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The queen conch (Strombus gigas) population in the Florida Keys has been 

depleted since at least the 1980s and is recovering slowly.  Conchs found in nearshore 

(NS) aggregations lack gonad development compared to offshore (OS) conchs, and are 

not known to reproduce.  The nearshore environment apparently interferes with conch 

reproduction, as translocation of NS conchs to OS aggregations leads to increased 

gametogenesis. 

In 2007 field studies, mean zinc concentration in the digestive gland of male and 

female NS conchs was higher than OS, and there was a non-significant trend toward 

elevated copper NS.  Both Zn and Cu can inhibit gastropod reproduction, and so were 

hypothesized to be causative agents in NS conch reproductive dysfunction.  A custom 

oligonucleotide microarray identified decreased expression of genes related to 

spermatogenesis and small GTPase-mediated signal transduction in testis.  In ovary, 

differences were observed in apoptosis- and translation-related genes, suggesting 

atresia of NS ovaries.  In the digestive gland, expression of lipid metabolism genes was 
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altered NS, possibly limiting oogenesis.  Vitellogenin (VTG) mRNA expression was 

much higher OS than NS by real-time RT-PCR. 

A 2009 study confirmed that trends in digestive gland Zn values and VTG mRNA 

expression are persistent.  Algal (food) metal concentrations overall were low but Cu 

was higher NS, while Zn did not differ significantly.  In vivo exposures of the surrogate 

Strombus alatus to Cu and Zn were used to test the hypothesis that exogenous Zn and 

Cu exposure causes conch reproductive dysfunction.  Conchs exposed to metals 

accumulated the metal in the digestive gland and  showed ovarian atresia more often 

than control; Zn-exposed conchs exhibited an early peak in vitellogenesis, though these 

trends were not significant. 

Overall, there is an association between Zn accumulation and reproductive 

dysfunction in NS queen conchs.  However, in vivo exposures indicated that metals 

alone may not cause the reproductive dysfunction observed NS.  This may indicate that 

Zn and/or Cu are part of a suite of stressors that interfere with NS conch reproductive 

development.  These results will help Florida wildlife managers to identify the healthiest 

conch aggregations for broodstock or translocation in efforts to restore the conch 

population in Florida. 
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CHAPTER 1 
LITERATURE REVIEW 

Background 

 The queen conch (Strombus gigas) is a benthic marine gastropod of ecological 

and economic importance to the Florida Keys and throughout the greater Caribbean 

region.  While Florida once supported a thriving queen conch population and both 

industrial and recreational conch fishery activities, the conch population is now heavily 

depleted, presumably due in part to past overfishing [1].  Florida queen conch harvest 

peaked in 1966, and restrictions on the harvest began in 1977 [2].  A complete 

moratorium on the fishery was enacted in 1985 [3], followed by listing under the 

Convention on International Trade in Endangered Species (CITES) in 1992 [4].  Despite 

harvest protections, the queen conch population in the Florida Keys has failed to 

recover to the desired level [3,5], though it is believed that the rate of recovery has 

increased since 2000 [6]. 

While human fishing pressure is the greatest cause of adult queen conch mortality 

[7], and therefore has contributed to depletion of conch stocks, queen conchs in 

aggregations at nearshore (NS) sites in the Florida Keys also suffer from reduced 

seasonal development of gonad tissue, and it is believed that no reproduction occurs in 

the NS aggregations, while conchs residing in offshore (OS) aggregations reproduce 

successfully [1,3,8,9].  The NS and OS habitat patches are separated by the deep-water 

Hawk Channel, which has a silt substrate that is believed to act as a barrier to adult and 

juvenile passage; the result is a geographic separation between NS and OS sites 

[1,3,10], and a significant disparity in reproductive output between conch aggregations 

in the two areas. 
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Several major observations led to this hypothesis.  First, Glazer and Quintero [8] 

reported in 1998 that in the Florida Fish and Wildlife Conservation Commission (FWC)’s 

monitoring efforts, NS conchs had not been observed reproducing, and that a small (n = 

7 conchs total) sample of OS and NS conchs collected in May and June 1996 showed a 

uniformly greater degree of gonad development, assessed histologically, OS than NS.  

Secondly, a large-scale reciprocal translocation study (n = 576 conchs total) performed 

in 1999 found no observations of copulation or egg-laying in NS conchs, but both 

behaviors were observed in OS conchs.  Translocated OS conchs reproduced at lower 

rates at NS sites, relative to OS conchs at OS sites, and translocated NS conchs were 

observed laying egg masses at OS sites, indicating that the OS environment supports 

reproduction, while the NS environment does not, and further indicating that the factor 

inhibiting reproduction in NS conchs is transient and reversible [9].  Finally based on the 

same translocated conchs, it was reported that NS conch gonad tissue is often 

immature or regressed, and is made up of a smaller percentage of gametogenic follicle 

tissue, during spring, summer, and fall seasons when OS conchs have mature gonads 

capable of supporting reproduction, and that conchs translocated from NS to OS show 

greater rates of gonadal maturity and a greater proportion of gametogenic tissue in the 

gonad than NS conchs remaining at NS sites, after only three months [3].  This 

indicates that the NS environment in some way prevents conch reproduction by 

inhibiting development of the gonad in both male and female conchs.  Therefore, it is 

critical to identify stressors present in the NS area that could interfere with conch 

reproduction.  To that end, the aim of this dissertation project was to determine the 

degree to which queen conch reproduction in NS aggregations within the Florida Keys 
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might be inhibited by elevated levels of copper (Cu) and zinc (Zn), two trace metals that 

are known to interfere with reproduction in several gastropods. 

Significance of Queen Conch in the Florida Keys 

Economic Significance of Queen Conch in the Florida Keys 

Queen conch is valued for both its shell and its meat throughout the Caribbean [7], 

and conch fisheries are worth millions of dollars to nations that support a sustainable 

harvest.  However, overharvested conch fisheries are a common problem [2,11].  The 

value of queen conch fisheries throughout the Caribbean was estimated at $40 million 

USD in 1994 [11], and this value is believed to be second only to spiny lobster in 

Caribbean fisheries [2].  In the Bahamas alone, the conch fishery has an estimated 

annual economic impact of $4.457 million and 9,800 seasonal jobs [12].  However, 

fishing pressure on conch populations increased with increasing conch exports in the 

1970s and 1980s [2,7], leading to depletion of stocks even in countries with very large 

conch harvests, such as Belize [2].  The commercial conch fishery in Florida was never 

as productive as in some other Caribbean locations [10].  Still, as illustrated by the 

impact of the conch fishery on Caribbean economies, a queen conch fishery could have 

a positive impact on the economy of the Florida Keys, in Monroe County, Florida. 

Ecological Significance of Queen Conch in the Florida Keys 

Queen conch is also an important species from an ecological standpoint.  Conchs 

are herbivores, consuming algae preferentially [13], including Batophora [14,15], but 

also consuming seagrass and detritus [2,16-18].  While algae are believed to be the 

major carbon source at least for juvenile conchs [19], and conch and Aplysia grazing 

significantly reduced Laurencia algal biomass in an experimentally nutrient-enriched 

environment [20], conchs can also significantly impact on detrital biomass [16] Also, as 
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a large, benthic invertebrate associated with coastal and back-reef environments, queen 

conch has the capacity to serve as a sentinel organism for effects that could be 

contributing to the health or decline of the ecosystem.  The health of coral reefs in 

Florida has been investigated, and the corals are known to be subject to temperature-

related bleaching [21].  Moreover, human impacts on corals are suspected to be related 

to the reef decline, as evidenced by the discovery that Florida corals are contaminated 

with bacteria and viruses found in human fecal matter [22].  Additional information about 

the stressors contributing to reproductive failure in queen conch could potentially bolster 

a whole-ecosystem understanding of Florida’s declining coastal ecosystems.  

Queen Conch Life History 

In order to understand the effects that a toxicant might have on the conch 

population from a whole life cycle perspective, it is necessary to understand the life 

history of queen conch.  Adult conchs copulate and lay egg masses that contain an 

approximate 400,000 [18,23] to 700,000 [24] eggs; average number of egg masses per 

female per season has been estimated at 9.4, based on an enclosure study [25], or up 

to 25 in a separate field study [24].  Therefore, the literature suggests that queen 

conchs are highly fecund.  Known cues for reproduction are the seasonal parameters of 

temperature and photoperiod, which correlate with egg-laying according to studies 

performed in Venezuela [24] and the Bahamas [26].  Temperature also appeared to 

drive reproduction in an aquaculture experiment [27].  The length of the reproductive 

season varies, and was reviewed by Stoner et al.; the season runs at least from June to 

September, but in most locations is longer [26]. 

Veliger development and torsion begin in the conch egg capsule, which hatch after 

approximately 112 hours, according to D’Asaro [28].  After hatching, conchs undergo 
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metamorphosis through three pelagic veliger stages (two-lobed, four-lobed, and six-

lobed) over the course of approximately three weeks [4,29], becoming competent for 

metamorphosis around 18 to 26 days after hatch, when the larvae can be induced by 

algal or detrital cues, according to Davis and Stoner [29].  However, the duration of the 

pelagic veliger stage may be variable, as D’Asaro describes velar development up to 

the swim-crawl stage lasting approximately 52 days [28].  The veliger settles to the 

benthic substrate as it undergoes metamorphosis. 

Because of the conch’s long pelagic veliger stage, it is unclear where all of the 

larval source and sink populations are located with respect to the adult population in the 

Florida Keys [30].  There is evidence to suggest sporadic recruitment of larvae from the 

western Caribbean Sea [31,32], but this has recently been disputed by Delgado et al. 

[6], who argue that the Florida queen conch population is largely dependent on 

recruitment of larvae from Florida.  Specifically, they point to higher larval densities in 

the Florida Keys than Dry Tortugas or Florida Straits during the peak of the reproductive 

season (June), as well as an apparent current “shear” that causes drift vials released 

upstream of the Florida Keys to bypass the Keys and be recovered upstream.  Drift vials 

are floating scintillation vials meant to mimic the planktonic drift of larvae.  An allozyme 

study of Caribbean conch populations from nine sites not including Florida indicated that 

there is a high degree of gene flow among the populations, but they remain genetically 

distinct [33].  A second allozyme study conducted by Campton et al. [34] compared 

queen conchs from Florida and the Bahamas using allozyme frequencies at ten loci, 

including several of those assayed in the previous study.  Their results again indicated 

that genetic similarity among populations was high despite significant differences at 
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some loci.  Therefore, queen conchs in Florida and the rest of the Caribbean are 

genetically similar but not identical, indicating some gene flow caused by larval 

dispersal, but also some reliance on local larval sources. 

After larvae settle, they develop through the juvenile stage to the sexually mature 

adult stage, characterized by a flaring shell lip [4].  Reproductive development begins as 

the conch reaches adult length, at or before the time that the lip develops, and ends 

after the lip is completely formed and has thickened [35,36].  Age at sexual maturity has 

been estimated at 3.6 to 4 years in a wild population in Puerto Rico [35], based on an 

assumed minimum lip thickness of 4 mm, which was reported to be the minimum size at 

which “ripe,” or fully developed gonads were observed in a previous study [36] in Belize; 

note that this was the minimum for males, while the minimum for females was 6 mm.  In 

a Colombian population, the lip thickness at which 50% of samples showed mature 

gonadal histology was 13 mm for males and 17.5 mm for females [37]. 

The gonad histology of the different stages of queen conch reproductive 

development has been described in detail by Egan [36] and Avila-Poveda and 

Baquiero-Cardenas [38].  The two authors use slightly different terminology to describe 

the appearance of resting stage (sexually immature) conchs, maturing gonads marked 

by increasing size of follicular tissues and increasing presence of mature gametes 

during development, the appearance of “ripe” gonads containing mature gametes, and 

the normal post-mating appearance of male and female gonads.  Egan also describes 

the connective tissue present in all gonad sections, which makes up the majority of 

tissue in immature gonads, as signet tissue; signet tissue contains albumen and is likely 

critical for the energy requirements of gonad development [36].  In addition to normal 
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histology, the influence of the nearshore environment of the Florida Keys on gonad 

histology was described by Glazer and Quintero [8] and Delgado et al. [3], who added 

information about the appearance of abnormal regression in some NS gonads.  Glazer 

and Quintero [8] also argued that NS signet tissue had reduced polysaccharide levels, 

based on periodic acid-Schiff (PAS) staining, which identifies carbohydrates in tissue 

sections [39]. 

Mortality is assumed to be much higher for larval and juvenile conchs than adults.  

Stoner and Ray [14] demonstrated that predation is higher for juvenile conchs outside of 

aggregations than within aggregations.  Randall [18] lists various species of gastropods, 

cephalopods, crustaceans, and fishes that have been reported to predate upon both 

adult and juvenile conchs.  Weil and Laughlin also state that high rates of mortality in 

juveniles can be caused by both predation and – in shallow waters – desiccation [24].  

However, Berg and Olsen [7] review several studies of conch mortality, and determine 

that natural juvenile and adult mortality can be estimated at M = 0.1, or an annual 

survival rate of slightly greater than 90%.  It follows logically, then, given the high rate of 

survival of adult conchs and the likelihood that juveniles will survive to reproductive 

maturity, that reproduction and/or recruitment (survival and settling of larvae) would be 

major influences on the population growth rate for conchs.  However, fishing mortality is 

often significantly greater than natural mortality [7], and as previously mentioned, many 

conch populations are overfished [2,11]. 

Conchs exhibit considerable movement and migration throughout their life cycle.  

Juveniles generally undergo a migration from shallow to deeper water [18], and this 

could be to take advantage of different habitat types or food sources as burying and 
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feeding behavior change with maturation [40].  However, it does not appear that an OS 

area is necessary for the act of reproduction, as there have also been reports that 

conchs migrate to shallower water close to shore in the summer months in order to 

reproduce [23,24,41], or migrate between patches of differing substrate types for 

feeding and breeding [17].  In the Florida Keys, Glazer et al. report that conchs seek out 

coarse sand substrate during reproduction [42].  It is possible that in many locations, 

conchs migrate twice annually – to shallow, sandy NS habitats in the summer for 

breeding and to deeper OS seagrass beds in the winter, and that this may be related to 

differences in optimal feeding and breeding habitats. 

Queen Conch Demographics and Reproductive Stressors in the Florida Keys 

The queen conch population has been monitored regularly since closure of the 

fishery.  From 1987 to 1990, in early monitoring studies, both juvenile and adult 

populations appeared to decrease [5] or to vary by substrate type [10], though the large 

monitoring area and sparse, aggregated distribution were cited as problems for making 

population size estimates.  Juvenile data were more variable than adult data [5,10], 

which is reasonable given the large size of juvenile aggregations that have been found 

in some conch habitats [43], as well as the burying behavior and migration exhibited by 

juvenile conchs [40].  Recent estimates suggest that adult queen conch population size 

in the Florida Keys has increased to an estimated 27,000 individuals by 2001, from a 

lowest observed estimate of 5,750 in 1992, according to transect data collected by the 

Florida Fish and Wildlife Conservation Commission (FWC) [1], and may be increasing at 

a greater rate since 2000 [6].  Stoner and Ray briefly review population density 

estimates from various sites in the Caribbean, and Florida is close to the lowest 

reported densities, with 0.50 adult conchs/ha reported in 1987-88; this is much lower 
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than the 130-1582 adult conchs/ha reported in 1972-1974 in Nearby Cuba, but similar to 

the 0.52 adult conchs/ha reported in Bermuda in 1988 [44].  Given all of this information, 

it appears that the Florida Keys conch population is still significantly smaller than what 

would be necessary to support a fishery, but has begun to recover slowly [3]. 

Queen conch populations are known to be subject to the Allee effect, or inverse 

density-dependence, which means that population growth rate increases with increasing 

population density, at least to a certain point [45], probably due to reduced reproduction 

at low density [46].  Given this information, and given the observed reproductive 

impairment in the nearshore environment coupled with the adult conchs’ inability to 

disperse across Hawk Channel and onto the reef tract, managers are interested in 

supplementing the density of mating aggregations OS by translocating individuals from 

NS to OS [1,3].  Translocation experiments have led to successful reproductive 

development, assessed histologically, and to observations of egg laying, or “spawning,” 

but not observations of copulation [3,9]; further, translocation of OS conchs to NS sites 

results in reduced rates of spawning, relative to OS conchs that are captured and re-

released at OS sites [9].  In addition to translocation, mariculture has been attempted as 

a strategy for wild queen conch stock enhancement, but was ultimately unsuccessful.  

While conchs have been cultured from egg masses in recirculating saltwater [4,47], 

naïve hatchery-reared individuals are subject to greater predator-induced mortality [48].  

Though this could be mitigated to some degree by predator exposure in culture, the cost 

of a mariculture program is expensive, estimated at approximately nine dollars per 

individual [1]. 
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While translocation of NS conchs to the OS environment results in development of 

normal gonad tissue and reproductive activity within three months [3], this says little 

about the reason for the failure of nearshore conchs to develop gonad tissue.  It 

appears that some factor in the NS environment currently precludes reproduction; this is 

supported by the impact of the NS environment on spawning in the reciprocal transplant 

study by McCarthy et al. [9].  Therefore, a goal of this project was to identify possible 

stressors that could contribute to the failure of nearshore conchs to develop gonad 

tissue and subsequently to successfully reproduce.  This information could be vital to 

the restoration of a thriving S. gigas population in south Florida. 

A number of chemical and physical stressors that might contribute to the lack of 

NS conch gonadal development have been considered.  The UF Analytical Toxicology 

Core Laboratory quantified common organic contaminants including pharmaceuticals 

and pesticides in queen conch tissues and sediments from the sites of interest in the 

Florida Keys.  While organic compounds such as ethinylestradiol were detected in 

samples, there were no significant gradients from nearshore to offshore to indicate that 

those contaminants might contribute to the problem, as outlined in a final report to the 

US EPA by Glazer et al. [49].  Water chemistry data were of obvious interest because of 

the influence of temperature and photoperiod on reproduction.  Also, hypoxia has 

recently been shown to cause effects similar to endocrine-disrupting chemicals in fish 

such as the Atlantic croaker Micropogonius undulatus [50] and carp Cyprinus carpio 

[51].  However, there is little evidence that temperature, dissolved oxygen, or other 

water quality parameters are significantly correlated with the observed effect on conch 

reproduction.  In my own analysis of data collected by the Southeast Environmental 
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Research Center at Florida International University, it appears that there is a slight 

decrease in dissolved oxygen over the years studied [52].  However, I could find no 

obvious trend in temperature or dissolved oxygen from nearshore to offshore.  I do 

presume, though, that bottom water temperatures are lower and probably less variable 

at deeper OS sites. 

Copper and Zinc Exposures Lead to Reduced Reproductive Success in 
Gastropods 

Cu and Zn effects in gastropods have been studied relatively extensively.  A 

number of studies have demonstrated adverse sublethal health effects of excess Cu 

and Zn on gastropods, including effects on growth and development, and also on 

reproduction.  A study on two subspecies of Helix aspersa demonstrated that Cu and Zn 

bioaccumulate readily, with the largest values measured in the foot and the viscera, 

respectively [53], suggesting that gastropods in general are likely to take up excess Cu 

and Zn, which might subsequently produce toxic effects.  Similarly, Gimbert et al. [54] 

describe Zn uptake from contaminated soil by Helix aspersa, noting that Zn 

accumulates in the granular and cell debris fractions of the viscera (digestive gland and 

gonad) over an 84 day exposure, with 17-fold higher concentrations than in the foot and 

other soft tissues; further, in this experiment, very little Zn was eliminated during an 84 

day depuration phase.  Gomot-DeVaufleury and Pihan also describe the uptake of Zn 

and other metals in Helix aspersa from contaminated soil, with accumulation in the 

visceral mass being greater than the foot [55]. 

Not only do metals accumulate in gastropods, but there is evidence that metal 

exposures cause a generalized stress response, as evidenced by effects on enzymes 

related to xenobiotic biotransformation and neurological function.  Cu treatment affects 
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Ex vivo activities of biomarkers including catalase (stress response, increased), 

glutathione S-transferase (xenobiotic biotransformation, increased), and 

acetylcholinesterase (neurological function, decreased) in Hexaplex trunculus [56].  

Similarly, Helix aspersa 5’ nucleotidase (nucleotide catabolism, decreased), but not 

ATPase (cellular energetics) or cholinesterase (neuromuscular function), activity was 

altered in vitro by Zn, while Cu only decreased ATPase activity in the same experiment 

[57].  The sum of sublethal stresses can have effects on energy budgets, and in fact 

Moolman et al. described a negative effect of Zn on energy stores in Melanoides 

tuberculata and Helisoma duryi [58]. 

Development is of interest for life-cycle toxicity studies, especially in gastropods, 

which have rather complex life cycles involving metamorphosis and multiple life stages, 

which can be interrupted by exposure to Cu and Zn.  Cu and Zn are both toxic to early 

life stages of abalone Haliotis rubra, causing both death and effects on morphological 

development [59].  Both Cu and Zn caused mortality, and also affected growth in a 

feeding study with juvenile Helix engaddensis; the authors of this study found the 

growth inhibition of Zn, unlike Cu, to be irreversible [60].  In a similar feeding study, Cu 

and Zn both reduced growth rates in juvenile Helix aspersa, with EC50 values of 1200 

and 5500 μg metal/g food for Cu and Zn, respectively [61].  Finally, one study of Cu has 

been performed with juvenile queen conchs; the findings included decreased feeding 

and excretion rates, as well as increased righting time, an effect on behavior that could 

stem from the energetic impact of metal exposure [62]. 

Given these sublethal effects of Cu and Zn exposure, it is logical that Cu and Zn 

might also affect fecundity and population growth rate.  Metal effects on the abundance 
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of marine organisms, which could be influenced by effects on reproduction, have been 

given some attention in the literature.  Stark [63] determined that 56-day exposure to Cu 

EDTA in water (20 and 60 ppm treatments) or in a plaster containing 50 g Cu EDTA 

inserted into sediment reduced numbers of naturally occurring gastropods in sediment 

samples, and observed a similar effect on bivalves and polychaetes.  The use of Cu 

EDTA plaster was meant to mimic the gradual contamination of soils with Cu in the field.  

In a related field study, the author found that gastropods were more abundant in bays 

with lower concentrations of Cu, Pb, and Zn [64].  These findings are consistent with a 

field study conducted by Rygg [65] that indicated that sediment metal concentrations 

are negatively correlated with abundance of sediment animals, with the strength of 

association in the order:  Cu>Pb>Zn. In all of these studies, the observed effect on 

gastropod abundance could have been caused by lethality, reduced reproduction, or 

both, or in the field by some mechanism of contaminant avoidance. 

Ravera [66] briefly reviewed impacts of heavy metals, including Cu and Zn, on 

freshwater pulmonate gastropod reproduction, in 1991.  A notable theme of this review 

was the variability of effect doses across species and metals.  In spite of this variability, 

fertility, fecundity, or maturation of pulmonates was often impacted at Zn concentrations 

as low as 500 μg/L aqueous Zn.  Since the time of that review additional studies have 

been identified impacts of Cu and Zn on gastropod reproduction.  Laskowski and 

Hopkin [67] demonstrated that exposures to Cu and Zn, as well as Pb and Cd, reduced 

fecundity of Helix aspersa, a sexually reproducing hermaphrodite (EC20 for Cu and Zn = 

533 and 1740 μg metal/g food, respectively); the treatments also reduced feeding rates, 

which may have affected reproductive output.  Low-dose aqueous Zn exposures were 
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shown to reduce both fecundity (egg laying reduced by 500 ppb Zn2+) and fertility (egg 

hatching eliminated by 1000 ppb Zn2+) in Biomphalaria glabrata, another sexually 

reproducing hermaphrodite, by Munzinger and Guarducci [68].  In another reproductive 

study, Ducrot et al. [69] modeled, using the dynamic energy budget, the negative effects 

of Zn on reproduction in Valvata piscinalis, yet another sexually reproducing 

hermaphrodite, finding a reduction in fecundity at 628 to 993 mg Zn/kg sediment, 

depending on the duration of the study and the method of determining effect 

concentrations, and an ultimate decrease in population growth rate.  However, this 

effect might not be universal; in one study by Coeurdassier et al. [70], exposure to an 

effluent containing Fe, Cr and Zn resulted in bioaccumulation of Cr and Zn, but with 

unclear effects on fecundity in Lymnaea palustris, another sexually reproducing 

hermaphrodite, as fecundity was reduced by some effluent treatments, but not those 

with the highest metal concentrations.  This highlights the complexity of mixture toxicity 

studies and the difficulty of attributing an effect of a mixture to a single stressor.  

Perhaps the authors’ most important finding with respect to metal exposures in 

Lymnaea was that Cr and Zn were bioaccumulated, while Fe was apparently regulated. 

Several studies showing effects of copper or copper compounds on gastropod 

reproduction have been conducted in addition to the aforementioned study by 

Laskowski and Hopkin [67].  Copper oxychloride (Cu2Cl(OH)3), a fungicide, decreased 

oocyte production in Helix aspersa in a dose-dependent manner at two sublethal 

concentrations (80 and 240 μg Cu2Cl(OH)3/g food), and this was coupled with a dose-

dependent accumulation of Cu in the ovotestis, in an experiment by Snyman et al. [71].  

Dorgelo et al. [72] showed that exposure to 30 μg/L Cu in lake water resulted in 
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decreased offspring production in Potamopyrgus jenkinsi, an ovoviviparous and 

parthenogenic gastropod.  Real et al. [73] reported that 44 μg/L Cu reduced egg laying 

and hatching in Stagnicola vulnerata.  Finally, in a study by Rogevich et al. [74], a 9-

month exposure to waterborne Cu reduced fecundity in the Florida apple snail Pomacea 

paludosa, which is dioecious, at low environmentally relevant concentrations of 8 and 

16 μg/L; Cu also accumulated in the soft tissues.  As with Zn, the effects of Cu on 

reproduction might not be universal across the gastropods in all exposure conditions.  In 

a 36-day experiment reported by Peña and Poscidio [75], sublethal Cu concentrations 

of 20 to 67.5 μg/L did not affect Pomacea canaliculata reproduction. 

The weight of the evidence suggests that Cu and Zn are important stressors that 

affect growth, development, energy availability, and reproduction in gastropods.  

Further, reproductive effects have been documented in gastropods across several 

different reproductive strategies.  It should be noted that all of the studies of Cu or Zn 

effects on reproduction reported in the literature involve aquatic or terrestrial 

gastropods, while marine gastropods have not been a major focus, despite reports that 

metals in marine sediments are associated with reduced numbers of gastropods and 

bivalves [63-65].  However, the inclusion of both feeding studies and aquatic exposure 

studies indicates that reproductive effects of Zn and Cu can result from oral or aqueous 

routes of exposure.  The oral route of exposure, which is more likely in the marine 

environment, is believed to be the major route of exposure for many animals in nature 

according to Croteau and Luoma [76], and is the primary route Zn uptake for the marine 

gastropods Nassarius teretiusculus and Babylonia formasae habei [77]. 
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Several other reports cover accumulation and effects of Cu and Zn on marine 

gastropods, regarding endpoints other than reproduction.  Gay and Maher [78] argue 

that the marine gastropod Bembicium nanum can be used as a bioindicator for 

contamination of marine ecosystems with metals including Cu and Zn, because the 

snail accumulates metals according to environmental concentrations, though factors 

such as size and season of collection also influence metal concentrations.  Taylor and 

Maher [79] argue that Bembicium auratum and Austrochochlea constricta Cu and Zn 

concentrations are consistently higher in gonad and digestive gland, with some variation 

over time that cannot be explained by reproductive state, gender, salinity, or 

temperature, and so these marine gastropods would make appropriate biomonitoring 

species.  Nicolaidou and Nott [80] found species differences in the accumulation of 

metals from a smelting plant in several marine gastropods, with Cerithium vulgatum 

accumulating all metals in the study except for Cu, including Zn; notably, in several 

species most metals, including Zn and Cu, accumulated to a greater concentration in 

viscera than foot.  Ying et al. [81], however, found that Cu and Zn were apparently 

regulated – not accumulated – by Polynices sordidus, and so this species was not an 

appropriate bioindicator of environmental Cu and Zn concentrations. Tsai et al. [82] 

found that Zn reduced growth of abalone Haliotis diversicolor with a NOEC of 65.2 μg/L.  

Again, in Strombus gigas, Cu exposure has been shown to affect feeding and behavior 

[62].  Liao and Lin [83] found that Zn was toxic to abalone Haliotis diversicolor 

supertexta with 96 h LC50 = 1.2 mg Zn/L. 

It should be noted that Zn and Cu have numerous physiological roles, most of 

which have been best characterized in mammals, but probably many of which are 
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conserved across species.  Well-established roles of Zn from the mammalian literature 

include function in metalloenzymes [84,85], in cell membranes [86], as an antioxidant 

[87], and as an inhibitor of apoptosis [88].  Cu is also an important element in the 

function of some metalloenzymes [84,89], with a particular importance in respiration 

[90].  In some gastropods, including Strombus gigas, the blood pigment hemocyanin 

represents another important physiological need for Cu [91-93].  Because of the 

important physiological roles of Cu and Zn and the potential for toxicity of excess metals 

they are heavily regulated by a suite of transport proteins, many of which are inducible 

by transcription factors that respond to metal concentrations in tissues [90]. 

While many of the transport mechanisms for trace metals are also likely to be 

conserved across species, they are not as well characterized for gastropods as for 

mammals.  Still, gastropods have systems for regulation of trace metals, but those 

systems differ from mammals.  While some of the aforementioned papers argue that a 

marine gastropod species does not accumulate Zn or Cu because of regulatory 

mechanisms [80,81], still others argue that high levels of exposure to one or both of the 

metals will lead to accumulation [53-56,70,74,76-78,80,83], possibly because of the 

normal function or overwhelming of storage mechanisms related to detoxification.  

When accumulated.  Zn and Cu tend to accumulate to a greater degree in viscera than 

foot or other tissues [53-56,74,79,80], with the exception that Cu accumulates to a 

greater degree in the foot than viscera of two Helix aspersa subspecies [53].  It should 

be noted that some studies of small gastropods include visceral tissues such as parts of 

the gut, mantle, and accessory reproductive organs, with the “foot” in metal analysis, 

while digestive gland, gonad, and kidney are always associated with the “viscera” [53-
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55].  Elevated levels of metals in the viscera can be explained by the roles of the kidney 

and digestive gland as sinks for storage and detoxification of trace metals, a 

phenomenon that has been thoroughly described in Lymnaea stagnalis [94,95].  

Therefore, exposure to high exogenous doses of Zn or Cu could cause toxicity or 

sublethal effects such as effects on reproduction or growth, and also accumulation of 

the metal, probably in the digestive gland, in a generalized marine gastropod, with 

differences likely to exist among species. 

Copper and Zinc in South Florida 

Sources of copper and zinc exist close to shore in the south Florida, though no 

complete survey of metal concentrations in Florida Keys media has been published.  A 

report prepared for the Florida Keys National Marine Sanctuary Water Quality 

Protection Program notes elevated concentrations of zinc and copper, as well as lead 

and mercury, in canals in the Florida Keys, which the author associated with boat traffic 

[96].  A doctoral dissertation submitted to Rice University in 1975 provides probably the 

most in-depth survey of metal concentrations in upper Florida Keys sediments; findings 

included elevated concentrations of several metals, including Zn, around Key Largo, 

Largo Sound, and in Biscayne Bay, areas under the influence of high human population 

density, canal systems, and wastewater.  The author cites a background Zn level of 

approximately 2 ppm throughout the study area, with some sediment samples reaching 

as high as 100 ppm [97].  It should be cautioned that sources and fluxes of metals can 

change considerably over time, and could be different today than they were in 1975; 

however, the association between human activity and release of metals, including Zn, 

into the environment is likely persistent. 
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In more recent studies, Carnahan et al. found that sediment concentrations of Cu 

and Zn, as well as Ni, Pb, Hg, and Cr, in Biscayne Bay, north and east of the Florida 

Keys, are greatest near the city of Miami and where canals empty into the Bay [98]. A 

survey of some southern and western Florida water and marine sediment samples 

found that some contaminants, including Zn, were more concentrated in seagrass 

sediments than elsewhere [99], which is interesting because of the preference of queen 

conchs for seagrasses such as Thalassia testinudum and Cymodocea manatorum over 

other substrate types [18], at least during the reproductive season [24,41].  Finally, 

Caccia et al. reported elevated concentrations of copper and zinc in marina sediments, 

relative to levels throughout the Florida Bay [100].  While this last study covers the 

Florida Bay, north of the Florida Keys, rather than the area inhabited by queen conchs, 

it again associates boat traffic with elevated metal levels. 

Additionally, copper is currently a stressor of interest for a number of south Florida 

terrestrial species, most prominently the Florida apple snail Pomacea paludosa, 

[74,101].  High levels of copper contamination in the Florida Everglades have resulted in 

accumulation of copper in apple snails, potentially threatening its predator, the Florida 

snail kite Rostrhamus sociabilis plumbeus [102].  While Cu and Zn effects on conch 

reproduction have not been studied, the aforementioned juvenile S. gigas study 

demonstrated negative effects of Cu on feeding and excretion rates in juvenile conchs 

[62].  No published studies have addressed effects of zinc in species of interest to south 

Florida, but it is clear that both copper and zinc can cause reproductive toxicity in 

gastropods in general, and that sources of both metals, including canals, boats, 

agriculture, and municipal wastewater, are present in south Florida. 
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Related Work with Queen Conch 

It should be noted that some previous work has been conducted with queen conch 

with respect to metal effects and especially with reproduction, two areas of emphasis in 

this dissertation.  Gene expression is the major methodological foundation for the work 

described in this dissertation.  While no genomic or transcriptomic work has previously 

been conducted with conchs, except for the development of the microarray used for this 

project, several genetic studies have been published, and should be mentioned.  

Background on reproductive development, another area of emphasis for this 

dissertation, has already been discussed. 

Queen Conch Genetics 

Little sequence data for queen conch existed prior to undertaking of the 

sequencing project that laid the foundation for this dissertation.  However, conch 

genetics had been studied to some degree.  A molecular phylogeny of strombids was 

published by Latiolais et al., based on sequence distances in cytochrome oxidase and 

histone H3 genes [103].  Additionally, microsatellite sequences have been identified to 

address the queen conch population ecology [104], but no extensive microsatellite 

analyses have been published.  The two allozyme studies previously mentioned are the 

only queen conch population genetics studies in the literature [33,34]. 

Production of an Oligonucleotide Microarray for Queen Conch 

An oligonucleotide microarray for Strombus gigas was constructed as described in 

Spade et al. [105].  Briefly, a normalized cDNA library was produced from pooled queen 

conch tissues by Robert Griffitt (UF).  Tissue samples included gonad, digestive gland, 

foot muscle, and neural ganglia and were collected from Sombrero Reef on 9 June 

2004 and from East Sister’s Rock and Eastern Sambo on 15 March 2005.  The library 
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was sequenced on the 454 GS-FLX pyrosequencer at the University of Florida 

Interdisciplinary Center for Biotechnology Research (ICBR), assembled and annotated 

by Li Liu at ICBR.  Using the resulting sequence data, Nancy Denslow (UF) and Li Liu 

designed an oligonucleotide microarray.  This platform (GPL8934) was used for all 

queen conch microarray experiments in this dissertation. 

Metals in Queen Conch 

As previously mentioned, one study performed in 1984 determined that exposure 

of juvenile queen conchs to aqueous sub-lethal concentrations of copper, as low as 30 

μg/L, resulted in reduced grazing and excretion, and exposure to 340 μg/L increased 

righting time, showing an effect of Cu concentrations on behavior, possibly mediated by 

energetic effects, with no effects on growth [62].  Aside from this study, I do not know of 

any work with trace metal effects that has been published in queen conch.  However, a 

recent study of copper, zinc, and lead concentrations in sediments and edible queen 

conch muscle tissue was performed in Cuba:  the authors concluded that, at least in 

muscle, bioaccumulation of the metals was low, but that some lead levels exceeded 

Cuban public health limits, while some copper levels exceeded the levels set by the 

former British Ministry of Agriculture, Fisheries, and Food [106].  The reader should be 

cautioned, however, that in most studies gastropods accumulate metals to a greater 

degree in the viscera than in the foot or other soft tissues [53-55,74,79,80].  Therefore, 

considerable questions remain with regard to both the potential for bioaccumulation and 

the possible effects of exposure to trace metals in nearshore conchs in the Florida 

Keys. 
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Overall Hypotheses 

The goal of the work performed in this dissertation was to determine what 

relationship exists between metal accumulation, particularly Zn and Cu, and 

development of gonads in NS conchs.  These goals were achieved using gene 

expression and histological approaches toward understanding the differences between 

developing gonads and associated tissues such as digestive gland, coupled with 

analysis of metal concentrations in conchs and algal samples by inductively coupled 

plasma-mass spectrometry (ICP-MS).  The overall hypotheses of this dissertation were: 

1. That gene expression in nearshore conch testis, ovary, and digestive gland would 
explain variations in reproductive development between NS and OS, providing 
insight into the responsible stressors; 

2. That metal concentrations, particularly Zn and Cu, in NS conch tissues would be 
higher than in OS tissues on a consistent basis; 

3. That In vivo exposure of conchs to Zn and Cu would lead to reduced gonad 
development and patterns of gene expression similar to NS conchs. 

Significance of this Dissertation 

Studying the biology of reproduction, differences in gene expression, and the 

effects of metal contamination on reproduction in queen conchs has provided relevant 

data for the management of the species, as well as for the understanding of overall 

ecosystem health in the Florida Keys.  Mollusks are commonly used as bioindicator 

species when studying the effects of xenobiotics [71], and metals in particular [107].  

This is the case because mollusks typically take up metals at rates that correspond with 

environmental concentrations [107], and also because exogenous contaminants often 

negatively impact molluscan reproduction [71].  Because of the experiments performed 

in this dissertation, we have a better understanding of the relationship between trace 

metal concentrations – Cu and especially Zn – and conch reproduction, and the 
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mechanisms that are important for conch reproductive development.  We have gained 

some understanding of the effects of Cu and Zn on fecundity in wild queen conchs, 

which will aid in the development of management strategies.  Of equal importance, this 

work has provided some understanding of conch reproductive biology in terms of 

physiological control, important signaling pathways and biological processes, and this 

has helped to understand how stressors may interfere with these processes.  Therefore, 

this information will be useful for managers who are attempting to promote the recovery 

of the queen conch population in Florida, and also interesting in the context of basic 

conch biology. 
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CHAPTER 2 
METHODS2 

Strombus gigas Sample Collection 

Queen conch samples were collected and tissues processed in 2007 sampling 

efforts by Robert Glazer and Gabriel Delgado of the Florida Fish and Wildlife 

Commission’s Fish and Wildlife Research Institute (FWRI) and generously provided for 

analyses.  Sampling was conducted by free diving or SCUBA diving.  Shell length, shell 

lip thickness, total mass, and soft tissue mass were recorded at the time of collection.  

Shell mass was estimated by subtracting soft tissue mass from total mass.  Only 

sexually mature adult queen conchs, identified by a fully flared lip [4,35-37], were 

collected.  Tissue samples used for the comparison of reproductive (OS) versus non-

reproductive (NS) queen conchs by histology, real-time reverse-transcription 

polymerase chain reaction (real-time RT-PCR), and metals analysis were from conchs 

collected from Pelican Shoal (OS, 4 male and 4 female conchs) and Tingler Island (NS, 

4 male and 4 female conchs) on 15 February 2007 and from East Sambo Island (OS, 2 

male and 5 female conchs) and East Sisters’ Rock (NS, 4 male and 2 female conchs; 1 

female later determined to be male based on gonad histology) on 7 June – 9 June 

2007.  Testis, ovary, and digestive gland microarray analyses were conducted using 15 

February 2007 samples from Pelican Shoal and Tingler Island (Figure 2-1). 

                                            
2
 Some of the methods reported in this chapter were previously published in manuscripts corresponding 

to Chapters 3 and 4.  The references, as listed in the bibliography, are: 

105. Spade DJ, Griffitt RJ, Liu L, Brown-Peterson NJ, Kroll KJ, et al. (2010) Queen conch (Strombus 
gigas) testis regresses during the reproductive season at nearshore sites in the Florida Keys. PLoS One 
5: e12737. 

108. Spade DJ, Knoebl I, Denslow ND (2011) Cesium chloride gradient centrifugation improves the 
quality of total RNA preparations from the gastropod Strombus gigas and the coral Montastraea 
faveolata. J Exp Mar Biol Ecol 402: 43-48. 
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Along with FWRI, I designed and participated in an additional sampling effort in 

March, 2009.  In 2009, a total of 22 adult conchs were collected from Delta Shoal (OS) 

or East Sister’s Rock (NS).  Four male and 4 female conchs were collected from Delta 

Shoal (OS) and processed immediately on 11 March 2009.  An additional 3 male and 4 

female conchs were collected from Delta Shoal (OS) on 11 March 2009, and processed 

on 12 March 2009, after a 16-hour hold in NS flow-through water.  Four male and 3 

female conchs were collected from East Sister’s Rock (NS) on 10 March 2009 and 

processed on 11 March 2009, after a 28-hour hold in NS flow-through water.  No rainfall 

and no significant changes in temperature occurred over the span during which 

sampling and processing was performed. 

In all cases, adult male and female conchs were collected live and transported 

immediately to the FWRI laboratory in Marathon, FL.  Conchs were then euthanized and 

tissues were harvested.  For molecular assays and determination of tissue metal 

burdens, gonad, digestive gland, neural ganglia (buccal ganglia), blood, and foot muscle 

samples were frozen immediately in liquid nitrogen.  For descriptions of the adult conch 

anatomy and precise locations of organs, see Little [109].  Frozen tissue samples were 

maintained at -80oC until further analysis.  For histology, an approximately 1 cm3 piece 

of gonad tissue was cut from the center of the gonad, fixed in 10% neutral buffered 

formalin for a minimum of 7 days and sent to Nancy Brown-Peterson (University of 

Southern Mississippi) for processing and analysis.  The results of the histology analysis 

will be commented on as necessary to aid in interpretation of the work reported in this 

dissertation. 
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Algae Sample Collection 

During the queen conch collection conducted on 10-11 March 2009, 15 algae 

samples were collected at each site (ESR, NS; DS, OS) using a randomized grid 

design.   A grid was developed in ArcView GIS software, mapping the entire area of 

interest at each site with a 5m x 5m square grid.  A random number generator (Excel 

function =RANDBETWEEN()) was used to select 15 sites from each grid by row number 

and column number in the grid.  Latitude and longitude coordinates for each site were 

retrieved in ArcView, and sampling locations were found by GPS in the field.  Divers 

collected algae in an acid-rinsed (1% HCl in de-ionized water for 2 h, de-ionized water 

rinse, air-dry) 50 mL Corning polystyrene conical vial.  All algae samples were 

immediately placed on ice and were frozen at -20oC on return to the FWC lab in 

Marathon, then kept on ice until placing them in the -20oC freezer on return to UF.  

Algae samples were later identified from photographs by Gabriel Delgado of FWRI. 

In Vivo Exposures of Strombus alatus to Copper and Zinc 

Sources, Care, and Maintenance of Conchs 

Adult Florida fighting conchs, Strombus alatus, were donated from the conch 

aquaculture program at the Harbor Branch Oceanographic Institution of Florida Atlantic 

University (HBOI), or were collected from Cedar Key, FL, by Ben Olaivar (UF).  In all 

cases, only adult conchs were collected, and all conchs had a flared shell lip, indicative 

of sexual maturity [47].  Fighting conchs were housed in the Aquatic Toxicology 

Laboratory at the University of Florida (ATL).  Prior to introduction of conchs, a system 

of three recirculating artificial seawater holding tanks were designed based on the 

design used at HBOI [27,110], with modifications.  The three approximately 380 L round 

fiberglass tanks were connected to a single sump of approximately 114 L and in-line 
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pump.  Water flowed into the tanks through spray bars located both above the water 

surface and below the undergravel support, and flowed out of the tanks through a 

central drain below the undergravel support, into an external standpipe that determined 

the height of the water column (approximately 44.5 cm).  A layer of approximately 2-5 

cm Caribbean crushed coral aragonite sand (CaribSea, Inc, Fort Pierce, FL) was used 

as substrate and biological filter.  As opposed to the HBOI system, no external fluidized 

sand filter was used. 

Artificial seawater was produced using carbon-filtered, dechlorinated Gainesville 

city water, treated at ATL, mixed initially with Red Sea Salt (Red Sea USA, Houston, 

TX), and later with ProLine Super Salt Concentrate (Aquatic EcoSystems, Inc., Apopka, 

FL) and fine solar salt (Morton Salt, Chicago, IL), according to manufacturers’ 

recommendations, to produce salinity of ca. 33.5‰.  Air was constantly bubbled into 

each tank using an airstone.  To encourage biological filtration, the system was initially 

inoculated with FritzZyme TurboStart 900 nitrifying bacteria and dosed with 

approximately 1 g NH4
+ and 50 mg NO2

- as an aqueous solution of NH4Cl and NaNO2.  

Total ammonia nitrogen (NH3-N) and nitrite nitrogen (NO2-N) were monitored using 

Instant Ocean test kits, and conchs were added to the tank only after no ammonia or 

nitrite nitrogen were detectable.  Salinity, pH, temperature, dissolved oxygen, nitrite and 

ammonia were monitored regularly when conchs were present in the holding tanks.  

Water was amended with fresh water to adjust salinity as necessary, the surface was 

regularly skimmed, the substrate regularly cleaned using a net or siphon, and when 

significant algae built up on the sides of the tank, the system was cleaned thoroughly, 

and water was replaced. 
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The initial diet used for holding and as control for exposures from 7 January 2009 

until 17 September 2010 was a gelatin-based diet developed and used at HBOI.  This 

consisted of koi pellet food (Mazuri, PMI Nutrition International, St. Paul, MN), sea 

lettuce (Ulva sp.), and seawater, bound with gelatin [27].  During the holding period, 

conchs were fed to satiation every 2-3 days, and uneaten food was removed the 

following day by net or siphon to prevent a rise in ammonia, bacterial growth, or other 

water quality issues. 

Preliminary In Vivo Exposures 

Two preliminary exposure experiments with Florida fighting conchs, Strombus 

alatus, were used to determine the exposure regime for an in vivo time-course feeding 

experiment with Cu and Zn.  All tissues from these studies were collected and stored as 

indicated for S. gigas field collections.  First, a 7-day experiment was conducted in 

which three female conchs were fed the control HBOI diet, and three female conchs 

were fed a diet supplemented with Zn as ZnCl2 at the intermediate nominal 

concentration of 200 ng/mg, using smaller, approximately 75 L, exposure tanks.  The 

exposure tanks each had an individual electric pump, sand substrate/biofilter, 

undergravel filter, and sponge filter.  The sand in each tank was inoculated with sand 

from the holding tank prior to introduction of conchs, in order to promote biofilter activity.  

Tissues collected from this experiment were eventually used to test the efficacy of 

hybridizing labeled Strombus alatus cRNA to the Strombus gigas oligonucleotide 

microarray. 

Second, a 60-day In vivo oral dose-response study was conducted, in which four 

male and four female conchs per group were fed either control HBOI diet, or diets 

supplemented with Zn, as ZnCl2, at nominal concentrations of 20, 200, or 2000 ng 
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Zn/mg food or Cu, as CuCl2•2H2O, at nominal concentrations of 2, 20, or 200 ng Cu/mg 

food.  Zn levels in the control HBOI diet were determined to be too high for this study, 

measuring 87.95 ng Zn/mg, and were apparently quite variable, as a sample of the 

medium-dose Cu treatment food, which was not supplemented with Zn, measured 

305.71 ng Zn/mg by ICP-MS.  Further, following the study, conchs had uniformly high 

concentrations of Zn in the digestive gland, averaging 4268.75 ng Zn/mg for controls 

and 3991.65 ng Zn/mg in the high-dose Zn group.  Note that no baseline measurement 

was made prior to the beginning of this study, and therefore it was impossible to know 

whether this full burden was accumulated during the experiment.  Also, these values 

may be under-estimated, as the Zn concentrations in digested samples were sometimes 

>100 ppb, which may exceed the linear range of the ICP-MS.  Ultimately, the data from 

this experiment could not be interpreted with respect to Zn effects on reproductive 

development, and an alternative diet was required. 

Production of an Alternative Diet 

A second control diet was designed based on the metal exposure experiment with 

Helix aspersa that was reported by Laskowski and Hopkin [67], with modifications.  This 

diet contained (by dry weight) 28.4% dried, chopped spinach, 28.4% bran, 14.2% dried, 

ground carrot, 14.2% skim milk powder, 14.2% gelatin, and 0.01% CaCO3.  The food 

was mixed in milli-Q water, to an approximate dry/wet ratio of 26.0%.  The major 

modifications were addition of spinach to the recipe, and intentionally using less water 

to achieve a higher dry/wet weight ratio.  Zn and Cu concentrations in this food were 

lower than the HBOI diet.  An initial test batch measured 53.76 ng Zn/mg food and 4.06 

ng Cu/mg food, and a batch of experimental control food used for the subsequent 50-



 

49 

day time-course study measured 36.50 ng Zn/mg food and 4.77 ng Cu/mg food. This 

diet was used for further maintenance and experimental feeding of conchs. 

50-Day In Vivo Time-Course Exposure of Fighting Conchs to High Oral Doses of 
Copper and Zinc 

Fighting conchs used for the 50-day in vivo study were collected by dredging from 

Cedar Key, FL, by Ben Olaivar in the UF Department of Biology, and arrived to ATL on 

12 July (7 conchs), 9 September (12 conchs), and 27 September 2010 (45 conchs).  

Conchs were not numbered until the arrival of the third group.  Therefore, the conchs 

from 12 July and 9 September had been combined prior to numbering.  The seven 

conchs from 12 July were fed with the HBOI diet for approximately two months, and 

could not be faithfully separated from the 12 conchs from 9 September.  This will be 

discussed in the context of metal accumulation.  A baseline sample was processed on 8 

October 2010 (-96 d relative to the start of the exposure experiment), consisting of 3 

female conchs, which were euthanized and tissues were collected for histological and 

ICP-MS analysis.  Histological analysis indicated that the gonads two of these conchs 

were Regenerating (see Table 2-1), meaning that they had likely ceased reproductive 

activity for the season, while the third was not analyzed due to a lack of gonad tissue in 

the histological section.  Therefore, in an effort to encourage complete regression, the 

ambient temperature was adjusted to give a tank water concentration in holding tanks of 

approximately 17oC to approximate winter water temperatures at Cedar Key and held at 

that temperature from 25 October to 11 October 2010 to allow complete regression of 

gonads.  The temperature was then increased incrementally until 11 January 2011 to 

reach an approximate water temperature of 25 oC, similar to mid-spring water 

temperatures at Cedar Key that would encourage reproductive development.  Water 
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temperatures were chosen based on NOAA Coastal Water Temperature Guide data for 

Cedar Key, FL [111].  The strategy was chosen based on a report that conchs at HBOI 

resumed reproduction in late winter with an artificial increase in tank water temperature 

[27].  This is discussed further in Chapter 6.  Conchs were moved to experimental tanks 

on 10 January 2011. 

For the 50-day time-course in vivo feeding study, Florida fighting conchs, S. 

alatus, were housed in 75 L exposure tanks, outfitted as previously described, but with 

an additional airstone in each tank.  Beginning on 12 January 2011, conchs were fed an 

average of 4.83 g (wet) food/tank*day, all of which was consumed on all but eight days 

of the study (days 1, 2, 4, 5, 6, 29, 34, and 35).  Nominal food concentrations were:  

control (0 ng/mg added Zn or Cu), Cu-200 (200 ng added Cu/mg food, as CuCl2•2H2O), 

and Zn-2000 (2000 ng added Zn/mg food, as ZnCl2).  Each exposure and control tank 

contained 4 female and 2 male fighting conchs, except for the 14 d Cu-treated group, 

which contained 3 female and 3 male fighting conchs.  The males were present to 

encourage reproductive development and activity, but were not included in the analyses 

of metal accumulation or gonad histology, due to low sample size.  Sampling days were 

0 d (control group used as 0 d time point for control as well as treatments), 7 d, 14 d, 

and 50 d.  Sampling was conducted prior to feeding or cleaning on sampling days, and 

so ca. 24 hours passed between feeding and sampling at each time point.  Conchs 

were euthanized and tissues to be used for gene expression assays, ICP-MS, and 

histology were collected and maintained according to the methods described for the 

queen conch field studies, with one exception:  from 14 d and 50 d conchs, the medial 

ca. 1 cm of the complete digestive gland/gonad mass was removed, two thin transverse 
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sections were cut and fixed for histological analysis, and the remainder was used to 

obtain samples of digestive gland and gonad for ICP-MS and RNA extraction, to 

improve confidence in obtaining the correct tissues. 

Note that S. alatus gonad is a much smaller tissue than S. gigas gonad, and some 

histological samples prior to the 14 d time point contained parts of visceral mass other 

than gonad.  Therefore, if gonad was not present in the histological section, the sample 

was not included in further analyses of the gonad.  Additionally, if the ICP-MS analysis 

indicated unusual characteristics, such as a lower concentration of Zn than Cu in the 

“gonad” sample, which was never observed for a gonad sample confirmed 

histologically, it was removed from further analysis.  No such problems were 

encountered for sampling of digestive gland, which is a large and easily identifiable 

tissue. 

During the exposure period, prior to feeding or cleaning, salinity, temperature, and 

dissolved oxygen were measured in each tank daily, and pH was measured in each 

tank on 38 of 51 study days (including day 0).  Sediment was cleaned daily, using a net 

to remove residual food, feces, and detritus, after which conchs were fed.  A thorough 

cleaning was first performed on day 9, after water appeared cloudy in one tank, 

indicating possible bacterial growth, and ammonia-nitrogen in that tank measured 0.2 

ppm on day 7, using an Instant Ocean test kit.  Thereafter, all tanks were cleaned 

thoroughly 12 times during the study (once every 4.17 days, on average for the entire 

duration of the study):  all tank surfaces were scrubbed, sediment was cleaned by 

siphon, and approximately 75% of the tank water volume was replaced.  Water samples 

from each tank were collected in 50 mL polypropylene vials and frozen on an 
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approximately weekly basis, and were later used to measure ammonia nitrogen and 

nitrite nitrogen, using LaMotte test kits 3315 and 3352, respectively.  The samples that 

were tested were collected on days 0, 7, 14, 21, 28, 38, 43, and 49, and were collected 

0, 7, 1, 4, 0, 1, 0, and 0 days, respectively, after a partial water change and cleaning.  

Nitrite (ppm NO2
-) was calculated according to the manufacturer’s instructions, and 

unionized ammonia (ppm NH3) was calculated according to the US EPA report number 

EPA-600/3-79-091 [112].  Freezing of samples for later ammonia analysis has been 

previously validated [113,114], and has been used in at least one recent large-scale 

nutrient study [115].  However, it should be noted that measurements of frozen samples 

could be variable, and that glass containers appear to give more consistent results than 

plastic. 

Source of Montastraea faveolata Tissue Samples 

All Montastraea faveolata samples were obtained under Florida Keys National 

Marine Sanctuary Research Permit no. FKNMS-2009-095 from experiments performed 

jointly at the United States Environmental Protection Agency (USEPA) Gulf Ecology 

Division and the University of Florida.  Tissue from M. faveolata colonies cultured and 

used in laboratory experiments was snap-frozen in liquid nitrogen and stored at -80oC 

until being processed. 

Histological Analysis 

For the queen conch field collections, gonadal histology was analyzed and scored 

by Nancy Brown-Peterson, University of Southern Mississippi.  For the fighting conch in 

vivo exposure studies, formalin-fixed tissue samples were sent to Histology Tech 

Services, Inc., Gainesville, FL, where they were embedded in paraffin, mounted, and 

stained with haematoxylin and eosin.  I analyzed histological sections of ovary and 
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scored them based on the apparent stage of development (scores discussed below), as 

well as the percentage of gametogenic tissue in the section (0-25% = 1, 25-50% = 2, 

50-75% = 3, 75-100% = 4) and presence or absence of atresia.   

The histology of the queen conch reproductive cycle has been described in detail 

by Avila-Poveda and Baquiero-Cardenas [38] and Egan [36], using slightly different 

terminology.  The influence of the nearshore environment of the Florida Keys on gonad 

histology was described by Glazer and Quintero [8], Delgado et al. [3], and Spade et al. 

[105].  Delgado et al. [3] and Spade et al. (Chapter 4) [105] use a terminology system 

based on Egan [36], but with additional stages to describe the processes of 

development and regression in greater detail.  Because of the variation in terminology, 

Table 2-1 presents a comparison of terms used in the various studies.  The terminology 

used in Spade et al. [105] is maintained here for Chapter 4.  However, Chapters 5 and 6 

use a simpler terminology adapted from the standardized terminology for fish gonadal 

staging proposed by Brown-Peterson et al. [116].  This seems to be the best 

terminology, and applies to the progression of conch gonads, despite having been 

developed for fish.  This nomenclature system includes stages for Developing, 

Spawning Capable (“mature” or “ripe” in many studies), and Regressing animals, as 

well as Regenerating animals, which have concluded reproduction for the season.  It 

does not, however, attempt to use multiple terms to describe the progressing stages of 

development, as these are difficult to differentiate.  In fact, Egan [36] asserts that 

“beginning” and “developing” conchs could often be misclassified. 
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Preparation and Purification of RNA from Tissue Samples 

Reagents and Solutions for RNA Extraction 

RNA STAT-60 reagent was obtained from Tel-Test, Friendswood, TX, USA.  

Cesium chloride, diethyl pyrocarbonate, chloroform, isopropanol, Tris-HCl, sodium 

acetate, glacial acetic acid, and SDS were obtained from Fisher Scientific, Pittsburgh, 

PA, USA.  0.5 M EDTA, pH 8.0, was obtained from Applied Biosystems/Ambion, Austin, 

TX, USA.  Molecular biology grade ethanol was obtained from Sigma-Aldrich, St. Louis, 

MO, USA.  Ultrapure nuclease-free water (Gibco) was obtained from Invitrogen, 

Carlsbad, CA, USA.  5.7 M CsCl; 3 M sodium acetate, pH 5.2; and TES (10 mM tris-

HCl/5 mM EDTA/1% w/v SDS) solutions were prepared according to the method of 

Kingston et al. [117]. 

RNA Preparation Method A:  Preparation of RNA Samples Using 
Guanidinium/Phenol/Chloroform Extraction and Isopropanol Precipitation 

Frozen tissue samples were handled in liquid nitrogen and immediately 

homogenized upon introduction to 750 μL RNA STAT-60, using an IKA T10 Basic S1 

handheld tissue homogenizer (IKA Works, Wilmington, NC, USA), except in the case of 

Montastraea faveolata samples, which were ground under liquid nitrogen using a 

Dremel tool with a grinding bit or by hand with a mortar and pestle and mixed in RNA 

STAT-60 with a vortex mixer.  Samples were incubated at room temperature for 5 min, 

after which 150 μL of chloroform was added, and samples were mixed vigorously with a 

Vortex mixer and incubated for an additional 2 min at room temperature.  Samples were 

then centrifuged for 15 min at 4oC and 20,817g (14,000 rpm) in an Eppendorf 5417R 

microcentrifuge.  The aqueous layer was removed by pipette to another tube, and 

extracted a second time with 750 μL RNA STAT-60 and 150 μL chloroform, and 
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centrifuged as before.  The aqueous layer from the second extraction was removed to 

another tube, and RNA was precipitated in one volume of isopropanol (approx. 600-750 

μL) for 20 min on ice.  RNA was pelleted in the microcentrifuge by centrifuging for 20 

min at 4oC and 20,817g (14,000 rpm).  The resulting RNA pellet was washed twice in 

75% ethanol, dried for 5 min at room temperature, and reconstituted in ultrapure 

nuclease-free water or RNAsecure Resuspension Solution (Ambion/Applied 

Biosystems) (Figure 2-2, method A).  This method will hereafter be referred to as 

“Method A.” 

RNA Preparation Method B:  Preparation of RNA Samples Using a CsCl Gradient 
Centrifugation Step 

Frozen tissue samples were handled under liquid nitrogen, homogenized in RNA 

STAT-60, and extracted twice using RNA STAT-60 and chloroform as described for 

Method A, above.  After the second extraction, exactly 600 μL was removed from the 

top of the aqueous layer by pipette and was subsequently layered over 1.4 mL 5.7 M 

CsCl solution in a 2.0 mL polyallomer bell-top Quick-Seal ultracentrifuge tube 

(Beckman-Coulter, Brea, CA, USA), using a 3 mL syringe and 19 ga needle.  Sample 

tubes were sealed and centrifuged at 228,000g (80,000 rpm) for 3 hours at 23oC in a 

Beckman-Coulter Optima-TLX benchtop ultracentrifuge, using the TLA-120.2 rotor. 

Following centrifugation, the sample was resuspended in 360 μL TES buffer, 

precipitated in 2.5 volumes (1 mL) molecular biology grade ethanol and 40 μL 3 M 

sodium acetate, pH 5.2, overnight at -80oC.  The RNA was pelleted in the 

microcentrifuge by spinning for 20 min at 20,817g (14,000 rpm) and 4oC.  The pellet 

was dried at room temperature for 5 min, reconstituted in 360 μL ultrapure nuclease-

free water, a second precipitation was performed for 30 min at -80 oC, and RNA was 
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pelleted as before.  The pellet was finally dried for 10 min at room temperature and 

reconstituted in 30 μL nuclease-free water (Figure 2-2, method B).  This method will 

hereafter be referred to as “Method B.” 

Further Processing and Purification of RNA 

In the case of Strombus gigas digestive gland RNA used for microarrays and all 

Strombus gigas and Strombus alatus samples used for real-time RT-PCR, RNA was 

purified using the Qiagen RNeasy Mini Kit, following the manufacturer’s protocol for 

“RNA cleanup.”  For S. gigas testis samples used for microarrays and for all RNA 

samples used for real-time RT-PCR, an aliquot of each RNA sample was DNase treated 

using Ambion’s TURBO DNA-free kit, according to the manufacturer’s protocol.  Column 

cleanup was performed prior to DNase treatment for testis, ovary and digestive gland 

RNA from 2007 field samples used for QPCR.  Later, this process was reversed for the 

2009 field samples and samples from the in vivo study, in order to ensure that no 

DNase was carried over from DNase treatment; samples performed well in real-time 

RT-PCR regardless of the order of these processes. 

RNA Quantification and Quality Analysis 

All RNA samples were quantified using the NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), based on the A260 

measurement. Also, the spectrophotometric ratios A260/A280 and A260/A230 were 

measured on the NanoDrop ND-1000 to determine the purity of the RNA sample.  A 

quality check was performed using the Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA, USA) for all samples used to compare RNA preparation methods, and 

for all samples used in microarray analysis; only samples that appeared to be high-

purity and intact (un-degraded) were used for microarray analysis.  For RNA samples 
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used only for real-time RT-PCR, a random sampling of at least 8 RNA samples per 

experiment was assessed using the Agilent 2100 Bioanalyzer, and in all cases these 

samples showed high integrity, with the possible exception of the NS ovary samples 

from February 2007; this is discussed further in Chapter 5.  When applicable, intactness 

of RNA was assessed by the RNA Integrity Number (RIN) calculated by the Agilent 

2100 software.  RIN is a measure of RNA integrity ranging from a low value of 1 

(degraded) to a high of 10 (intact), based on a Bayesian model that incorporates 

characteristics of multiple features of mammalian total RNA electropherograms: 18S 

and 28S rRNA peaks, the small RNA area, the RNA marker peak, and regions in 

between [118].  Because total RNA electropherograms differ significantly between 

invertebrates and mammals, this calculation could not always be made.  In particular, I 

have observed that undegraded conch total RNA samples show no 28S rRNA band; 

therefore, no RIN can be calculated to quantify RNA integrity for these samples.  This is 

likely due to the “hidden break” in invertebrate 28S rRNA that has been described by 

Ishikawa [119] and that is present in gastropods including Haliotis rufescens [120].  For 

some Montastraea faveolata samples, RIN calculation was precluded apparently by the 

high ratio of 18S rRNA:28S rRNA, which is sometimes greater than 4.0.  Despite the 

impossibility of calculating RIN in some cases, only high-quality samples that appeared 

un-degraded in Bioanalyzer profiles were used for further analysis. 

Microarray Experimental Processing 

Testis (n = 4 NS and 4 OS, one of each group later removed due to outlying 

probes), ovary (N = 3 NS and 4 OS), and female digestive gland (n = 3 + 1 technical 

replicate NS and 4 OS) microarray experiments were performed using Strombus gigas 

RNA from conchs collected during the 2007 field collections.  An additional 2 S. gigas 
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mantle samples, 2 S. alatus mantle samples, and 6 S. alatus ovary samples were 

labeled and hybridized along with the S. gigas ovary samples as preliminary 

experiments, and are reported in Chapter 3, as well as Appendix G.  1 μg each S. gigas 

and S. alatus RNA sample used for microarray analysis was labeled with Cyanine 3 

fluorescent dye-labeled cytosine triphosphate (Cy3-CTP), following the Agilent protocol 

One-Color Microarray-Based Gene Expression Analysis (publication no. G4140-90040), 

which in the case of the ovary and digestive gland microarrays was modified for half-

volume reactions.  Montastraea faveolata RNA was labeled with Cy3 in two 

experiments.  In the first, conducted by Iris Knoebl (UF), four M. faveolata samples were 

labeled with Cy3-CTP, following the Agilent protocol.  A Pimephales promelas (fathead 

minnow, a teleost fish that has been used for numerous microarray projects) sample 

was included as a positive control, and a sample of M. faveolata RNA combined with P. 

promelas RNA was used to detect inhibition of labeling by components in the M. 

faveolata sample.  In a separate experiment, I prepared M. faveolata RNA by Method B; 

this RNA was labeled with Cy3 by Yanping Zhang (ICBR), using the Ambion Amino Allyl 

MessageAmp II aRNA Amplification Kit, per the manufacturer’s protocol.  For all 

samples, RNA quantity and Cy3 concentration were determined using the NanoDrop 

ND-1000 spectrophotometer.  Microarray scanning and feature extraction was 

performed at ICBR using an Agilent G2505 B Microarray Scanner and Agilent Feature 

Extraction Software (v9.5).  All microarray data here reported are MIAME compliant; raw 

and normalized microarray data have been submitted to the GEO database (testis – 

series GSE17379; digestive gland and ovary – super series GSE29758), according to 

MIAME standards [121]. 
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Cloning of Strombus gigas and Strombus alatus Partial Transcripts 

DNase-treated conch RNA samples from tissues of interest (testis, ovary, or 

digestive gland) were pooled and reverse transcribed to produce cDNA, using 

Invitrogen SuperScript II Reverse Transcriptase and random primers, per the 

manufacturer’s protocol.  Primers used for PCR amplification were designed in the 

program Primer3 [122].  In the case of 18S rRNA, primers were designed based on 

alignment of 18S rRNA from the gastropod Bursa rana (NCBI accession # X94269.1) 

and the bivalve Nucula sulcata (NCBI accession AF207642.1) (Table 2-2).  All other 

primers were designed from the 454 GS-FLX-derived S. gigas cDNA library sequences 

[105].  Strombus alatus putative vitellogenin (VTG) was amplified using primers 

designed for the homologous Strombus gigas sequence.  Sequences of interest were 

amplified in a PCR reaction with Invitrogen Taq polymerase, according to the 

manufacturer’s protocol.  PCR products were cloned in the pGEM-T Easy vector 

(Sigma-Aldrich, St. Louis, MO, USA) and Invitrogen One-shot Top10 chemically 

competent E. coli cells or One-shot Mach1 T1 phage-resistant chemically competent E. 

coli cells, per the manufacturer’s protocols.  Three transcripts, EIF5A, RPL32, and VTG, 

were cloned with Ali Agha, an undergraduate whom I oversaw.  All clone sequences 

were confirmed by Sanger sequencing at ICBR, and sequences (Sanger sequence for 

18S clone, 454 sequences for all others) were submitted to NCBI (accessions: Table 2-

2). 

Real-Time RT-PCR 

Real-time RT-PCR assays were performed on RNA samples from conchs used for 

microarray analysis, in order to validate parallel-forms reliability between the microarray 

and real-time RT-PCR.  All primers used for real-time RT-PCR were identical to primers 
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used for cloning (Table 2-2), with the exception of the 18S rRNA real-time RT-PCR 

assay.  The 638 bp clone of 18S rRNA was used to design a second set of primers that 

was more optimal for real-time RT-PCR.  Plasmids containing each cloned sequence 

were used to create a standard curve consisting of eight points in a serial dilution from 

1x102 through 1x109 copies/reaction.  Real-time RT-PCR was performed as a two step 

process.  In step one, DNAse-treated RNA was reverse transcribed using Invitrogen’s 

SuperScript II reverse transcriptase and random primers, per the manufacturer’s 

protocol.  In step two, real-time PCR reactions were run using SYBR Green Supermix 

(Bio-Rad, Hercules, CA, USA), per the manufacturer’s protocol, on the Bio-Rad iCycler 

real-time PCR thermal cycler.  All reactions were run using a two-step protocol with an 

initial denaturation at 95oC for 3.5 min, followed by 40 cycles of denaturation at 95oC for 

10 s and annealing and extension at 58oC for 1 min, during which real-time 

quantification was enabled.  Following the reactions, a dissociation curve was run 

beginning at 55oC and increasing to 95oC at 0.5oC intervals every 10 s.  Standards and 

experimental samples were run at least in duplicate, along with two negative controls for 

each gene:  a “no reverse transcriptase (-RT)” control, in which DNAse-treated RNA 

samples were pooled and water was used in place of reverse transcriptase during the 

reverse transcription reaction, and a “no template control (NTC),” in which water was 

used in place of template cDNA during the real-time PCR reaction.  The specific 

parameters of reactions for different studies are given below. 

In testis, real-time RT-PCR assays were performed for 18S rRNA, Ctr1c, GST, 

Stard7, and TepII (Chapter 4).  18S rRNA was run on samples collected in February 

and June, 2007, and March, 2009 for the 18S validation experiment described below.  
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All target genes (all other than 18S) were quantified only in samples collected in 

February, 2007.  2 μg DNase-treated total RNA isolated from each testis sample was 

concentrated in a SpeedVac to achieve the necessary concentration, without drying, 

reverse transcribed, and the real-time PCR reaction was run with cDNA equivalent to 

100 ng total RNA for all target genes, while the equivalent of 100 pg RNA was run for 

18S rRNA, in order to keep values within the range of the standard curve.  A pool 

totaling 2 μg RNA from 17 different testis samples was used to produce the –RT control.  

18S rRNA expression was consistent across samples, and so was used as the internal 

reference gene for target genes. 

In the digestive gland and ovary of conchs collected in February, 2007, real-time 

RT-PCR assays were performed for 18S rRNA, EIF5A, RPL32, and VTG (Chapter 5).  2 

μg DNase-treated total RNA isolated from each sample was concentrated in a 

SpeedVac to achieve the necessary concentration, without drying, and reverse 

transcribed, with the exception of two NS ovary samples that yielded less than 2 μg 

RNA.  These two samples were reverse transcribed with 1.4 and 1.8 μg cDNA and 

diluted to the same concentration (20 ng/μL) as other samples prior to the real-time 

PCR step.  A pool of a total of 2 μg RNA from 7 ovary and 8 digestive gland samples 

was used to create a common –RT sample. The reverse transcription protocol was 

modified to a 24 μL total volume by multiplying all components by 1.2.  The real-time 

PCR step was run with cDNA equivalent to 100 ng total RNA for EIF5A and VTG, 10 ng 

total RNA for RPL32, and 1 ng total RNA for 18S rRNA.  In the cases of digestive gland 

and ovary, 18S rRNA was very different between OS and NS groups, and so was 
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considered an inappropriate reference gene for this sample set and those run afterward.  

Data were normalized to ng total RNA; this is discussed further in Chapter 5. 

For March 2009 S. gigas ovary and digestive gland, real-time RT-PCR was 

performed for VTG (Chapter 6).  600 ng of DNase-treated RNA was reverse transcribed 

and cDNA equivalent to 100 ng total RNA used for each sample in the real-time PCR 

step in all samples except for one ovary sample with low yield, for which 100 ng DNase-

treated RNA was reverse transcribed and cDNA equivalent to 10 ng total RNA was 

used in the real-time PCR step.  All values were expressed as copy number/ng total 

RNA.  A pool totaling 600 ng RNA from 2 ovary and 3 digestive gland samples was 

used to produce the –RT control.  In order to determine whether the use of different 

RNA and cDNA amounts would affect the quantification of the mRNA, several samples 

were replicated at both concentrations described above.  For the two ovary samples 

that were replicated, there was very little difference.  Mean ± SEM of log10 (copy 

number/ng RNA) for 2 technical replicates at each concentration gave values of 6.03 ± 

0.01 and 6.78 ± 0.14 for one ovary sample and 3.61 ± 0.04 and 3.60 ± 0.04 for a 

second ovary sample, which supports the accuracy of these data.  However, digestive 

gland samples were markedly different, only amplifying in the dilute replicates, which 

indicates that multiple dilutions might not give the same values for very low-expression 

genes.  Note that digestive gland values were not reported in Chapter 6 due to the high 

frequency of samples that did not amplify; however, 4 of the 5 samples used for the –RT 

pool amplified, indicating that it was an appropriate control. 

For S. alatus ovary and digestive gland samples from the 50-day in vivo feeding 

study, real-time RT-PCR was run for VTG.  For ovary, 0.15 to 1.75 μg DNase-treated 
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total RNA was reverse transcribed in a modified reaction in which an extra 1 μL RNA 

was used in lieu of the optional RNaseOUT enzyme, due to low RNA yield for many 

samples.  A pool totaling 1.14 μg RNA from 10 different ovary samples was used to 

produce the –RT control.  All but two real-time PCR reactions were run with cDNA 

equivalent to 100 ng total RNA; the remaining two (159-24, from the 14-day Cu 

treatment, and 159-06, from the 50-day Zn treatment) were run with cDNA equivalent to 

10 ng total RNA due to low RNA yield.  See the above validation results from S. gigas 

ovary for justification.  For all S. alatus digestive gland samples, 1 μg RNA was reverse 

transcribed exactly according to the manufacturer’s protocol and real-time PCR was run 

with cDNA equivalent to 100 ng total RNA.  A pool totaling 1 μg RNA from 7 different 

digestive gland samples was used to produce the –RT control. 

18S Real-Time RT-PCR to Validate Performance of RNA Samples Prepared by 
Method B 

To assess performance in real-time RT-PCR of RNA prepared by Method B in a 

real-time RT-PCR assay, with column cleanup and DNase treatment, the following 

assay was performed, based on the Strombus gigas 18S rRNA assay described by 

Spade et al. [105,108].  Two queen conch testis RNA samples were chosen at random, 

in addition to a -RT control.  Briefly, 2 μg RNA was reverse transcribed in a 20 μL 

reaction with Invitrogen SuperScript II reverse transcriptase, per the manufacturer’s 

protocol.  The resultant cDNA samples were diluted to a concentration equivalent to 20 

ng starting RNA/μL.  Five 1:10 dilutions were performed in series to give cDNA 

concentrations of 2 ng/μL, 200 pg/μL, 20 pg/μL, 2 pg/μL, and 0.2 pg/μL.  Each diluted 

sample was run in an RT-PCR assay using 12.5 μL Bio-Rad iQ SYBR Green supermix, 

forward and reverse primer at a final concentration of 300 nM, and 5 μL sample in a 25 
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μL reaction.  This produced final per-reaction cDNA amounts equivalent to 10 ng, 1 ng, 

100 pg, 10 pg, and 1 pg RNA, respectively, for each sample.  These samples were run 

against a seven-point standard curve consisting of plasmid containing queen conch 

partial 18S rRNA (NCBI accession no. GU198749) in a series of dilutions ranging from 

1x109 copies through 1x103 copies per reaction.  Finally, a NTC sample was run.  All 

samples, standards, and controls were run in duplicate, and the mean values are 

reported. 

Validation of 18S rRNA as an Internal Reference Gene for Real-Time RT-PCR in 
Testis Samples 

 The use of 18S rRNA as a reference gene for RT-PCR was validated by 

measuring 18s rRNA by the method described above for 23 conch testis samples, 

collected in February, 2007, June, 2007, and March, 2009.  Initial quantity for each 

sample was calculated as 18S rRNA copy number/ng total RNA.  Data were analyzed in 

JMP v8 using a two-way ANOVA on the factors “collection (date)” and “location (OS vs. 

NS).” 

Collection of Samples for Conch Shell Metal Testing 

Validation Study 

In order to determine whether shell samples could be sampled using a dental drill 

without causing Cu and Zn contamination, a preliminary sampling study was conducted 

using shell-like material primarily composed of calcium carbonate at varying densities.  

Four technical replicate samples each of chalk, limestone, and marble were collected 

using three different dental burs composed of different materials:  carbide, diamond, or 

titanium nitride-coated carbide, versus a control crude sample collected by breaking 
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sample material without use of a drill/bur.  The bur was acid-rinsed in a 2% (v/v) solution 

of Optima grade HNO3 (Fisher) between sample collections. 

Historical Shell Metal Study 

Shells of 41 conchs of the species Strombus gigas, Strombus alatus, and 

Strombus costatus were obtained from the Florida Museum of Natural History at UF 

(FLMNH).  These samples were all from Monroe County, FL (i.e. the Florida Keys and 

surrounding areas), and ranged in date of live collection from 1936 to 1989.  Shell 

material was sampled from these shells at an identical location just anterior of the 

suture on the body whorl (outermost shell whorl).  In one case, the sample was a whole 

juvenile shell, and so the entire shell was collected and processed.  For larger shells, 

the exterior of the sampling site was first superficially ground off with the titanium nitride 

dental bur.  One S. costatus shell (coded 123708) was sampled repeatedly, four times 

with a new (previously unused) titanium nitride bur, and four times with an old 

(previously used for the validation study) titanium nitride bur, to determine whether the 

old bur contaminated the sample.  In all cases, the bur was acid-rinsed in a 2% (v/v) 

solution of Optima grade HNO3 (Fisher Scientific) between sample collections.  The 

powdered shell samples were kept in a 1.5 mL microcentrifuge tube until being weighed 

and digested for ICP-MS analysis. 

Metal Analysis by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

ICP-MS was used to determine levels of 58Ni, 65Cu, 66Zn, 88Sr, 107Ag, 111Cd, 118Sn, 

202Hg, and 238U in blood, digestive gland, foot, neural ganglia, and testis of male and 

female queen conchs collected in February and June, 2007, and March, 2009, field 

collections, and 65Cu and 66Zn in shell samples and male and female queen conch 

digestive gland and gonad of fighting conchs from the feeding studies, and for 65Cu, 
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66Zn, 111Cd, and 208Pb levels in algae collected in 2009 and food used in fighting conch 

feeding studies.  For 2007 field samples, ICP-MS sample digestion and data collection 

was carried out by April Feswick (UF), and I performed data analysis.  For subsequent 

analyses, I performed digestion, data collection, and data analysis.  Tissue samples 

were weighed and digested to completion in 0.5 - 1.0 mL HNO3 (Optima, Fisher 

Scientific) at 140º C.  A second HNO3 digestion was performed if necessary.  The final 

digestion step was in 0.5 – 1.0 mL 30% ultrapure H2O2 at 110ºC.  Samples were dried 

to near completion (approximately 100 μL) and diluted with milli-Q water to a volume of 

5 mL and a final concentration of 2% HNO3, and finally passed through a 0.22 μm nylon 

syringe filter.  The reconstituted samples were analyzed for total metal content using an 

XSeries 2 ICP-MS (Thermo Electron Corporation, Winsford, Cheshire, UK) with 115In as 

an internal standard.  Samples were quantified against analyte-specific standards with  

concentrations of 1, 5, 10, 50, 100, 500, and 1000 ppb each analyte.  The lower limit of 

detection for this assay was set at 0.5 ppb analyte in the digested sample.  Some Cu 

and Zn concentrations in blood, gonad, or digestive gland samples were >1000 ppb, 

particularly Zn in digestive gland.  Therefore, in a separate experiment, additional 

standards with concentrations of 5000, 10,000, and 50,000 ppb 66Zn and 65Cu were 

quantified to confirm that the instrument is linear through this range and to account for 

digested samples with high concentrations of 66Zn and 65Cu.  This range covered all 

samples reported in tables or figures except for three digestive gland samples from the 

feeding study with Zn concentrations up to 61,320 ppb, thus confirming that the 

instrument was linear through the range of concentrations corresponding to all or 

virtually all of the samples quantified for all studies reported. 
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Determination of Blood Total Protein 

Total protein in blood samples used for metal measurement was determined using 

the Thermo Scientific Coomassie Plus Assay Kit, based on the method of Bradford 

[123].  All samples were run in triplicate and read on a 96-well plate reader.  Blank 

absorbance was subtracted from measured values and samples were quantified against 

the quadratic fit of a seven-point standard curve consisting of 0.05, 0.1, 0.2, 0.4, 0.6, 

0.8, and 1.0 mg/mL protein.  2007 male conch blood ICP-MS concentrations were 

determined as ng analyte/mg total blood weight, and were reported as such in Spade et 

al. [105].  Therefore, those values were not changed in Chapter 4.  Subsequent blood 

samples from 2007 female conchs and 2009 male and female conchs are reported as 

ng analyte/mg blood total protein. 

Statistical Analyses 

RNA quality and labeling data and raw microarray data were analyzed in JMP-

Genomics.  Spectrophotometric ratio and RIN data for RNA samples that were prepared 

by two different methods (Chapter 3) were compared using paired t-tests.  Means for 

strombid RNA Cy3 labeling data were compared using one-way ANOVA, followed by 

Tukey-Kramer HSD.  Successes and failures in Cy3 labeling were compared using a 

chi-square test.  Gene expression microarray data were analyzed as follows.  For the 

testis microarray, non-uniform spots were flagged and removed from the dataset; rows 

not containing at least two data points for both groups (OS and NS) were deleted.  Array 

data were median-centered prior to performing one-way ANOVA on the factor location 

(OS/NS) to identify differentially regulated transcripts (p<0.01 or p<0.05 for further 

analyses, FDR=5%).  For the digestive gland and ovary microarrays, data were Loess-

normalized (smoothing parameter = 0.2, one iteration) and analyzed using one-way 
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ANOVA on the factor location (OS/NS), at which point control probes were evaluated.  A 

second analysis was then performed to emphasize only annotated data:  for any 

plus/minus sequence probe pair, the probe with the lesser signal was removed from the 

dataset; any probes designed from multiple contigs annotated with the same Gene Title 

were combined by taking the mean of raw signal values.  Condensed signal values 

were then Loess-normalized (smoothing parameter = 0.2, one iteration); ANOVA was 

performed as before.  For all microarray data, hierarchical clustering analysis was 

performed using the program Cluster [124] and visualized in the program Java 

TreeView [125].  Data were median-centered by gene and complete linkage clustering 

was based on centered correlation (standard Pearson correlation). 

For microarray data, further functional analysis was performed:  functional 

enrichment analysis of Gene Ontology terms was performed by Fisher’s exact test using 

the FatiGO tool within the Babelomics suite [126] or directly in JMP-Genomics, using 

the gene set enrichment function (previously called column enrichment).  All terms with 

a nominal p-value of p<0.05 (no post hoc correction) were considered to be enriched.  

Finally, important connections within enriched biological processes in testis were 

illustrated using Pathway Studio 7 (Ariadne Genomics, Rockville, MD, USA), operating 

on the ResNet 7.0 mammalian database, updated with zebrafish, Danio rerio annotation 

(this pathway analysis is not a statistical test, but an additional data analysis step). 

Real-time RT-PCR data were analyzed for differences between OS and NS 

groups using the Kruskall-Wallis non-parametric test calculator available at 

http://elegans.wsmed.edu/~leon/stats/utest.html (Chapter 4) or in JMP (Chapter 5); p-

values are reported.  Because of larger sample size for real-time RT-PCR in Chapter 6, 
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data were checked for normality (Shapiro-Wilk) and constant variance in SigmaPlot, and 

analyzed by ANOVA, followed by Tukey-Kramer HSD if they passed the assumptions.  

If not, they were analyzed by the Kruskall-Wallis test.  Field samples were analyzed on 

the factor OS vs. NS, while in vivo data were analyzed by histological stage, percentage 

of oogenic tissue in histological sections, and by time point within treatment for the time-

course study. 

ICP-MS data were imported into JMP, and in the case of male queen conch data 

(Chapter 4), analyzed for difference of means using two-way ANOVA, with the two 

factors being tissue and location; this analysis was followed by the post hoc Tukey-

Kramer HSD test for multiple comparisons (p<0.05).  For subsequent metal data 

collected from both conch tissues and algal samples in the field, it was hypothesized 

that NS metal values would be larger, and there was no desire to compare 

concentrations across tissues.  Therefore, groupwise comparisons were made using the 

Kruskall-Wallis test or Mann-Whitney test.  Water chemistry data from the 50-day in vivo 

feeding study, was analyzed for differences across treatment using the Kruskall-Wallis 

test.  Morphometric data from the 2007 field-collected female conchs were also checked 

for normality by the Shapiro-Wilk test in JMP, then analyzed for differences in NS 

versus OS conchs using two-tailed Student’s t-tests, assuming unequal variance. 

Non-parametric correlation analysis, Spearman’s ρ, was used to compare gene 

expression, metal concentration, and histological data in Chapter 4, and also to 

ascertain trends in shell metal data over time (Chapter 7), due to low sample size for the 

former dataset and inconstant variance in the latter dataset.  This analysis was 

performed in JMP.  Finally, for digestive gland metal concentrations from the in vivo 
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feeding study, simple linear regression of Cu and Zn concentrations onto time were 

performed in SigmaPlot, after testing for normality of errors and constant variance. 
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Table 2-1.  Histological classification of stages of gonad development in Strombus gigas 
and Strombus alatus 

Stage Brown-
Peterson [116] 

Characteristics Egan [36] Avila-Poveda 
[38] 

Delgado [3] Spade [105] 

0 Immature
†
 signet tissue 

with scattered 
undeveloped 
follicles 

"0" resting - - 

1 Developing PG, CA, EV 
oocytes 

beginning gametogenic early 
development 

early 
developing 

- - - developing - mid 
development 

developing 

- - - - mature late 
development 

- 

2 Spawning 
Capable 

LV oocytes, 
ooducts 
possible 

ripe spawning ripe spawning 
capable 

3 Regressing PG oocytes, 
collapsed 
follicles 

spent post-
spawning 

spent regressing 

- - - - - atresia* atretic* 

4 Regenerating
†
 signet tissue 

with scattered 
undeveloped 
follicles 

- - regressed regenerating 

- - - - - no tissue
#
 no tissue

#
 

Stages from Brown-Peterson et al. were adapted for Chapters 5 and 6, and are described in the 
“Characteristics” column, only for females, which were the subject of Chapters 5 and 6.  References 
describing conch histology are identified by first author.  Spade et al. terminology was maintained for 
Chapter 4.  CA – cortical alveolar, EV – early vitellogenic, LV – late vitellogenic, PG – primary growth.  
†
Immature and Regenerating stages look very similar, but a conch with a flared lip is assumed to be 

sexually mature, and therefore not to fall into the Immature stage.  *Atresia/atretic oocytes are a condition 
that may or may not accompany regression, and so were scored separately for Chapters 5 and 6.  

#
No 

Tissue is an abnormal condition characterized by a total lack of follicles in the histological section. 
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Table 2-2.  Primers used for Strombus gigas partial mRNA and rRNA cloning and real-
time RT-PCR 

Sequence Purpose Direction Primer Sequence (5’ – 3’) Amplicon 
Size (bp) 

Accession 
Number 

18S rRNA Cloning Forward GTTTCCCATCCTACGCTTCC 636 GU198749 

  Reverse AGACAAATCGCTCCACCAAC   

18S rRNA Real-time Forward TCGGTCTTATTTTGCTGGTTT 226 GU198749 

  Reverse ATCGCTAGTTGGCATCGTTT   

Ctr1c Real-time Forward ACAAGGGCGGAAGAAGAAGT 158 JN105870 

  Reverse GGCTTTCAGTACCCAAACGA   

TepII Real-time Forward GTCACGGCTGACTCCTTCTC 151 JN105871 

  Reverse TAAAGAACACGCCGATCTCC   

GST Real-time Forward TATGGCAAGACCAACATGGA 174 JN105873 

  Reverse ATTCGCGTAAAAGCCAAAGA   

Stard7 Real-time Forward GCGCTGTTGCTGAACATAAA 183 JN105872 

  Reverse CTTCTTGCACACCATCTCGTT   

EIF5A Real-time Forward CACGCATAGAGCCCATATCA 138 JN105868 

  Reverse TCACTGGCAAGAAGATGGAA   

RPL32 Real-time Forward TGGGCTTAACCCGAAGGTAT 117 JN105867 

  Reverse GGTCGTGGGAACAACAAATC   

VTG* Real-time Forward GAGGGACAAAACAAGGGACA 213 JN105869 

  Reverse CACGTGGATTACACCGTCTG   

“Accession Number” refers to the accession for the sequence in NCBI.  Transcripts:  Ctr1c, copper 
transporter 1c; TepII, thiolester containing protein II; GSTA1, glutathione S-transferase alpha 1; Stard7, 
StAR-related lipid transfer (START) domain containing 7; EIF5A, eukaryotic translation initiation factor 5A; 
RPL32, ribosomal protein large subunit 32; VTG, vitellogenin.  *VTG Primers also used for Strombus 
alatus VTG cloning and real-time RT-PCR. [Part of table reprinted with permission from Spade DJ et al. 
2010. Queen conch (Strombus gigas) testis regresses during the reproductive season at nearshore sites 
in the Florida Keys (Page 4, Table 2). PLoS-One 5:e12737.] 
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Figure 2-1.  Queen conch sampling sites in the Florida Keys.  NS:  Tingler Island, TI; 
East Sister’s Rock, ESR.  OS:  Eastern Sambo, ES; Pelican Shoal, PS; 
Sombrero Reef, SR; Delta Shoal, DS.  Image credit:  Robert Glazer, FWRI.  
[Reprinted with permission from Spade DJ et al. 2010. Queen conch 
(Strombus gigas) testis regresses during the reproductive season at 
nearshore sites in the Florida Keys (Page 2, Figure 1). PLoS-One 5:e12737.] 
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Figure 2-2.  Typical phenol-chloroform RNA extraction can be followed by precipitation 
(Method A) or an additional CsCl gradient centrifugation step (Method B).  
The dashed lines represent the optional use of CsCl gradient centrifugation or 
column-based methods as additional “cleanup” steps.  [Reprinted with 
permission from Spade DJ et al. 2011. Cesium chloride gradient 
centrifugation improves the quality of total RNA preparations from the 
gastropod Strombus gigas and the coral Montastraea faveolata (Page 45, 
Figure 1). J Exp Mar Biol Ecol 402:43-48.] 
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CHAPTER 3 
CESIUM CHLORIDE GRADIENT CENTRIFUGATION IMPROVES THE QUALITY OF 
TOTAL RNA PREPARATIONS FROM THE GASTROPOD Strombus gigas AND THE 

CORAL Montastraea faveolata1 

Background 

 Obtaining high-quality RNA is essential for a number of downstream applications, 

including real-time RT-PCR and microarray analysis.  However, obtaining RNA from 

marine invertebrates can be very difficult for various reasons.  For instance, Groppe and 

Morse [120] indicate that preparing RNA from the gastropod Haliotis rufescens is 

problematic, because endogenous contaminants cause contamination and degradation 

of RNA samples.  The authors suggest the contaminants might be proteoglycans, which 

can interfere with enzymes that bind RNA.   Indeed, other samples high in 

proteoglycans, such as mammalian cartilage, also present challenges for RNA 

preparation [127].  Cnidarian tissue samples might also pose problems for RNA 

extraction.  Some cnidarian species have been of interest to researchers looking for 

natural inhibitors of reverse transcriptase for antiretroviral applications [128,129]; 

logically, if an RNA sample becomes contaminated with endogenous inhibitors of 

reverse transcriptase during the extraction process, then it will present significant 

difficulty for use in applications requiring reverse transcription. 

 In spite of these issues, microarray studies have been published in the last five 

years involving gastropod species such as Biomphalaria glabrata [130], Strombus gigas 

[105], Haliotis asinina [131], Aplysia kurodai [132], and Lymnaea stagnalis [133].  

                                            
1
 The contents of this chapter, including all tables and figures, have been published, and are reproduced 

with permission from Elsevier.  Only the analyses for which D. Spade was directly responsible are 
reported here.  Reference:  108. Spade DJ, Knoebl I, Denslow ND (2011) Cesium chloride gradient 
centrifugation improves the quality of total RNA preparations from the gastropod Strombus gigas and the 
coral Montastraea faveolata. J Exp Mar Biol Ecol 402: 43-48. 
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Additionally, partial transcriptome sequencing has been successfully completed with the 

corals Acropora palmata and Montastraea faveolata [134].  Clearly, therefore, RNA can 

be successfully extracted from gastropods and cnidarians, and can be labeled for 

microarrays.  All of the aforementioned authors used a phenol/chloroform-based 

extraction kit that utilizes guanidinium as a denaturant, based on the method of 

Chomczynski and Sacchi [135].  However, for Strombus gigas Linnaeus, 1758, and 

Montastraea faveolata, Ellis, 1786, samples, we have found this preparatory procedure 

to be ineffective, and to yield RNA samples prone to failure in downstream applications, 

especially when compared to RNA samples from fish. 

 If co-extraction of endogenous contaminants such as proteoglycans is the major 

reason for the poor quality of an RNA preparation, then a method that isolates RNA 

based on physical, in addition to chemical, properties should produce higher purity 

preparations than chemical extraction alone.  One such physical method of RNA 

isolation is CsCl gradient centrifugation, which separates biomolecules based on 

density, and which has been used successfully in the gastropod Haliotis rufescens 

[120].  A similar cesium trifluoroacetate method was used by Smale and Sasse [127] to 

prepare human cartilage RNA.  Therefore, we hypothesized that CsCl gradient 

centrifugation would improve the quality of our Strombus gigas and Montastraea 

faveolata RNA preparations.  We modified the methods presented in Groppe and Morse 

[120] and Kingston et al. [117] to develop a CsCl-supplemented RNA extraction method.  

This method succeeded in improving A260/A280 and A260/A230 ratios for Strombus gigas 

testis samples, as well as the RNA Integrity Number (RIN) for Montastraea faveolata 

samples, relative to a method that relies solely on chemical extraction.  CsCl 
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centrifugation increased success in RNA labeling with cyanine 3 (Cy3) slightly, but not 

significantly, for S. gigas and M. faveolata, but not Strombus alatus Gmelin, 1791, RNA 

samples.  Finally, Strombus gigas testis RNA prepared using the CsCl centrifugation 

step performed well in a real-time RT-PCR assay. 

Results 

Quality of RNA Prepared by Method A 

Strombus gigas testis RNA samples had very low A260/A280 and A260/A230 ratios, 

averaging 1.57 and 0.36, respectively (Table 3-1).  RIN could not be calculated due to 

the total lack or severe reduction of the 28S rRNA peak (Figure 3-1 A), which was 

previously observed in S. gigas [105], and is likely caused by the “hidden break” in 28S 

rRNA that has also been observed in the gastropod Haliotis rufescens [120], in several 

other molluscs, and generally in protostomes [119].  Montastraea faveolata RNA 

prepared by this method showed fewer signs of contamination than S. gigas, with a 

mean A260/A280 ratio of 2.11 and A260/A230 ratio of 1.93.  For ten of 13 M. faveolata 

samples, RIN could be calculated, and the mean RIN value was 7.63.  For the 

remaining three samples, unexpected signals or signal ratios interfered with RIN 

calculation; for instance, the 28S rRNA:18S rRNA ratio was often as high as 4.0 (Figure 

3-1 B), and these idiosyncratic features likely were identified as “critical anomalies,” 

precluding the calculation of RIN values, which is based on normal signal features in 

mammalian samples [118].  However, the electropherograms show no evidence of 

degradation (e.g. no increased baseline signal between ribosomal bands or below the 

18S rRNA band) in the cases for which RIN could not be calculated.  Therefore, the 

high 18S:28S ratio appears to be normal for intact RNA from this species. 
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Quality of RNA Prepared by Method B 

A260/A280 ratios were near optimal values for all groups, with group means ranging 

from 1.97 to 2.07 (Table 3-1).  Method B followed by additional RNeasy column cleanup 

gave group means of 2.01 for testis and 2.13 for digestive gland in Strombus gigas 

samples.  A260/A230 ratios were similarly adequate, ranging from 1.83 to 2.14 by Method 

B alone, and from 1.98 to 2.26 with Method B followed by RNeasy column cleanup.  

Only seven of 16 Montastraea faveolata preparations gave RIN values – the remainder 

again were confounded by signals or signal ratios considered anomalous by the RIN 

algorithm – but these values averaged 9.03.  For samples that can be directly compared 

between the two methods, M. faveolata samples had slightly lower A260/A280 ratio 

(p<0.0001), but higher RIN (p=0.0015) when prepared by the CsCl-supplemented 

method.  S. gigas testis samples had much higher A260/A280 and A260/A230 ratios 

(p<0.0001) when prepared by the CsCl method.  When S. gigas digestive gland 

samples were subjected to column cleanup using the RNeasy Mini Kit, this increased 

the mean A260/A280 ratio (p<0.0001) from 2.00 to 2.13 but had no effect on A260/A230 

ratio. 

Cy3 Labeling of RNA Samples 

Strombus gigas RNA samples subjected to Cy3 labeling for microarrays failed at 

some rate in all groups.  Success rates (Table 3-2) are based on the number of samples 

that produced 600 ng of cRNA with a minimum specific activity of 6.00 pmol Cy3/μg 

cRNA on the first attempt.  Testis samples prepared by Method A succeeded in 62.5% 

of reactions (five out of eight).  Ovary and digestive gland samples prepared by Method 

B had success rates of 71.4% (five of seven) and 85.7% (six of seven), respectively.  

However, S. alatus ovary samples prepared by Method B succeeded only 66.7% of the 
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time (4 of 6), and S. alatus or S. gigas mantle samples prepared by Method B 

succeeded only 50% of the time (2 of 4).  Given small sample size and tissue and 

species differences, these trends are tentative, and no differences in success rate were 

confirmed statistically.  There was no significant difference in mean Cy3 specific activity 

across groups, despite a trend toward higher activity with Method A.  Mean yield of Cy3-

labeled cRNA was significantly higher, however, for the S. gigas digestive gland 

samples prepared by Method B with column purification than for any other sample 

group. 

 Montastraea faveolata RNA samples prepared by Method A and labeled with 

Cy3 using the Cy3-CTP protocol by Iris Knoebl (Agilent) succeeded 25% of the time (1 

of 4).  In the same experiment, designed by I. Knoebl, a Pimephales promelas sample 

prepared by Method A labeled adequately, while a combination of M. faveolata and P. 

promelas RNA prepared by method A failed to label [108].  M. faveolata RNA samples 

prepared by Method B and labeled by Yanping Zhang using the Amino Allyl (Ambion) 

protocol succeeded in 93.8% of reactions (14 of 15), a considerably higher rate than for 

other M. faveolata groups. 

Real-Time RT-PCR for Strombus gigas 18S rRNA 

RNA prepared using Method B followed by RNeasy column cleanup and DNase 

treatment worked very well in a QPCR assay for 18S rRNA (Figure 3-2).  The efficiency 

of the assay was 92.5%2.  18S rRNA copy number calculations were very similar for the 

two randomly chosen testis cDNA samples; log10 copy number (mean ± SEM) was 

                                            
2
 This assay was originally run against an eight-point standard curve.  The efficiency of the curve was 

115.3%, due to unexpectedly early amplification of the 1e2 copy standard, which was likely caused by a 
dilution error, as there was no non-specific signal in any well.  Therefore, that point was removed to 
achieve the 92.5% efficiency reported here. 



 

80 

8.69 ± 0.07 and 8.70 ± 0.09 for the two samples.  -RT controls did not amplify within the 

range of the standards for two of the five dilutions; for the remaining three dilutions, the -

RT control amplified a minimum of 12.64 cycles after the samples.  NTC amplified after 

30.16 cycles, 9.46 cycles after the last sample to amplify, and after all standards had 

amplified. 

Discussion 

RNA Quality was Significantly Improved by CsCl Gradient Centrifugation 

The addition of CsCl centrifugation in the preparation procedure improved 

A260/A280 and A260/A230 ratios for Strombus gigas testis samples (Table 3-1).  

Montastraea faveolata samples prepared by Method B showed a modest but significant 

decrease in A260/A280 ratio.  However, it should be noted that an A260/A280 value of 1.9 to 

2.0 generally indicates high purity RNA [136].  Therefore, a value above 2.0, as seen 

with the M. faveolata samples prepared without CsCl, might not be superior.  

Regardless, both group means are close to 2.0.  The significantly higher RIN values of 

M. faveolata RNA prepared by Method B indicates that this method is at least as likely 

as Method A to produce intact RNA.  Note also that in a separate experiment a S. gigas 

ovary RNA sample that had been prepared by Method A was re- purified by diluting in 

water, layering over CsCl, and proceeding through the CsCl centrifugation and 

precipitation steps, as indicated by the dashed line in Figure 2-2.  This resulted in 

improved A260/A280 and A260/A230 ratios, the former increasing from 1.92 to 1.96 and the 

latter from 0.70 to 2.36.  Significant absorbance at 230 nm, resulting in the low A260/A230 

ratios seen with some S. gigas samples prepared by Method A, may indicate 

contamination with proteins or organics [137].  Proteins containing amino acids with 

aromatic side chains tend to absorb at 280 nm , and the peptide bond absorbs from 
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very low wavelengths up to at least 235 nm [138,139].  The CsCl centrifugation step is 

likely responsible for separating RNA from endogenous contaminants in our samples, 

either protein or other small molecules, resulting in the improved A260/A280 and A260/A230 

ratios.  I recognize that the RNA solvent affects spectrophotometric readings [140]; 

however, this should have little effect on our conclusions.  RNA prepared by Method B 

was dissolved in ultrapure water, which may actually give lower A260/A280 readings than 

a slightly alkaline buffer, according to Wilfinger et al. [140], but our samples consistently 

gave A260/A280 readings of 1.97 to 2.07. 

CsCl Method May Provide Benefits for Downstream Applications 

There were no statistically significant differences in success rate for strombid 

samples in Cy3 labeling of RNA among RNA samples prepared by Method A or Method 

B with or without column cleanup (Table 3-2).  However, there was a slight trend toward 

increased success with Method B, and an even larger jump in success rate with Method 

B followed by column cleanup.  Making an inference on these differences is confounded 

by the fact that RNA samples derived from each different tissue were only prepared by 

one method.  It seems that there still may be some tissue- or species-specific properties 

that result in labeling failure for certain samples. 

 Montastraea faveolata RNA samples prepared by Method A failed in most Cy3 

labeling attempts using the Cy3-CTP (Agilent) labeling protocol [108].  The fact that a 

Pimephales promelas RNA sample alone could be labeled using this series of methods, 

but a combined P. promelas/M. faveolata RNA sample failed, suggests that there might 

be some inhibitory factor co-extracting with M. faveolata RNA when using Method A.  

The Agilent labeling procedure requires both reverse transcription and in vitro 

transcription/amplification; M. faveolata RNA samples gave lower cRNA yield and Cy3 
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specific activity than the P. promelas sample, indicating that either or both process(es) 

might be inhibited by some endogenous contaminant.  Further, M. faveolata RNA 

prepared by Method B and labeled by the Ambion Amino Allyl protocol succeeded at a 

very high rate [108].  While the sample size is too small to make statistical inference, 

and the two labeling methods were not both attempted with RNA prepared by each 

method, this supports the notion that RNA prepared by Method B might be free of the 

endogenous co-extracting contaminants that interfere with the amplification and labeling 

reactions. 

 Performance in real-time RT-PCR was very good when using Strombus gigas 

testis RNA prepared by Method B followed by column purification and DNase treatment 

(Figure 3-2).  The acceptably high efficiency (92.5%) and high degree of consistency 

among replicates indicates that these samples were free of most contaminants that can 

interfere with enzymatic assays.  Both samples that were assayed for 18S rRNA were 

diluted to five different concentrations, and SEM for starting quantity values were very 

small for both samples.  This indicates that the assay gave reproducible results 

regardless of the input amount of cDNA. 

Summary 

 This CsCl-supplemented RNA preparation method (Method B) led to improved 

indicators of quality for Strombus gigas, and to some degree for Montastraea faveolata 

RNA samples, consistent with our hypothesis.  While performance in microarray 

labeling procedures is difficult to compare with small sample sizes, and differences were 

not confirmed statistically, it appears that there may be some benefit to using the CsCl-

supplemented method, especially given the subsequent success of M. faveolata 

samples with amino allyl labeling.  The excellent performance in real-time RT-PCR of S. 
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gigas testis RNA samples prepared using CsCl (Method B) and column purification 

further indicates that they are relatively free of contaminants that interfere with 

enzymatic assays.  Given the difficulty of preparing and using RNA from some marine 

invertebrates, this method, adapted from Groppe and Morse [120], may improve the 

performance of RNA-dependent assays for researchers working with S. gigas and M. 

faveolata, as well as other gastropod and cnidarian species. 

Table 3-1.  Comparison of RNA quality data for several projects prepared by each of 
two methods. 

Species Tissue Method A260/A280 A260/A230 RIN 

Montastraea faveolata whole polyp B 1.97  1.83  9.03 * 
Montastraea faveolata whole polyp A 2.11 * 1.93  7.63  

Strombus alatus ovary B 2.06  1.98  -  

Strombus gigas DG B 2.00  2.14  -  

Strombus gigas DG B + column 2.13 * 1.98  -  

Strombus gigas ovary B 1.97  1.87  -  

Strombus gigas testis B + column 2.01 * 2.26 * -  

Strombus gigas testis A 1.57  0.36  -  

Strombus spp. mantle B 2.07   2.13   -   
Abbreviations:  DG – digestive gland, RIN – RNA Integrity Number.  For Method A and B details refer to 
Figure 2-2.  RIN could not be calculated for Strombus samples.  Further, RIN for some Montastraea 
faveolata samples was not reported due to presence of signals considered anomalous by the RIN 
algorithm; see Results for further details.  *Indicates significance in paired t-test (α<0.001); the asterisk is 
placed next to the group with the greater mean.  [Reprinted with permission from Spade DJ et al. 2011. 
Cesium chloride gradient centrifugation improves the quality of total RNA preparations from the gastropod 
Strombus gigas and the coral Montastraea faveolata (Page 45, Table 1). J Exp Mar Biol Ecol 402:43-48.] 
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Table 3-2. Cy3 labeling of Strombus gigas and Strombus alatus RNA samples prepared 
by different methods 

Species Tissue Method cRNA (μg)* Cy3 SA 

(pmol/μg) 

Succes

s 

Fail P 

Strombus alatus ovary B 1.22  9.24 4 2 0.667 

Strombus gigas DG B + column 13.02  13.02 6 1 0.857 

Strombus gigas ovary B 2.70  16.12 5 2 0.714 

Strombus gigas testis A 2.42  20.84 5 3 0.625 

Strombus spp. mantle B 2.86  11.78 2 2 0.500 

All All A 2.42 b 20.84 5 3 0.625 

All All B 2.21 b 12.67 11 6 0.647 

All All B + column 13.02 a 13.02 6 1 0.857 

Abbreviations:  DG – digestive gland, Cy3 – Cyanine 3.  For Method A and B details refer to Figure 2-2.  
cRNA (μg) gives the amount of cRNA produced in an average labeling reaction.  Cy3 SA indicates the 
specific activity of Cy3 dye in the labeled cRNA sample.  Success and Fail refer to the number of 
successful and unsuccessful labeling reactions, counting only the first attempt for any sample.  P is the 
corresponding proportion of successes.  *Indicates that cRNA is significantly different across groups 
based on one-way ANOVA (Tukey); means not connected by the same letter differ significantly.  Cy3 SA 
did not differ significantly across groups (one-way ANOVA), nor did Proportion (chi-square).  [Reprinted 
with permission from Spade DJ et al. 2011. Cesium chloride gradient centrifugation improves the quality 
of total RNA preparations from the gastropod Strombus gigas and the coral Montastraea faveolata (Page 
46, Table 2). J Exp Mar Biol Ecol 402:43-48.] 
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Figure 3-1.  High-quality S. gigas and M. faveolata total RNA profiles in capillary 
electrophoresis.  Abbreviation:  RIN – RNA integrity number.  
Electropherograms obtained using the Agilent 2100 Bioanalyzer.  (A) 
Strombus gigas ovary RNA sample no. 22-18 (RIN not applicable).  (B) 
Montastraea faveolata RNA sample no. C-12 (RIN = 9.90).  [Reprinted with 
permission from Spade DJ et al. 2011. Cesium chloride gradient 
centrifugation improves the quality of total RNA preparations from the 
gastropod Strombus gigas and the coral Montastraea faveolata (Page 46, 
Figure 2). J Exp Mar Biol Ecol 402:43-48.] 
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Figure 3-2.  Real-time RT-PCR assay for queen conch 18S rRNA.  Abbreviation:  SQ – 
starting quantity.  The assay was efficient (A), and 18S rRNA SQ determined 
by the assay was very consistent regardless of the input amount of total RNA 
(B).  SQ is expressed as the mean ± SEM of log10 (18S rRNA copies/ng total 
RNA) of five technical replicate dilutions for each sample, after taking the 
mean of duplicate wells. See footnote 2 for a comment on the efficiency.  
[Reprinted with permission from Spade DJ et al. 2011. Cesium chloride 
gradient centrifugation improves the quality of total RNA preparations from 
the gastropod Strombus gigas and the coral Montastraea faveolata (Page 47, 
Figure 3). J Exp Mar Biol Ecol 402:43-48.] 

 



 

87 
 

CHAPTER 4 
QUEEN CONCH (Strombus gigas) TESTIS REGRESSES DURING THE 

REPRODUCTIVE SEASON AT NEARSHORE SITES IN THE FLORIDA KEYS1 

Background 

 Queen conch (Strombus gigas) is a species of significant ecological and 

economic importance throughout its range.  For example, the estimated economic value 

of the annual conch fishery in the Bahamas is approximately $4.457 million, 

representing 9,800 seasonal jobs [52].  The queen conch is also a large benthic 

invertebrate associated with coral reef ecosystems, and therefore could serve as an 

indicator species for toxic effects contributing to the decline of the Florida coral reef 

ecosystem.  As a result of the queen conch population decline in Florida, a complete 

moratorium on the Florida conch fishery was declared in 1986 [1,3].  The queen conch 

was listed under the Convention on International Trade in Endangered Species’ 

(CITES) Appendix II in 1992 [4].  However, recovery of adult conchs in spawning 

aggregations within the Florida Keys has been modest.  In 2001, the number of adult 

conchs in offshore spawning aggregations was estimated at 27,000, up from a lowest 

observed estimate of 5,750 in 1992, according to transect data collected by the Florida 

Fish and Wildlife Conservation Commission (FWC) [1].  It is believed that little or no 

reproduction occurs in near-shore (NS) aggregations, and that this might contribute to 

the slow recovery of the population [1,3].  A study of conch reproduction found that NS 

conchs failed to develop adequate gonad tissue for reproduction, but that translocation 

of NS conchs to the offshore (OS) environment resulted in development of normal 

                                            
1
 The contents of this chapter, including all tables and figures, have been published, and are reproduced 

under the terms of the Public Library of Science Creative Commons License.  Only the analyses for which 
D. Spade is responsible are reported here.  Citation:  105. Spade DJ, Griffitt RJ, Liu L, Brown-Peterson 
NJ, Kroll KJ, et al. (2010) Queen conch (Strombus gigas) testis regresses during the reproductive season 
at nearshore sites in the Florida Keys. PLoS One 5: e12737. 
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gonad tissue and reproductive activity within three months [3].  However, the causes of 

reproductive failure of NS conchs remain unknown. 

 Human impacts on coastal marine ecosystems are ever-increasing, and threats 

include inputs of nutrients, organic contaminants, and metals, as well as changes in 

temperature, decreasing ocean pH, and deoxygenation [141].  While many of these 

factors can theoretically affect reproduction,  one plausible cause for reproductive failure 

in a NS marine gastropod is heavy metal exposure.  A number of gastropod studies 

have related heavy metal exposure, in particular exposure to Cu [67,71,74] and Zn 

[67,69,70], to reduced fecundity – reproductive output usually measured as egg laying.  

Despite the link between exposure to Cu and Zn and decreased reproductive output in 

gastropods, past studies consider mostly female-mediated effects at the individual level.  

In the Florida Keys, both male and female reproductive development is inhibited near 

shore [1,3].  Given that heavy metals are known to inhibit gastropod egg laying, and that 

general and point sources for metal contamination exist close to shore in the Florida 

Keys [96,98,99], our general hypothesis is that heavy metals are likely to contribute to 

the reproductive failure observed near shore.  For the present study, our specific 

hypotheses were: 

1. that testis transcriptional data would identify candidate gene expression pathways 
affected by near-shore environmental stressors, and 

2. that tissue concentrations of heavy metals in NS conchs would exceed those of 
OS conchs. 

For this study we developed and used a microarray to identify gene expression 

differences between the testes of NS and OS conchs.  Gene expression data was 

anchored in histopathology to provide a more complete understanding of the 

dysfunction in testis development in NS conchs.  Additionally, we used inductively-
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coupled plasma-mass spectrometry to quantify nine analytes, including Cu and Zn, in 

conch tissues and to determine whether their concentrations correlate with histological 

and gene expression evidence of NS reproductive dysfunction. 

Results 

Histopathology for conchs used in this study was analyzed by Nancy Brown-

Peterson, who reported that OS conchs all showed “developing” or “spawning capable” 

testis phenotypes, while NS conch testis had less spermatogenic tissue in section and 

less advanced lobules in most cases.  This was true in both February and June, but 

perhaps most importantly, the difference between OS and NS development was greater 

in June than in February:  while NS males were “developing” or “spawning capable” in 

June, they were evenly distributed among all stages, including “early developing,” 

“regenerating,” and “no tissue” in June.  This difference was quantitatively demonstrated 

by a spermatogenic index, which was based on both the stage score and the percent of 

gametogenic tissue in the section [105].  These values were used for the correlation 

analysis discussed below.  For further description of histological stages, see Table 2-1. 

Microarray Analysis of Testicular Transcription 

255 differentially-regulated probes (58 up and 197 down in NS with respect to OS 

conchs) were identified by ANOVA (n=3, p<0.01, FDR=5%) (Figure 4-1, Appendix A).  

At a less stringent p-value, 1147 differentially-regulated probes (341 up and 806 down) 

were identified (p<0.05, FDR=5%) (Appendix A).  Based on differentially-regulated 

probes, all OS and NS individuals clustered separately from one another, indicating that 

the identified set of transcripts show a clear difference between these two presumably 

outbred groups of wild conchs (Figure 4-1).  Differentially regulated genes were 

predominantly down-regulated in this experiment; at a cutoff of p<0.01, the proportion of 
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differentially regulated transcripts that are down-regulated was 77.4 percent.  The two 

most up-regulated probes with annotation (p<0.01) were Similar to Glutathione S-

transferase (GST, 15.24-fold up-regulated NS) and Collagen 1, Alpha 1 (COL1A1, 

10.26-fold up-regulated NS).  The two most down-regulated probes with annotation 

(p<0.01) were RIKEN CDNA F730014I05 Gene, a mouse genome sequence (13.83-fold 

down-regulated NS), and Dolichyl-phosphate Mannosyltransferase Polypeptide 2 

Regulatory Subunit (Dpm2, 4.92-fold down-regulated NS). 

Functional enrichment analysis based on GO terms for biological process 

identified 11 significantly enriched terms in the differentially-regulated gene list (Table 4-

1).  The most significantly enriched term was “proton transport,” under which all but one 

of seven differentially-regulated genes was down-regulated.  Another notable term was 

“small GTPase-mediated signal transduction.”  “Spermatogenesis” was the twelfth term 

on the list (p=0.052).  Pathway analysis (Pathway Studio) further illustrated the results 

of the enrichment analysis (Figure 4-2):  most affected transcripts were down-regulated 

(blue color), many of these transcripts are found in the mitochondria, and there were a 

large number of associations with the cell processes “respiratory chain,” “cell 

proliferation,” and “spermatogenesis,” among others. 

Real-Time RT-PCR 

Efficiencies of the real-time RT-PCR assays here reported ranged from 92.5 

percent to 108.6 percent (Table 4-2), and their correlation coefficients ranged from 

0.988 to 0.999.  The difference between threshold cycles of the last experimental 

sample to amplify and the first negative control well to amplify in any reaction was at 

least 6.49 cycles and 9.83 cycles for –RT and NTC controls, respectively.  For each 

assay, the dissociation curve indicated that a single amplicon was produced.  By real-
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time RT-PCR (n=4), two of the four genes, Stard7 and TepII, were significantly 

differentially regulated (p=0.029 and 0.014, respectively); the direction of regulation was 

the same as determined by microarray.  The fold-change was similar to that determined 

by microarray for Stard7(1.87 by real-time RT-PCR compared to 2.31 by microarray), 

but smaller for TepII (5.66 by real-time RT-PCR compared to 29.66 by microarray).  For 

GST, the fold-change was smaller, but the direction of regulation (4.71-fold up-regulated 

NS) was similar to that determined by microarray (15.24-fold up-regulated NS).  This 

difference in real-time RT-PCR was not significant according to the Kruskall-Wallis test 

(p=0.100).  For one gene, Ctr1c, the direction of regulation determined by real-time RT-

PCR was opposite that determined by microarray, though the difference was essentially 

zero (1.03-fold down NS by RT-PCR compared to 1.74-fold up NS by microarray).  This 

change was not significant by Kruskall-Wallis (p=0.443).  Therefore, RT-PCR results 

were similar to microarray, though each transcript’s fold change and statistical 

significance was reduced when measured by RT-PCR, compared to microarray. 

The use of 18S rRNA as a reference gene for RT-PCR was validated by 

measuring 18S rRNA by the method described above for 23 conch testis samples, 

collected in February, 2007, June, 2007, and March, 2009 (Figure 2-1).  Initial quantity 

for each sample was calculated as 18S rRNA copy number/ng total RNA.  Data were 

analyzed in JMP v8 using a two-way ANOVA on the factors “collection (date)” and 

“location (OS vs. NS).”  This analysis showed nearly identical mean 18S levels between 

OS and NS, with no statistically significant difference according to ANOVA (Table 4-3).  

While no reference gene is perfect [142,143], 18S rRNA appears to be the best internal 

reference for this experiment.  18S rRNA expression does vary across some sites and 
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collection times, but is remarkably consistent for the samples here presented, collected 

in February, 2007.  Moreover, at least one commonly used reference gene, β-actin, was 

differentially regulated between NS and OS in the microarray study (Appendix A, 

ProbeName UF_Sgi_AF_101275), making it a poor candidate for our internal reference 

in real-time RT-PCR. 

Tissue Metal Burdens 

ICP-MS results for all nine analytes are given in Appendix B (sample size varies:  

n=2-8/group, specifically enumerated in Table B-1).  66Zn was present at a significantly 

higher level in the digestive gland of NS conchs (831.85 ng/mg) than OS conch 

digestive gland (84.53 ng/mg), or any other tissue at either site (Figure 4-3 A).  In 

addition, although not statistically significant, the concentration of Zn in the NS testis 

(83.96 ng/mg) was approximately 15-fold higher than in the OS testis (5.43 ng/mg) 

(Figure 4-3 A).  65Cu, conversely, was not significantly higher in any of the NS tissue 

means compared to the corresponding OS means.  However, there was a non-

significant (p=0.65), approximately five-fold difference between 65Cu levels in NS (34.77 

ng/mg) and OS (6.60 ng/mg) gonad (Figure 4-3 B, Appendix B).  In the tissue term of 

the two-way ANOVA, concentrations of 58Ni, 66Zn, 111Cd, and 238U were significantly 

higher in digestive gland than any other tissue.  118Sn, despite being detected only at 

very low concentrations in these samples, was found at its highest concentrations in the 

neural ganglia.  65Cu levels were highest in the blood, which in molluscs contains a 

copper-based hemocyanin pigment [93]. 

Correlations among Microarray, Histology, and Metal Data 

Correlation analysis was based on testis histological conditions (n=7-8), metal 

concentrations in testis and digestive gland (n=3-8), and expression levels of 
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differentially-regulated transcripts under the GO biological processes spermatogenesis 

and small GTPase-mediated signal transduction as determined by microarray (n=3) 

(Table 4-4).  SI was significantly inversely correlated with digestive gland Zn (ρ=-0.655), 

and inversely correlated with digestive gland Cu (ρ=-0.509), though this was not 

statistically significant (p=0.110).  Digestive gland Zn was also significantly and 

inversely correlated with four of the 11 transcripts included in the analysis; gonad Zn 

was correlated with two of the 11.  SI was significantly correlated with six of the 11 

genes in the analysis. 

Discussion 

Histological analysis performed by Nancy Brown-Peterson provides a 

physiological anchor for gene expression at two sites in the Florida Keys [105].  While I 

acknowledge that site-specific effects may play a large role in testis development, these 

observations mirror results from conchs collected at similar NS and OS areas of the 

Florida Keys in 1999 [3] and 1996 [8], suggesting that NS conchs show a persistent, 

long-term reduction in reproductive capability.  Moreover, the histology analysis of 

Nancy Brown-Peterson for 2007 conchs showed a more dramatic reduction than that 

reported previously.  The histological data suggested that NS conchs begin to undergo 

spermatogenesis early in the reproductive season (February), but may regress by mid-

season (June) [105]. 

These results complement the results of our microarray and ICP-MS experiments.  

NS conch testis transcription differed from OS in the GO biological processes proton 

transport (GO:0015992), spermatogenesis (GO:0007283), small GTPase-mediated 

signal transduction (GO:0007264), and others (Table 4-1, Figure 4-2).  This supports 

specific hypothesis (1), and also suggests that inhibition of small GTPase (Ras)-
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mediated signaling in NS testis contributes to NS reproductive failure.  ICP-MS analysis 

indicated that Cu and Zn were elevated in some NS conch tissues, providing preliminary 

support for specific hypothesis (2), and creating the hypothesis that Cu and Zn may be 

a causative factor in reproductive failure of NS conchs in the Florida Keys.  It is 

important to note that site-specific differences in metal concentrations and gene 

expression surely exist.  Future studies will incorporate metal and gene expression data 

from additional sites to determine whether differences in these parameters are as 

consistent as the histological differences observed throughout the NS and OS Florida 

Keys. 

Conch Testis Gene Expression 

The gene expression analysis in the conch testis reveals, logically, that 

spermatogenesis-associated transcripts are down-regulated NS.  Correspondingly, 

mitochondrial transcripts are significantly down-regulated in NS testes.  The effects on 

proton transport identified by the GO enrichment analysis could be either a cause or a 

result of the observed reduction in spermatogenesis in NS testes, given the important 

role of mitochondria in spermatozoa and in sperm maturation [144-146].  Our finding is 

likely the result of the reduction in mature spermatozoa, and consequent numeric 

reduction in mitochondria, in NS testes as opposed to OS. 

Under the Biological Process GO:0007283, spermatogenesis, we identified 

differentially regulated transcripts with major roles in spermatogenesis in species 

ranging from Drosophila to humans, including degenerative spermatocyte homolog 1 

(DEGS1) [147]; Similar to Kiser (homologous to slowmo) [148]; proteasome activator 

subunit 4 (PSME4/PA200) [149]; DnaJ related, subfamily B, member 13 (DNAJB13) 

[150,151], which is also related to the TSARG genes in rats [152] and mice [153]; and 
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nuclear autoantigenic sperm protein (histone-binding) (NASP) [154].  These genes, 

important for the process of spermatogenesis in a wide range of species, appear to be 

conserved in queen conch, and were all down-regulated NS in the present study. 

A surprising result of the GO enrichment analysis was the enrichment of the term 

“small GTPase-mediated signal transduction.”  Most of the genes under this term are 

related to Ras-GTPases, proto-oncogenes involved in mammalian tumor formation and 

developmental disorders [155].  Seven genes that fall under this GO term were 

differentially regulated in our experiment, including related Ras viral oncogene homolog 

(Rras); Ras related protein 1b (Rap1b); RAB1A member of Ras oncogene family; T-cell 

lymphoma invasion and metastasis 1 (TIAM1); RAB member of ras oncogene family 4-

like (RABL4); ADP ribosylation factor-like 1 (ARL1); and 4R79.2, a hypothetical GTP-

binding protein identified in Caenorhabditis elegans.  All of these genes are down-

regulated with the exception of TIAM1 (Appendix A).  Ras function has been described 

in invertebrates including ascidians, for which Ras signaling is involved in embryonic 

tissue development [156], and Drosophila, for which Rap1 is involved in cell adhesion 

and polarity during epidermal growth factor receptor-mediated tissue growth [157].  Ras 

genes are also known to be involved in vertebrate and invertebrate testis development.   

The Ras-cyclin D2 pathway is involved in mouse spermatogonial stem cell development 

in vitro [158].  MAPK and Rap-GEF signaling pathways are also involved in testis 

development and renewal in Drosophila [159].  Therefore, Ras-GTPase signaling may 

play a major role in conch testis tissue growth and differentiation.  Histological SI was 

correlated with six of the 11 differentially regulated transcripts involved in 

spermatogenesis or small GTPase-mediated signaling (Table 4-4).  This suggests that 
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transcription of these genes is indicative of the overall maturation of the testis tissue in 

queen conchs, and that perturbation of normal transcription of these genes is 

detrimental to spermatogenesis. 

Transcripts evaluated by real-time RT-PCR were selected based on their 

differential regulation between NS and OS, according to the microarray study (Appendix 

A) and their varied and interesting biological functions.  GO biological processes of 

these gene products include:  Ctr1c, copper transmembrane transport; TepII, 

antibacterial humoral response; GST, glutathione metabolic process; Stard7, no 

biological process (but related to steroidogenic acute regulatory (StAR) protein).  The 

results of our real-time RT-PCR assays were largely successful in validating the 

changes observed in the microarray study.  TepII, GST, and Stard7 were confirmed by 

real-time RT-PCR, though the GST result was not statistically significant.  Ctr1c, 

however, was essentially unchanged between NS and OS samples in real-time RT-

PCR, with a 1.03-fold change in the direction opposite that determined by microarray.  

The difference in results between platforms is possibly due in part to the small sample 

size (n=4) used for both assays;  increased sample size would lend power to the 

analyses. Unfortunately, permitting regulations limit sample size for a protected species 

such as S. gigas.  It is also possible that for Ctr1c our probe was designed to a region 

with homology to other proteins or isoforms in the SLC31 family of copper transporters, 

causing the lack of consistency between microarray and real-time RT-PCR.  Changes in 

TepII, GST, and Stard7 may indicate that stressors affecting NS conchs cause changes 

in immune response, xenobiotic metabolism/redox balance, and steroidogenesis, 
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respectively.  However, these are single gene changes, and so should be interpreted 

carefully. 

Potential Role of Metals as a Reproductive Stressor 

Our ICP-MS data indicated that Cu and Zn, two known reproductive toxicants in 

gastropods, were elevated in some NS conch tissues.  Our study also included other 

analytes with known toxic effects, including Ni, Ag, Cd, Sn, Hg, and U.  Sr was included 

due to its role in shell-building; it is known to be physiologically beneficial in gastropods 

at low doses, but toxic at high levels [160].  However, few differences were observed for 

the latter seven analytes.  The effects of Cu and Zn on gastropod reproductive output 

have been well-documented, although most examples relate to females.  In laboratory 

exposures, Cu  has resulted in reduced fecundity in Helix aspersa [67], reduced egg-

laying and a dose-dependent reduction in hatching in Pomacea paludosa [74], and, as 

copper oxychloride, reduced oocyte number in the ovotestis of Helix aspersa [71].  Zn 

exposures, likewise have impacted reproduction in numerous studies, resulting in 

reduced fecundity and population growth rate in Valvata piscinalis [69], reduced 

fecundity in Helix aspersa [67], and, as an effluent containing Zn, Cd, and Fe, mortality 

and reduced egg laying in Lymnaea palustris [70]. 

General and point sources of heavy metals in south Florida include storm water 

runoff, roadway contaminants, septic system leachate, and boats, which may be 

responsible for high levels of Hg, Pb, Zn, and Cu in waterways [96].  Elevated Cu, Zn, 

Cr, Hg, Pb, and Ni levels have been identified in Biscayne Bay, adjacent to the city of 

Miami, as well as at the outflow of canals [98].  Additionally, heavy metals including Cu 

and Zn have been detected in sediments and seagrass beds, both habitats occupied by 

conchs, as well as in surface waters at multiple sites throughout south Florida, with Cu 
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sometimes exceeding guidelines for aquatic life and sediment quality [99].  Taken 

together, this information suggests that potential sources of Cu and Zn contamination 

exist in the Florida Keys and are likely to be primarily on land or close to shore, further 

supporting the plausibility of these metals interfering with NS testis development. 

In the present study, Zn was elevated in the digestive gland, and possibly in the 

gonad, of NS conchs (Figure 4-3 A).  Coupled with the knowledge that Zn causes 

reduced fecundity in other gastropod species [67,70], this finding suggests that Zn may 

contribute to the reproductive failure of NS conchs.  The observed NS digestive gland 

mean concentration of 831.85 ng Zn/mg tissue is similar to the body burden observed 

(approx. 200-500 μg Zn/g tissue) in effluent treatments resulting in mortality and 

reduced fecundity in Lymnaea palustris [70].  While available data in the literature focus 

on female-mediated reproductive inhibition measured as reduced fecundity, studies of 

fecundity may miss mechanistic effects in both males and females.  Further, while the 

gonad is the apparent site of action for any potential toxicant, accumulation of Zn in the 

digestive gland in the present study is also likely to be a significant finding.  The 

digestive gland is adjacent to the gonad and is believed to be a site of metal 

accumulation and detoxification in  gastropods [54,95,161,162]. While a recent study 

indicates that Zn concentrations in the testis of the Japanese eel Anguilla japonica track 

the progression of spermatogenesis [163], it is important to note that an excess of Zn 

from external sources could still have a deleterious effect, as is possible in the present 

study.  The relationship between Zn and spermatogenesis is likely complex, and should 

be the subject of further study. 
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No significant differences in Cu concentrations within any tissue were found 

between NS and OS.  The mean concentration  of 34.77 ng Cu/mg tissue observed in 

NS conch testis in this study is still only a fraction of the toxic levels accumulated in 

studies by Rogevich et al. [74] (396.60 ng Cu/mg tissue) and Snyman et al. [71] (260.47 

ng Cu/mg tissue), but is approximately five times the OS mean of 6.60 ng Cu/mg tissue.  

Further, the aforementioned studies measured whole body Cu rather than tissue-

specific accumulation.  Blood levels of Cu in our study (40.18 ng Cu/mg tissue NS, 

58.90 ng Cu/mg tissue OS) were the highest of any tissue, and it would be difficult to 

separate the Cu contribution of hemocyanin in a tissue to the amount actually bound up 

in cells.  In other words, blood Cu bound in hemocyanin might obscure differences 

between tissues.  Therefore, Cu might still be a factor in NS reproductive failure, and 

future studies will attempt to test this possibility.  It should also be noted that many 

environmental factors could be considered stressors in a complex environmental 

mixture, and as with all real-world situations, multiple stressors are likely involved at our 

NS sites.  The inverse correlations between Cu and Zn concentrations in the digestive 

gland and SI (Table 4-4) provide support for the argument that accumulation of metals, 

including Zn and possibly Cu, in the conch digestive gland affects development of the 

conch testis.  These hypotheses will be examined in future studies. 

High-Throughput Sequencing for Gastropod Transcriptomics 

The approximately 60,000  extant gastropods make up the largest class within the 

100,000-member phylum Mollusca,  the second-largest animal phylum [164].  However, 

very little work has been done in the area of gastropod genomics.  A PubMed search for 

“gastropod microarray” on 16 July 2010 yielded only 14 results, one of which was non-

germane.   Two of the remaining 13 papers discussed toxicogenomics as a tool for 
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understanding endocrine disruption in invertebrates [165,166].  The remaining 11 

papers applied to only five genera of gastropods: Helix [167], Lymnaea [133], Haliotis 

[168], Aplysia [132], and Biomphalaria [169,170], or to schistosomes that use both 

humans and gastropods as hosts [171-175].  A fielded search for 

“gastropoda[organism]” on GEO yielded only 13 results, consisting of the two 

submissions here reported, in addition to two platforms (GPL3635 and GPL3636) and 

two gene expression datasets (GSE4628 and GSE18783) for Aplysia californica, one 

platform (GPL7421) and one gene expression dataset (GSE13039) for Haliotis asinina, 

and two platforms (GPL9129 and GPL9483) and two gene expression datasets 

(GSE16596, GSE18705, and GSE22037) for Biomphalaria glabrata.  The use of high-

throughput sequencing allowed us to make a significant contribution to this growing 

field.  Still, aside from several heavily studied genera, one of which (Biomphalaria) has 

direct importance for human health, the entire realm of gastropod genomics remains to 

be developed. 

Summary 

This study has provided new information regarding the reproductive failure of NS 

conchs in the Florida Keys.  The major findings of this study include the following:  first, 

that failure of NS conchs to reproduce is coupled with a reduction in NS testis 

development, as previously reported [3], and premature regression of NS testis.  

Second, the microarray results indicate that reduced testis tissue in NS male conchs is 

concurrent with a decrease in the expression of many genes related to 

spermatogenesis and mitochondrial function.  Transcription of small GTPase-related 

signaling genes is clearly affected, and this may contribute to the lack of testis tissue 

development, but this requires further study.  Finally, this study supports the hypothesis 
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that heavy metals may contribute to the reproductive failure of NS conchs.  Zn and 

possibly Cu are elevated in the NS conch digestive gland, and Zn may be elevated in 

the testis.  Given that Zn and Cu are known to reduce gastropod fecundity, the 

possibility that these same metals may also inhibit gametogenesis in both males and 

females merits further consideration.  

Note that this study characterized effects of the NS environment on reproductive 

tissue of male conchs.  While many gastropod reproduction studies rely on egg-laying 

(i.e. female-mediated effects) as the measure of average reproductive success [67,69-

71,74], the phenomenon observed in the NS Florida Keys affects both males and 

females [1,3].  Conchs rely on mate-pairing and copulation [4], rather than broadcast 

spawning or other mating strategies that would require fewer reproductive males.  

Logically, this lack of male reproductive maturity could have a significant impact on the 

conch population.  Future studies will aim to assess transcriptional effects on the 

ovaries of affected NS females, in addition to males.  Although the testicular regression 

in NS conchs appears to be a persistent problem in the Florida Keys, it is apparently 

reversible at the level of the individual, as many NS conchs transplanted to OS areas 

become Spawning Capable [3].  This suggests that transcriptional effects, which can 

immediately and transiently respond to environmental factors, can play an important 

role in understanding the disparity in conch reproduction from NS to OS, as well as 

identifying responsible factors.  Therefore, the combination of microarray studies with 

more traditional approaches will yield useful information for managers as they work to 

facilitate the recovery of NS queen conch populations in the Florida Keys. 
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Table 4-1.  Enriched Gene Ontology (GO) biological processes in the testis microarray 
experiment.   

Biological Process GO Term ID % of 
DR 

% of 
other 

p-value 

proton transport GO:0015992 2.90 0.75 0.005 

membrane fusion GO:0006944 0.83 0.00 0.005 

virus induced gene silencing GO:0009616 0.83 0.00 0.005 

receptor clustering GO:0043113 0.83 0.00 0.005 

aromatic compound metabolic process GO:0006725 1.24 0.13 0.011 

seryl-tRNA aminoacylation GO:0006434 0.83 0.03 0.015 

cilium biogenesis GO:0042384 0.83 0.03 0.015 

small GTPase mediated signal 
transduction 

GO:0007264 2.90 1.07 0.023 

prostaglandin biosynthetic process GO:0001516 0.83 0.07 0.029 

protein kinase C activation GO:0007205 0.83 0.07 0.029 

neuron differentiation GO:0030182 0.83 0.10 0.045 

spermatogenesis GO:0007283 1.66 0.52 0.052 
“% of DR” refers to the percent of differentially regulated transcripts falling under the term; “% of other” 
refers to the percent of all other transcripts with GO annotation that fall under the term.  P-value is the raw 
(nominal) p-value from Fisher’s exact test.  [Reprinted with permission from Spade DJ et al. 2010. Queen 
conch (Strombus gigas) testis regresses during the reproductive season at nearshore sites in the Florida 
Keys (Page 7, Table 5). PLoS-One 5:e12737] 

 

Table 4-2.  Comparison of testis gene expression results by microarray and real-time 
RT-PCR. 

 Microarray Real-Time RT-PCR 

Gene Fold 
Change 

Direction p Fold 
Change 

Direction p Efficiency2 

Ctr1c 1.75 up 0.029 1.03 down 0.443 108.2% 

TepII 29.66 up 0.020 5.66 up 0.014 92.5% 

GSTA1 15.24 up 0.009 4.71 up 0.100 95.1% 

Stard7 2.32 down 0.024 1.89 down 0.029 100.7% 
Real-time RT-PCR values are normalized to 18S rRNA (18S rRNA efficiency = 108.6%).  Fold change is 
the ratio of NS mean to OS mean.  Direction of regulation is in NS samples, with respect to OS.  P-value 
determined by ANOVA (FDR) for microarray and by Mann-Whitney test for real-time RT-PCR.  [Reprinted 
with permission from Spade DJ et al. 2010. Queen conch (Strombus gigas) testis regresses during the 
reproductive season at nearshore sites in the Florida Keys (Page 9, Table 6). PLoS-One 5:e12737] 

                                            
2
 All assays were run against eight-point standard curves, but the efficiencies of the 18S rRNA and Ctr1c 

assays were greater than 110%, likely due to dilution errors.  Therefore, several points were removed 
from each curve to obtain the efficiencies here reported.  With all of the points included, the efficiencies 
were 142.7% and 117.1% for the two assays, respectively.  The remaining assays were reported with all 
eight points included in the standard curve, though the 1e2 standard for TepII did not amplify. 
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Table 4-3. Validation of 18S rRNA as an internal reference gene for February 2007 
conch testis gene expression assays. 

Collection 

Mean 18S 
copies/ng 
(NS) 

SEM 
(NS) 

N 
(NS) TK 

Mean 18S 
copies/ng 
(OS) 

SEM 
(OS) 

N 
(OS) TK 

02/2007 249250.0 48436.2 4 ab 252000.0 26498.4 4 ab 

06/2007 111882.5 55357.8 4 bc* 344000.0 35000.0 2 a 

03/2009 33624.5 17324.5 2 c 210785.4 18636.2 7 abc 
“TK” denotes whether interaction term tissue*OS/NS is significantly different by ANOVA (only if p<0.05) 
followed by Tukey-Kramer HSD for multiple comparisons. Within each analyte, values not connected by 
the same letter are significantly different. *NS samples for 06/2007 were contaminated with digestive 
gland. Microarray and real-time RT-PCR reported in the present study was conducted with 02/2007 
samples.  For a note on efficiency, see footnote 2.  [Reprinted with permission from Spade DJ et al. 2010. 
Queen conch (Strombus gigas) testis regresses during the reproductive season at nearshore sites in the 
Florida Keys (Supporting Information, Table S1). PLoS-One 5:e12737] 
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Table 4-4. Non-parametric correlations among histological indices of testis development, metal concentrations, and gene 
expression data. 
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SI                 

DG Zn -0.655*                

Testis Zn -0.382 0.733*               

DG Cu -0.509 0.836* 0.661*              

Testis Cu -0.345 0.333 -0.164 0.491             

PSME4 0.771 -0.600 -0.800 -0.429 0.100            

KISER 0.771 -0.771 -0.700 -0.543 -0.100 0.714           

DNAJB13 0.886* -0.543 -0.600 -0.314 -0.314 0.943* 0.771          

DEGS1 0.829* -0.829* -0.600 -0.600 -0.600 0.600 0.943* 0.714         

RRAS 0.829* -0.657 -0.900* -0.371 0.200 0.943* 0.771 0.771 0.657        

RAB1B 0.886* -0.886* -0.700 -0.600 -0.600 0.600 0.771 0.771 0.886* 0.714       

RAB1A 0.714 -0.886* -1.000* -0.657 0.100 0.771 0.771 0.657 0.714 0.886* 0.829*      

TIAM1 -0.943* 0.771 0.600 0.429 0.500 -0.657 -0.886* -0.771 -0.943* -0.771 -0.943* -0.771     

RABL4 0.829* -0.829* -0.600 -0.600 -0.500 0.600 0.943* 0.714 1.000* 0.657 0.886* 0.714 -0.943*    

ARL1 0.771 -0.771 -0.700 -0.543 -0.100 0.714 1.000* 0.771 0.943* 0.771 0.771 0.771 -0.886* 0.943*   

4R79.2 0.657 -0.657 -0.800 -0.600 0.100 0.943* 0.771 0.886* 0.657 0.829* 0.543 0.714 -0.600 0.657 0.771  

 “SI” refers to Spermatogenic Index.  “DG” refers to digestive gland.  Transcripts:  PSME4, proteasome activator subunit 4; KISER, similar to kiser; 
DNAJB13, DnaJ related subfamily B member 13; DEGS1, degenerative spermatocyte homolog 1 lipid desaturase; RRAS, related Ras viral 
oncogene homolog; RAB1B, Ras-related protein 1B; RAB1A, RAB1A member Ras oncogene family; TIAM1, T-cell lymphoma invasion and 
metastasis 1; RABL4, Rab member of Ras oncogene family-like 4; ARL1, ADP ribosylation factor-like 1; 4R79.2, 4R79.2 hypothetical protein.  
*Indicates significance (p<0.05).  [Reprinted with permission from Spade DJ et al. 2010. Queen conch (Strombus gigas) testis regresses during 
the reproductive season at nearshore sites in the Florida Keys (Page 10, Table 7). PLoS-One 5:e12737] 
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Figure 4-1.  Hierarchical clustering of significantly differentially regulated probes in the 

conch testis microarray experiment.  Red color represents expression of a 
gene at a level greater than the row (gene) average, and blue color 
represents expression lower than the row average.  The map shows a clear 
distinction between NS and OS testis samples based on the 256 differentially-
regulated transcripts.  Approximately one-fourth of the regulated transcripts 
are up-regulated in NS relative to OS; the majority are down-regulated.  
[Reprinted with permission from Spade DJ et al. 2010. Queen conch 
(Strombus gigas) testis regresses during the reproductive season at 
nearshore sites in the Florida Keys (Page 7, Figure 3). PLoS-One 5:e12737] 
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Figure 4-2.  Pathway analysis of differentially regulated probes from the conch testis 

microarray experiment.  Pathway Studio (Ariadne Genomics) was used to find 
all shortest paths between genes falling under significantly enriched GO 
Biological Processes in the testis.  Red color represents up-regulation; blue 
color represents down-regulation.  Genes:  ARL1, zgc:92883 (ADP-
ribosylation factor-like 1); ATP5B, ATP synthase, H+ transporting, 
mitochondrial F1 complex, beta polypeptide; ATP5C1, ATP synthase, H+ 
transporting, mitochondrial F1 complex, gamma polypeptide 1; ATP5G2, ATP 
synthase, H+ transporting, mitochondrial F0 complex, subunit C2 (subunit 9); 
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ATP5H, ATP synthase, H+ transporting, mitochondrial F0 complex, subunit d; 
CRP, si:ch211-234p6.13 (Danio rerio hypothetical protein); DEGS1, 
im:6909319 (degenerative spermatocyte homolog, lipid desaturase); DGKZ, 
hypothetical LOC571856 (similar to diacylglycerol kinase, iota); DNAI2, 
dynein, axonemal, intermediate chain 2; DNAJB13, DnaJ (Hsp40) related, 
subfamily B, member 13; GSTM4, glutathione S-transferase mu 4; MOV10, 
si:dkeyp-38g6.3 (Moloney leukemia virus 10); NAPA, N-ethylmaleimide 
sensitive fusion protein attachment protein alpha; PGDS, prostaglandin D2 
synthase, hematopoietic; PICK1, hypothetical protein LOC791503; PPME1, 
zgc:56239 (protein phosphatase methylesterase 1); PSME4, hypothetical 
LOC561538 (proteasome (prosome, macropain) activator subunit 4); RAB1A, 
RAB1A member RAS oncogene family; RABL4, RAB, member of RAS 
oncogene family-like 4; RAP1A, RAP1A, member of RAS oncogene family; 
SARS2, seryl-tRNA synthetase 2, mitochondrial; SLMO2, slowmo homolog 2 
(Drosophila) (similar to kiser); VAPA (VAMP (vesicle-associated membrane 
protein)-associated protein A, 33kDa.  Organelles, clockwise from top center:  
mitochondrion, endoplasmic reticulum, Golgi complex, nucleus.  [Reprinted 
with permission from Spade DJ et al. 2010. Queen conch (Strombus gigas) 
testis regresses during the reproductive season at nearshore sites in the 
Florida Keys (Page 8, Figure 4). PLoS-One 5:e12737] 

 

 
Figure 4-3.  Concentrations of Zn (A) and Cu (B) in tissues of male conchs collected in 

February 2007.  Letters indicate significant difference in 2-way ANOVA, with 
the two factors tissue and location, followed by Tukey-Kramer HSD (p < 0.05).  
Note different y-axis for Cu and Zn.  Break in Zn data (A) omits 150-800 
ng/mg.  DG = digestive gland; NG = neural ganglia.  [Reprinted with 
permission from Spade DJ et al. 2010. Queen conch (Strombus gigas) testis 
regresses during the reproductive season at nearshore sites in the Florida 
Keys (Page 9, Figure 5). PLoS-One 5:e12737] 
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CHAPTER 5 
DIFFERENCES IN OVARIAN APOPTOSIS, TRANSLATION, AND LIPID 

METABOLISM IN THE DIGESTIVE GLAND OF NS FEMALE QUEEN CONCHS 

Background  

Queen conch reproduction at nearshore (NS) sites in the Florida Keys is known to 

be limited by the reduced egg laying and gonadal development of conchs living in NS 

aggregations [3,8,9], an effect that is reversible by translocating NS conchs to offshore 

(OS) aggregations [3].  NS to OS translocation also results in spawning (e.g. egg-

laying), while OS to NS translocation reduces rates of spawning, relative to conchs 

remaining OS [9].  Recent work with male queen conchs from several of these sites 

suggested that NS males begin to develop spermatogenic tissue in the testis early in 

the reproductive season, but regress prematurely, while OS male conchs progress and 

become Spawning Capable; this is coupled with gene expression effects on such 

biological processes as spermatogenesis and small GTPase mediated signal 

transduction, as well as significant accumulation of Zn in the NS male conch digestive 

gland (Chapter 4) [105]. 

Zn and Cu, both trace metals, are known to detrimentally impact reproduction in 

gastropods, and this is generally measured in terms of egg laying or egg hatching [67-

69,71,72,74].  Therefore, while it is interesting to understand reproductive effects in 

male conchs, and male conchs are important for reproduction in conchs, which rely on 

copulation [4], effects of the NS environment on ovarian development and oogenesis 

can be more thoroughly interpreted within the context of the literature on other 

gastropods.  Moreover, egg-laying is directly related to the fecundity parameter in many 

matrix or life-table population models, which demonstrates the importance of ovarian 

development for understanding population effects. 
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Several authors have made excellent use of fecundity in population models to 

determine the potential influence of xenobiotics on population growth rate projections.  

For instance, Miller et al. were able to project the impact of androgenic and anti-

estrogenic compounds on egg-laying in fathead minnow, Pimephales promelas, with 

significant implications for projections of population growth [176].  Population growth 

rate is not always most elastic or most sensitive to reproduction; for instance, Salice et 

al. determined juvenile survival to have a greater influence than fecundity on population 

growth rate for the snail Biomphalaria glabrata when exposed to Cd [177].  However, 

the use of fecundity as  a major element of population growth models, and the fact that 

reproductive effects of contaminants can alter population growth at sublethal 

concentrations indicates that understanding the reproductive status of females conchs 

in NS aggregations could prove critical to understanding the overall influence of the NS 

environment on the ecology of queen conchs in the Florida Keys.  Further, as previously 

noted, natural mortality of adult [14,18,24] and perhaps even juvenile [7] queen conchs 

is presumed to be low, and so effects on reproduction and recruitment could be very 

important for queen conch population dynamics. 

In this study, I aimed to determine whether the accumulation of Zn in NS conch 

digestive gland occurs in females, as it does in males, and also to determine how gene 

expression differs between NS and OS female conchs with relation to reproductive 

status determined histologically, in order to better understand the influence of the NS 

environment on the ability of female conchs to reproduce.  It is a goal of ecotoxicologists 

to develop stronger links between individual responses and population outcomes, and 

so this work is critical to the understanding of the adverse outcome pathway (AOP) for 
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queen conchs in the NS Florida Keys environment [178].  As the demographics of 

queen conchs in this environment become better understood, any information about 

potential biomarkers obtained from these microarray studies could be used to aid 

modeling and population projections for queen conch, as has been the case in several 

other species.  For this study, the specific hypotheses were: 

1. that Zn concentrations would be higher in NS than OS female queen conch 
digestive gland, and  

2. that gene expression differences in both ovary and digestive gland would show 
disparities in important processes for reproductive development between NS and 
OS. 

Results 

Ovarian Histology of Conchs Used in this Study 

Gonadal sex and histological stage of ovarian development was analyzed by 

Nancy Brown-Peterson at the University of Southern Mississippi, and findings are 

summarized here to provide context for gene expression data.  There were two major 

findings:  first, there was a marked disparity between NS and OS ovarian stage, with all 

OS conchs in the Spawning Capable stage, and all NS conchs in either the 

Regenerating or Developing stage (Table 2-1); second, one individual classified as a 

male based on observations of external genitalia during the collection was clearly 

female based on gonad histology, containing oocytes as advanced as the cortical 

alveolar stage (Nancy Brown-Peterson, personal communication).  This individual was 

considered to be a masculinized female, and was included in the gene expression 

analysis of female conchs.  See Discussion for further details. 
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Morphometric Data 

Mean shell lengths and soft tissue mass of conchs collected for this study were 

nearly identical (Table 5-1).  However, overall mass and shell mass were significantly 

greater in OS conchs.  Further, lip thickness was significantly greater in OS conchs.  

The difference in overall mass was presumably a result of the difference in shell lip 

thickness and the consequent difference in shell mass between locations. 

Tissue Metal Concentrations 

ICP-MS analysis indicated that mean Zn concentration in NS digestive gland was 

significantly higher than in OS digestive gland (Figure 5-1 and Appendix C), as 

hypothesized based on data from the 2007 male queen conchs.  There were no other 

significant differences between NS and OS samples in Zn or Cu measured 

concentrations within tissue.  Relatively high levels of Cu, Zn, and Sr were found in 

most tissues, including blood, while most other analytes were in the low detectable 

range or below the limit of detection for many samples.  While the biological significance 

of other metal differences is questionable due to low concentrations, two-way Kruskall-

Wallis tests found significant differences with OS higher than NS in all of the following 

comparisons:  Ni in digestive gland, Ag in digestive gland and foot muscle, Cd in ovary, 

and Hg in digestive gland (Appendix C). 

Microarray Experiments:  Quality Control 

All digestive gland and ovary microarray quality control reports from Agilent 

Feature Extraction software showed an acceptable linear dynamic range for spike-in 

controls (r2 =  0.95 – 1.00), and none showed problems with background median or 

variance, large numbers of outlying spots, or other common issues.  There were slightly 

more outliers on ovary arrays than in the digestive gland arrays, but there were no 
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warning flags, as no array contained one percent or more non-uniform spots.  21 control 

probes were found in the differentially regulated probe list for digestive gland.  These 

included 3 of 200 (1.5%) spike-in probes, 3 of 102 (2.9%) hybridization negative 

controls, and 16 of 250 (6.4%) control probes designed from distant species.  57 control 

probes were found in the differentially regulated probe list in the ovary analysis.  These 

included 29 of 200 (14.5%) spike-in probes, 8 of 102 (7.8%) hybridization negative 

controls, 13 of 34 Agilent internal experimental controls (38.2%), and 6 of 250 (2.4%) 

control probes designed from distant species.  No differential signal was detected for 

dark or bright corner controls, reserved probe controls, or hairpin negative controls.  

This indicates an overall low rate of differential signal in control probes.  Note especially 

that control probes designed from distant species include some highly conserved 

sequences, e.g. a cytochrome P450 sequence, and so these are not perfect negative 

controls. 

Differentially Expressed Transcripts per the Microarray Experiments 

ANOVA analysis of microarray data returned a total of 1273 experimental probes 

in digestive gland and 1564 probes in ovary with differential signal (p<0.01, FDR = 5%).  

Of these probes, 470 in digestive gland and 635 in ovary were annotated with a Gene 

Title.  After removing the probe with lesser mean signal from each sense/antisense 

probe pair, combining expression data for multiple probes annotated with the same 

gene title, and repeating Loess normalization for gene data (see Methods), a second 

ANOVA in digestive gland found 387 differentially regulated genes, 191 up-regulated 

and 196 down-regulated NS (Figure 5-2 A and C; Appendix D).  The final ANOVA 

analysis of ovary data found 558 differentially regulated genes, 241 up-regulated and 

317 down-regulated NS (Figure 5-2 B and D; Appendix E).  In the NS digestive gland, 
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the most up-regulated gene was T-cell Lymphoma Invasion and Metastasis 2 (TIAM2; 

10.26-fold), and the most down-regulated gene was Vitellogenin 2 (VTG2; 445.63-fold).  

In ovary, the most up-regulated gene was T-cell lymphoma invasion and metastasis (the 

same as in the digestive gland; 44.93-fold), and the most down-regulated gene was 

Sideroflexin 1 (SFXN1; 23.60-fold).  In the ovary dataset, ANOVA was not performed for 

53 of 4328 genes due to missing spots resulting from removal of non-uniform outliers.  

Overlap in differentially regulated genes was low:  54 genes were differentially 

expressed in both studies, making up 13.95% of the total for the digestive gland and 

9.68% of the total for the ovary. 

Enriched Biological Processes 

Nine enriched biological processes in the digestive gland (Table 5-2) and six in the 

ovary (Table 5-3) were identified at a nominal p-value cutoff of p<0.05, with no 

correction for multiple comparisons.  The most enriched biological process in digestive 

gland was regulation of protein metabolic process, with five of the ten genes under that 

term being differentially regulated, followed by lipid metabolic process, translational 

elongation, regulation of translation, iron ion transport, cellular iron ion homeostasis, 

small GTPase mediated signal transduction, cation transport, and transport. 

In ovary, the most enriched biological process was translation, which accounted 

for 38 differentially regulated transcripts.  The second most enriched process was 

apoptosis, with 9 differentially regulated transcripts, followed by protein amino acid 

deposphorylation, regulation of cell shape, phosphate transport, and nuclear mRNA 

splicing via spliceosome.  Of the 38 differentially regulated transcripts under the process 

“translation,” 11 were annotated as mitochondrial ribosomal proteins (10 of 11 down-

regulated NS), and 18 were annotated as ribosomal proteins (17 of 18 down-regulated 
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NS).  Of 9 differentially regulated genes falling under the GO biological process 

“apoptosis,” 7 were down-regulated NS, and two up-regulated (Table 5-4). 

Real-Time RT-PCR Quality Control 

Real-time RT-PCR standard curves for genes of interest had efficiency values 

ranging from 97.6 to 110.5% and correlation coefficients between 0.997 and 0.999.  18S 

rRNA had an efficiency of 122.5% and correlation coefficient of 0.964, but was not re-

run due to the considerable difference between NS and OS groups, which rendered it a 

poor reference gene for these tissues.  Amplification detected in negative control (NTC 

or –RT) wells occurred after the lowest concentration sample well amplified for 18S 

rRNA (at least 1.45 cycles), EIF5A (at least 3.37 cycles), and RPL32 (at least 2.92 

cycles), and was nonspecific (likely primer-dimer) and occurred at least 1.54 cycles after 

amplification of the lowest concentration standard for VTG.  Any sample amplifying after 

the lowest concentration standard was considered to be below the limit of detection for 

the assay; its copy number value was set to the value of the lowest concentration 

standard to avoid a bias toward significant groupwise differences.  In all cases, melt 

curves indicated a single amplicon for any sample above the limit of detection. 

Note that after performing microarray experiments, additional RNA had to be 

prepared for real-time RT-PCR for all ovary samples and one digestive gland sample.  

The Agilent 2100 Bioanalyzer electropherograms showed intact RNA for all samples 

used for microarray and all used for real-time RT-PCR with the possible exception of the 

NS ovary samples.  These samples yielded less RNA than the others, and were 

analyzed using the Bioanalyzer pico chip.  They appeared to be possibly more 

degraded than the OS samples, with some signal in the “fast region,” no worse than that 

in the illustration of a RIN = 7 sample in Schroeder et al. [118].  However, no RIN can be 
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calculated for conch RNA samples [105,108].  The NS samples also had slightly lower 

average A260/A280 (1.92 NS, 2.14 OS) and lower A260/A230 (1.04 NS, 2.14 OS) ratios than 

OS samples, prior to DNase treatment.  Therefore, these samples may not have been 

ideal.  Real-time RT-PCR data from the ovary should therefore be interpreted 

cautiously, as opposed to the digestive gland, for which all RNA samples were high-

quality, and confidence in the real-time RT-PCR data is high. 

Real-Time RT-PCR Validation of Microarray Results 

18S rRNA was differentially expressed between NS and OS samples for both 

ovary and digestive gland, and was thus determined to be an inadequate internal 

reference gene.  Therefore, real-time RT-PCR results for target mRNAs are expressed 

as copy number/ng total RNA (Tables 5-5 and 5-6).  Results showed a high degree of 

similarity with the microarray.  In most cases, fold-differences determined by real-time 

RT-PCR were greater than those determined by microarray.  EIF5A and RPL32 were 

both down-regulated in both tissues, though the RPL32 result was not significant in 

digestive gland.  The VTG mRNA that was 445.6-fold lower expressed in the NS than in 

the OS digestive gland according to microarray was in fact 222-fold lower NS according 

to real-time RT-PCR.  VTG mRNA was not significantly different between NS and OS 

according to microarray, but was a remarkable 165,692-fold lower in NS ovary than OS 

ovary according to real-time RT-PCR.  The difference between these two estimates 

appeared to be caused by saturation of the microarray signal in OS samples, which is 

reasonable given the very high expression of VTG in mature oocytes.  However, ovary 

real-time RT-PCR data should be interpreted cautiously due to questions regarding 

RNA quality. 
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Discussion 

Understanding Morphometric Differences between OS and NS 

This study was not intended to determine whether differences in size parameters 

existed between NS and OS conchs; however, these data were collected in order to 

perform a thorough analysis.  OS and NS queen conch shell lengths for individuals used 

in this study were nearly identical, indicating that the animals had reached a maximum 

adult shell length that is common to both sites.  This falls into line with the idea that only 

mature adult queen conchs, evidenced by reaching the maximum shell length and 

showing a flared lip, which are therefore capable of reaching sexual maturity [4,35,36], 

were collected in this study.  However, the significant differences in lip thickness, shell 

mass, and overall mass (the latter attributable to shell mass) are interesting.  Because 

this was not based on a large sample size, it is possible that these differences occurred 

by chance.  However, it is also possible that this is another effect associated with the 

NS environment, indicating that conditions NS are not optimal for shell production.  

Given the association between NS sites and Zn accumulation, it is worth noting that 

Jordaens et al. [179] found a negative correlation between Zn concentration and shell 

strength and thickness in a field study of Cepea nemoralis, but the authors cautioned 

that the association with polluted sites was tenuous.  Still, it seems Zn exposure could 

possibly affect shell thickness in a gastropod. 

Differences in shell lip thickness are likely not attributable to the age of the conchs 

or directly attributable to distance from shore; while a study in the Bahamas observed 

thicker shell lips moving away from shore, this was coupled with increasing shell lengths 

[44], and shell lip formation does not occur prior to reaching maximal shell length 

[35,36], which has apparently happened in both OS and NS conchs in the present 
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study.  Further, minimum shell lip thickness for maturity was reported as 4 mm based on 

a population in Belize [4], thinner than all of the animals in this study.  A study in 

Colombia reports a much thicker 17.5 mm lip thickness for maturity in females [37], but 

that number is based on the thickness for which 50% of samples showed what they 

called “mature” or “emission” stage ovaries (similar to Spawning Capable in Brown-

Peterson et al. [116] or “mature” and “spawning” in Avila-Poveda and Baqueiro-

Cardenas [38], see Table 2-1).  This is a more conservative number, but one that might 

be skewed by asynchrony or seasonality of the reproductive cycle, as the proportion of 

mature conchs varies seasonally in the same population [38].  Appeldoorn notes that 

the lip takes less than three months to form after reaching adult size, but that growth 

rates vary between different populations studied [35].  Therefore, based on comparisons 

with the literature, it seems likely that all of the conchs collected in the NS group are old 

enough to have reached sexual maturity.  This is further supported by the finding of 

Delgado et al. [3] that NS conchs translocated to OS proceeded to develop gonads, and 

could reach maturity within three months. 

Appeldoorn [35] also states that lip thickness is not a good indicator of weight, but 

that length is, which runs counter to the data presented currently, in which shell weight 

was largely responsible for the difference in total weight between NS and OS.  Stoner 

[16] describes the use of a condition factor for juvenile queen conch, which is calculated 

as tissue weight/shell length, and which is suppressed by artificially increased densities 

in enclosures.  Applying this to the adult queen conchs used in the present study, we 

find condition factors of 2.52 for NS and 2.44 for OS females in the study.  While this 

cannot be compared directly to the values calculated for juvenile conchs in the Stoner 
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paper, it suggests that NS and OS conchs are of similar physical condition.  Coupled 

with the observation that they have reached a size normally assumed to be greater than 

the minimum for reproduction, it is safe to assume that some other factor must be at 

play NS, where the conchs’ ovaries are not maturing, and shell lip thickness – possibly 

overall shell thickness or density – is abnormally reduced. 

Metal Accumulation in NS Female Conchs 

The major finding in the metal analysis conducted in this field study, that Zn 

accumulates in NS conch digestive gland (Figure 5-1), mirrors what was observed in 

males collected during the same sampling effort (Chapter 4) [105].  The trend in blood 

and gonad is also toward higher Zn NS, but those trends were not confirmed 

statistically.  Therefore, in female conchs, as in males, greater accumulation of Zn in 

digestive gland occurs along with the failure to develop mature gonadal tissue in NS 

aggregations.  A link between excess Zn exposure and decline in female reproductive 

capacity has been demonstrated in several gastropods [67-69], and so it is logically 

possible, but not proven, that in the current study an exogenous exposure to Zn could 

lead to both the accumulation of Zn in NS conch digestive gland and the reduction in 

reproductive development.  It was discussed in Spade et al. (Chapter 4) [105] that Zn is 

required for spermatogenesis in the Japanese eel [180], which is also the case in mice 

[181].  Similarly, Zn concentration increases with progressing stages of Xenopus 

oocytes [182], and is required for meiosis during mouse oogenesis [183].  It might, then, 

be presumed that accumulation of Zn in non-reproductive conch digestive gland could 

be beneficial or be related to mobilization of Zn in anticipation of imminent ovarian 

development.  However, that seems unlikely to be the case, given that the trend in 

ovary is also toward higher Zn concentrations in non-reproductive NS conchs.  
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Accumulation in digestive gland is more likely to be related to accumulation of excess 

metals, which has been reported in numerous gastropod studies [53-56,70,76-

78,80,83], and which is logically consistent with the reported effects of exogenous Zn on 

reproduction in several gastropods [66-69].  Note also that in the marine gastropods 

Bembicium auratum and Austrocochlea constricta, Taylor and Maher [79] report that Zn 

concentration is not explained by reproductive state, indicating that there may or may 

not be such an association between gonad development and Zn concentrations in 

gastropods, or at least not in all gastropods. 

While no significant differences in Cu levels between NS and OS were detected in 

the current study or in male queen conchs (Chapter 4) [105], Cu remains an analyte of 

interest because of the known ability of Cu compounds to reduce gastropod fecundity 

[67,71-74] – despite at least one report to the contrary [75] – and also the presence of 

general sources of Cu close to shore [98,102], in marinas [100], and on seagrass beds 

[99] in south Florida.  It might be possible for Cu to exert an effect at low doses, with no 

discernable accumulation, but it seems unlikely.  One problem, however, with 

determining whether Cu has accumulated in NS conchs at a greater rate than in OS 

conchs is identifying the contribution of blood hemocyanin to measured levels in tissues.  

While this may obscure differences in tissue levels, the trends in Cu concentrations in 

conch tissues are not significant and do not obviously favor NS or OS conchs.  In fact, 

the measured mean value for Cu in digestive gland was slightly higher NS, but in gonad 

was slightly higher OS.  Note that mean Cu levels appear higher in females (Figure 5-1 

A) than in males (Chapter 4); this is because Cu in the present chapter is reported as ng 

Cu/mg total protein, rather than ng Cu/mg blood.  The concentration of proteins in blood 
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is relatively low, which is supported by Little’s [91] statement that the composition of 

conch blood is similar to seawater, and this is the reason that blood Cu concentrations 

in this chapter appear higher and less variable than the values reported for males. 

It bears mentioning that Cu might not have the affinity for accumulation in digestive 

gland that Zn clearly has.  In the snails Helix aspersa aspersa and Helix aspersa 

maxima, Cu accumulation occurs to a high degree in the viscera, but unlike Zn, Cu 

actually accumulates to higher concentrations in the foot [53].  A recent study in Cuba 

confirmed that a small amount of Cu, Pb, and Zn can accumulate in conch muscle 

tissue [106].  The authors note that accumulation was low, but sometimes exceeded 

human health limits for Cu and Pb.  However, they do not measure the concentrations 

of these metals in digestive gland or gonad, and so do not comment on the relative 

accumulation rates of Cu and Zn in those tissues.  In the present study, mean Cu 

concentrations in foot muscle were 2.80 ng Cu/mg NS and 4.61 ng Cu/mg OS, 

significantly lower than the 6.4 – 32.6 mg Cu/kg measured by Diaz-Rizo et al. in the 

Cuban study [106].  Altogether, our data do not implicate Cu accumulation as being as 

likely an issue for reproduction of NS conchs as Zn accumulation. 

Significances detected for metals other than Zn do not suggest that metals in 

general accumulate to a greater degree in NS conchs; rather, several analytes were 

found at significantly higher levels OS (Appendix C).  However, many of these 

differences are between metals of very low concentrations at both sites, so the 

biological significance of differences might be minimal.  One possible exception is Cd, a 

toxic metal that is found at 3.58 ng/mg in OS ovary, and only 0.81 ng/mg in NS ovary.  

This is a very low concentration that apparently does not affect reproduction OS, but 
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even low levels of non-essential metals can be problematic for normal biological 

function, and so it would be prudent to monitor Cd in the future. 

Presence of a Masculinized Female Nearshore 

While it was not the major focus of our study, the accidental sampling of an 

apparently masculinized female at a NS site in the Florida Keys is an interesting finding 

that could have significant implications for understanding conch reproductive health in 

the NS environment.  However, this finding is not easily interpreted in the context of 

contaminants known to be present in this environment.  Tributyltin exposure has long 

been considered the major causative influence in development of imposex [184], the 

imposition of a penis and/or vas deferens on the normal genital systems of females in 

dioecious species of gastropod, as reported by Gibbs and Bryan [184], after earlier 

reports on the phenomenon by Smith [185] and Blaber [186].  The description of 

imposex is similar to the conch observed in the present study, and the association 

between female penis development and TBT accumulation has in fact been observed in 

queen conchs in the British Virgin Islands [187].  In the present sampling effort, 

however, tissue concentrations of tin were all below the limit of detection, and so we did 

not make an effort to speciate tins or attempt to quantify butyltins in conch tissues. 

Similar observations of conchs with ovarian tissue in histological sections of the 

ovary that also possess a verge have been made by Reed in Strombus pugilis [188,189] 

and Strombus luhuanus [190], and by Avila-Poveda [37] and Reed [189] in Strombus 

gigas; these were termed “masculinized females,” which is the term chosen for the 

present report.  The masculinization of Strombus luhuanus was so common in one 

population that the pseudopenis was originally thought to be a normal “clitoris” [191].  

High “imposex” rates, but no measurement of butyltins, have also been observed in the 
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dog conch, Strombus canarium, in Malaysia [192].  Therefore, this phenomenon of 

masculinization has been previously reported in numerous strombids.  It is important to 

note that while organotins were long thought to be the exclusive cause of imposex, 

recent evidence suggests that other compounds could cause the phenomenon.  Castro 

et al. determined that imposex was mediated by the Retinoid X Receptor (RXR) in the 

dogwhelk Nucella lapillus, and that imposex could be induced by 9-cis-retinoic acid 

[193]; this has been observed for the rock shell Thais clavigera, as well [194].  

Therefore, any compound with the ability to activate the RXR could theoretically induce 

an imposex-like masculinized phenotype.  Through this or other mechanisms, stressors 

other than butyltins could likely cause the masculinization of the female queen conch 

observed in the present study. 

Note that the masculinized female, “NM3” had a recorded penis length of 50.5 cm, 

as long as the NS males in the study, which averaged 45.75 ± 5.83 cm, and slightly 

shorter than the OS males, which averaged 68.07 ± 5.13 cm.  While in many reports of 

imposex, the penis that develops is referred to as a small and non-functional 

“pseudopenis,” it is clear that masculinized females can develop a large penis in 

Strombus gigas.  Titley-O’Neal et al. [187] reported a mean female penis length of 20.6 

cm and mean male penis length of 15.86 cm for one highly contaminated site.  While 

the mean lengths were shorter overall in the Titley-O’Neal study, this indicates that 

masculinized females can have penis lengths similar to, or exceeding, male penis 

length, as was observed in the present study. 

Because one of the individuals used in this study was a masculinized female, and 

because of the small sample size available for analysis and inherent in microarray 
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methods, there was some concern that the imposex individual could bias the gene 

expression analysis toward detecting spurious differences between groups.  Therefore, 

a second analysis of ovary data was conducted, in which the conchs were placed into 

randomized groups without respect to location (Appendix F).  This analysis found very 

few differences between the arbitrary groups – only 40 probes – indicating that 

differences in gene expression in the masculinized female individual were not sufficient 

to drive the analysis.  To further satisfy the question of the influence of the masculinized 

female conch on gene expression, unsupervised hierarchical clustering analysis was 

performed using the data for all of the genes on both the ovary and digestive gland 

microarrays – rather than clustering only differentially regulated genes (Figure F-2).  

This analysis indicated that the imposex individual (NM3) clustered closely with the 

other nearshore females, in no way indicating a gene expression state that was 

intermediate to or separate from the two locations.  Taken together, these two analyses 

demonstrate that gene expression in the ovary and digestive gland of the masculinized 

female are quite similar to the normal females in the study, and that differences 

detected in the study are reliable differences between OS and NS gene expression in 

ovary and digestive gland.  This follows logically with the knowledge that normal ovarian 

development can proceed even when penis development occludes the genital openings 

of imposex female dog whelks, preventing egg laying [184], and also the observation 

that masculinized strombid females can copulate and lay eggs [188]. 

Real-time RT-PCR Validation of Microarray Results 

Real-time RT-PCR results in this study were normalized to total RNA, which 

appears to be the appropriate approach for the current study, as opposed to 

normalization to an internal reference gene.  For conch testis data (Chapter 4), 18S 
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rRNA was used as an internal reference for real-time RT-PCR [105].  In that experiment 

I demonstrated that for the queen conch samples in question, but not for all sample 

groups in testis, 18S rRNA was consistently expressed across groups.  In the current 

experiment, 18S rRNA is clearly not stably expressed across groups (Tables 5-5 and 5-

6).  Variable 18S expression has been observed in recent studies with other systems, 

as well [195-198].  Normalization to total RNA and quantification against an external 

standard curve was successful for this study, similar to Tricarico et al. [199], who 

demonstrated that this method can be more reliable than many reference genes.  Bustin 

has advocated normalization to total RNA, even calling it the “least unreliable” method 

[142,143], though recently supporting the use of multiple reference genes when 

possible [200].  A similar procedure of normalization based on total RNA was recently 

reported in an environmental toxicology study by Connon et al. [201]. 

While it is cautioned that normalization to total RNA does not account for the 

presence of inhibitors or reverse transcriptase or Taq polymerase [142,143,199], I am 

confident that the CsCl-based RNA preparation method used for these experiments is 

likely to remove most inhibitors, as was apparently the case with the coral samples 

analyzed in Spade et al. (Chapter 3) [108].  Another concern for using total RNA 

normalization – or, I would suspect – any normalization method, is RNA integrity [202].  

While it is impossible to determine RIN for queen conch RNA samples [105,108], I am 

confident that the digestive gland RNA samples were of high integrity, based on visual 

inspection of the electropherograms from the Agilent 2100 Bioanalyzer.  Ovary RNA 

appeared to be possibly subject to moderate degradation, which could have contributed 

to the increased fold-differences between NS and OS, particularly for VTG.  However, 
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the overall similarity between microarray and real-time RT-PCR data support the validity 

of our microarray results. 

Transcriptional Status of Genes Known to Contribute to Reproductive 
Development 

VTG mRNA was not significantly differentially regulated in ovary according to the 

microarray, but was an impressive 160,085-fold different between sites according to 

real-time RT-PCR.  This seems unreasonable at first, but saturation of microarray 

probes may be responsible.  Clearly, there is some level of VTG mRNA present in NS 

samples, as the log2 intensity for those spots on the microarray was high (mean = 

15.36).  However, the OS probes were clearly saturated, with a log2 intensity mean of 

17.07; the 99th percentile of all genes for mean log2 intensity was 15.54.  This resulted 

in a small and non-significant difference between groups when measured by microarray.  

However, the real-time RT-PCR assay has a much larger dynamic range than the 

microarray – spanning eight orders of magnitude – and returned a larger fold difference.  

A similar difference between microarray and real-time RT-PCR for a vitellogenin mRNA 

was observed recently by Skillman et al. [203], who measured induction of VTG mRNA 

by 17α-ethinylestradiol at 10.42-fold by microarray and 65,000-fold by real-time RT-

PCR. 

While NS values for VTG were lower than expected when measured by real-time 

RT-PCR (one sample below detection and one that did not amplify), OS VTG values 

determined by real-time RT-PCR were also slightly lower than expected; they had 

similar copy numbers to OS values for EIF5A and RPL32, while VTG probe intensity 

was higher than either gene for OS samples on the microarray.  This likely indicates a 

difference in the ability of the primers to bind the VTG sequence, relative to the 
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microarray probe, and could be explained by the exact position of the corresponding 

sequence segments (e.g. could be influenced by proximity to the 3’ end of the 

transcript).  Again, NS VTG values could have been further depressed if RNA integrity 

was reduced relative to OS samples.  Therefore, despite the difference between values 

measured by microarray and real-time RT-PCR, the present data clearly indicate a 

considerable impact on vitellogenin production in ovary. 

The significant difference in VTG mRNA levels between NS and OS digestive 

gland was unexpected.  In gastropods, vitellogenin is generally believed to be produced, 

presumably at both the transcript and protein level, directly in the ovary.  In fact, 

Matsumoto et al. confirmed using both real-time PCR and in situ hybridization that the 

ovarian follicle cells are the site of vitellogenin mRNA production in the Pacific abalone, 

Haliotis discus hannai, and that the vitellogenin mRNA is not detected in 

hepatopancreas [204].  There are notable differences in reproductive strategy across 

the gastropods, and this might mean there are considerable differences in vitellogenin 

production.  Gagnaire et al. recently studied the biochemical characteristics of 

vitellogenin proteins in three diverse gastropods, including a parthenogenic asexual 

reproducer, Potamopyrgus antipodarum, a hermaphrodite, Valvata piscinalis, and a 

gonochoristic/dioecious sexual reproducer, Lithoglyphus naticoides.  Interestingly, they 

were able to detect vitellogenin proteins in all three species using electrophoresis and 

silver staining, but there were differences in the kDa sizes of the bands in each species’ 

vitellogenin [205].  This is of interest from the perspective of the current study, because 

it speaks to the degree to which we can interpret information from other species.  While 

the Matsumoto et al. study very clearly confirmed that vitellogenin mRNA is found only 
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in the ovary of Haliotis discus hannai, it is not impossible that there is some contribution 

of the digestive gland to VTG mRNA production in conch.  Thus, we interpret the finding 

of differential regulation of VTG in the digestive gland with caution.  While it appears 

plausible that the result seen in digestive gland could indicate contamination with ovary 

during dissection, we are confident that there was little contamination between the two 

tissues, despite their close physical association, and this is borne out by the microarray 

data, in which we found only a small overlap in significant results (Figure 5-3). 

There is no question that vitellogenin has been successfully used as a biomarker 

of endocrine disruption in fish [206].  A perhaps more overlooked function of vitellogenin 

in fish is its use as a marker of reproductive status of females [207], which fits into the 

greater context of an adverse outcome pathway (AOP) for the effects of anti-estrogenic 

chemicals in female fish [178].  In molluscs, including some gastropods but mostly in 

bivalves, which have a more defined role of estrogens in reproductive development than 

gastropods, vitellogenin protein levels have been investigated as potential biomarkers of 

estrogenic endocrine disrupting compounds [208].  At least one study has also sought 

to measure vitellogenin mRNA levels in the mussel Mytilus edulis after estradiol 

injection, but found variable results [209].  However, a possibility that many of these 

studies overlook is the potential use of vitellogenin gene expression as a marker of 

ovarian stage and/or reproductive status.  Given the clear difference in VTG expression 

between NS and OS conchs in this study, and the impressive dynamic range of the 

QPCR assay, it seems that this might have the potential to quantitatively assess more 

subtle changes in ovarian health and development for queen conchs.  However, this 

would require additional characterization.  For the purposes of the current study, it is 
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sufficient to note that VTG mRNA is expressed much more highly OS than NS during 

the early reproductive season (February), and that this appears to also apply to the 

digestive gland, though ovary is clearly the major site of VTG transcription. 

Aside from VTG, there are numerous differences in processes related to ovarian 

development in this microarray study.  However, due to incomplete coverage of the 

conch transcriptome, as well as a reliance on interspecies comparisons for annotation 

of sequence data, the queen conch microarray does not include any probes for genes 

annotated with the GO biological process “oogenesis.”  Therefore, while the presence of 

differentially regulated genes under the term “spermatogenesis” served to validate the 

results of Spade et al. [105] (Chapter 4), no such inference can be made in the present 

study.  One interesting comparison between the present study and the testis study 

(Chapter 4) is the appearance in digestive gland of the enriched GO biological process 

small GTPase mediated signal transduction.  It was postulated that ras-related 

GTPases may have been responsible for signaling in testis development.  In fact, they 

may be important signaling molecules in several conch tissues, including digestive 

gland.  In addition, the bulk of the microarray evidence points to effects on translation in 

both digestive gland and ovary, apoptosis in ovary, and lipid metabolism in the digestive 

gland in the overall development of the ovary.  These processes are discussed further. 

Reduced Translational Processes in Nearshore Conch Digestive Gland and Ovary 

The most enriched GO biological process in the ovary microarray analysis was 

translation (Table 5-3); the digestive gland analysis included the terms regulation of 

protein metabolic process, translational elongation, and regulation of translation (Table 

5-2).  Clearly, there is a marked impact on translation in NS conchs.  As mentioned in 

the results, a majority of ribosomal proteins and mitochondrial ribosomal proteins are 
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expressed at lower levels in NS ovary.  Still other down-regulated translation-related 

genes NS were translation factors, including EIF3 subunits 2 and 12 and EIF5A, which 

was confirmed by real-time RT-PCR for ovary, but not for digestive gland.  In digestive 

gland, the regulation of protein metabolism process encompassed five differentially 

regulated ubiquitin-conjugating enzymes.  The translational elongation process included 

several elongation factors, including Tu elongation factor and mitochondrial elongation 

factor Tu, both of which were up-regulated NS.  Finally, regulation of translation 

included down-regulation of Cytoplasmic Polyadenylation Element Binding Protein 2 

and MAP Kinase-Interacting Serine/Threonine Protein Kinase 1. 

Therefore, while protein synthesis overall appears to be more heavily affected in 

ovary, with reduced transcription for many ribosomal proteins, there is also evidence of 

down-regulation in transcripts related to regulation of protein synthesis and up-

regulation of messages required for ubiquitin-related protein degradation, suggesting an 

overall decrease in protein production in NS digestive gland.  This was an unexpected 

result, given that digestive gland histology does not change throughout the reproductive 

season in the same marked fashion as the ovary.  However, Gros, et al. determined 

based on histological data that digestive gland contains ribosome-rich crypt cells, and 

suggested that they have a role in replacing sloughed digestive cells [210].  The 

differences in metabolic activity between NS and OS could lead to different rates of 

digestive cell turnover, and therefore explain differences in translation-related gene 

expression and expression of 18S rRNA between NS and OS digestive gland. 

A striking comparison to the transcriptional state observed in this study can be 

found in mussels, Mytilus galloprovincialis, who show inactivation of ribosomes during 
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times of cellular stress, especially metabolic stress; this can be a biomarker of general 

stress or stresses induced by metals such as Cu, Zn, Pb, Cd, and Hg, which can be 

correlated with metallothionein levels [211].  At the mRNA level, transcription of 

ribosomal proteins has been shown in many studies to be coordinately regulated and to 

be inhibited when cellular energy pools are reduced; this inhibition can happen through 

a number of pathways in model organisms, including mammalian target of rapamycin 

(mTOR) and several other protein kinase signaling pathways [212].  Therefore, in the 

present study, ovarian transcription suggests a high level of cellular stress, resulting in 

down-regulation of transcription for ribosomal proteins.  While this does not directly 

implicate metals as a stressor in the present study, it is worth mentioning that a putative 

metallothionein probe on the microarray (Probe no. UF_Sgi_AM_107631; not currently 

annotated with a Gene Title because of short sequence match to Littorina littorea 

metallothionein mRNA) was expressed 5.74-fold higher in NS than in OS ovary. 

NS Ovarian Development and Apoptosis 

Apoptosis was the second most enriched GO biological process in the ovary 

enrichment analysis (Tables 5-3 and 5-4).  Connections between translational status 

and apoptosis are extensive.  For instance, in humans the mitochondrial ribosomal 

protein S29 is also called Death Associated Protein 3, and may promote cell growth in 

tumors, while being associated with low levels of apoptosis [213].  While the queen 

conch microarray does not contain a sequence annotated as mitochondrial ribosomal 

protein S29, the current study saw differential regulation of 11 mitochondrial ribosomal 

proteins.  Perhaps more importantly for this study, EIF5A promotes apoptosis by a 

mitochondrial mechanism in human cells [214]. 
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Enrichment of the apoptosis term is not only consistent with differential regulation 

of transcripts related to translational processes, but might be of particular importance in 

the context of the ovary.  Indeed, there is a link between apoptosis and follicular atresia, 

at least in humans and probably in fish [215].  In fish, ovarian atresia is often associated 

with stress [215], but this has not, to my knowledge, been heavily studied in gastropods.  

Nonetheless, it would seem that with down-regulation of translational processes NS, 

apoptosis would be more prevalent in this tissue. 

It appears that mRNAs associated with apoptosis are largely down-regulated in 

the NS ovary (Table 5-4); these have varying functions, some of which are anti-

apoptotic and some of which are pro-apoptotic.  There were two up-regulated genes.  

The up-regulated transcript sphingosine-1-phosphate phosphatase-1 (SPP1, also:  

sphingosine-1-phosphate phosphohydrolase-1) is directly related with apoptosis, 

converting sphingosine phosphate to sphingosine and ceramide, which in humans is 

associated with apoptosis and autophagy through complex mechanisms involving tumor 

necrosis factor and RNA-like ER kinase [216-218].  The only other NS up-regulated 

apoptosis-related transcript was NADH dehydrogenase (ubiquitinone) Fe-S protein 1, 

75 kDa (NDUFS1, also:  NADH coenzyme-Q reductase).  NDUFS1 is a target of 

caspases in the mitochondria and is cleaved before ATP levels fall preceding apoptosis 

[219].  Up-regulation of these two genes in NS ovary provides contradictory information 

regarding the idea that levels of apoptosis are higher in NS than OS ovary.  The 

remaining seven transcripts under this term are all down-regulated.  Three of these are 

known to protect cells from apoptosis in other species, which may in fact indicate 

increased apoptosis NS.  These include MAP-kinase Activating Death Domain (MADD) 
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[220,221], Tumor Necrosis Factor Receptor Superfamily, member 11b (tnfrsf11b, also:  

osteoprotegerin, OPG) [222], and TNF Receptor-Associated Factor 1 (TRAF1) [223].  

The remaining four NS down-regulated transcripts are promoters of apoptosis in other 

species, including Htra Serine Peptidase 2 (Htra2) [224], DNA Fragmentation Factor, 

Alpha Subunit (DFFA/DFF-45) [225,226], Programmed Cell Death 2 (PDCD2) [227], 

and Eukaryotic Translation Initiation Factor 5A (EIF5A) [228].  The reduced expression 

of EIF5A NS was confirmed by real-time RT-PCR (Table 5-6).  Down-regulation of this 

latter set of genes runs counter to the concept of increased apoptosis in NS ovary, while 

down-regulation of the former set supports the idea. 

Notably, many of these gene products have been heavily studied with respect to 

their roles in human cancer, for example tnfrsf11b/OPG can reduce rates of apoptosis 

of breast cancer cells, which would otherwise mitigate proliferation of the cancer cells 

[222].  EIF5A, however, is somewhat of an enigma:  while EIF5A promotes apoptosis 

through a p53-driven pathway [228], it is also implicated in the formation of 

hepatocellular carcinoma [229].  Therefore, even assuming that the roles of these gene 

products are conserved between humans, in which they have been heavily studied, and 

queen conch, it is difficult to understand the delicate balance that might exist between 

cell death and cell proliferative properties conferred by a gene product such as EIF5A, 

and so differential regulation of the transcript is not absolute evidence of either a pro- or 

anti-apoptotic role in the present study.  It should be mentioned that, while only one 

gene on the microarray was annotated with the title Eukaryotic Translation Initiation 

Factor 5A, there was also a Eukaryotic Translation Initiation Factor 5A1 (2.67-fold down 

NS, p = 0.036), a Eukaryotic Translation Initiation Factor 5 (1.35-fold down NS, 
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p=0.435), and a Eukaryotic Translation Initiation Factor 5A2 (1.19-fold down NS, p = 

0.664).  This is the result of annotation against multiple species, and it appears that the 

data from this study consistently suggest NS down-regulation of EIF5A and related 

mRNAs. 

Generally, it would have been expected that a NS environment not supportive of 

reproductive development would lead to increased expression of pro-apoptotic genes.  

However, little is known about the relationship between atresia and normal ovarian 

development in conchs.  It should be noted that Zn may have an anti-apoptotic role, and 

is inversely related with the activation of caspases in some cells [88].  This is likely not 

directly related to the present situation, as Zn accumulates in digestive gland, not ovary, 

of the conchs, while the differences in apoptosis have been identified in ovary.  In order 

to understand the apoptotic differences between NS and OS ovary, one can use fish for 

comparison:  it has long been known that follicular atresia occurs in fish naturally, and 

can also be induced by exogenous progestins [230].  Sites of apoptosis induced by 

xenobiotics in other studies have included not only oocytes and follicles, but also theca 

and granulosa cells in the fish ovary [231].  It is likely that the mechanism of atresia also 

involves apoptosis in conch, especially given the clear differential expression of 

apoptosis-related transcripts in our dataset.  However, the weight of the gene 

expression data in the current study does not clearly suggest that the transcriptional 

state in NS ovary is more or less pro-apoptotic than OS ovary.  This could be due to the 

presence of larger numbers of mature oocytes OS, which was observed histologically 

(Nancy Brown-Peterson, personal communication), and could indicate that some rate of 

follicular atresia is normal in conch ovary.  It should also be mentioned that 
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transcriptional data might not match the steady-state levels of proteins.  Therefore, it is 

possible that negative feedback inhibition or other factors could lead to decreased 

transcription of highly expressed proteins.  This obscures the ability to make a definitive 

case about the regulation of apoptotic processes in this study, without a clear direction 

of regulation for apoptosis-related transcripts.  In any case, apoptosis is an important 

process in a developing ovary, and there is a clear disparity in expression of apoptosis-

related genes in ovary between NS and OS conchs. 

Lipid Metabolism in the Digestive Gland Might Play a Major Role in Ovarian 
Development 

It is a notable finding that the GO biological process lipid metabolism is enriched in 

the digestive gland study.  All eight of the transcripts falling under this classification are 

lower-expressed in NS digestive gland than OS digestive gland, suggesting a decrease 

in the rate of metabolism of lipids NS.  This could reflect the overall energetic state of 

the organisms nearshore, and could also hint that NS digestive gland is responsible for 

producing lipids bound for developing and/or maturing oocytes.  This is especially likely 

if, in fact, some VTG2 mRNA is produced in the digestive gland.  It is known that 

ovarian signet tissue contains albumen [36] and that differences in carbohydrate levels 

in signet cells might contribute to the difference in reproductive development between 

NS and OS [8].  However, the close physical association of digestive gland with ovary, 

the apparent differences between OS and NS in digestive gland lipid metabolism, and 

the high energetic cost of reproduction suggest that the digestive gland might have a 

role in reproductive development through production of lipids necessary for ovarian 

maturation.  This could be an interesting hypothesis for future studies. 
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What Gene Expression Says about Metal Homeostasis 

While enrichment analysis does not provide direct evidence for effects of Cu or Zn 

on NS reproduction, another interesting finding in the digestive gland is the enrichment 

of the terms iron ion transport and cellular iron ion homeostasis.  Three differentially 

regulated transcripts are responsible for the appearance of both of these terms in the 

enrichment analysis:  ferritin, catalase, and cytochrome P450, family 1, subfamily A, 

polypeptide 1.  Perhaps the most interesting of these is the ferritin gene, which is 

annotated based on a match with Arabadopsis thaliana ferritin 4 (Fet4), and is the only 

transcript of the three that is up-regulated NS (2.36-fold up-regulated, p = 0.003).  Fet4 

not only transports Fe, but can also be induced by Zn limitation and transport both Zn 

and Cu in humans [90].  While catalase and CYP1A1 may be related to Fe transport, 

they are better-known for their roles in stress response and phase one xenobiotic 

metabolism, respectively. 

There are also several other known Cu and Zn-related transcripts on the 

microarray, including the aforementioned putative metallothionein probe, which is up-

regulated in NS ovary, Copper transporter 1c (Ctr1c, 7.26-fold up in NS ovary, p<0.001), 

copper ion transporter (COPT5, not differentially regulated in either comparison), and 

solute carrier family 30, member 5 (SLC30A5, 1.46-fold down in NS digestive gland, p = 

0.044; a Zn transporter).  Despite a small number of Zn- and Cu-related transcripts on 

the microarray, this is a relatively high frequency of differential regulation, which 

supports, if not exposure to Cu and/or Zn, then differences in the metabolism of these 

metals between OS and NS conchs.  The exact implications of regulation of these 

transporters in conch is difficult to interpret given the large families of metal transporters 

that exist and the potential for species differences.  However, supports the idea that 
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metal homeostasis differs between NS and OS digestive gland to the degree that metal 

transporters are being differentially regulated. 

Summary:  Implications for Reproduction of Nearshore Conchs 

As in male conchs, the mean Zn concentration in the digestive gland of NS female 

conchs is greater than in OS conchs, which supports hypothesis (1).  Further, female 

conch reproductive status appears to be as disparate between NS and OS as that of 

male conchs, reported previously (Chapter 4) [105].  This is in accord with the marked 

differences between NS and OS sites in female histology reported in Delgado et al. [3] 

and Glazer and Quintero [8].  It is clear that NS reproductive development is impaired, 

evidenced by major decreases in the transcription of ribosomal proteins, translation 

initiation factors, and other translation-related genes, coupled with evidence for a 

difference in the rate of apoptosis in NS ovary; this supports hypothesis (2).  Digestive 

gland gene expression provides evidence of effects on NS lipid and protein metabolism, 

GTPase mediated signaling pathways, and even metal ion homeostasis, which may 

suggest differences in metabolism of Fe, Zn, or possibly Cu, in the NS environment.  

However, ICP-MS analysis only indicates significant accumulation of Zn in NS conchs, 

consistent with the previous report.  This study confirms that the NS environment has 

marked effects on conch ovarian development and reproductive success; morphometric 

data even indicate a disparity in shell thickness between OS and NS conchs that may 

indicate an overall state of significant environmental stress, possibly from multiple 

sources, and negative consequences for general health of female conchs in the NS 

aggregation at Tingler Island. 
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Table 5-1.  Morphometric data for female queen conchs collected in the February and 
June 2007 sampling efforts. 

Location n 
shell length 
(cm) 

lip thickness 
(mm)* 

total mass 
(g)* 

shell 
mass (g)* 

soft tissue mass 
(g) 

NS 5 22.96 ± 1.38 11.50 ± 4.71 
2105.06 ± 

318.95 
1527.58 ± 
237.78 577.48 ± 85.25 

OS 9 23.38 ± 0.78 21.78 ± 7.13 
2817.21 ± 

363.47 
2245.14 ± 
308.77 572.07 ± 91.29 

*Indicates significance in two-tailed Student’s t-test comparing NS and OS values, assuming unequal 
variance (p<0.01); normally distributed (Shapiro-Wilk, p>0.05).  Data are expressed as mean ± SD. 

 
Table 5-2.  Enriched Gene Ontology (GO) biological processes in the digestive gland 

microarray experiment. 

GO ID Biological Process Raw p-
value 

Not 
DR 

Not DR 
Total 

DR DR 
Total 

Type 

GO:0051246 regulation of 
protein metabolic 
process 

0.001 5 2531 5 248 enriched 

GO:0006629 lipid metabolic 
process 

0.012 28 2531 8 248 enriched 

GO:0006414 translational 
elongation 

0.018 13 2531 5 248 enriched 

GO:0006417 regulation of 
translation 

0.028 5 2531 3 248 enriched 

GO:0006826 iron ion transport 0.028 5 2531 3 248 enriched 

GO:0006879 cellular iron ion 
homeostasis 

0.028 5 2531 3 248 enriched 

GO:0007264 small GTPase 
mediated signal 
transduction 

0.032 28 2531 7 248 enriched 

GO:0006812 cation transport 0.039 6 2531 3 248 enriched 

GO:0006810 transport 0.041 114 2531 19 248 enriched 
DR (differentially regulated) and not DR describe the number of genes annotated with each GO biological 
process term that are or are not differentially regulated.  Totals refer to the total number of genes in the 
analysis with at least one GO biological process annotation.  Type – indicates whether the biological 
process is enriched or under-represented, Raw p-value – determined by Fisher exact test with no 
correction for multiple comparisons. 
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Table 5-3.  Enriched Gene Ontology (GO) biological processes in the ovary microarray 
experiment. 

GO ID Biological Process Raw p-
value 

Not 
DR 

Not DR 
Total 

DR DR 
Total 

Type 

GO:0006412 translation 0.001 120 2357 38 384 enriched 

GO:0006915 apoptosis 0.005 16 2357 9 384 enriched 

GO:0006470 protein amino acid 
dephosphorylation 

0.012 9 2357 6 384 enriched 

GO:0008360 regulation of cell 
shape 

0.027 5 2357 4 384 enriched 

GO:0006817 phosphate 
transport 

0.036 9 2357 5 384 enriched 

GO:0000398 nuclear mRNA 
splicing, via 
spliceosome 

0.040 13 2357 6 384 enriched 

DR (differentially regulated) and not DR describe the number of genes annotated with each GO biological 
process term that are or are not differentially regulated.  Totals refer to the total number of genes in the 
analysis with at least one GO biological process annotation.  Type – indicates whether the biological 
process is enriched or under-represented, Raw p-value – determined by Fisher exact test with no 
correction for multiple comparisons. 

 

Table 5-4.  Apoptosis-associated genes differentially regulated in the ovary microarray 
experiment. 

Gene Title Fold Direction (NS) p-value 

Sphingosine-1-phosphate Phosphatase 1 4.03 up 3.24E-05 

NADH Dehydrogenase Fe-S Protein 1, 75kDa 3.65 up 3.80E-04 

MAP-kinase Activating Death Domain 2.28 down 6.74E-03 

Tumor Necrosis Factor Receptor Superfamily, 
Member 11b 

2.37 down 6.53E-03 

HtrA Serine Peptidase 2 2.79 down 3.51E-03 

DNA Fragmentation Factor, Alpha Subunit 2.83 down 3.74E-03 

Programmed Cell Death 2 2.97 down 5.06E-03 

Eukaryotic Translation Initiation Factor 5A 3.34 down 1.82E-03 

Tnf Receptor-associated Factor 1 6.31 down 9.58E-04 

Fold – fold-difference between OS and NS, Direction (NS) – direction of regulation in NS conchs, with 
respect to OS.  P-value determined by ANOVA (FDR = 5%). 
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Table 5-5.  Comparison of digestive gland gene expression results by microarray and 
real-time RT-PCR. 

 
Microarray Real-time RT-PCR 

Gene Title Fold Direction p-value Fold Direction p-value 

18S rRNA - - - 17.0 down 0.021 

VTG 445.6 down <0.001 224.1 down 0.018 

EIF5A 1.9 down 0.057 5.6 down 0.043 

RPL32 2.1 down 0.018 2.0 down 0.248 
Fold – fold-difference between OS and NS, Direction – direction of regulation NS, with respect to OS.  P-
value for microarray determined by ANOVA (FDR = 5%), n = 3 NS, 4 OS.  P-value for real-time RT-PCR 
determined by Mann-Whitney test, n = 4 NS, 4 OS. 

 

Table 5-6.  Comparison of ovary gene expression results by microarray and real-time 
RT-PCR 

 
Microarray Real-time RT-PCR 

Gene Title Fold Direction p-value Fold Direction p-value 

18S rRNA - - - 164.0 down 0.034 

VTG 3.3 down 0.148 165692.3 down 0.032 

EIF5A 3.3 down 0.002 81.1 down 0.034 

RPL32 3.8 down <0.001 11.1 down 0.034 
Fold – fold-difference between OS and NS, Direction – direction of regulation NS, with respect to OS.  P-
value for microarray determined by ANOVA (FDR = 5%), n = 3 NS, 4 OS.  P-value for real-time RT-PCR 
determined by Mann-Whitney test, n = 3 NS, 4 OS. 

 

 
Figure 5-1.  Copper (A) and zinc (B) concentrations measured in female queen conch 

tissues collected in February and June 2007, reported as mean + SEM.  All 
values are reported as ng analyte/mg tissue mass, except for blood, which is 
ng analyte/mg blood total protein.  *Indicates significance in Mann-Whitney 
nonparametric test for difference of means (p=0.0133).  n = 2-9 per group, 
details and full report of measured analytes can be found in Appendix C. 
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Figure 5-2.  Differentially regulated genes in the digestive gland (A and C) and ovary (B 

and D) microarray experiments.  Volcano plots comparing log2 (fold 
difference) to significance (as –log10 p-value) for each gene in the digestive 
gland (A) and ovary (B) microarray studies.  The horizontal dotted line in each 
volcano plot is a significance cutoff of –log10 p-value = 2, or p<0.01; all genes 
above this line are significant.  Arrow in (A) identifies vitellogenin, with a fold 
difference of 445.6, determined by microarray. Heat maps for digestive gland 
(C) and ovary (D) significant genes demonstrate that gene expression is 
consistent within groups (NS versus OS) for all differentially regulated genes.  
Note tight clustering of the supposed imposex female NM3 with the other NS 
individuals. 
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Figure 5-3.  Overlap in differentially expressed genes between the ovary (left oval) and 

digestive gland (right oval) microarray experiments.  Only 54 genes were 
differentially expressed in both studies, making up 13.95% of the total for the 
digestive gland and 9.68% of the total for the ovary. 
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CHAPTER 6 
ZINC AND COPPER ACCUMULATION IN CONCH DIGESTIVE GLAND IN THE FIELD 
AND THE LABORATORY, WITH POSSIBLE IMPLICATIONS FOR REPRODUCTION 

Background 

A consistent disparity in histological indicators of gonadal development has been 

observed between queen conchs (Strombus gigas) from offshore (OS) and nearshore 

(NS) aggregations in the Florida Keys.  This was first reported in male and female 

conchs from Alligator Reef (OS) and Tingler Island (NS) collected April, 1998 [8], later in 

male and female conchs collected from Tingler Island and Duck Key (NS) and Alligator 

Reef and Pelican Shoal (OS) in March – November, 1999 [3], and most recently from 

conchs collected from Pelican Shoal (OS) and Tingler Island (NS) in February, 2007, 

and from East Sister’s Rock (NS) and Eastern Sambo (OS) in June, 2007, again in both 

males (Chapter 4) [105] and females (Chapter 5).  In Chapters 4 and 5, I demonstrated 

that the mean Zn concentration in the digestive gland of NS queen conchs is 

significantly higher than that of OS queen conchs collected from the two pairs of sites 

sampled in 2007.  While there are several other significant differences in tissue metal 

concentrations between NS and OS queen conchs in the field, this was the most striking 

difference, in terms of the size, significance, and consistency across sex.  While the 

histological disparity in gonad development has been consistent over a series of 

sampling efforts, it is necessary to reproduce the metal data at another time point. 

An additional sampling effort could also aid in determining whether sources of Zn 

are present at NS sites to explain the accumulation of Zn in conchs collected from those 

sites.  There is relatively little information in the literature with regard to possible sources 

of trace metals in the nearshore Florida Keys environment.  However, it has been 

reported that Zn, Cu, and other heavy metals have been found at higher concentrations 



 

143 

in sediment samples from areas close to shore in south Florida, including canals, canal 

outflows and the area surrounding the city of Miami [96,98], Cu has been found to 

exceed  guideline levels for water at Florida Keys sites, and Zn in sediment has been 

found at higher levels on seagrass beds, which are conch habitat, than on non-seagrass 

sites [99].  Caccia et al. note that most trace metals, including Zn and Cu, are found at 

higher concentrations in the northern and western portions than the southern portion of 

Florida Bay, but do not measure concentrations on the Atlantic Ocean side of the 

Florida Keys, where conch aggregations are found [100].  The authors do find 

measured concentrations of trace metals in the Florida Bay to be lower than in other 

Florida estuaries, but higher than concentrations in the Bahamas, and suggest 

agricultural runoff, roadway runoff, and boat traffic as sources of metals [100].  While it 

is logical that the influence of roadway runoff and boat traffic would be greater at sites 

closer to shore in the Florida Keys, in order to get a clear picture of the potential for 

conchs to be exposed to Cu and Zn, it was necessary to sample macroalgae – conch 

food sources – and determine the levels of metals in those samples. 

An in vivo exposure with a surrogate conch species, Strombus alatus, the Florida 

fighting conch, was performed in order to assess whether it is possible for exogenous 

Cu or Zn exposures to cause the reproductive effects that have been observed in 

nearshore queen conchs.  While it is known that Cu and Zn can decrease reproduction 

in gastropods [66-69,71-74], that Cu has sub-lethal effects on juvenile queen conch 

feeding and behavior (righting time) [62], that Cu and Zn accumulate in digestive gland 

of NS conchs in the Florida Keys [105], and that Cu and Pb concentrations exceed 

public health standards in edible muscle samples of some conchs in Cuba [106], it has 
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not been definitively demonstrated that exogenous Zn or Cu exposures can result in 

decreases in reproductive development of conchs.  Strombus alatus was chosen as the 

surrogate for in vivo experiments because its adult size (mean = 8.78 cm for all conchs 

in the present study) is smaller and therefore more amenable to laboratory experiments 

than the much larger queen conch (mean = 22.80 cm for all adults collected from the 

Florida Keys in 2007 (Chapters 4 and 5).  It also was deemed to be a suitable surrogate 

because its reproductive biology is similar to the other strombids, including queen conch 

[232,233].  Additionally, S. alatus has reproduced in aquaculture under similar 

conditions to S. gigas [27].  However, I was cautioned that S. alatus may be less 

sensitive to environmental stressors such as pollutants than S. gigas (Robert Glazer, 

personal communication).  While no toxicology data exist in the literature to make a 

direct comparison, this idea was mostly predicated on habitat differences between 

queen conch and fighting conchs, the latter of which are known to bury themselves in 

muddy sand or silt sediments, as has been reported in the literature for the closely 

related West Indian fighting conch, Strombus pugilis [234,235]. 

For the present study, male and female queen conchs and algal samples were 

collected from OS (Delta Shoal) and NS (East Sister’s Rock) sites in the Florida Keys in 

March, 2009 (Figure 2-1).  Additionally, a 50-day time-course feeding exposure of 

Strombus alatus to either Cu (219.51 ng/mg food) or Zn (1818.72 ng/mg food)  was 

performed in the Aquatic Toxicology Laboratory (ATL) at UF, as described in the 

Methods.  Doses for the in vivo exposures were chosen based on several factors, 

namely that they were similar to doses that repressed reproduction without significantly 

affecting feeding rates or causing toxicity in a feeding exposure with Helix aspersa [67], 
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the same concentrations appeared to lead to significant accumulation of metals in 

gonad or digestive gland in a preliminary 60-day in vivo dose-finding study, and they 

reflected the fact that Zn concentrations in tissues of wild conchs tend to be 

approximately ten-fold higher than Cu concentrations.  For the experiments presented in 

this chapter, it was hypothesized that: 

1.  Zn accumulation observed in NS conchs in 2007 would persist into a 2009 
collection, 

2. NS algal samples would have higher levels of Zn and possibly Cu, 

3. the impaired vitellogenesis observed in 2007 would also persist, quantifiable by real-
time RT-PCR, and 

4. an exogenous exposure to a high dose of Zn or Cu would lead to Zn accumulation 
and inhibit reproductive development in Strombus alatus. 

Results 

March 2009 Queen Conch Field Study 

As outlined in the Methods (Chapter 2), conchs were collected from Delta Shoal 

(OS) and East Sister’s Rock (NS) (Figure 2-1).  Two groups of OS conchs were 

collected, one of which was held in NS flow-through water for 16 h; this is referred to as 

“NS-held.”  The NS conchs were also held in NS flow-through water prior to being 

processed, for 28 h.  Histological analysis for the 2009 field study was performed by 

Nancy Brown-Peterson at the University of Southern Mississippi.  The analysis showed 

marked differences in reproductive capacity between OS and NS, similar to previous 

analyses.  The two NS females for which histological analysis of ovary was performed 

showed very little gametogenic tissue, and in both cases showed some early 

spermatogenesis.  These were considered female for further analysis due to sex 

determination based on external genitalia, but this is evidence of intersex, a severe 
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condition, coupled with reduced oogenesis in NS females.  Females from the OS and 

OS-held groups were all Spawning Capable.  Males collected NS were all in the stages 

Developing or Regenerating, or no spermatogenesis was observed (the latter an 

abnormal condition).  In contrast, OS and OS-held males were all Spawning Capable 

(Nancy Brown-Peterson, personal communication). 

Copper and Zinc Concentrations in the Tissues of Wild Queen Conchs 

Cu and Zn values differed significantly across treatment groups for several 

comparisons, according to the Kruskall-Wallis nonparametric test (Table 6-1 and Figure 

6-1).  Most notably, Zn in the digestive gland of both male and female conchs 

significantly differed across groups.  Individual Mann-Whitney tests comparing NS 

conchs to either OS (held or not held) groups were not significant for either comparison 

in females (p = 0.052) or for the NS vs. OS-held comparison in males (p = 0.052), but 

was significant for the NS vs. OS-not held comparison in males (p = 0.030).  Male and 

female Zn mean concentrations in NS digestive gland in this study (771.14 and 1285.56 

ng/mg, respectively) were comparable to those from males (831.85 ng/mg) and females 

(1181.76 ng/mg) from 2007 (Chapters 4 and 5).  However, OS values in the current 

study were higher than those measured at OS sites in 2007, for both females (585.14 

and 440.16 ng/mg in 2009, held and not held, respectively; 108.45 ng/mg in 2007) and 

males (217.10 and 184.12 ng/mg in 2009, held and not held, respectively; 84.53 ng/mg 

in 2007).  These values were not compared statistically across studies from different 

years.  Mean DG Zn concentrations for both males and females in the present study 

were higher in the OS-held group than the OS-not held group, but these differences 

were not statistically verified. 
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In the present study, Zn also varied significantly across ovary sample groups 

(p = 0.022, Kruskall-Wallis), with the greatest mean value NS.  However, as with female 

digestive gland, groupwise differences between the NS and the two OS groups were 

barely non-significant (p = 0.052, Mann-Whitney).  Taken together, these trends in Zn 

indicate that Zn is present at higher levels in digestive gland of NS males conchs from 

the 2009 sampling group.  The trend of elevated Zn NS also exists in female digestive 

gland and ovary, though not significant.  Two other significant differences across groups 

were detected by the Kruskall-Wallis test.  Cu was significantly different across groups 

in the foot muscle, with the OS-not held group having a significantly greater mean than 

NS (p = 0.030, Mann-Whitney).  Also, Zn differed significantly across groups in the 

neural ganglia.  The trend was toward the greatest mean in the OS-held group, but 

individual comparisons were not confirmed (Kruskall-Wallis). 

Copper, Zinc, Cadmium, and Lead Concentrations in Algal Samples Collected 
from Sites of Conch Aggregations 

In all, 17 algae samples were collected from each site (OS and NS) that could be 

identified to genus level by Gabriel Delgado of FWRI.  Batophora was the dominant 

algal genus, totaling 10 samples NS and 5 OS (Table 6-2), and this is a known conch 

food [14,15,19].  Dictyota [13] and Laurencia [19] are also known to be eaten by the 

queen conch.  However, this study was not intended to identify distribution of algal 

species, and this is not a comprehensive report on distributions.  The analysis identified 

no significant differences in Zn between NS and OS in either all samples or within 

genus.  The OS mean Zn concentration was greater for all samples.  However, mean 

Zn concentration in Batophora samples was greater NS, though neither trend was 

significant.  Cu was present at significantly higher concentrations in NS Batophora.  Pb 
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mean concentrations were significantly higher NS, both for all samples and for 

Batophora.  Cd, on the other hand, was significantly higher OS, both for all samples and 

for Batophora. 

Real-Time RT-PCR Quality Control 

These results apply to both the field and in vivo studies.  Efficiency for all real-time 

PCR assays ranged from 96.5 to 98.8, and correlation ranged from 0.998 to 0.999.  Any 

amplification observed in negative control wells was non-specific, or occurred after 

amplification of the last standard.  Any sample amplifying after the last standard (1e2 

copies for the in vivo study and 1e3 copies for the field study) was set to the value of the 

lowest standard, in order to avoid a bias toward detecting a difference between 

samples.  Melt curve indicated a single amplicon, except for apparent primer-dimer in 

very low-expression samples. 

Vitellogenin Expression in Wild Queen Conchs 

Vitellogenin mRNA expression was higher in the ovary of both OS groups of wild 

female conchs than the NS group (Figure 6-2), with a fold-difference of 93.37 for the 

OS-not held vs. NS comparison, and 94.27 for the OS-held vs. NS comparison  This 

was significant in the overall ANOVA (p = 0.008), and both OS groups were significantly 

higher than NS by Tukey-Kramer HSD.  In digestive gland, VTG mRNA expression was 

sporadic, with amplification in only six of 11 conchs; therefore, no mean values or 

analyses are reported for digestive gland. 

50-day In Vivo Time-Course Exposure Study 

Conchs were fed an average of 4.83 g food/tank*day, with an overall mean dry/wet 

ratio of 0.277.  Due to slight differences in the measured dry/wet ratio for each treatment 

food, estimated dry food weight was 1.23, 1.38, and 1.41 g food/tank*day for control, 
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Cu, and Zn treatments, respectively.  This difference was statistically significant 

(p<0.001, Kruskall-Wallis test) when comparing dry food weights, but not when 

comparing wet food weights.  Due to the error inherent in determining the dry/wet ratio 

experimentally, this may not have been biologically significant.  Concentrations of 

metals in one of three batches of food used in the study were confirmed using ICP-MS:  

Cu values were 4.17, 219.51, and 5.92 ng/mg food, and Zn values were 36.51, 36.79, 

and 1818.72 ng/mg food for the control, Cu-200, and Zn-2000 treatment food 

preparations, respectively.  Therefore, treatment levels were close to nominal 

concentrations. 

Temperature was held at a mean value of 18.15oC during the cooling period from 

10/25/2010 to 11/28/2010 and was raised to an average value of 25.09oC during the 

experimental period from 01/11/2011 to 03/03/2011.  The average value during the 

interim heating period was 21.40oC (Figure 6-3). Water chemistry data indicated no 

significant differences in temperature, salinity, pH, or dissolved oxygen (Table 6-3).  

Nitrite levels in archived water samples were below the lowest detectable limit of 0.05 

ppm NO2-N (0.165 ppm NO2
-) for all tested samples.  Ammonia levels in archived 

samples averaged 0.01875 ppm NH3-N (0.0009 ppm NH3), with all samples either 

measuring 0.0 or 0.05 ppm NH3-N in the full analysis.  However, prior to measuring all 

samples, a preliminary measurement of two archived samples collected 7 and 4 days 

after water changes gave concentrations >2 ppm NH3-N.  A dilution of the former 

sample gave an estimate of 3.2 ppm NH3-N (0.1772 ppm NH3), after taking into account 

the dilution factor, though that same tank had measured 0.2 ppm NH3-N by an Instant 

Ocean test kit used during the study.  The samples were re-frozen and all samples were 
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measured 11 days later, along with ammonia spike-ins in artificial seawater and in 

experimental samples, which gave a positive response during the analysis.  No sample 

gave a measured concentration greater than 0.05 ppm during the full analysis.  

However, it is possible that the additional freeze-thaw affected quantification of 

ammonia (further analysis in Discussion). 

Histological Analysis of In Vivo Gonad Development 

Histological data for the in vivo Cu and Zn feeding study, as well as baseline 

measures collected on conchs from 96 days prior to the beginning of the study are 

reported in Table 6-4.  The proximity of ovary to digestive gland is illustrated by the 

cross-section in Figure 6-4, panel A.  Examples of a well-developed lobule showing 

vitellogenesis and a regressed lobule with evidence of atresia are given in Figure 6-4, 

panels B and C, respectively.  The histological data from the feeding study were not 

analyzed statistically, due to the small sample size and qualitative nature of these 

observations.  The two conch gonads observed in the baseline sample were both 

Regenerating, but it should be noted that the appearance of the egg groove on these 

conchs was faint.  Therefore, I was concerned that they may have been in their first 

year of sexual maturation, and in fact Immature.  However, they showed signs of having 

previously developed, with primary oocytes, residual vitellogenin in one case, and signs 

of oocyte resorption.  The 0 d conchs showed some increase in gametogenesis, with no 

atresia in either group.  Atresia was present in all groups for the remainder of the study, 

but in fewer control than Cu- or Zn-exposed conchs at 14 and 50 days.  Several control 

individuals at days 7, 14, and 50 did, however, show significant atresia.  The greatest 

numbers of Spawning Capable conchs were observed in Zn-exposed conchs at 7 d and 
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control conchs at 14 d.  Greater numbers of Regressing ovaries were present in conchs 

from the 14 d and 50 d samples for all treatment groups than for earlier samples. 

Copper and Zinc in Florida Fighting Conchs Exposed In Vivo 

Cu and Zn levels in the ovary of conchs from the feeding study were highly 

variable, and didn’t show any apparent trends across groups (Figure 6-5 B and D, 

respectively).  However, digestive gland concentrations of both Cu and Zn showed 

apparently higher levels for treatment groups than control at 14 and 50 days (Figure 6-5 

A and C, respectively); these trends could not be statistically verified.  When metal 

concentrations were plotted against the time point for each treatment group, some 

apparent trends emerged. Digestive gland Zn concentration increased significantly 

across time points in Zn-treated animals (Figure 6-5 E), and digestive gland Cu 

concentration likewise increased significantly across time points in Cu-treated animals 

(Figure 6-5 F), while neither trend was present in the corresponding controls. 

Cloning of Strombus alatus Vitellogenin Partial mRNA 

Ideally, the S. gigas microarray could be used to compare gene expression in 

fighting conchs exposed to Cu and Zn in vivo with queen conchs collected from the 

field.  However, in a separate analysis, this was deemed to be an unreliable approach 

(Appendix G).  However, results of Chapter 5 indicated that real-time RT-PCR analysis 

of VTG mRNA could be used as a quantitative indicator of ovarian development, and 

this could be used as a quantitative comparison between the field and laboratory 

settings.  Therefore, a 173 base pair (not including primers) segment of S. alatus VTG 

mRNA was cloned using the primers designed for S. gigas VTG, reported in Table 2-2 

and discussed in Chapter 5.  This segment aligned very closely between the two 
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species, with 90.75% identity (Figure 6-6).  This clone was subsequently used as a 

standard only for S. alatus real-time RT-PCR assays. 

Real-time RT-PCR Analysis of Vitellogenin mRNA Expression In Vivo 

Quality control was described above.  Ovarian VTG mRNA expression in fighting 

conchs from the feeding study was variable.  The highest expression values were 

observed in conchs deemed to be Spawning Capable based on histology (Figure 6-7 

A), and this value was found to be significantly greater than the mean value for 

Regenerating conchs, though not significantly greater than Developing or Regressing 

conchs.  To a lesser extent, greater levels of VTG mRNA were associated with conchs 

showing a large percentage of oogenic tissue in the histological section (Figure 6-7 B), 

though no groupwise significance was found by the Kruskall-Wallis test.  Groupwise 

mean values for VTG mRNA expression (Figure 6-7 C) did not differ significantly across 

treatment groups within the 14 or 50 day time points; the 7 day time point was not 

tested statistically due to missing values.  This was likely partially due to the high 

variability in expression.  However, one possible trend appears:  VTG appears to reach 

its highest level at 14 d in the Zn-exposed group, and then to be lower-expressed at 50 

d, while the other groups of animals have their highest mean VTG expression at 50 d.  

This trend was not significant according to the Kruskall-Wallis test.  Digestive gland 

VTG mRNA expression is not reported due to the large number of samples that did not 

amplify (ca. 45%), as was the case with the queen conch field samples; this is further 

evidence that ovary is the major site of VTG expression in strombids. 
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Discussion 

Field-Collected Queen Conchs:  Persistent Trends in Metals and Reproductive 
Status 

The concentrations of Zn in NS digestive gland for both males and females in the 

present study were remarkably similar to those reported from a previous sampling effort 

both in males (Chapter 4) [105] and females (Chapter 5).  Moreover, the trend toward 

higher concentrations of Zn in NS than OS digestive gland that was observed in 2007 

was observed again in 2009.  This consistency is an important observation.  In 2007, 

two NS and two OS sites were compared; in 2009, one NS site was repeated, while a 

separate OS site was used for comparison. 

It was in the OS site that differences became evident:  the measured average Zn 

concentrations in both male and female digestive glands in the current study were 

considerably higher than in the previous sampling effort.  Though statistical 

comparisons were not made across studies, this could be an important finding.  Delta 

Shoal, the OS site in this study (Figure 2-1), has for some time been considered an 

intermediate site with respect to reproduction (Robert Glazer, personal communication).  

FWRI researchers have not collected long-term reproductive data from Delta Shoal, but 

have only observed reproduction occurring at that site in recent years.  Another OS site, 

Grecian Rocks, which is not addressed in this study, is similar to Delta Shoal in that it is 

also the site of a large, apparently healthy conch aggregation, and is in the geographic 

area defined as OS (south of the Hawk Channel), but no reproduction has been 

observed at this site over the course of ten years of monitoring (Robert Glazer, personal 

communication).  This indicates that the disparity in reproduction in the Florida Keys 

queen conch population may be influenced by factors other than the OS vs. NS location 
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of the habitat patch, such as exact distance from shore, human population density on 

the island adjacent to the site, boating and other activities, as well as the mixing of 

Atlantic Ocean, Gulf of Mexico, and Florida Bay waters at the particular site.  While a 

large-scale analysis of these factors is beyond the scope of this study, our result 

indicates that reproductive success at a particular habitat patch might correlate 

inversely with digestive gland Zn, making this a valuable parameter for assessing the 

ability of the habitat patch to support reproduction. 

At the time of the present study, however, all histological evidence indicates that 

Delta Shoal (OS) conchs are reproductively mature and capable of reproducing 

successfully (Nancy Brown-Peterson, personal communication).  While the current data 

do not allow comment on the past status of this site, it appears that it may be 

recovering, despite moderate accumulation of Zn and past evidence of little to no 

reproduction.  The results of real-time RT-PCR for VTG mRNA in ovary (Figure 6-2)  

show a clear difference between NS and OS, with VTG being about 90-fold higher OS 

than NS.  This is a considerable difference, but does not approach the 160,085-fold 

difference observed between OS and NS ovary in 2007 (Chapter 5).  Again, this might 

indicate that while Delta Shoal conchs are much more reproductively competent than 

NS conchs, in this case from East Sister’s Rock, but also that Delta Shoal is an 

intermediate site, with reproductive capacity more limited than Pelican Shoal, the OS 

site from the 2007 study.  However, comparing gene expression across years and in 

samples collected at different months of the year (February, 2007, vs. March, 2009) 

should be done cautiously, especially given the concerns about integrity of RNA from 

NS ovary samples in the 2007 study (Chapter 5). 
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The most notable finding in this study with respect to reproductive status was the 

presence of two female conchs with an intersex phenotype.  These animals were 

determined to be female based on external genitalia, and so this was not an imposex 

condition, differing from the masculinized female observed in the 2007 collection 

(Chapter 5).  Rather, these animals were externally female, but showed very small 

amounts of spermatogenic tissue in the gonad section.  The extent of spermatogenesis 

was limited:  only spermatogonia were present in one case, several spermatozoa in 

another case, with many empty lobules, and no evidence of oogenesis in the section.  

While this would be easier to interpret if oogenesis had been observed in the section, 

there is no known condition that results in the imposition of female genitalia on males 

(i.e. the reverse of imposex).  The only similar phenomenon reported in the literature is 

penis shedding, which has been observed in Littorina littorea [236], but this has not 

been documented in queen conch.  Moreover, an egg groove was observed on females 

during the present queen conch collection.  Therefore, it seems more likely that these 

animals were females displaying ovarian spermatogenesis, which has been reported in 

Babylonia japonica – often in imposex females, but also in normal females [237] – and 

in Haliotis roei [238].  As a related note, one NS individual from the 2007 study showed 

a similar crude spermatogenic phenotype in the gonad, despite originally being labeled 

male.  At the time, that animal was considered to have been miscoded as female, 

despite the improbability of making that mistake based on external genitalia.  At this 

point, it seems likely that this was also an intersex female. 

Intersex conditions have been extensively studied in fish exposed to endocrine 

disrupting compounds (EDCs) [239].  Considerable effort has been made to 
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characterize intersexual phenotypes in fish and amphibians, and these can include 

mixed gonadal tissue, various malformations of testes, ovaries, oviducts, ovarian 

features in the testis, testis-like features in the ovary, and numerous others [240].  In 

gastropods, understanding of endocrine disruption and reproductive toxicology has 

been limited by the differences between species gastropods, which rely heavily on 

neuropeptide hormones, and other test species, which rely on steroid hormones for 

reproductive development, and – presumably – by the vastly different reproductive 

strategies of various gastropods.  However, examples of endocrine disruption in 

gastropods have been published, with a particular emphasis on imposex induction by 

butyltins [241,242].  Therefore, it is difficult to know whether intersex in NS conchs could 

be induced by Zn, Cu, or another compound present at those sites.  Regardless, queen 

conchs are dioecious [25], and so the presence of an intersex condition is likely to have 

a significant negative impact on reproduction. 

Algal Metal Concentrations 

No significant trends in Zn concentrations were observed between OS and NS 

samples (Table 6-2), though Zn was the highest-concentration and most variable metal 

in most samples.  The highest Zn concentration in any sample was found in a Laurencia 

spp. sample offshore, and this skewed the mean for OS samples.  Zn was slightly, but 

not significantly, higher in NS than OS Batophora samples.  Pb (in all samples) and Cu 

(in Batophora samples) concentrations were higher on average in NS samples, while 

the mean of all Cd values was higher OS.  While no differences were significant in 

genera other than Batophora, that was surely influenced by the small sample sizes in 

those other genera.  It is interesting that Cd is clearly higher OS, though low in both 

samples (0.33 ng/mg OS and 0.07 ng/mg NS), because Cd was also higher in the 
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digestive glands of OS than NS conchs in the 2007 field study (Chapter 5).  This 

indicates that sources and distribution of different metals may vary significantly within 

this coastal marine environment. 

Placing the values measured in the present study into the context of metal 

concentrations measured at other marine locations will help to determine whether 

differences in OS and NS are meaningful.  An excellent study of algal metal 

concentrations in the Great Barrier Reef, Australia, was conducted by Denton and 

Burdon-Jones [243], and can serve as a guide in answering this question.  At the time of 

the study, in 1980-1981, the authors claim that the Great Barrier Reef is a relatively low-

contamination environment, and this is borne out by comparisons of algal metal 

concentrations between Great Barrier Reef samples and more contaminated 

environments reviewed from other studies.  Reported mean values for Zn ranged from 

0.87 – 12.4 ng/mg in Phaeophyta, 1.2 – 22.8 ng/mg in Rhodophyta, 3.0 – 21.2 in 

Chlorophyta, and 2.0 – 38.6 in Cyanophyta (note: reported as ng/mg here, rather than 

the equivalent μg/g values reported in the paper, for the sake of comparison). 

In comparison, Batophora samples from the present study would be in the low to 

medium range of values reported for the Great Barrier Reef, but samples of Dictyota, 

Halimeda, Pennicillus, and Sargassum would be in the high end of the Great Barrier 

Reef Values, or exceed them (Table 6-2).  Cu values reported for the Great Barrier Reef 

ranged as high as 11.2 ng/mg, but were generally lower (<5 ng/mg), with values similar 

to those reported presently.  Cd and Pb concentrations measured in the present study 

were both low (<0.5 ng/mg and <2 ng/mg in all sample means, respectively), making 

them comparable to Great Barrier Reef samples; they do not approach some heavily 



 

158 

polluted sites noted in the Denton and Burdon-Jones study [243].  Therefore, our study 

does not indicate that metal concentrations in Florida Keys algal samples are especially 

high.  Trends in Cu, Pb, and Cd might be meaningful, but the higher mean is still a 

relatively low value.  Zn concentrations, while not significantly different between groups, 

are higher and more variable for many genera than the values reported in Denton and 

Bardon-Jones [243].  A maximum value of only 50.68 ng/mg Zn was observed NS (in a 

Pennicillus pyroformis sample), but a high value of 561.19 ng/mg Zn was observed in a 

Laurencia spp. sample OS.  While this does not support the notion that algae are a 

source of elevated Zn in the NS environment, it does indicate that algal food sources of 

conchs can accumulate high levels of Zn, and that they can vary considerably across 

samples. 

Macroalgae, in particular Batophora, appear to be a major food source for queen 

conch; Stoner et al. [15] determined that Batophora density and conch density are 

related, and that Batophora grows when plates are left in conch aggregations in 

locations where grazing is impossible. Stoner and Ray [14] have also suggested that 

Batophora is a preferred conch food, and might be responsible for migratory behavior.  

In addition to algae, conchs consume detritus, sediments, seagrasses (Thalassia 

testinudum), epiphytes, and – probably accidentally – small sediment-associated 

organisms including other gastropods, crustaceans, and polychaete worms, none of 

which were included in this study [2,16,17].  Randall [18] suggested that conchs are 

indiscriminate herbivores, feeding on Halophila algae and seagrasses, but Robertson 

[13] claimed that conchs never intentionally eat seagrasses, but only epiphytes 

including Dictyota in addition to Spyridia and Acanthophora, and that conchs 
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unintentionally consume sand when on sandy rather than grassy substrates.  It has 

been suggested that conchs may consume different food sources in different age 

classes, as juvenile gut contents contain more detritus and less algae than adult gut 

contents [16].  However, macroalgae such as Laurencia and Batophora are the primary 

carbon source at least for juvenile conchs [19].  Therefore, other food sources could be 

of interest for future studies, and the timing of exposures to high-metal foods during 

conch maturation or at specific times during the annual conch reproductive cycle might 

be important.  However, our sampling effort included several important macroalgae, and 

the results were interesting:  while only five Laurencia samples were collected, one 

showed a very high concentration of Zn.  Batophora was present both NS and OS, and 

the trend was toward elevated Cu concentrations NS.  Therefore, both of these algae 

could be sources of metals for queen conchs, and could be interesting subjects for 

further study.  Note that I assume a foodborne exposure is more likely than a 

waterborne exposure, given the low solubility of Cu and Zn as free ions in seawater 

[244], and the low concentrations (in the low pmol/kg range) of Cu and Zn in Atlantic 

open ocean water samples [245]. 

Feeding Study Temperature Control and Water Quality 

Shawl and Davis found that for Strombus alatus, Strombus gigas, Strombus 

costatus, and Strombus raninus, breeding behavior stopped after a drop in water 

temperature in aquaculture systems.  However, by heating tanks during winter months, 

they were able to induce egg laying in all four species [27].  Based on this idea, and on 

the ambient water temperatures in Cedar Key [111], from where our S. alatus conchs 

were collected, I attempted to stimulate simultaneous development of conch gonads for 

the in vivo feeding study, which began during the winter (Figure 6-3).  According to 
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baseline histological data (Table 6-4), this appeared to work; at the baseline time point 

of -96 d, both conchs analyzed were in the Regenerating stage, whereas conchs 

analyzed at 0 d were Developing or Spawning Capable. 

Water chemistry data from the feeding study showed no significant differences 

among groups.  Feeding rates did not differ when compared as wet weight, but did differ 

significantly when food was analyzed as dry weight.  This was a slight difference, and if 

anything, favored the treatment groups over the control.  It should be noted that Shawl 

and Davis [27] report feeding a much larger quantity to S. alatus in aquaculture, a total 

of 150 g/day to eight conchs, or 18.75 g/conch*day, compared to the 4.83 g/tank*day 

(0.805 g/conch*day) used in the present study. However, the amount fed during this 

study was determined based on the amount that conchs would eat daily without leaving 

food behind during the holding period.  It appeared to be an appropriate amount during 

the feeding study, because it was usually consumed by the following morning, but not 

immediately, and it also was sufficient to support some degree of ovarian development 

in most of the conchs in the study. 

Despite the high ammonia measurements in the preliminary samples, average 

ammonia levels in the full analysis were quite low (0.0009 ppm NH3); unionized 

ammonia may be slightly overestimated due to high ionic strength in the saline water 

used in this study [246].  The preliminary samples were chosen because of a belief that 

they would be higher in ammonia than other samples, as they were taken on day 7 of 

the study, prior to the first partial water change on day 10, and on day 21 of the study, 

four days after a partial water change on day 17.  The day 7 sample had measured a 

much lower 0.2 ppm with another test kit during the study, and so the high 
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measurements may not have been accurate.  However, if we consider the high 

measured values to represent a maximum concentration, levels of unionized ammonia 

in these measurements were lower than most of the toxic effect concentrations reported 

in acute studies with other gastropods [247-249].  Several studies indicate that 

gastropods have lower sensitivities to ammonia than other genera [247,250].  However, 

a concentration of 0.07 ppm NH3 affected behavior (activity) in one 40-day exposure 

study with a freshwater snail [251].  In the present study, there were no mortalities in 

any group, feeding rates were consistent on almost all days of the study, and a normal 

level of activity persisted throughout the study, indicating that the conchs were healthy.  

Conchs sometimes positioned themselves over the airstones, despite normal 

oxygenation in the water.  While this may have indicated effects of ammonia on the gill, 

this was an intermittent behavior and did not seem to follow a pattern with increasing 

study time or prior to cleaning events.  Further, with daily cleaning of sediments and 

partial water changes occurring every 4.17 days on average throughout the study, 

coupled with an active biofilter, there should have been little opportunity for ammonia 

levels to rise.  However, due to questions about measurement accuracy, this cannot be 

determined for certain. 

Metal Accumulation in In Vivo-Exposed Conchs 

Accumulation of Cu and Zn in the in vivo feeding study showed a large degree of 

variability (Figure 6-5 A-D), and therefore, no groupwise means were significant.  

Variability in kinetics of uptake and elimination should be expected with a trace metal, 

and a good example of this is in Gimbert et al. [54], who model kinetics of Zn uptake 

and elimination; Zn body burden data reported by Gimbert et al. during the uptake 

phase is quite variable, despite the obvious trend.  Variability in the present study could 
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be caused by a number of factors, of course including the different rates of physiological 

use of the metals in each conch, but also by slight differences in feeding rate or other 

behaviors. 

It is interesting that conchs also eat sand and detritus as a result of their pattern of 

grazing, and sometimes graze on one another’s shells [13].  This was observed 

occasionally in the present study, particularly immediately after feeding, when conchs 

were approaching food.  Based on my own observations, it does not appear that conchs 

find food visually, but sense the addition of food to the tank and approach it while sifting 

through sand with their proboscis.  The eyestalks remain pointed upward in an 

apparently defensive position, as reported by Robertson [13].  Therefore, in addition to 

the normal variability in Zn kinetics, it seems it is impossible to have complete control 

over what conchs will eat during an experiment, despite the fact that they fed readily on 

the diet used for this study.  This could have contributed to variations in Zn uptake if 

some conchs ate more algae, detritus, and sand than others, though the sand in the 

tanks was kept as clean as possible of algae and detritus.  Further, seven of the conchs 

in the study, including 5 to 6 females, were brought into the lab in July and fed the HBOI 

control diet for two months.  This diet is believed to be higher in Zn than the control diet 

used for the study, and could have contributed to variability.  However, when all 22 

conchs that arrived in the first two groups were removed from the analysis, the 

significant trend in Zn in the digestive gland was still present.  The trend in Cu was not 

significant, but this was likely influenced by the reduction in sample size. 

When digestive gland metal concentrations were analyzed using correlation, which 

takes into account the spacing between sampling time points, Zn and Cu appeared to 
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accumulate significantly in the digestive gland of Zn-treated and Cu-treated conchs, 

respectively, while there was no significant trend in control conchs for either metal 

(Figure 6-5 E and F).  The separation between mean Zn values in control and treated 

conchs was greater by 50 days than for Cu, possibly because of the higher treatment 

concentration for Zn than Cu and possibly because of differences in Zn and Cu 

regulation mechanisms in conchs.  Overall, this indicates that an exposure to 

exogenous Zn or Cu at high concentrations can lead to accumulation of the metals in 

the digestive gland of S. alatus, as hypothesized, and as has been observed in other 

gastropod species [53-55,79,80].  While this does not definitively prove an adverse 

effect of Cu or Zn in S. alatus, it confirms that the accumulation phenomenon observed 

in NS wild conchs could be explained by exposures to elevated Cu or Zn. 

It should be noted that we have confirmed most algal samples in NS and OS sites 

contain far lower levels of Cu or Zn than those used in the laboratory study with S. 

alatus (Table 6-2).  Therefore, this study might not accurately model a long-term 

exposure to lower-dose metals, which is a more likely situation in the field.  Note also 

that the control food levels of Cu (4.77 ng Cu/mg food) and Zn (36.50 ng Zn/mg food) 

were still higher than some algal concentrations, which averaged 2.14 ng Cu/mg and 

33.40 ng Zn/mg, though those values were right-skewed, and Zn concentrations in 

Batophora, for instance, were lower on average.  This may have led to some 

accumulation prior to the start of the study, based on the difference between baseline 

(-96 d) and 0 d control values for Cu and Zn (Figure 6-5).  This accumulation prior to 

day 0 may also have been affected by the lower water temperature or fluctuations in 

temperature during the pre-exposure period (Figure 6-1).  There is precedent in the 
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literature for these kinds of effects.  In the mussel Mytilus edulis, Zn is accumulated 

more efficiently from diet at 2oC than 12oC.[252].  In the arthropod Folsomia candida, 

fluctuating temperature appears to increase Zn assimilation, but this could also be 

driven by increased Zn accumulation at the lower of the two temperature extremes, as a 

second experiment determined that Zn accumulation is higher at lower temperatures 

[253]. 

Indicators of Reproductive Status in In vivo-Exposed Conchs 

Histological indications of development did not conclusively show an effect of Cu 

or Zn on development.  However, histological stage data indicated that Zn exposure 

may initially speed the development of the conch ovary, with a number of conchs in the 

Zn group showing maturity by 14 d, with the mean dropping at 50 d, though this trend 

was not significant (Table 6-4).  If this is a real phenomenon, inappropriate timing of 

development and regression could have significant implications for reproductive 

success.  Atresia was apparent in a number of sections, including controls, as 

evidenced by the phagocytic bodies visible in Figure 6-4, panel C.  These features 

appear to be the same as the phagocytes identified in Avila-Poveda et al. [38], 

indicating resorption of oocytes, which placed conchs in the “spent” or “atresia” 

categories in Delgado et al. [3].  While some atresia was observed in controls, it may be 

meaningful that fewer control conchs than Cu- or Zn-fed conchs showed evidence of 

atresia at 14 d and 50 d.  If the NS environment is causing inappropriate atresia of NS 

conch oocytes in the wild, as evidenced by differences in expression of apoptosis-

related genes in Chapter 5, then this result could suggest that Cu or Zn could be the 

causative factor in atretic regression.  However, with small sample size and high 

variability, this is difficult to confirm.  Note that it is not likely that Zn directly causes 
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atresia via an apoptotic mechanism in cells with high Zn concentrations, as Zn has 

roles, at least in some species, in anti-apoptotic mechanisms [88] and also oogenesis 

[182,183].  However, Zn is not accumulating in the tissue where atresia is being 

observed; rather, accumulation of metals in digestive gland could have a negative 

impact on the gonad through energetic or other mechanisms.  Note also that if, in fact, 

Strombus alatus is less sensitive to contaminants than S. gigas, as discussed in the 

Background, this could have contributed to the lack of significant differences between 

groups. 

Real-time RT-PCR results of the in vivo study were likewise not conclusive, 

indicating increased vitellogenesis with time in all treatment groups (Figure 6-7 C), but 

again show that Zn-fed conchs might peak early and begin to decline by 50 d (not 

significant).  Clearly, the similarity between S. alatus and S. gigas VTG mRNA is quite 

high (Figure 6-6), and this assay appeared to work very well, with an association 

evident between VTG mRNA levels and reproductive stage of development (Figure 6-7 

A).  Therefore, this provides further support for the possibility of using VTG mRNA as a 

quantitative indicator of reproductive status in conchs, though the levels were more 

variable in this study than in present or previous evaluations of S. gigas VTG mRNA. 

Summary of Findings 

The consistency of Zn accumulation in NS conchs observed in 2009, and 

corroborating previous data from 2007 (Chapters 4 and 5) [105], indicate that this is a 

relatively persistent phenomenon, which has now been documented at two NS sites and 

in two separate years, confirming hypothesis (1) for this chapter.  Further, low 

expression of VTG mRNA in the ovaries of NS conchs, coupled with histological 

observations of reduced gonad development (Nancy Brown-Peterson, personal 
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communication), confirm hypothesis (3), suggesting that the reproductive deficiency 

observed NS is, like Zn accumulation, persistent over time.  The major difference in the 

current study was the slightly higher OS concentrations of Zn compared to 2007, which 

are still lower than NS concentrations from either year.  This may be interesting due to 

the lack of historical data suggesting that the particular OS site in this study, Delta 

Shoal, has long supported conch reproduction.  Identifying a source of Zn and/or Cu 

that might lead to a high or prolonged exogenous exposure for conchs in the NS 

environment is no small task.  In the current study, algal Cu and Pb levels were higher 

NS, while Cd was higher OS.  Zn trended higher NS in Batophora samples, but this was 

not significant; moreover, some very high levels of Zn were detected OS, particularly in 

a single Laurencia sample that measured 561.19 ng Zn/mg.  Therefore, hypothesis (2) 

was partially supported. 

Accumulation of a contaminant is a classic biomarker of exposure in 

ecotoxicology, and measuring accumulation of toxic metals in aquatic organisms is a 

popular approach to biomonitoring that has been very successful in some applications; 

for example, Benedicto et al. recently conducted a successful toxic metal biomonitoring 

survey of over 100 sites around the Mediterranean Sea using the mussel Mytilus 

galloprovincialis [254].  With a trace metal, however, this is confounded by the 

organism’s physiological need for the metal and the possibility of metabolic differences 

or other physiological processes that could alter distribution within the organism.  The 

factor that suggests Zn accumulation in NS conchs is a response to exogenous 

exposures is the general knowledge that such accumulation of Zn in gastropod viscera 

is a common response to exposure to excesses of Zn [53-56,80].  Therefore, while Zn 
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kinetics could be affected by other factors influencing metabolism and mobilization of 

metals, it seems unlikely that concentrations of Zn would reach such high levels in NS 

digestive gland without an elevated exposure from some environmental medium.  

Identifying that medium is difficult, and may be confounded by ontogeny and variation in 

feeding behaviors, long duration of low-concentration exposures, windows of exposure, 

and other factors.  In fact, the knowledge that Zn elimination from Helix aspersa viscera 

during a depuration experiment happened at a much lower rate than accumulation [54] 

could indicate that some gastropods could accumulate a lifetime burden of Zn in the 

digestive gland, and that the elevated Zn in adult S. gigas digestive glands could have 

resulted from early or long-term exposures.  It should also be briefly mentioned that the 

results of the preliminary 60-day in vivo experiment showed a correlation between Zn 

and Cu concentrations in the gonad that indicated the metals could be co-transported or 

otherwise influence each other’s kinetics (data not shown).  However, in the current 

study, this was not observed, and it may have been related to the uniformly high 

concentrations of Zn in the digestive glands of conchs from the 60-day study. 

In vivo Cu and Zn exposures led to significant trends toward accumulation of the 

metals in digestive gland, partially confirming hypothesis (4), but the effect on gonadal 

development was not conclusive.  In order to improve the separation in metal 

accumulation between control and treated conchs, the present study used a food recipe 

based on Laskowski and Hopkin [67], which gave lower measured Cu and Zn 

concentrations than the food used by Shawl et al. [27,110] (36.51 ng/mg and 87.95 

ng/mg, respectively).  It should be noted, however, that Shawl et al. have achieved 

reproduction in aquaculture when using the latter food recipe.  This may be an 
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indication that timing of exposure in the present study is preventing detection of an 

effect.  Future studies might be able to address some of these questions by using a 

depuration experiment, which would more closely model the translocation study 

performed by Delgado et al. [3].  Still, in the present study, there was some evidence 

that Cu and Zn treatments led to more frequent observations of atretic regression in the 

ovary, and also that Zn may have accelerated development and regression of the 

ovaries, based on VTG mRNA expression.  While neither of these comparisons was 

significant, these are interesting trends, as inappropriate timing of maturation might be 

detrimental to reproductive success. 

The failure of queen conchs in NS aggregations to develop mature gametogenic 

gonads during the reproductive season is a consistent phenomenon [3,8,105].  In the 

present study, we demonstrate that it is also consistently associated with elevated 

digestive gland Zn concentrations that were observed by Spade et al. [105], and 

reported in Chapters 4 and 5.  While algal metal levels do not absolutely identify a 

source of Zn NS, in vivo dietborne exposures resulted in significant accumulation of 

both Zn and Cu in fighting conch digestive gland.  A 50 d Cu or Zn exposure in adult 

fighting conchs that were beginning to undergo seasonal reproductive development was 

not sufficient to completely inhibit or reverse ovarian development.  However, results of 

the feeding studies provided clues as to mechanisms by which Cu and Zn might exert 

negative effects on ovarian development, including inappropriate acceleration of 

development and atretic regression. 
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Table 6-1.  Copper and zinc concentrations in the tissues of wild queen conchs 
collected in March 2009. 

Sex Tissue Site/hold n 
Mean 

65
Cu 

(ng/mg) 

65
Cu 

SEM p 
Mean

 66
Zn 

(ng/mg) 

66
Zn 

SEM p 

F Blood NS held 3 1850.59 91.798 
 

150.99 33.425 
 

  
OS held 4 1657.31 92.038 

 
58.59 10.222 

 

  
OS 4 1773.04 107.244 

 
63.67 23.928 

 

 
DG NS held 3 17.73 1.389 

 
1285.56 234.681 0.041 

  
OS held 4 15.11 3.261 

 
585.14 81.195 

 

  
OS 4 18.90 7.549 

 
440.16 130.038 

 

 
Mantle OS held 3 18.76 5.600 

 
16.82 3.742 

 

 
Muscle NS held 3 2.75 0.717 

 
15.90 3.471 

 

  
OS held 4 3.08 0.223 

 
13.82 1.924 

 

  
OS 4 3.76 0.331 

 
17.70 5.418 

 

 
NG OS 1 3.33 - 

 
16.22 - 

 

 
Ovary NS held 3 18.57 5.811 

 
465.38 137.019 0.022 

  
OS held 4 20.66 11.388 

 
40.13 10.023 

 

  
OS 4 24.28 7.862 

 
71.79 8.740 

 M Blood NS held 4 1715.17 93.575 
 

96.56 23.850 
 

  
OS held 3 1841.77 125.399 

 
59.19 15.216 

 

  
OS 4 1808.54 89.981 

 
43.18 2.725 

 

 
DG NS held 4 8.85 0.123 

 
771.14 42.989 0.030 

  
OS held 3 31.88 8.777 

 
217.10 100.049 

 

  
OS 4 15.40 3.202 

 
184.12 26.887 

 

 
Mantle OS held 2 21.00 5.710 

 
14.69 3.135 

 

 
Muscle NS held 4 1.77 0.209 0.029 15.81 2.089 

 

  
OS held 3 4.17 0.871 

 
22.79 6.078 

 

  
OS 4 5.77 1.837 

 
13.55 2.168 

 

 
NG NS held 4 5.45 0.968 

 
20.38 9.337 0.046 

  
OS held 3 5.38 0.845 

 
111.24 4.927 

 

  
OS 4 8.84 2.726 

 
11.08 1.094 

 

 
Testis NS held 4 14.32 1.477 

 
109.73 75.810 

 

  
OS held 3 20.28 5.194 

 
42.07 29.663 

 

  
OS 4 11.86 3.772 

 
13.02 1.161 

 “p” gives the p-value for a Kruskall-Wallis nonparametric test on the factor “Site/hold,” only if the result 
was significant for that particular combination of Tissue and Sex.  “Site/hold” refers to site of collection 
(OS or NS), and whether there was a “hold,” which denotes that the animals were collected from OS and 
held overnight in NS flow-through water. 
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Table 6-2.  Metal concentrations in algal samples collected from sites of conch 
aggregations in the Florida Keys, March, 2009. 

Genus Location n 
65

Cu (ng/mg) 
66

Zn (ng/mg) 
111

Cd (ng/mg) 
208

Pb (ng/mg) 

All NS 17 2.65 ± 0.48 15.18 ± 3.38 0.07 ± 0.02 1.27 ± 0.16** 

All OS 17 1.63 ± 0.18 51.61 ± 32.20 0.33 ± 0.08
#
 0.65 ± 0.11 

Batophora NS 10 2.40 ± 0.60** 9.40 ± 1.85 0.03 ± 0.00 1.28 ± 0.10** 

Batophora OS 5 1.00 ± 0.07 6.74 ± 2.76 0.05 ± 0.01* 0.62 ± 0.05 

Dictyota NS 1 2.86 13.46 0.07 0.99 

Dictyota OS 3 1.41 ± 0.22 25.26 ± 12.73 0.35 ± 0.13 1.16 ± 0.46 

Halimeda NS 1 1.04 13.54 0.04 0.48 

Laurencia NS 1 0.78 2.51 0.03 0.10 

Laurencia OS 5 2.17 ± 0.45 137.03 ± 106.79 0.21 ± 0.08 0.51 ± 0.18 

Penicillus NS 2 2.44 ± 0.58 34.40 ± 16.28 0.14 ± 0.06 1.66 ± 0.22 

Sargassum OS 3 2.00 ± 0.30 22.06 ± 7.96 0.75 ± 0.16 0.43 ± 0.11 

Values reported as mean ± SEM.  Mann-Whitney  test was used to compare OS and NS values for each 
metal, based on the chi-square approximation.  Symbol placed next to the greater mean: *p<0.05; 
**p<0.01; 

#
p<0.001. 

 
Table 6-3.  Water chemistry data from the 50-day in vivo Cu and Zn feeding study 

 
n CTRL n Cu-200 n Zn-2000 

Salinity (‰) 76 34.00 ± 0.07 75 33.90 ± 0.06 75 33.80 ± 0.06 

pH 58 7.76 ± 0.02 58 7.75 ± 0.03 58 7.76 ± 0.02 

Temperature (oC) 76 25.00 ± 0.14 75 25.00 ± 0.14 75 24.90 ± 0.13 

DO (mg/L) 76 5.38 ± 0.03 75 5.30 ± 0.03 75 5.34 ± 0.03 
No significant differences in any parameter were detected by Kruskall-Wallis nonparametric test. 

 
Table 6-4.  Histological scores for ovarian development of female fighting conchs from 

the in vivo Cu and Zn feeding study. 

Day Treatment n Developing 
Spawning 
Capable Regressing Regenerating Atresia 

No 
Atresia 

-96 Control 2 0 0 0 2 0 2 

0 Control 3 1 1 0 1 0 3 

7 Control 3 0 1 1 1 2 1 

 
Cu 1 1 0 0 0 1 0 

 
Zn 4 0 3 1 0 2 2 

14 Control 4 0 3 0 1 1 3 

 
Cu 3 0 1 2 0 3 0 

 
Zn 4 0 2 2 0 3 1 

50 Control 4 1 1 2 0 2 2 

 
Cu 4 0 2 2 0 4 0 

 
Zn 4 2 1 1 0 3 1 

Developing, Spawning Capable, Regressing, and Regenerating give the number of conchs in each set of 
stages, adapted from the terminology of Brown-Peterson et al. [116].  Atresia and No Atresia columns 
give a binary indication of whether any atresia was evident in the section. 
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Figure 6-1.  Concentrations of Zn and Cu in the tissues of female and male queen 

conchs collected in March 2009.  Zn (A and C) and Cu (B and D) 
concentrations in the tissues of female (A and B) and male (C and D) wild 
queen conchs captured March, 2009.  *Indicates groupwise significance in 
Kruskall-Wallis test (p<0.05).  All values expressed as ng analyte/mg tissue, 
except for blood (ng analyte/mg total protein).  n = 3-4 per group, enumerated 
in Table 6-1. 
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Figure 6-2.  Vitellogenin mRNA expression in ovary of queen female queen conchs 

collected in March 2009, reported as mean + standard error of copy 
number/ng total RNA.  Significant by one-way ANOVA (p = 0.008); groups not 
connected by the same letter are significantly different according to Tukey-
Kramer HSD.  NS – nearshore; OS – offshore; held – conchs held overnight 
in NS flow-through water prior to processing.  Sample sizes in parentheses.  
Digestive gland values are not reported because seven of 11 samples 
showed no amplification or only non-specific amplification. 

 
Figure 6-3.  Tank water temperatures during pre-exposure and exposure periods for the 

50-day in vivo Cu and Zn feeding study.  Tank water measurements 
represent the mean of all tanks, measured each day.  Key West and Cedar 
Key, FL, ambient water temperature data were obtained from NOAA as the 
mean of each month [111].  Cooling, heating, and experimental (exposure) 
periods are separated by vertical black lines. 
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Figure 6-4.  Representative images of ovarian histology in fighting conchs.  A – 

digestive gland (to right of panel) and ovary (to left, with large eosin patches 
staining vitellogenin) are closely associated in digestive gland.  Ovary is 
primarily comprised of follicles and signet tissue.  Total axial length is ca. 10 
mm.  B – a follicle from a Spawning Capable ovary showing several stages of 
oocyte development.  C – several collapsed follicles from a Regressing ovary, 
also showing evidence of atresia.  Note early vitellogenic oocyte is small and 
irregular, and could be in the process of resorption.  Symbols:  ca, cortical 
alveolar oocyte; DG, digestive gland; ev, early vitellogenic oocyte; f, follicle; 
lv, late vitellogenic oocyte; nu, nucleus of a late vitellogenic oocyte; pg, 
primary growth oocyte; ph, phagocytosis indicative of atresia; st, signet tissue. 
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Figure 6-5.  Concentrations of Cu (A and B) and Zn (C and D) in female fighting conch 

digestive gland (A and C) and ovary (B and D) from the in vivo feeding study.  
No differences were found within time point by Kruskall-Wallis test.  Sample 
sizes given in parentheses.  Cu (E) and Zn (F) trends over time in digestive 
gland of In vivo Cu- and Zn-fed fighting conchs; treatment and control 
regression use the same time = 0 “control” group.  ANOVA analysis of 
regression:  no significant trend in control for either analyte (p = 0.673 for Zn 
0.159 for Cu); significant trends for Cu in Cu-200 (R = 0.553, p = 0.032) and 
Zn in Zn-2000 (R = 0.715, p = 0.002) treatment groups.  Errors were normally 
distributed (Shapiro-Wilk) and variance was constant.  Note different y-axes.  
DG – digestive gland. 
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Figure 6-6.  Alignment of Strombus alatus vitellogenin partial mRNA sequence with the 

Strombus gigas sequence.  Strombus alatus clone (Sa-VTG-F2R1-C1rc) and 
Strombus gigas clone (Q-QC-VTG-F2R1-C2rc) used to construct real-time 
RT-PCR standard curves. Strombus gigas cDNA library sequence is labeled 
“VTG-library.”  Red text denotes primer regions.  *Indicates a perfect match. 
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Figure 6-7.  Vitellogenin mRNA expression in the ovary of S. alatus from the 50-day in 

vivo feeding study. A - VTG mRNA versus histological stage (p=0.020 
ANOVA, Tukey-Kramer HSD); groups not connected by the same letter are 
significantly different.  B - VTG mRNA versus percentage class of section 
showing oogenesis (not significant, Kruskall-Wallis).  C - VTG mRNA steady 
state levels in Strombus alatus ovary throughout 50-day feeding study (no 
significant differences in ovary were found within 14 or 50 d time points, 
Kruskall-Wallis).  Sample sizes in parentheses.  Digestive gland values were 
not statistically analyzed due to the large number of samples with no 
amplification.  Abbreviation:  SC – Spawning Capable. 
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CHAPTER 7 
DEVELOPMENT OF METHODS TO MEASURE TRACE METAL CONCENTRATIONS 

IN CONCH SHELL 

Background 

In the previous chapters, it has been demonstrated that zinc accumulates in the 

digestive glands of queen conchs at NS sites in the Florida Keys, and that this is 

associated with a lack of reproductive development.  Presumably, if metal deposition 

associated with human activity was a causative factor in the reproductive effects 

observed at nearshore sites, this would imply that zinc deposition – and possibly the 

deposition of other metals – has increased at those sites over time.  This approach has 

been used to analyze environmental contamination of lead, copper, zinc, cadmium, and 

other metals in the whole shells of live-collected Mytilus edulis [255].  Richardson et al. 

[256] used laser-ablation ICP-MS to study the trends in Cu, Pb, and Zn across shell 

growth lines in the horse mussel Modiolus modiolus.  On the other hand, Puente et al. 

[257] argue that only lead and nickel concentrations were correlated between Mytilus 

galloprovincialis nacreous shell and sediment concentrations, due to the detoxification 

of trace metals through vesicle storage in the mussel. 

In the gastropod Cepea nemoralis, Jordaens et al. were able to identify differences 

in shell Zn concentrations that correlated with shell strength and thickness between 

polluted and unpolluted sites [179].  In another gastropod, Haliotis diversicolor 

supertexta, Lin and Liao [258] found that aqueous Zn exposures led to accumulation, 

and that concentrations of Zn in shell decreased with depuration.  Therefore, metal 

accumulation has been successfully identified in shells of both bivalves and gastropods.  

Given the success that researchers have had identifying metal concentrations and even 

trends across growth lines in mussel shells, as well as measuring accumulation in 
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gastropods, studying metal concentrations in the shells of conchs might be a useful 

approach, not for biomonitoring, but for discerning historical trends.  In order to 

determine whether temporal trends exist in conch shell metal concentrations, a method 

was first developed to determine concentrations of metals in the shell accurately.  After 

developing that method, strombid shell samples from the Florida Museum of Natural 

History (FLMNH) collections, served as an ideal sample set to test for historical 

patterns.  It was hypothesized that: 

1. a diamond or titanium-nitride coated dental bur would serve to collect calcareous 
material from shell or other shell-like materials without imparting Zn or Cu 
contamination, and 

2. Zn, Cu, and possibly Pb concentrations would show an increasing trend over time in 
conch shells from the Florida Museum of Natural History. 

Results 

Consistency of Data from Bur Type Tests 

Note that this preliminary analysis was somewhat problematic, as the standard 

curve measurements indicated unusually high percent error for low concentration 

standards of both 65Cu (334.34% at 5 ppb and 112.65% at 10 ppb, but only 11.56% at 

50 ppb in the digested sample) and 66Zn (449.28 % at 5 ppb and 81.44% at 10 ppb but 

only 6.89% at 50 ppb in the digested sample), and samples also showed 115In internal 

standard recovery lower than 80% for all but six samples.  These problems were likely 

due to the large amount of calcareous material used for the analysis, and the fact that 

high concentrations of alkaline earth metals can be a problem for measurement of trace 

metals in environmental samples [259,260]. 

Mean ± SEM measured Cu and Zn values for four technical replicates are given in 

Figure 7-1, with test materials arranged in order of increasing hardness.  The Kruskall-
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Wallis test detected significant differences across materials for both Cu and Zn in the 

limestone and marble test groups (p<0.05).  While Steel nonparametric test against 

control did not identify significance for any individual groups, it was clear that carbide 

and diamond bur values were more different from control samples (crude samples) than 

titanium nitride values for both chalk and limestone.  Marble samples collected by all 

three bur types showed considerably greater mean metal values than control.  These 

data supported the use of the titanium nitride bur for collections, assuming that shell 

samples should not be as hard as marble. 

Trends in Metal Concentrations from Monroe County, FL, Strombid Shells 

No significant differences were detected in any mean metal concentrations across 

species, and so all three species (S. gigas, S. alatus, and S. costatus) were analyzed as 

one group.  Note that six of 41 samples showed 115In internal standard recovery values 

below 80%.  While this was not a large number and was an improvement over the 

validation study, it could potentially have an impact on the accuracy of measurements.  

However, error estimates based on the standard curve were much lower for this set of 

samples. 

No significant trend in zinc or copper was observed in the shell samples used for 

this study (Figure 7-2 A and C, respectively).  Lead, however, decreased significantly 

throughout the study period, based on Spearman’s Rho (Figure 7-2 B).  Lead was also 

significantly correlated with zinc (ρ = 0.545, p = 0.001) and Cu (ρ = 0.549, p = 0.001), 

and zinc and copper were significantly correlated (ρ = 0.542, p = 0.001).  While all of 

these Rho values are significant, they do not appear to be very strong associations.  

The most apparent trend in the data is the negative correlation between lead and year 

of collection. 
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Repeated samples from the S. costatus shell coded 123708 showed a greater 

degree of variability than expected, particularly for measured zinc values (Figure 7-2 D).  

However, these did not appear to indicate contamination from the bur or the collection 

process in general, as the measured concentrations actually decreased with repeated 

sampling.  Therefore, these likely indicate differences in metal concentration with depth 

of sample, an important consideration for future sampling. 

Discussion 

Collection of shell material using a dental drill with a titanium nitride bur appears to 

be an appropriate method for gathering raw material from which to analyze conch shell 

metal concentrations, and titanium nitride, but not diamond, burs accomplish this task 

without imparting contamination, which supports our hypothesis.  The large size of 

conch shell can make this process more difficult than for mussels, in which the entire 

shell can be processed [255]; in this analysis the average mass of shell sample was 

36.61 mg, a relatively small mass.  The titanium nitride bur showed no signs of 

contributing to measured metal concentrations either in the validation study (Figure 7-1) 

or in the shell sampling from FLMNH samples (Figure 7-2 D).  However, when available, 

one possible improvement to this method would be to use laser ablation [256], which 

would not require direct contact between a metallic sample apparatus and the sample.  

The method presented here is likely to have a considerably reduced cost-per-sample 

relative to laser ablation, though.  Further, sample processing using the dental drill is 

rapid, taking only about 3-5 minutes per sample. 

Our second hypothesis was that increasing trends in metal contamination would 

be observed over time in the historical shell sample set.  This was not supported, as Cu 

and Zn did not show trends, while Pb showed a decreasing trend.  While few trends 
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were observed in the current study, the inverse correlation of lead concentrations with 

time is interesting.  As previously mentioned, Puente et al. [257] found lead and nickel 

to be the only metals for which Mytilus galloprovincialis nacreous shell concentration 

correlated with sediment concentrations at the site of collection, and attributed this to 

the fact that the kinetics of metals such as Zn and Cu are regulated such that large 

amounts should not be transported into shell.  This may in fact mean that queen conch 

shell is not a likely candidate for identifying historical trends in Cu or Zn; however, Zn 

and Cu were detectable in conch shell, and might vary based on environmental factors 

in other sample sets.  Notably, anthropogenic Zn and Cu might not be as widely 

distributed in the environment as anthropogenic Pb.  Further, most of the shells used for 

this study likely came from relatively “clean,” sites, mostly in the lower Keys and the 

Tortugas, rather than NS sites in the middle and upper Keys.  The decrease in Pb 

concentrations across the study could be related to increasing regulation of products 

that historically contributed to a great deal of the environmental lead burden, including 

gasoline, solder, and paint [261]; however, one would expect the peak lead levels in the 

Florida Keys to have occurred after the 1930s.  This trend might be clarified with 

additional samples.  Further, it is possible to use isotopic ratios to assess sources of 

lead contamination, and this might be an interesting improvement [262]. 

While this method might be better suited for detecting trends in lead 

concentrations than for zinc or copper, several improvements might be made before 

ruling out the use of this approach for metals other than zinc.  Principally, it would be 

worth measuring additional samples, taken from a larger range of times and locations.  

According to the algal metal concentrations reported in Chapter 6, I do not have reason 
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to believe that the Florida Keys are currently heavily contaminated with metals such as 

Cu and Zn.  Therefore, a heavily contaminated site would make for an interesting 

comparison.  Further, it could be interesting to attempt sampling from different shell 

locations, including the nacreous shell that was analyzed in Mytilus galloprovincialis by 

Puente et al. [257].  Different locations on the shell could have different metal 

accumulation potentials, and some locations might be more or less variable than others, 

providing considerable room for refinement of this technique. 

Ultimately, while this technique was successful in accurately measuring shell metal 

concentrations, and may have identified a meaningful trend in lead concentrations in 

shells of conchs collected from the Florida Keys, the present results do not suggest 

significant temporal trends in Zn or Cu concentrations.  Interpretation of this result 

should be tempered, however, by the uncertainty concerning the likelihood of Cu or Zn 

to be found in shell, let alone to show correlation between shell concentrations and 

environmental concentrations.  Assuming that Zn and Cu levels are likely to have 

increased over time in the area of interest, a more recent sample group would be a 

benefit to this study.  It is possible that conchs collected live after 1989 would show 

increased Cu or Zn concentrations in shell relative to older samples.  Therefore, this 

method is capable of discerning historical trends, and more effort should be made, in 

order to determine whether environmental sources of Zn and/or Cu have increased 

since the reproductive abnormalities in NS conchs have become apparent. 
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Figure 7-1.  Cu (A) and Zn (B) concentrations from calcareous materials used for bur 

tests.  Mean ± SEM for each group, based on four technical replicate 
measures.  Abbreviations for bur types:  none – crude sample used as 
control, C – carbide, D – diamond, T – titanium nitride-coated.  *Above the 
control (none) group indicates significance within that material according to 
the Kruskall-Wallis nonparametric test (p<0.05). 
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Figure 7-2.  Cu and Zn concentrations in archived conch shell samples from the Florida 

Museum of Natural History.  65Cu (A) and 66Zn (C) showed no significant trend 
over time for the sampling period of 1936-1989 (n = 35); however, the highest 
value of Zn was found in a sample from 1936.  208Pb decreased significantly 
throughout the sampling period (B).  The repeated S. costatus shell sample 
(D) showed a variable decrease across measures, especially for 66Zn; 
arranged by order of collection.  O1-O4 – “old” bur samples; N1-N4 – “new” 
bur samples. 
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CHAPTER 8 
CONCLUSIONS 

This purpose of this dissertation was to better understand the biological processes 

involved with reproductive development in conchs, and how those processes might be 

inhibited by factors in the NS environment of the Florida Keys, in particular by exposure 

to Zn and/or Cu.  The initial report that conchs at NS sites fail to reproduce was 

published by Glazer and Quintero [8], who state that no spawning (i.e. egg laying) 

behavior was observed at NS sites throughout the course of greater than 400 surveys 

conducted between 1996 and 1998.  Subsequent publications confirmed that in weekly 

surveys of 49 tagged NS females from March to November of 1999, no spawning was 

observed [3,9].  Conversely, NS conchs translocated to OS sites, reproductive behavior 

was observed in the season following translocation; spawning was observed for 12.2% 

of 41 females observed during summer and for 18.5% of 27 females observed during 

fall.  These percentages lagged behind those for resident OS conchs, which peaked at 

46.2% (n = 39 females) spawning during spring [3].  In the same experiment, the rate of 

spawning for OS conchs translocated to NS sites decreased from 8.9% (n = 56 females) 

in spring to 4.7% ( n = 215 females) in summer, and none of the OS-to-NS transplanted 

females were observed spawning during fall (n = 21) [9]. 

Histological observations of the gonads of conchs at NS sites indicated that all OS 

conchs (male and female) had more advanced gonad development than all NS conchs 

(male and female) in the 1998 report, based on a small sample size of seven total 

conchs [8].  Subsequently, a larger sample size (n = 21 to 35 resident conchs of each 

sex from each of three seasons; n = between 10 and 26 translocated conchs of each 

sex during summer and fall) found that the histological disparity between NS and OS 
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was severe, with no more than about 10% of “ripe” or Spawning Capable females in 

summer and about 40% of Spawning Capable males in the fall.  Among translocated 

conchs, about 60% of females were Spawning Capable by fall, and about 75% of males 

were Spawning Capable by summer.  Therefore, NS conchs always showed reduced 

gonadal development, relative to OS, in resident populations, while translocated conchs 

showed significant capacity to develop gonad tissue after approximately three months of 

translocation [3].  All of these observations helped to form the basis for the hypotheses 

presented in the current study. 

The major hypotheses presented in the Introduction of this dissertation were either 

fully or partially supported by the work presented in this dissertation.  First, microarray 

analysis of gene expression did reveal considerable insight into the disparity in 

reproductive development between NS and OS conchs.  In the testis of male conchs, 

effects on spermatogenesis-related genes were associated with effects on genes 

related to small GTPase-mediated signaling, which might be important for the 

progression of testis development or spermatogenesis (Chapter 4).  The major 

processes effected in NS ovary included apoptosis, which may play a role in atretic 

processes of regression, and translation, as it appears that the production of ribosomes 

and associated proteins is halted at the transcript level.  In the digestive gland of NS 

females, protein and lipid metabolism appear to be significantly altered, suggesting that 

limitations in the ability of the digestive gland to support ovarian development might 

contribute to reproductive dysfunction NS (Chapter 5).  The failure of NS conchs to 

reproduce is clearly the result of a failure to develop sufficient gametogenic tissue in the 

gonad to support reproduction, as has also been repeatedly observed in conchs 
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collected in 1996 [8], 1998 [3], 2007 [105], and 2009 (Nancy Brown-Peterson, personal 

communication).   

Secondly, it was hypothesized that NS conchs would have higher overall 

concentrations of metals.  This was borne out in the fact that the disparity in 

reproduction was coupled with a consistently higher concentration of Zn in the digestive 

gland of NS conchs (Chapters 4, 5, and 6).  There were also trends in Zn in the gonad, 

as well as trends in Cu, but these were not confirmed statistically.  The relationship 

between accumulation of Zn in the digestive gland of NS conchs and NS conch 

reproductive dysfunction has been observed in male (Chapter 4) [105] and female 

(Chapter 5) queen conchs in 2007, as well as both male and female conchs in 2009 

(Chapter 6).  While this correlation has been thoroughly established, understanding the 

relationship between Zn accumulation and reproductive failure requires deeper 

consideration.  Zn is a trace metal with many physiological roles [84-87], including as an 

inhibitor of apoptosis [88], and also as a likely cofactor for spermatogenesis and 

oogenesis in several vertebrate species [180-183].  However, excess Zn exposures are 

also known to reduce fecundity, fertility, or time at sexual maturity in several gastropod 

species [66-69].  This phenomenon will be examined further. 

Finally, it was hypothesized that in vivo exposures to Cu or Zn would lead to 

accumulation of the metal and reduced reproduction in a strombid.  This hypothesis was 

partially supported, as the trends in metal accumulation over time in the digestive 

glands of Florida fighting conchs, Strombus alatus, were significant.  However, the 

accumulated values were quite variable both in treated and control conchs, likely 

because of differences in feeding rates and physiological requirements for the metals.  
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Effects on reproduction after 50 days were less certain.  Zn-treated conchs showed 

evidence of atresia in the ovary more often than control conchs, but sample size was 

low, and significant atresia was observed in some controls.  Zn-treated conchs also 

showed a higher mean VTG mRNA expression level at 14d than 50d, unlike control or 

Cu-treated conchs.  However, there were no significances in groupwise VTG mRNA 

levels, and this may have been by chance.  Ultimately, it appeared that conchs exposed 

to Cu and Zn in vivo were more likely to accumulate the metals in the digestive gland, 

and effects on reproduction were possible, but not confirmed absolutely after 50 days. 

Evidence for an Exogenous Zinc Source 

Accumulation of metals in the viscera of gastropods is generally associated with 

an exposure to an excess of the metal from an exogenous source, as the digestive 

gland and kidney appear to be sinks for accumulation of metals such as Cu and Zn in 

gastropods [53-56,74,80,95], which some authors argue is related to detoxification or 

elimination of excess metals [53,54,95].  However, zinc and copper differ from 

nonessential metals due to their prominent physiological roles in all organisms, their 

ubiquity, and their carefully controlled absorption, distribution, metabolism, and 

elimination in vertebrates [90].  It seems, then, entirely possible that zinc accumulation 

in conch digestive gland nearshore could be an effect rather than a cause of the 

reproductive failure phenomenon, both could result from some upstream process, or the 

two could be unrelated.  The zinc could be mobilized to the digestive gland due to 

changes in metabolic processes or reproductive development.  Further, it is entirely 

possible that the entire zinc content of the digestive gland is effectively non-toxic, due to 

the detoxification of metals in digestive gland.  Ultimately, however, it seems likely that 

zinc accumulation is a sign of an exogenous exposure.  This trend is occurring 
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nearshore, where metals are more likely to be found at higher concentrations [96-98], 

and accumulating in the tissue responsible for detoxifying metals. 

Gay and Maher [78] indicate that numerous factors can affect the concentrations 

of trace metals in potential bioindicator species, including, “intrinsic factors such as 

mass and size, gender, reproductive state, accumulation/regulation strategies, and diet 

and extrinsic factors such as temperature, salinity, supply of metals, food availability 

and metal–metal relationships.”  Several of these factors can be ruled out as factors 

influencing the Zn concentration in conch digestive glands in the Florida Keys.  The 

conchs studied in this dissertation were of similar size, in terms of length and soft tissue 

mass, despite the differences in shell thickness, and are believed to be of similar age, 

again despite differences in shell thickness.  Reproductive status is a consideration, but 

elevated Zn was observed in NS conch digestive gland in three months:  February, 

March, and June, covering most of the reproductive season.  While a difference was 

clearly observed between NS and OS digestive gland in terms of reproductive status, 

this was not, in other words, a seasonal effect.  Further, if Zn was being mobilized to 

digestive gland for reasons related to Zn need in the developing ovary or testis, 

elevated Zn would likely be observed in OS (developed) ovary and testis, but this was 

never the case. 

As far as extrinsic factors, the overall view taken in this dissertation was that 

exogenous supply of Zn or Cu could lead to the accumulation and effects on 

reproduction.  Therefore, differences in supply of metals remain possible, despite the 

lack of significant differences in algal metal concentrations measured in the field.  Again, 

concentrations of Cu and Zn appear to be greater close to shore in several south 
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Florida media [96-98]; Manker [97] reported a baseline Zn concentration of 

approximately 2 ppm in Florida Keys sediments, with concentrations near heavily 

populated areas ranging as high as 100 ppm.  Metal-metal relationships could occur in 

accumulation, especially with Zn, Cu, or Fe [90], as discussed in Chapter 5, when 

microarray results indicated effects on Fe transport mechanisms.  Results of the 

preliminary 60-day in vivo experiment showed a correlation between Cu and Zn 

concentrations in gonad, which may have indicated co-transport (data not shown).  The 

50-day in vivo dataset and the field datasets, however, do not show such a correlation, 

and so the preliminary data may have been influenced by the high concentrations of Zn 

in the digestive glands of conchs from the preliminary study.  It was previously 

determined that water chemistry factors are not likely to differ on average between sites, 

but the NS site may undergo greater extremes, which could also contribute to Zn 

accumulation.  Finally, differences in diet could contribute to accumulation of metals.  

However, in the admittedly small sample reported in Chapter 6, both sites had 

numerous samples of Batophora, a preferred food of conchs that is apparently generally 

low in metals.  An algal genus of interest might be Laurencia, which displayed higher 

and more variable Zn concentrations than the others in the sample.  Overall, reasons for 

Zn accumulation other than elevated NS Zn do exist.  However, Zn concentrations are 

likely to be higher closer to shore in the Florida Keys [96,97].  Therefore, despite 

variability of Zn concentrations in wild samples, and the lack of an absolutely apparent 

source, it is likely that Zn accumulation in NS conchs is related to an exogenous 

exposure. 
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In Vivo Zinc Exposure:  Effects on the Ovary 

Field data suggest a likely causal association between Zn exposure, accumulation, 

and subsequent failure to reproduce in NS queen conchs, while the effect of an 

exogenous Zn or Cu exposure on ovarian development in a controlled setting was not 

conclusive (Chapter 6).  Zn and Cu accumulation in the digestive gland of conchs was 

quite variable, as should be expected for a trace metal in a feeding study, where rates 

of uptake and utilization of the metals are likely to vary from individual to individual.  As 

previously mentioned, conchs also graze on algae in the substrate and on other conchs’ 

shells [13], which could contribute to differences in feeding rate on the food used in the 

study.  The conchs did, however, appear to feed on the artificial diet readily throughout 

the course of the study.  While Zn and Cu accumulated over time in the digestive gland 

of exposed Florida fighting conchs, the development or regression of the gonad was not 

consistent across treatments.  Ultimately, due to the small sample size, the experiment 

may not have had the predictive power to determine subtle differences with significance.  

It seemed that Zn may have led to accelerated development of the ovary, followed by a 

premature regression, although this trend was not significant statistically.  The 

connection between apoptosis and atresia [215] makes this more compelling, especially 

as apoptosis was implicated in the NS ovary microarray analysis (Chapter 5).  If this 

pattern of accelerated development and regression is real, it would match rather closely 

with the pattern observed in NS male queen conchs, in which development of the testis 

begins in the early reproductive season, but is followed by an untimely regression 

process (Chapter 4) [105]. 

In the in vivo study, atresia was observed in some control ovaries.  Still, fewer 

atretic ovaries were observed in 14 d and 50 d controls than in Zn- or Cu-exposed 
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conchs, and this does support to some degree the idea that Zn and Cu have deleterious 

effects on conch oogenesis through an atretic process of regression.  It should be 

mentioned that Zn has a known role in anti-apoptotic processes in humans, and might 

be central to the control of caspases [88].  The fact that in conchs, Zn accumulates 

primarily in digestive gland, rather than directly in gonadal follicles, indicates that its 

likely impact on gonad development is indirect.  In other words, exposure of ovarian 

follicles to Zn directly may not be the cause for the observed atresia or changes in 

apoptotic processes.  Rather, Zn accumulation in digestive gland could indicate that 

detoxification of the metal results in an indirect effect, such as an effect on the overall 

energy budget available for the costly process of reproduction.  In fact, the basic 

concept of dynamic energy budget models in toxicology is that animals require 

significant energy for growth, development, and reproduction, and the available energy 

pools can be affected by toxicants [263].  Ducrot et al. [69] demonstrated that a dynamic 

energy budget model can be used to describe the effect of Zn exposure on reproduction 

in the gastropod Valvata piscinalis, which provides further support for the concept that 

accumulation and detoxification of Zn may reduce available energy for reproduction or 

delay age at reproductive maturity in queen conchs. 

A major question still remains to be asked, though:  if Cu and Zn accumulation 

from an exogenous food source interferes with reproduction, and if the HBOI food was 

deemed too high in zinc to act as a control in the feeding studies (after causing 

accumulation of very high zinc concentrations in digestive gland), how is it possible that 

conchs have reproduced in aquaculture at HBOI [27,47,110]?  This is certainly a 

question worth asking, and it may have implications for the design of our study.  It would 
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be interesting to know whether reproductive output remains consistent over time at 

HBOI or decreases with additional time in the system – the latter condition would 

support the idea that Zn in the food could reduce reproduction.  It was suggested that 

the Florida fighting conch might not be a good choice for this proxy study, because it is 

likely to be “less sensitive” than queen conch.  While the idea of “more sensitive” or 

“less sensitive” species with respect to toxicology is vague, this could be a reasonable 

assumption.  Fighting conchs in the wild have a tendency to bury themselves in muddy 

sediments [234,235], where they would be in contact with any contaminants associated 

with soil particles.  Further, to my knowledge, queen conchs have only reproduced in 

aquaculture one time at HBOI (or anywhere in the world), while fighting conchs 

reproduce more readily in culture [27].  Therefore, it is possible that the aquaculture 

conditions are more stressful for queen conchs than for fighting conchs, supporting the 

concept that fighting conch is “less sensitive” to physical or chemical environmental 

stressors. 

Potential Sources and Effects of Cu and Zn in the Nearshore Environment 

As previously noted, there is reason to believe that zinc, copper, and other metal 

concentrations would be higher close to shore, where there is more human activity, 

including boat traffic, sewage systems, plumbing, and fossil fuel use, all of which might 

contribute to Zn in the NS environment of the Florida Keys [96-98].  This influence is 

further supported by the observation of human fecal contamination in samples of coral 

collected close to shore [22].  If Zn or Cu from any of these sources is enriched in 

sediments, detritus, or algal sources close to shore, all of these could be potential 

routes of exposure for conchs, as conchs are known to consume all of these materials 

[2,13,14,16-19].  While this dissertation did not address concentrations of metals in 
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sediments or detritus, concentrations in algal sources were actually relatively low, with 

the exception of a few outlying samples, including especially one sample of Laurencia 

that was collected OS (Chapter 6).  It is likely that Cu and Zn concentrations are 

variable and are lower than those used in the in vivo study.  Therefore, considerable 

effort might be required to characterize potential routes of exposure for conchs. 

The deleterious effects of zinc [67-70] and copper [67,71,72,74] on egg-laying 

have been documented in several gastropods.  However, little effort has been made to 

describe mechanistically why this might be the case.  For copper at least, one author 

argues that the mechanism may be tied to lysosomal processes and affect either the 

production of new oocytes or apoptosis of existing oocytes [71].  In the queen conch, we 

can make a strong case for enhanced apoptosis at NS aggregations, based both on 

microarray data (Chapter 5) and the persistence of atretic oocytes in NS conch ovarian 

histology.  Further, as previously mentioned, it is possible that Zn could affect gonadal 

development, and subsequently reproduction, through an indirect mechanism related to 

the energy budget of the conchs [58,69,263].  While this dissertation has not defined the 

role of Zn or Cu as reproductive stressors in conchs absolutely, this knowledge may aid 

in determining which stressor or stressors cause the reproductive effects of NS 

environment in future controlled exposure studies. 

It should also be noted that not all toxicant exposures are equivalent, and that not 

only the dose, but the source and duration, can determine the poison.  While it is 

assumed that boating activity might be a source of Zn in the NS environment, 

interestingly, one study concluded that the toxicity of zinc dissolved from sacrificial 

anodes in a cathodic protection system may not be as severe as the toxicity of a Zn salt 
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in sea urchin [264].  Therefore, the various possible sources of Zn in the Florida Keys 

may not be equivalent in their likelihood to result in accumulation or toxic effects in 

conchs.  Moreover, toxicity – including sub-lethal effects – can even vary significantly 

across similar exposures in closely related species.  Take for instance the example of 

copper exposures in the Florida apple snail Pomacea paludosa and the closely related 

Pomacea canaliculata:  Rogevich et al. determined that copper exposure reduced the 

number of eggs laid and the proportion of eggs that hatched in Pomacea paludosa [74].  

Peña and Poscidio, however, found that copper influenced growth rates but not 

reproduction for Pomacea canaliculata [75].  It is possible that this difference was due 

entirely to differences between the two species, but this is unlikely.  When comparing 

these two studies, the major difference was in the exposure regime; Rogevich et al. 

exposed the snails to 8-16 μg/L copper for nine months, while Peña and Poscidio used 

a higher concentration (30 μg/L) of copper, but failed to see reproductive effects after 

only 20 days.  This could have implications for the current situation with conchs, as well.  

The in vivo exposures only appeared to result in considerable accumulation of Zn or Cu 

at the 50 day time point, indicating that a longer duration of exposure may have been 

required to elicit effects on reproduction.  Alternatively, the timing of exposure with 

relation to development toward reproduction could be altered in future studies. 

Multiple Stressors Could Inhibit Conch Reproduction 

Despite the necessity of choosing a controllable set of stressors to investigate, it 

would be foolish to assume that given the current state of coastal ecosystems an animal 

in a natural environment could be subject to only one a single anthropogenic stressor.  It 

is clear that human activity has altered ocean waters in numerous ways, affecting 

chemical factors such as oxygen content, loads of nutrients and contaminants, and 
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other parameters [141].  Therefore, an effect like the one seen in NS queen conch 

aggregations could conceivably be caused by a number of different stressors, or even 

by a combination of several.  In fact, this is discussed at length by Delgado et al. [3], 

and to some degree by Glazer and Quintero [8], who first reported the disparity in 

reproduction between OS and NS conchs, and who suggested that it was likely to be 

associated with excess nutrient loads in the NS environment. 

Given a situation such as this, in which it is unclear whether the stressors of 

interest – in this case zinc and copper – can cause the kind of complete inhibition of 

reproduction observed in NS conch aggregations, this seems all the more likely.  

Clearly, detoxifying metals, as in the case of accumulating them in the digestive gland 

for permanent sequestration or elimination, will surely have an energetic cost [58].  As 

dynamic energy budget models dictate [69,263], exposure to a stressor would limit 

energy available for reproduction.  It may be the case that NS conchs are exposed to 

several stressors in addition to zinc, and that the sum of mechanisms of coping with 

these stressors results in an energetic cost that prohibits expense of energy on 

reproductive development altogether.  In fact, reproductive development in queen 

conchs, especially females, is likely to be a major energetic investment, with hundreds 

of thousands of eggs being prepared for each spawning/egg-laying event [18,23,24], 

ultimately derived from an organ that develops throughout the reproductive season, 

possibly depending on the albumen [36] and sugars [8] that are found in signet tissue, 

and perhaps requiring the mobilization of lipid from digestive gland and the production 

of vitellogenin (Chapters 5 and 6), all of which are likely to carry high costs. 
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One possible general issue is that NS conch habitat might be suboptimal in terms 

of available food sources, water depth, and the inability to make the migration from NS 

to OS during development that has been reported by Sandt and Stoner [40] and Stoner 

and Ray [44].  In fact, Weil and Laughlin [24] indicate that conchs may migrate to 

deeper water to take advantage of the greater amounts of epiphyte food available at 

those depths. However, the impact of the inability to make this migration is 

questionable, given that many adult conchs remain on the bank in some studies of 

populations not exploited by a fishery [44], and also by the knowledge that conchs 

migrate to shallower water during the reproductive season [23,24,41], clearly suggesting 

that deep water is not an absolute necessity for reproduction.  Further, in the small-

scale survey of algal metal concentrations in this dissertation, Batophora algae, a 

known source of food for conchs, was collected at NS sites more often than OS sites.  

Still, it would require a more extensive survey to determine whether the amount or 

diversity of food sources at different sites is sufficient to support conchs.  It should be 

mentioned that historical studies of conch density generally indicate lower densities with 

increasing latitude [44], which might indicate that the Florida Keys are generally 

suboptimal habitat at the edge of the habitat range of the queen conch.  Even if this is 

the case, there is a clear disparity in the ability of conchs to reproduce at OS versus NS 

sites, and this is related to a factor in the NS environment that differs from OS on a 

much smaller spatial scale than the greater Caribbean region. 

Another possible stressor that could cause a disparity in reproduction between 

habitat patches is the rate of infection with parasites.  Aside from obvious effects on the 

overall health and energy available for reproduction, in some extreme cases, parasites 
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can even directly affect the sex of an organism.  For example, a clear association 

between TBT contamination, parasite infection, and decreased reproduction has been 

established in amphipods, in which contaminant load affects the immune system, 

increases parasite load, which alters the production of ecdysteroids and thereby 

influences reproductive development [265].  Parasites were beyond the scope of this 

dissertation, but several published reports describe parasites affecting organs that might 

affect reproduction in conchs.  In the conch digestive gland, which I believe to be 

important for supporting the development of the ovary and possibly the testis, Gros et 

al. [210] identified numerous parasites in the digestive glands of conchs, which were 

described by Aldana Aranda et al. as being Aplicomplexa parasites [266].  Additionally, 

Berg and Olsen [7] report finding nematodes in contact with the subesophageal ganglia 

of queen conchs.  Effects on the ganglia could also impact reproduction, as it is known 

that at least in whelks of the genus Busycon injecting extracts of the nerve tissue will 

result in egg laying [267].  Therefore, parasites could be an important parameter in 

conch reproductive success or failure.  Overall, some combination of general water 

quality, parasites, food availability, and chemical stressors such as Zn or Cu could 

theoretically result in the total failure of NS conchs to develop functional gonad tissue.  

While a consistent association with Zn accumulation has been established in the NS 

population, the existence of other potential stressors leaves many more questions to be 

answered. 

How Clear is the Nearshore-Offshore Distinction? 

While the current view of the queen conch reproductive problem in the Florida 

Keys is that there exists a clear delineation between OS and NS, defined by the Hawk 

Channel, my data support the idea that Delta Shoal (2009, OS) is an intermediate site.  I 
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saw greater digestive gland zinc burdens in Delta Shoal males and females than in OS 

conchs from Pelican Shoal and Eastern Sambo (2007) (Figure 8-1).  This observation 

was coupled with a smaller fold-difference in VTG mRNA expression in 2009 than 2007, 

suggesting that Delta Shoal conchs might not be as reproductively developed as 

Pelican Shoal or Eastern Sambo conchs (However, NS conchs in 2007 also expressed 

VTG mRNA at a very low level, which influenced the large fold-difference).  This falls in 

line with R. Glazer’s observation that reproduction has only occurred at Delta Shoal in 

recent years.  The idea that Delta Shoal might be impacted by contaminants to a 

greater degree than other OS sites including Pelican Shoal and Eastern Sambo is also 

logical, given that Delta Shoal is located closer to Marathon, adjacent to the same part 

of the Middle Florida Keys as the NS sites included in this study (Figure 2-1).  

Therefore, Delta Shoal may receive contaminants from the same inputs as East Sister’s 

Rock or Tingler Island, but at lower concentrations due to being farther from shore.  

Moreover, this supports the idea that development of a quantitative measure of 

reproductive development, such as VTG mRNA expression, could lead to a more 

definitive link between zinc accumulation and impairment of reproductive development. 

How Likely is Nearshore Reproduction to Affect Conch Population Growth? 

The queen conch population in the Caribbean is not uniform genetically, but there 

is significant larval drift through the Caribbean [33], resulting in populations that are 

genetically similar.  If there are numerous sources of larvae recruiting to the Florida 

Keys, then reproduction in the NS aggregations within the Florida Keys is likely to be 

relatively unimportant for the local population.  However, if Florida relies mostly on 

recruitment from Florida, then reproduction in NS aggregations could be very important.  

This falls in line with the hypothesis of Roberts [268], who uses ocean current data to 
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determine which sites in the greater Caribbean have the most upstream and 

downstream area acting as larval sources and sinks.  Roberts determined that Florida 

has a large upstream source for coral larvae, based on a 1 to 2 month window for 

recruitment.  This window likely overestimates the timeframe for recruitment in conch, 

and the author specifically sites the conch allozyme study by Campton et al. as an 

example of a population that likely relies on local retention of larvae [34].  Collection of 

queen conch veligers during plankton surveys conducted by Stoner et al. [31] 

suggested recruitment of conchs from the western Caribbean sea on the Florida 

Current, although this was not believed to be a constant source.  This was confirmed in 

a separate survey by Hawtof et al. [32].  However, a more recent study by Delgado et 

al. argues that lower larval densities in the Tortugas and Florida Straits (to the west, or 

upstream in the Florida Current) than the Florida Keys, coupled with the retention of drift 

vials in Mexican waters and the bypassing of the Florida Keys by drift vials released in 

the Florida Straits, indicate that it is more likely that recruitment to the Florida Keys 

relies on local sources [6].  Therefore, establishing healthy breeding aggregations in the 

Florida Keys is likely a crucial step toward recovery of the population. 

Methods Developed in this Dissertation and Associated Projects 

Prior to the execution of the work presented in this dissertation, little genetic and 

no genomic work had been performed with queen conch, a species whose biology and 

life history have been well characterized.  While certain aspects of this project required 

considerable optimization, including such seemingly trivial tasks as RNA preparation, 

progress has been made.  The cDNA library and conch microarray produced and 

designed by Robert Griffitt, Li Liu, and Nancy Denslow will be available as a tool for 

other conch researchers, as will the RNA preparation method and real-time RT-PCR 
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assays here reported.  The shell metal sampling method also appears to be effective 

and could serve as a useful tool for future studies of spatial and temporal trends in 

metals.  These methods have the potential to be useful moving forward for researchers 

interested in the basic biology, species health, and management of the queen conch. 

Refinements and Future Directions 

Further Work with Zn and Cu in the NS Florida Keys 

The results of this dissertation showed a consistent trend in Zn accumulation in the 

digestive glands of NS conchs, where reproductive development was also consistently 

reduced, relative to OS.  However, as previously discussed, the results at the OS site 

Delta Shoal appeared to be intermediate to NS sites and other OS sites, with higher Zn 

concentrations than other OS sites.  It would be an improvement on the long-term 

understanding of this situation to include conchs from additional sites, with larger 

sample sizes, and focus on Cu and Zn trends in digestive gland and ovary only.  Larger 

sample sizes would allow researchers to determine whether the trends in metal 

concentrations in the gonad or Cu concentration in the digestive gland are persistent 

and significant, or are just occurring by chance.  Further, there may be some gradient in 

Zn accumulation in the digestive gland that could be strongly correlated with 

reproductive status.  Furthermore, expanded sampling could include food sources other 

than macroalgae, including sediments, detritus, seagrasses, and epiphytes.  The 

analysis of algal metal concentrations in Chapter 6 presented some interesting possible 

trends, but an expanded analysis would be required to identify sources of metals.  

Notably, in my own attempts to quantify sediment metal concentrations using ICP-MS, 

high dissolved solids caused problems with recovery of the internal standard, and so 

method development may require a considerable investment in time. 
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Investigating Other Possible Stressors in the NS Environment 

It has been discussed that stressors in addition to metal contaminants may exist in 

the NS environment, and that these may have effects on conch reproduction.  A study 

of temperature and water chemistry data at the sites of adult conch aggregations would 

aid in understanding whether significant differences exist in mean or extreme 

temperature, dissolved oxygen, or other parameters that could affect reproduction, 

despite the lack of trends in publicly available data from other nearby locations.  

Perhaps most importantly, a larger-scale study of food quantity and quality at NS and 

OS sites would allow for a deeper understanding of the potential impact of nutrition on 

reproduction at each site.  If survey data indicate a likely role for food sources, a food 

supplementation study would be an appropriate approach to determine experimentally 

whether enhanced food quantity or quality could improve reproductive development in 

NS conchs.  Further, future studies could expand on the understanding of NS versus 

OS conch energy available for reproductive development by expanding the periodic 

acid-Schiff staining study in Hawtof et al. [32], or using other methods that quantify 

stores of energy molecules such as lipids and carbohydrates in digestive gland and the 

signet tissue of the gonad.  Understanding the impacts of these parameters would also 

allow for multiple stressor studies with Cu and Zn exposures in vivo. 

Improving upon Study Design for Conch Trace Metal Exposures 

Clearly, based on the previous discussion of the difference between a no-effect 

determination in a copper reproductive study with Pomacea canaliculata [75] and a 

study that determined copper caused a reduction in egg-laying in Pomacea paludosa 

[74], exposure conditions, duration, and species differences can have significant effects 

on toxicology studies, and these considerations are sometimes unpredictable.  The 
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results of the in vivo copper and zinc time-course feeding study were somewhat 

ambiguous, future studies could be refined in several ways.  First, it is possible that 

Strombus alatus is not an adequate model for this comparison.  While this study could 

not be conducted with queen conchs, a more suitable surrogate could be another large, 

primarily sand and seagrass bed-dwelling conch such as the milk conch or hawkwing 

conch.  Further, the dosing approach could be altered to more likely produce an effect.  

Rather than beginning the dosing regimen after development has begun for all groups, 

starting to feed copper and zinc during the very early part of development could model 

the natural situation more closely.  Alternatively, or perhaps additionally, a depuration 

phase could model the translocation studies performed by Delgado et al. [3], while also 

answering questions about the conch’s ability to eliminate metals from the digestive 

gland. 

Implications for Conch Management:  Translocation Efforts 

Whether Zn, Cu, or a combination of stressors is responsible for the lack of 

reproductive development in NS conchs, the NS environment appears to be 

responsible.  NS conchs translocated to OS develop mature gonads capable of 

supporting reproduction [3] and, unlike resident NS conchs, have been observed laying 

eggs [3,9], while OS conchs translocated to NS show decreased rates of egg-laying 

relative to OS conchs that remain at OS sites [9].  Delgado et al. [3] discussed the fact 

that, despite the successful translocation and subsequent observations of reproduction 

in both male and female conchs, questions still remain for the long-term implications of 

a translocation program.  These questions include the selection of optimal habitats for 

translocation – where conchs will reach a density of 200 conchs•ha-1, which is optimal 

for reproduction – the effect of removing conchs from the NS environment, and the 
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likelihood that increased larval production OS would result in increased larval retention 

in the Florida Keys.  While the work presented in this dissertation cannot address the 

latter two questions, it seems to provide important considerations for the first.  With 

respect to predicting locations where reproduction will be successful, I would 

recommend measuring the concentration of zinc in the digestive glands of conchs 

resident at that site, as well as using the VTG real-time RT-PCR assay during the 

reproductive season in an effort to quantify reproductive development.  This information, 

paired with further study of factors including food, as described in the previous section, 

as well as substrate, size of the habitat patch, and others, could provide solid guidance 

for the selection of destination sites for translocation. 

Closing Statements 

This dissertation has led to an improved overall understanding of the conch, its 

reproductive biology, and its reproductive status within the Florida Keys.  While I have 

not definitively answered the multifaceted question of what is causing NS conch 

reproductive failure, the work presented here has added to the body of knowledge in a 

way that I believe is important.  Ultimately, re-establishing a thriving conch population 

will require the expertise of individuals in numerous disciplines.  I have used molecular 

biology and analytical approaches to strengthen the knowledge of the association 

between zinc accumulation and gonadal development in NS aggregations.  This will aid 

in regulatory decisions and future monitoring, and will improve the understanding of the 

basic biology of the queen conch.  In this way, I hope that it contributes to the well-being 

of the conch population and the health of the Florida Keys ecoregion. 



 

205 

 
Figure 8-1.  Comparison of digestive gland Zn concentrations in conchs from 2007 and 

2009 field studies.  Sample groups identified by sex, M or F; site, ESR – East 
Sister’s Rock (NS), TI – Tingler Island (NS), DS – Delta Shoal (OS), ES – 
Eastern Sambo (OS), PS – Pelican Shoal (OS); whether or not they were 
held overnight in NS flow-through water, and the date of the sample.  No 
statistical comparisons were made as these data were collected during 
different ICP-MS sampling runs and are reported separately in Chapters 4, 5, 
and 6.
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APPENDIX A 
LIST OF DIFFERENTIALLY REGULATED PROBES IN THE TESTIS MICROARRAY 

EXPERIMENT 

Object A-1 is a comma delimited Excel file containing a list of all differentially-

regulated probes from the microarray experiment performed with testis from male queen 

conchs collected February, 2007 (reported in Chapter 4).  The table includes the Probe 

Name of each probe, Gene Title for any probe annotated with a Gene Title, difference 

between log2 NS mean and log2 OS mean for each probe (Diff of Treatment = (NM)-

(OM)), and the p-value determined by ANOVA with 5% FDR (False Discovery Rate) to 

control for multiple comparisons. 

Object A-1.  List of differentially regulated probes in the testis microarray experiment 
(.csv file 50 KB) 
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APPENDIX B 
CONCENTRATIONS OF ALL METALS MEASURED IN 2007 WILD-CAUGHT MALE 

QUEEN CONCHS 

Table B-1.  Concentrations of metals measured in 2007 wild-caught male queen 
conchs. 

Analyte Organ n 
(NS) 

Mean 
(NS) 
(ng/mg) 

SEM 
(NS) 

TK n 
(OS) 

Mean 
(OS) 
(ng/mg) 

SEM 
(OS) 

TK 

58Ni Blood 8 0.11 0.028  5 0.06 0.027  

 DG 4 24.52 7.382  6 30.24 4.486  

 Foot 5 0.45 0.425  6 0.15 0.103  

 NG 7 2.47 2.075  6 0.53 0.120  

 Testis 6 3.24 1.386  5 1.41 0.248  
65Cu Blood 8 40.18 5.514  5 58.90 10.008  

 DG 4 13.28 1.395  6 7.72 0.874  

 Foot 5 2.00 0.264  6 3.72 0.468  

 NG 7 24.70 18.745  6 10.97 4.919  

 Testis 6 34.77 14.431  5 6.60 1.064  
66Zn Blood 8 1.66 0.304 b 5 0.80 0.101 b 

 DG 4 831.85 138.771 a 6 84.53 31.689 b 

 Foot 5 6.17 0.450 b 6 11.05 6.250 b 

 NG 7 24.42 18.350 b 6 7.69 2.168 b 

 Testis 6 83.96 49.359 b 5 5.43 0.698 b 
88Sr Blood 8 7.44 0.548  5 7.18 0.395  

 DG 4 21.55 5.557  6 20.61 1.695  

 Foot 5 8.71 0.632  6 7.59 1.260  

 NG 7 23.99 15.192  6 8.75 3.578  

 Testis 6 18.34 9.785  5 11.91 2.284  
107Ag Blood 8 0.08 0.019 b 5 0.80 0.091 b 

 DG 4 0.04 0.010 b 6 3.90 1.585 a 

 Foot 5 0.04 0.012 b 6 0.14 0.063 ab 

 NG 7 0.72 0.639 b 6 0.21 0.115 b 

 Testis 6 0.18 0.038 b 5 0.26 0.053 b 
111Cd Blood 8 0.05 0.011 c 5 0.03 0.010 c 

 DG 4 4.76 0.746 b 6 9.58 1.084 a 

 Foot 5 0.44 0.053 c 6 0.51 0.039 c 

 NG 7 0.98 0.739 c 6 0.30 0.050 c 

 Testis 6 0.67 0.300 c 5 1.35 0.939 c 
118Sn Blood 8 0.01 0.000  5 0.01 0.000  

 DG 4 0.02 0.004  6 0.03 0.010  

 Foot 5 0.02 0.001  6 0.02 0.003  

 NG 7 0.12 0.044  6 0.09 0.027  
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Table B-1.  Continued. 

Analyte Organ n 
(NS) 

Mean 
(NS) 
(ng/mg) 

SEM 
(NS) 

TK n 
(OS) 

Mean 
(OS) 
(ng/mg) 

SEM 
(OS) 

TK 

 Testis 6 0.04 0.009  5 0.02 0.005  
202Hg Blood 8 0.02 0.003 b 5 0.02 0.005 ab 

 DG 4 0.03 0.016 ab 6 0.28 0.074 ab 

 Foot 5 0.43 0.166 a 2 0.05 0.024 ab 

 NG 7 0.25 0.124 ab 6 0.18 0.079 ab 

 Testis 6 0.05 0.008 ab 5 0.25 0.085 ab 
238U Blood 8 0.03 0.006  5 0.01 0.000  

 DG 4 2.03 0.535  6 1.10 0.247  

 Foot 5 0.02 0.001  6 0.02 0.003  

 NG 7 0.23 0.151  6 0.12 0.035  

 Testis 6 0.32 0.172  5 0.03 0.005  
“TK” denotes whether interaction term tissue*OS/NS is significantly different by ANOVA (only if p<0.05) 
followed by Tukey-Kramer HSD for multiple comparisons. Within each analyte, values not connected by 
the same letter are significantly different.  
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APPENDIX C 
CONCENTRATIONS OF ALL METALS MEASURED IN 2007 WILD-CAUGHT FEMALE 

QUEEN CONCHS 

Table C-1.  Concentrations of all metals measured in 2007 wild-caught female queen 
conchs. 

Analyte Organ 
n 
(NS) 

mean 
(NS) 
(ng/mg) 

SEM 
(NS) n (OS) 

mean 
(OS) 
(ng/mg) 

SEM 
(OS) p (K-W) 

58Ni BL 5 4.43 0.833 2 4.74 3.959 
 

 
DG 5 17.12 3.208 9 34.57 6.224 0.0388 

 
G 4 1.57 0.422 7 3.46 1.365 

 

 
M 4 0.06 0.020 9 3.95 3.893 

 

 
NG 5 1.15 0.694 9 1.12 0.490 

 65Cu BL 5 1943.01 348.704 2 1505.36 633.831 
 

 
DG 5 40.29 14.656 9 24.13 4.095 

 

 
G 4 15.50 6.934 7 20.78 9.528 

 

 
M 4 3.10 1.321 9 4.61 0.793 

 

 
NG 5 22.36 18.647 9 6.36 1.805 

 66Zn BL 5 69.92 8.934 2 39.44 1.042 
 

 
DG 5 1181.76 314.182 9 108.45 29.728 0.0278 

 
G 4 106.90 37.048 7 29.90 4.293 

 

 
M 4 4.28 0.318 9 4.89 0.612 

 

 
NG 5 9.17 2.466 9 4.68 0.720 

 88Sr BL 5 339.33 27.609 2 364.24 89.676 
 

 
DG 5 18.36 2.774 9 21.87 2.702 

 

 
G 4 12.28 6.872 7 12.10 4.550 

 

 
M 4 6.28 1.499 9 7.44 0.618 

 

 
NG 5 5.35 2.233 9 4.33 0.841 

 107Ag BL 5 3.65 1.066 2 33.07 28.683 
 

 
DG 5 0.20 0.071 9 1.19 0.453 0.0136 

 
G 4 0.07 0.022 7 0.27 0.085 

 

 
M 4 0.02 0.006 9 0.58 0.199 0.0055 

 
NG 5 0.55 0.439 9 0.19 0.048 

 111Cd BL 5 2.83 0.648 2 1.21 0.778 
 

 
DG 5 8.17 2.241 9 6.43 2.442 

 

 
G 4 0.91 0.230 7 3.58 0.486 0.0082 

 
M 4 0.36 0.039 9 0.49 0.033 

 

 
NG 5 0.40 0.118 9 0.18 0.046 

 118Sn BL 5 BLD - 2 BLD - 
 

 
DG 5 BLD - 9 BLD - 

 

 
G 4 BLD - 7 BLD - 
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Table C-1.  Continued. 

Analyte Organ 
n 
(NS) 

mean 
(NS) 
(ng/mg) 

SEM 
(NS) n (OS) 

mean 
(OS) 
(ng/mg) 

SEM 
(OS) p (K-W) 

118Sn M 4 BLD - 9 BLD - 
 

 
NG 5 BLD - 9 BLD - 

 202Hg BL 5 0.86 0.315 2 2.11 1.327 
 

 
DG 5 0.06 0.027 9 0.32 0.094 0.0388 

 
G 4 0.05 0.018 7 0.16 0.044 

 

 
M 4 0.07 0.023 9 0.09 0.019 

 

 
NG 5 0.41 0.293 9 0.34 0.197 

 238U BL 5 1.97 0.539 2 BLD - 
 

 
DG 5 2.08 0.692 9 0.96 0.178 

 

 
G 4 0.09 0.020 7 0.06 0.032 

 

 
M 4 BLD - 9 BLD - 

 

 
NG 5 0.10 0.023 9 0.12 0.046 

 “p (K-W)” denotes whether interaction term tissue*OS/NS is significantly different by Kruskall-Wallis 
nonparametric test for difference of means (p<0.05), based on chi-square approximation; p-value is 
reported. If no p-value is reported, OS and NS values are not significantly different.  BL – blood, DG – 
digestive gland, G – gonad, M – foot (muscle), NG – neural ganglia.  BLD – below limit of detection, 
indicated only if all samples within the group were below the limit of detection. 
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APPENDIX D 
LIST OF DIFFERENTIALLY REGULATED GENES IN THE DIGESTIVE GLAND 

MICROARRAY EXPERIMENT 

Object D-1 is a comma delimited Excel file containing a list of all differentially-

regulated genes from the microarray experiment performed with digestive gland from 

female queen conchs collected February, 2007 (reported in Chapter 5).  The table 

includes the Gene Title for each gene, difference between log2 NS mean and log2 OS 

mean for each probe (Diff of Treatment = (NS)-(OS)), which was used to determine the 

fold difference (Fold) and direction of regulation in NS conchs, relative to OS (Direction 

(NS)), and the p-value determined by ANOVA with 5% FDR (False Discovery Rate) to 

control for multiple comparisons. 

Object D-1.  List of differentially regulated genes in the digestive gland microarray 
experiment (.csv file 23 KB) 
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APPENDIX E 
LIST OF DIFFERENTIALLY REGULATED GENES IN THE OVARY MICROARRAY 

EXPERIMENT 

Object E-1 is a comma delimited Excel file containing a list of all differentially-

regulated genes from the microarray experiment performed with ovary from female 

queen conchs collected February, 2007 (reported in Chapter 5).  The table includes the 

Gene Title for each gene, difference between log2 NS mean and log2 OS mean for each 

probe (Diff of Treatment = (NS)-(OS)), which was used to determine the fold difference 

(Fold) and direction of regulation in NS conchs, relative to OS (Direction (NS), and the 

p-value determined by ANOVA with 5% FDR (False Discovery Rate) to control for 

multiple comparisons. 

Object E-1.  List of differentially regulated genes in the ovary microarray experiment 
(.csv file 33 KB) 
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APPENDIX F 
ADDITIONAL ANALYSES OF OVARY AND DIGESTIVE GLAND MICROARRAY DATA 

TO DETERMINE THE APPROPRIATENESS OF INCLUDING THE MASCULINIZED 
FEMALE 

A “randomized” analysis of ovary microarray data was performed.  Ovary 

microarray data were Loess normalized exactly as was performed in Chapter 5.  

However, for this analysis, they were randomly placed without regard to site of 

collection:  in group A, individuals NM3, NF3, OF1, and OF2; in group B, individuals 

NF1, OF3, and OF4.  A one-way ANOVA analysis was performed exactly as previously 

described, but on the term “group,” rather than “location” (Figure F-1).  The ANOVA 

found significant differential signal on 40 of 15,744 probes (0.25%), compared to 1564 

probes (9.93%) with differential signal when the analysis was performed based on 

“location” (see Chapter 5, Figure 5-2).  This is a strong argument that the data are not 

heavily biased by the inclusion of the one imposex female sample (i.e. the group 

containing the imposex female will not be different by default). 

Additionally, the data from the ovary and digestive gland microarray studies were 

subjected to unsupervised hierarchical clustering analysis, as previously described, but 

using data from all genes on the microarray (results of the second ANOVA analysis on 

gene, as reported in the Methods).  In this way, the analysis would be equally influenced 

by both differentially regulated genes and those that were not differentially regulated.  

The analysis resulted in a complete separation of OS and NS individuals for both 

tissues, with NM3, the imposex female, clustering very closely with the other, “normal,” 

NS females (Figure F-2).  This indicates that NM3 is very similar to the normal NS 

females in terms of ovarian and digestive gland gene expression, and is not an outlier. 
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Figure F-1.  Volcano plot representing analysis of ovary microarray data on arbitrarily 

determined groups, comparing log2 (fold difference) to significance (as –log10 
p-value) for each probe in the ovary microarray dataset.  The horizontal 
dotted line in each volcano plot is a significance cutoff of –log10 p-value = 2, 
or p<0.01; all probes above this line differ significantly between group. 

 

 
Figure F-2.  Dendrograms showing the results of hierarchical clustering analysis 

performed on all genes for the digestive gland (A) and ovary (B) microarray 
studies, indicating that the imposex female (NM3) clusters closely with the 
two “normal” nearshore females in both tissues, and that the major factor in 
the analysis is location.  NS – nearshore, OS – offshore. 
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APPENDIX G 
CROSS-HYBRIDIZATION OF Strombus alatus RNA ONTO THE Strombus gigas 

MICROARRAY 

Some reports exist in the literature of microarray species cross-hybridization – 

hybridizing microarrays with genetic material obtained species closely related to the 

species used for probe design.  Examples include an analysis of the Senegalese sole, 

Solea senegalensis, using an Atlantic flounder, Platichthys flesus, cDNA microarray 

[269], the use of a salmonid cDNA microarray designed with probes for sequences from 

Atlantic salmon and rainbow trout for the analysis of Chinook salmon and rainbow 

smelt, as described by Gahr et al. [270], and the use of an oligonucleotide microarray 

designed from Xenopus tropicalis sequences for analysis of Xenopus laevis [271]. 

In order to determine whether cross-hybridization of Strombus alatus genetic 

material onto the Strombus gigas microarray was possible, several S. alatus ovary and 

mantle RNA samples from the 7-day preliminary in vivo feeding study were labeled and 

hybridized along with S. gigas samples, following identical procedures, which are 

described in Chapter 2.  S. alatus RNA was labeled successfully, with Cy3 specific 

activity > 6 pmol Cy3/μg RNA, as recommended by Agilent at the time of the experiment 

(note:  several samples were labeled with much higher specific activity, ca. 20 pmol/ 

μg).  The microarray data were analyzed for the proportion of “present” calls on the 

microarray, defined as a signal exceeding the 95th percentile of negative control signals 

(Figure G-1).  Despite successful labeling of S. alatus samples, it appeared that only 

samples labeling with specific activity > 20 pmol/μg had a similar proportion of present 

calls to S. gigas microarray samples.  Note that some S. alatus ovary samples used for 

this analysis were not confirmed by histology (see Methods for further details); however, 

at least one of the samples with low percent present calls was confirmed by histology 
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and ICP-MS as Strombus alatus gonad, while two of the high-percent present call 

samples were S. alatus mantle.  Given that mantle was not included in the tissue pool 

used to design the microarray, the tissue of origin of the genetic material did not likely 

have a major influence on the percent of present calls.  Rather, this was likely a function 

of label incorporation and binding efficiency across species.  The reduced proportion of 

present calls in S. alatus samples appeared to affect background subtraction and the 

overall distribution of signals.  Therefore, it was likely that misidentification of differential 

signal would occur based on the inconsistency of present calls for samples with different 

dye specific activities.  As a result, it was determined that microarray analysis of S. 

alatus gene expression using the S. gigas microarray is inappropriate. 

 
Figure G-1.  Percent present calls for Strombus gigas and Strombus alatus cRNA 

samples hybridized to the Strombus gigas microarray.  S. alatus samples 
(blue) showed reduced signal even for samples above the 6 pmol Cy3/μg 
cRNA cutoff for hybridization.  S. gigas samples (red) showed consistent 
percent present calls between 70 and 90% for all samples over 6 pmol/μg. 
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