two embryo RNAs are labeled 
with Cy3, and two with Cy5 dyes within a population.  Each arrow 
represents an array, and the direction of the arrow is from Cy3 to Cy5, 
so that two embryo RNAs from different populations labeled with 
different dyes are hybridized to the same array.  M – Manteo, NC; E – 
Elizabeth River, VA; K – King’s Creek, VA; N – Newark Bay, NJ, S – 
Succotash, RI. Blue / Green – reference populations; light and dark red 
– polluted populations.  
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Figure 5.2: Embryo survival (1-way ANOVA, 
P<0.05) among five populations at stage 31.   

 
Figure 5.3. Developmental delays among embryos 
from five populations. 1-way ANOVA (p<0.05) 
indicates significant differences among 
populations, while Dunnett’s t-test indicates that 
Newark Bay, NJ and Succotosh, RI embryos are 
significantly delayed when compared to King’s 
Creek, VA embryos. 
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Figure 5.4. Heart rate (beats/min) differences during 
late organogenesis among five embryo populations 
(p<0.05). Two embryo populations from polluted sites 
have significantly faster heart rates when compared 
to embryos from clean reference sites.  

 
 
Figure 5.5. Embryo morphology among 5 
populations during the late organogenesis stage.  
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Figure 5.6. Heat map shows 380 of 6,659 genes tested (5.7%) whose 
expression was significantly different (p<0.01) among 5 embryo populations.  
Red indicates high expression levels, while green indicates low expression 
levels.  
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Figure 5.7. Heat map shows 32 genes whose expression was significantly 
different (p<0.01) between polluted and reference embryo populations.  
 

Fold change 
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Chapter VI 
 
 

 
 

Conclusion
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This research provides insights on how natural populations adapt to polluted 

environments.  The goals of my dissertation were to characterize embryonic gene 

expression of teleost F. heteroclitus, quantify effects of chemical exposures on embryos 

from sensitive and resistant populations, and explore evolved changes in gene expression 

among embryos from different F. heteroclitus populations. 

In chapter 2 we define the quantitative patterns of about ¼ of  Fundulus genes 

during all 40 stages of emrbyogenesis.   The gene expression analysis is accompanied by 

an in vivo developmental atlas of normal Fundulus development, and histology of late 

organogenesis.  This study is important because it correlates significant changes in gene 

expression with specific morphological changes during normal Fundulus development. 

There are 40 distinct stages during Fundulus development, and expression of over 

95.5% of 6,857 genes changed significantly between any two stages.  Hierarchical 

clustering and peak gene expression reveal four distinct developmental segments.  The 

differences in gene expression range from 2 to 36 fold among stages, and the number of 

genes that alter expression between adjacent stages differs widely, from 6 up to 667.  The 

highest number of differentially expressed genes is between pre-hatching and hatching, 

followed by 4-cell and 8-cell stages, and the 8-cell and 16-cell stages, respectively.  The 

onset of highest peak activity is during pre–mid gastrula (748 genes), followed by pre-

hatching (524 genes) and the 8-cell stage (383 genes).  Genes with peak expression 

during pre–mid gastrula are significantly enriched for ribosomal and oxidative 

phosphorylation genes, suggesting embryos’ high energy demands during cellular 
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proliferation and protein synthesis.  The significant differences in transcript level of 14% 

of the genes before and after hatching are examples of dynamic changes in gene activity 

during normal Fundulus embryogenesis.  These changes reflect temporal expression 

patterns of genes associated with fundamental biological processes during development. 

In this study we establish relationships between gene activity and major 

morphological processes during normal embryo development of Fundulus heteroclitus.  

We use this data to correlate significant changes in gene expression with specific 

morphological and physiological changes caused by pollution exposure during 

development of sensitive and resistant embryo populations.  

In chapter 3, we quantify chemical exposures and expose sensitive and resistant 

embryos to sediment extract from the polluted site, to determine how complex pollutant 

mixtures alter morphology, physiology, and corresponding gene expression during 

development.  Our study of normal Fundulus development and embryonic gene 

expression  (Chapter 1) serves as a reference while exploring pollution-induced changes 

among sensitive and resistant embryos. 

First, we characterize sediment extracts and quantify dissolved bioavailable 

fraction of pollutants from embryos’ parental environment to better understand likely site 

exposures.  We then expose sensitive and resistant embryos to polluted sediment extracts 

to determine effect at four critical developmental stages - early somitogenesis, initiation 

of heart beat, late organogenesis, and pre-hatching.  The highest concentration of PAH 

pollutants were detected among resistant embryos exposed to polluted extracts,  
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suggesting both maternal transfer and environmental exposure.  However, higher 

accumulation rate of polycyclic aromatic hydrocarbons (PAHs) among sensitive embryos 

over time likely reflects their inability to efficiently detoxify and eliminate pollutants 

before hatching.  We found significant differences in survival rates between two embryo 

populations exposed to polluted sediment extracts.  More than 60% of sensitive embryos 

survive to hatching, but none of them hatch.  Their 100% mortality is preceded by 

significant developmental delays, reduced heart rates, and severe to extreme degree of in 

vivo morphological abnormalities, most evident in cardiac structure and function. 

Histopathological analysis of late organogenesis confirms the morphological evidence for 

pollution-induced toxicity.  Although the resistant embryos exposed to the same polluted 

extract have higher body burdens of PAHs, their development and morphology are not 

drastically altered: they hatch and successfully complete development to a free-

swimming Fundulu larva.  

To better understand differences between sensitive and resistant embryos at the 

molecular level, we analyze gene expression for 6,789 Fundulus genes during four 

developmental stages.  In total, transcript levels of 20% of the genes were significantly 

different: 5% of significant genes differed due to stage, 1.1% due to population, and 2.5% 

due to a treatment effect.  Hierarchical clustering of the 111 genes with a significant 

population by stage by treatment effect shows a striking up regulation of a subset of 15 

genes during pre-hatching only among resistant embryos treated with polluted sediment 

extracts.  Because resistant embryos show only few in vivo morphological effects of 



 240 

pollutant exposure and develop normally, this subset of upregulated genes might be 

important for dealing with exposure.   

Since gene activity during normal Fundulus development changes significantly 

from stage to stage (Chapter 2), we analyze gene expression of sensitive and resistant 

embryos at each stage separately.  Although treatment effects on gene expression vary 

during four stages, they dominate during the most advanced stage: the highest number of 

significant genes, and the most distinct gene expression pattern differences, caused by 

polluted sediment extract exposure, are during pre-hatching stage.  This sudden onset of 

altered gene expression is reflected in the chemical, morphological, and physiological 

results, as sensitive embryos are most severely affected.  

This study reveals important induced differences between sensitive and resistant 

embryos exposed to sediment extracts composed of complex mixture of pollutants.  The 

significant effects on chemistry, physiology, in vivo morphology, and histopathology 

among sensitive embryos are reflected in significant changes in expression of many genes 

during four critical stages of embryo development.  

In chapter 4, a similar experiment demonstrates important differences between 

sensitive and resistant embryo responses during one distinct developmental stage  (late 

organogenesis) to a defined mixture of pollutants found in the sediment extracts.  We 

exposed sensitive and resistant embryos to surrogate model PAHs to better understand 

mechanisms of sensitivity and resistance mediating PAH toxicity during development. 

By correlating multiple phenotypes to changes in gene expression patterns, we provide 
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additional evidence for acquired resistance among embryos whose parents live at heavily 

contaminated sites.   

Synergistic effects of α-naphthoflavone (ANF) and β-naphthoflavone (BNF) are 

lethal to the sensitive embryos, while the resistant embryos were largely unaffected: all of 

the sensitive embryos failed to hatch and died, while 70% of the resistant embryos 

reached free-swimming larval stage.  In all of the phenotypes assessed, the sensitive 

embryos were significantly more affected that the resistant embryos: while most 

treatments caused very little effect on development of resistant embryos, same exposures 

caused significant developmental delays, impaired cardiac function, severe 

morphological alterations and failure to hatch, ultimately causing deaths of sensitive 

embryos.   

These results mirror embryo responses observed during exposures to complex 

mixture of pollutants found in sediment extracts (Chapter 3).  The pollution effects were 

also evident in significant expression changes of many genes (20%).  In this study, 

however, a relatively low percentage of genes, 2.24 % of 6,551 analyzed, show 

statistically significant differences in transcript levels, reflecting similar treatment effects 

to sensitive and resistant embryos.  Among these, expression of 52 genes (less than 1%) 

differs significantly due to treatment alone, and hierarchical clustering of these genes 

groups most treatments of sensitive and resistant embryos together.  Expression of 26 

genes differs significantly due to embryo population differences, while expression of 72 

genes differs significantly due to the treatment-by-population effect.  Hierarchical  
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clustering of these genes shows similarities between sensitive embryos exposed to the 

higher synergy treatment and resistant embryos exposed to the lower synergy treatment.  

Interestingly, resistant embryos treated with the highest co-exposure of BNF and ANF 

group with sensitive and resistant controls.  The numbers of significant genes increase as 

treatments progress among both sensitive and resistant embryos.  As expected, the 

highest number of significant genes due to treatment, 227, is between the sensitive 

control and highest-dosed sensitive embryos.  Interestingly, this is not the case for the 

resistant embryos, as only 27 genes significantly differ in expression relative to resistant 

control embryos, suggesting that resistant embryos are robust to chemical exposures. 

 Expression patterns of genes significant with morphology are similar 

among normal to moderately deformed embryos, while severely deformed embryos show 

different patterns of gene expression.   Moreover, the gene expression differences become 

more pronounced between extremely deformed embryos, when compared to both normal 

– moderately deformed and severely deformed embryos.  Importantly, synergistic effects 

of ANF and BNF were only evident among severely and extremely deformed sensitive 

embryos, providing further evidence of PAH-resistance in the Elizabeth River (resistant) 

embryo population.   

Chapter 4 demonstrates important contrasts in responses between sensitive and 

resistant embryo populations to synergistic effects of a defined mixture of pollutants. 

Altered phenotypes and significant changes in gene expression of sensitive and resistant 

embryos reveal evidence for acquired resistance among embryos from heavily  
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contaminated sites.  However, while the phenotypic alterations are comparable to embryo 

responses to polluted sediment extracts (Chapter 3), a surprisingly fewer number of 

significant genes reflect differences in severity of synergistic effects between two embryo 

populations.  

Finally, to identify evolved differences in gene expression, in Chapter 5 we 

contrast development among independent Fundulus embryo populations during late 

organogenesis.  The difference in time to stage, heart rates, and embryo in vivo 

morphology are compared during one distinct stage among four unrelated families from 

five Fundulus populations, 2 from heavily contaminated Superfund sites and 3 from 

flanking reference sites.  

Only heart rate was consistently and significantly higher in the two resistant 

populations, compared to three sensitive populations.  Survival rates were statistically 

lower for two embryo populations, one resistant and one sensitive.  Surprisingly, the 

highest survival rate was noted among embryos from the highly polluted Superfund site, 

Newark Bay, NJ.  Time to stage was significantly longer for the two northern 

populations, one sensitive (Succotash, RI) and one resistant (Newark Bay, NJ), when 

compared to the southern populations.  Finally, we did not observe morphological 

abnormalities during embryo development.  Thus, for the physiological embryo 

phenotypes measured, only heart rate is correlated with parental pollution exposure.   

As expected, the most similar patterns in gene expression are among 

geographically closest embryo populations, with the exception of sensitive embryos from 
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Manteo, NC reference site.  The gene expression pattern of Manteo embryos appears 

strikingly different from all other embryo populations, including the embryos of parents 

from king’s Creek, VA, a near-by reference site.  However, our time-to-stage, 

morphology, and survival data indicates no significant differences between Manteo and 

other embryo populations.  

The expression of only a little over 2% of 6,559 genes are statistically different 

among embryo populations, and if Manteo embryos were excluded from the analysis, less 

than 1.1% of genes are different when comparing expression of any two populations; 

when polluted and reference embryos are compared, the expression of only 0.5% of the 

genes differ significantly.  Considering the large variation in gene expression reported 

within and among adult Fudulus populations, the surprisingly low percentage of 

significant genes (less than the 1% expected by chance) suggests that embryos’ parental 

exposure does not have a significant effect on developmental gene expression in 

unexposed embryos during late organogenesis. 

Previously, we examined embryos treated with polluted sediment extracts 

(Chapter 3) and a defined mixture of pollutants (Chapter 4).  Chapter 5 provides 

experimental design for statistical testing of adaptive differences in gene expression 

during a critical stage of organ development.  In this study, embryos of parents from 

clean and polluted sites developed in clean environment.  Thus, a likely explanation for 

the lack of differences in gene expression between sensitive and resistant embryos is the 

absence of pollutant exposure; without this exposure, there are few differences in  
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developmental gene expression among embryo populations.  In fact, comparing Elizabeth 

River resistant embryos and King’s Creek sensitive embryos (Chapter 3), we found that 

treatment with PAH-polluted sediment extract from Elizabeth River appears to advance 

embryos to next stage, rather than alter developmental gene expression.  

A more targeted approach of tissue-specific gene expression analysis, larger 

sample size, and multiple stage assessment may reveal evolved gene expression 

differences between untreated sensitive and resistant Fundulus embryos.  However, gene 

by environment interactions may be necessary to clarify differences among embryos from 

polluted and reference populations.  
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