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ABSTRACT 

 Parental effects are the effects of the parental phenotype and parental environment 

on offspring phenotype that occur without changes in the DNA sequence.  Instead, they 

occur via transmission of epigenetic, cytoplasmic, somatic, nutritional, environmental, 

and behavioral factors from parents to offspring.  To address the question of how biotic 

and abiotic conditions in the parental environment affect offspring responses to toxicants 

and other stressors, I used the snails Biomphalaria glabrata and Physa pomilia as model 

species.  Exposure of parental Biomphalaria to predator cues altered offspring tolerance 

to cadmium but not malathion, while parental diet affected offspring tolerance to both 

cadmium and malathion.  Additionally, within the parental diet experiment, cross-

fertilizing parents produced offspring with greater cadmium and malathion tolerance than 

self-fertilizing parents.  In another experiment, parental Physa exposure to cadmium at a 

high but environmentally relevant concentration of 20 µg/L increased the cadmium 

tolerance of their offspring compared to offspring of controls and parental snails exposed 

to 2 µg/L cadmium.  However, subsequent exposure of egg masses to 2 µg/L cadmium 

during development negated the effects of parental exposure.  Finally, exposure of 

parental Biomphalaria to 0, 16, or 50 µg/L cadmium resulted in alterations in tolerance to 

cadmium, heat, and cold in their hatchling offspring, but hatchling tolerances to copper 

and salinity were unaffected.  When offspring of cadmium-exposed parents were raised 

from hatchlings to 8 weeks old in a factorial design of parental cadmium exposure (0, 16, 

or 50 µg/L cadmium)*offspring cadmium exposure (0 or 2 µg/L cadmium)*temperature 

(25 or 30°C), parental exposure to 50 µg/L cadmium increased offspring reproduction 

compared to controls.  The effects of parental cadmium concentration and temperature 
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also had an interactive effect on the reproductive output of offspring.  Taken together, 

these data suggest several trends.  First, parental stress may increase, decrease, or have no 

effect on offspring tolerance to abiotic stressors.  Second, the occurrence of a parental 

effect may depend on the characteristics of both the parental stressor and the stressor to 

which offspring were exposed.  Third, the toxicant concentration to which parents are 

exposed may play a role in determining whether a parental effect occurs.  Fourth, toxicity 

of a contaminant to egg masses, as measured by hatching success and time to hatch, may 

not always be a good predictor of offspring tolerance to that contaminant.  Overall, both 

biotic and abiotic conditions in the parental environment can significantly alter offspring 

stressor tolerance and life history traits.  Because of their potential to influence offspring 

fitness and thereby the health and persistence of populations, parental effects constitute 

an important avenue of future ecotoxicology research.   
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CHAPTER I: INTRODUCTION TO PARENTAL EFFECTS 

While traditional ecotoxicology research has focused on the direct and indirect 

effects of exposure in a single generation, a growing body of evidence shows that the 

effects of toxicant exposure may carry over to one or more subsequent generations via 

parental effects.  Parental effects are effects of the parental phenotype or parental 

environment on the phenotype of offspring that do not occur via changes in the DNA 

sequence.  Instead, they occur via transmission of epigenetic, cytoplasmic, somatic, 

nutritional, environmental, and behavioral factors from parents to offspring.  Though 

their importance is well-recognized in ecology and human toxicology, parental effects 

have been little researched in ecotoxicology.  Parental effects can have lifelong effects on 

offspring fitness via alterations in a wide variety of offspring traits, including 

morphology, physiology, development, reproduction, and survival.  Additionally, the 

existing data suggest that parental effects of toxicant exposure can be seen independent of 

offspring exposure.  Because of their potential to influence offspring fitness and thereby 

the health and persistence of populations, parental effects constitute an important avenue 

of future ecotoxicology research. 

 Currently, there are many aspects of parental effects as they apply to 

ecotoxicology for which little or no data are available. One of these is the duration of 

parental effects of toxicant exposure, both in terms of the period of time after parental 

exposure during which parents produce offspring with measurable effects of the parental 

toxicant exposure and in terms of the length of the offspring lifetime that is significantly 

affected by parental toxicant exposure.  We also know relatively little about parental 

effects caused by organic toxicants, particularly non-persistent organic compounds, and 



Texas Tech University, Stephanie Plautz, August 2013 
 

2 
 

the population-level consequences of reported organism-level effects.  Additionally, little 

data is available on the relative importance and interaction of parental and offspring 

exposure as eggs or juveniles to offspring traits.  Data is also scarce on the consequences 

of parental effects of toxicant exposure for offspring responses to other stressors. 

 To address the broad gaps in our knowledge of parental effects as they apply to 

ecotoxicology, I propose a framework, moving from broad to narrow questions, to guide 

future research.  First, are there any predictive trends in the occurrence, direction, or 

degree of parental effects?  For example, certain classes of toxicants may tend to cause 

parental effects in general or on particular offspring traits.  The severity and duration of 

effects may also depend on the toxicant class, organism taxa, or organism (parent or 

offspring) age.  Second, what duration and concentration of toxicant exposure elicits 

parental effects?  This may vary by the class of toxicant or offspring trait being studied.  

Third, what is the cost:benefit ratio of toxicological parental effects?  The evidence 

available thus far shows increases, decreases, and a lack of change in offspring fitness, 

depending on the contaminant and the trait(s) studied.  And finally, what are the 

mechanisms by which toxicological parental effects occur?  Certain mechanisms may be 

linked to particular toxicant classes or types of effects on offspring traits. 

 To further explore the influence of parental effects in ecotoxicology, I used the 

snails Biomphalaria glabrata and Physa pomilia as model organisms.  Both are 

freshwater pulmonate species with relatively short generation times (~1-1.5 months) that 

are hermaphroditic but preferentially outcross when mates are available.  After reviewing 

the literature on parental effects research in ecotoxicology, my overarching question was 

“How do biotic and abiotic conditions in the parental environment affect offspring 
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responses to toxicants and other stressors?”  To address this question, my objectives were 

to  

1) Evaluate the effect of parental exposure to predator cues on offspring toxicant 

tolerance 

2) Evaluate the effect of parental diet and mating strategy on offspring toxicant 

tolerance 

3) Evaluate the relative importance of parental and developmental toxicant exposure 

to determining offspring toxicant tolerance 

4) Evaluate the effect of parental toxicant exposure on offspring tolerance to other 

abiotic stressors (to which parents had not been exposed) and life history traits 
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CHAPTER II: REVIEW OF PARENTAL EFFECTS IN 

ECOTOXICOLOGY 

ABSTRACT 

Though their importance is well-recognized in ecology and human health 

toxicology, parental effects have been the focus of relatively little research in 

ecotoxicology.  Parental effects are the impacts of the parental environment and 

phenotype on offspring phenotype that do not occur via changes in the DNA sequence, 

but can significantly alter offspring fitness and responses to environmental stress.  

Parental effects are an important form of transgenerational responses and relate directly 

to our understanding of toxicant effects.  In this review, focused on how parental 

exposure to contaminants affects how offspring respond to their environment, including 

contaminants and other stressors.  We find that parental effects of toxicants can have 

lifelong impacts on offspring via alterations of offspring behavior, morphology, 

physiology, development, reproduction, and survival.  Though limited data exist, 

available evidence and our own research suggest that parental effects of toxicant 

exposure can manifest independent of offspring exposure.  We conclude with an 

overview of the gaps in our knowledge of parental toxicant effects and suggest 

hypotheses for testing.  We believe that, because of their important role in the health and 

persistence of populations, parental effects constitute an important avenue of future 

research with regard to understanding transgenerational responses to toxicants. 

INTRODUCTION 
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Phenotypic traits are the physical characteristics of organisms, determined by 

their genes and environment, which in turn determine organismal fitness and on which 

selection operates [1].  However, phenotypic traits can be plastic, meaning that they can 

change in response to biotic and abiotic environmental factors.  Phenotypic plasticity has 

emerged as an important concept in evolutionary biology but also is important in applied 

environmental sciences because it relates directly to the persistence (or not) of organisms 

under stressful environmental conditions. The effects of xenobiotics are measured using 

many phenotypic traits, including changes in survival, morphology, development, 

reproduction, behavior, and physiology.  Importantly, many factors can influence the 

expression of traits, thus confounding our ability to predict effects of toxicants. Offspring 

responses to toxicants, for example, can be significantly affected by both the environment 

of the offspring and by parental effects.  Parental effects are transgenerational effects on 

the phenotype of offspring that result from previous generations’ phenotypes and 

environments, and which do not occur via changes in DNA sequences [2]. 

Long-recognized in ecology and evolutionary biology, parental effects are strong 

contributors to phenotypic variation of offspring [2].  They function as a form of 

transgenerational phenotypic plasticity, by translating the parental phenotype and 

environment into phenotypic variation in offspring upon which selection can operate [2-

6] (Box 1).  Parental effects can occur via transmission of epigenetic changes, 

cytoplasmic and somatic factors, nutrients, behaviors, and external environmental 

variation, such as habitat quality or host type [5].  Epigenetic changes include histone 

protein modification, which in turn affects chromatin structure, and DNA methylation 

[5].  For example, heritable epigenetic changes in male rats (Rattus norvegicus) resulted 
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in decreased fertility and increased disease and tumor incidence in F1-F4 generation 

offspring [7].  Transmittable cytoplasmic and somatic factors that can alter offspring 

phenotype include hormones, proteins, RNA, lipids, and toxicants [5].  For example, 

changes in the androgen concentration in the eggs of many birds species can affect 

offspring behavior, morphology, immune system function, growth, and even survival [8].  

The transfer of nutrients from parent to offspring includes both nutrients in the egg and 

nutrients provided later to the offspring via parental care [5].  In the case of birds, egg 

size in many species is positively correlated with offspring growth and survival [9].  

Parents can also affect the phenotype of their offspring via the environment experienced 

by the parent(s) and the environment in which offspring are deposited by the mother.  

Environmental trait variation that may affect offspring includes habitat quality, host type, 

and exposure to pathogens, predators, and conspecifics [5].  For example, offspring size, 

rate of development, and survival in seed beetles (Stator limbatus) varied with the 

maternal host plant [10].  Additionally, environmental cues such as photoperiod, 

temperature, and conspecific density may induce mothers to produce offspring with 

particular characteristics, such as diapausing or dispersive offspring in insects and 

dormant seeds in plants [4].  It is clear that parental effects have the potential to affect a 

wide range of traits and can have significant consequences for the fitness of offspring.  

From an empirical perspective, parental effects can also alter the outcome of experiments 

since the environment to which parents were exposed can alter offspring traits [11]. 
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________________________________________________________________________ 

Box 1. Suggested definitions 

Parental effects: influences on offspring phenotype that result from the environment 

(biotic and abiotic) experienced by the parents and/or the parental phenotype but do 

not occur via DNA sequence changes [2-4].  They can result from either the male or 

female’s contribution to and influence on offspring [2]. 

Maternal effects: similar to parental effects in that both do not occur via DNA sequence 

changes and influence offspring phenotype, but maternal effects are the result of the 

phenotype and/or environment of the mother alone [4, 12].  Many references to 

maternal effects in the toxicology literature actually refer to parental effects, as both 

the male and female parents of research organisms were exposed to toxicants either in 

the laboratory or in the field and no attempt was made to separate the effects of 

maternal and paternal toxicant exposure on offspring. 

Transgenerational effects: influences on offspring phenotype that result from the 

phenotype or environment (biotic and abiotic) of a previous generation (not 

necessarily the parental generation) that do not occur via DNA sequence changes. 

________________________________________________________________________ 

 

Parental effects can be either beneficial or detrimental to offspring traits which 

may in turn affect offspring fitness, depending on environmental conditions and parental 

tradeoffs [6, 12].  For example, bryozoans (Bugula neritina) colonies that experience 

damage produce smaller, less fit offspring, allowing adult colonies to expend more 

energy on repair and recovery, and in effect trading offspring fitness for parental fitness 
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[13].  Alternatively, the consequences of parental effects for offspring can also vary with 

the environment of offspring.  When bryozoan adults were exposed to copper, they 

produced offspring that were larger and had greater dispersal capabilities and copper 

tolerance than the offspring of unexposed parents.  However, when offspring were placed 

in an uncontaminated environment at high densities, the offspring of copper-exposed 

parents had poorer performance, as measured by survival and colony size, than the 

offspring of unexposed parents [14].  As these examples illustrate, parental effects can 

have significant effects on offspring traits that may then influence offspring fitness, and 

are thus of clear importance to populations.  Parental effects on offspring traits, whether 

positive or negative, may be linear or non-linear (Figure 2.1).  Alternatively, a threshold 

of effects may exist such that the driver of the parental effect must exceed a certain level 

before effects on offspring are measurable.   

Parental effects are important in ecotoxicology because they have consequences 

for population responses to toxicants, especially evolutionary responses.  Because parents 

and their environment have strong effects on the phenotypic expression of genotypes, 

there is a clear link between parental effects and offspring fitness.  Hence, parental effects 

can affect selection on genotypes by presenting a different or new range of phenotypes. It 

is not the case, however, that all parental effects are beneficial.  An example of a parental 

effect that is beneficial to both parents and offspring is found in the offspring of female 

fall field crickets (Gryllus pennsylvanicus) exposed to wolf spiders (Hogna helluo) 

during gestation, which display increased antipredator behavior compared to the 

offspring of unexposed females [15].  An example of a parental effect that is beneficial to 

the parent but not the offspring is herbivorous insects that, as a result of a tradeoff 
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between feeding time and time spent searching for a plant on which to oviposit, lay their 

eggs on plants that are not optimal for development of their offspring [16].  Another 

example that is particularly important in ecotoxicology is in the transfer of contaminants 

from mother to offspring.  Maternal transfer of metallic and organic pollutants has been 

reported in invertebrates [17-20], fish [21-23], amphibians [24-26], reptiles [27-29], birds 

[30-32], and mammals [33-35].  In this case, there may be no discernible effect of 

contaminant exposure in parents, but offspring may experience adverse effects related to 

early developmental exposure [36].  Selection can also operate on the trait plasticity on 

which parental effects act.  For example, in general, when invertebrates are exposed to 

anthropogenic stressors, plasticity for life history traits may increase while plasticity for 

morphological traits may decrease [37].  Understanding the role that parental effects have 

in offspring responses to contaminants is an important, and relatively understudied, topic 

in ecotoxicology.   

It is clear from other, related fields and from a brief survey of the ecotoxicology 

literature that parental effects are potentially of great importance in ecotoxicology.  There 

are, however, relatively few explicit studies of parental effects in ecotoxicology and 

hence, considerable uncertainties remain.  The purpose of this review is to identify salient 

parental effects studies, to determine the presence of any trends, and to attempt to identify 

gaps in current knowledge and suggest future research directions. 

ECOTOXICOLOGICAL PARENTAL EFFECTS ON 

DEVELOPMENT AND LIFE HISTORY 

Despite the relative paucity of toxicological studies on parental effects, a wide 

variety of studies have reported effects on offspring resulting from parental exposure to 
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contaminants.  Effects in offspring have manifested as alterations in survival, 

development, morphology, physiology, behavior, and reproduction (Table 2.1). 

Survival 

Reduced survival of the offspring of toxicant exposed parents has been 

documented in daphnia [17], bryozoans [14], amphibians [24, 38], reptiles [29], and fish 

[21].  In a multigenerational example, survival was reduced in both the F1 and early 

broods of the F2 generations of Daphnia magna exposed to methylmercury [17].  

Parental effects on survival can also be delayed until later in development.  The survival 

of offspring of polychlorinated biphenyl (PCB)-exposed snapping turtles (Chelydra 

serpentina) did not decrease compared to that of control offspring until juveniles were 8-

9 months old.  By 14 months old, survival was only 40% for the offspring of PCB-

exposed females compared to 90% for controls [29].  Additionally, in American toads 

during metamorphic climax (Gosner stages 42-46), survival of the offspring of mercury-

exposed toads decreased compared to controls [39].  It is notable that in both these 

examples of delayed survival reductions, a greater proportion of smaller offspring than 

larger offspring of toxicant-exposed adults died.  Parental effects of toxicant exposure on 

offspring survival can therefore potentially occur either when offspring are relatively 

young or later in life, possibly at a stressful or energetically intensive point of the 

offspring’s lifecycle as seen in metamorphosing toads. 

Developmental abnormalities 

Measureable toxicant-induced parental effects on offspring phenotype can begin 

to be seen early, in the form of developmental abnormalities.  For example, 

developmental abnormalities increased 55-58% in the offspring of Eastern narrow-mouth 
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toads (Gastrophryne carolinensis) captured near a coal-burning power plant.  

Craniofacial abnormalities were particularly prevalent, increasing by an order of 

magnitude compared to the offspring of reference toads [24].  Abnormalities also 

increased in the offspring of African clawed frogs (Xenopus laevis) as parental cadmium 

exposure concentrations increased [40].  However, results for the offspring of mercury-

exposed American toads (Bufo americanus) have been mixed.  One study reported a 2.5 

times greater incidence of spinal malformations at Gosner stage 42 when parents were 

exposed to mercury [41], while another noted no increase in developmental abnormalities 

[42].  In contrast to both, a third study reported a decrease in developmental 

abnormalities as parental mercury exposure concentration increased.  The authors 

attributed this result to reduced hatching success in the eggs of mercury-exposed adults, 

such that selection operated on egg masses so that only the healthiest survived to hatch 

[43].  Toxicants, then, have the potential to increase developmental abnormalities but 

may also act as selective agents on embryo survival to ultimately decrease the proportion 

of deformities in offspring. 

 Several amphibian studies have also reported effects of parental toxicant exposure 

on metamorphosis timing and success.  No study thus far has reported effects on the 

length of the larval period [38, 41, 42], but two studies on the offspring of mercury-

exposed American toads have reported a 6-14% increase in the time it takes for 

metamorphs to fully resorb their tails [39, 41], while a third study found no effect of 

parental mercury exposure on tail resorption [42].  A study that reported increased overall 

metamorphic success in the offspring of mercury-exposed American toads likely noted 

this result because of mercury selection for healthy embryos and subsequently reduced 
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deformity rates among offspring of mercury-exposed adults [43].  Overall, while parental 

toxicant exposure may affect metamorphosis, its effects on offspring fitness remain 

unknown. 

Morphology 

Among morphology measurements, offspring or egg size is one of the most 

commonly tested endpoints in studies of parental effects.  Studies measuring egg size 

have reported increased size [44, 45], decreased size [29], or no effect of parental 

toxicant exposure at all [27, 44, 46].  Results for offspring size also vary widely, with 

various studies reporting that parental toxicant exposure leads to increased offspring size 

[14, 29, 47], decreased offspring size [39, 42, 48, 49], or no effect on size [18, 38, 50, 

51].  However, the size of the offspring of toxicant-exposed adults compared to that of 

control offspring can vary depending on offspring age.  This is particularly apparent in 

studies that have measured growth multiple times during development.  Parental mercury 

exposure did not affect the mass of larval American toads at hatching, but reduced 

offspring mass by 14% at Gosner stages 42 and 46 compared to control offspring [41].  In 

killifish (Fundulus heteroclitus), the length of offspring produced by females exposed to 

polycyclic aromatic hydrocarbons (PAHs) was greater at hatch than the length of control 

offspring.  However, for offspring of PAH-exposed females at 14 days post-hatch, length 

was equal to that of controls if the offspring were also exposed to PAHs, but less than 

that of controls if the offspring were not exposed to PAHs [52].  The mass of the 

offspring of eastern bluebirds exposed to polychlorinated dibenzofurans (PCDFs) was not 

different than that of controls at 4 days old, but was greater than that of controls at 8, 12, 

and 14 days old [44], though these nestlings were exposed to dietary PCDFs during 
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development as well as parental effects of toxicant exposure.  Thus far, there appears to 

be no clear pattern in the effects of parental toxicant exposure on egg or offspring size.  

However, the effects of parental exposure on mass are likely complicated by resource 

availability and parental physiology and behavior, via provisioning of eggs and feeding 

of young. 

Physiology 

Thus far, very little information is available on the physiological effects on 

offspring resulting from parental toxicant exposure.  Parental exposure to coal ash 

deposition sites (contaminated with metals) reduced the metabolism of hatchling red-

eared slider turtles (Trachemys scripta elegans) at 30°C compared to that of control 

offspring [27].  Additionally, parental PCB exposure had no effect on the metabolism of 

juvenile snapping turtles at 25°C [29].  The difference in the results of these studies could 

be attributable not only to temperature but to the timing of their measurements, as one 

measured hatchlings and the other 9-13 month old juveniles, and there are no reports on 

the duration of physiological parental effects.  In another physiological example, heart 

rate was increased in the offspring of copper-exposed Daphnia pulex compared to control 

offspring [48].  Though little information is available, the existing research suggests that 

parental toxicant exposure could significantly impact offspring physiology with strong 

implications for offspring fitness. 

Behavior 

In addition to affecting offspring survival, morphology, and physiology, parental 

exposure to toxicants can also impact the behavior of offspring.  Thus far, behavioral 

effects of parental toxicant exposure have been studied in fish [53], amphibians [38, 39, 
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41], and invertebrates [14, 50].  Parental dietary mercury exposure in Atlantic croaker 

(Micropogonias undulatus) reduced offspring swimming speed by 36% and activity 

levels by 8% compared to control offspring.  Additionally, when exposed to a vibratory 

stimulus, the offspring of mercury-exposed adults showed a decrease in the swimming 

response duration and speed with increasing parental mercury concentrations, but no 

effect of parental mercury exposure on response distance.  An individual-based model 

built on these data predicted significant effects of parental mercury exposure on offspring 

survival and the duration of each life stage, resulting from impaired foraging, suggested 

by decreased swim speed and activity, and increased predation vulnerability, suggested 

by decreased vibratory stimulus response speed and duration [53].  Among amphibians, 

mercury exposure in American toads reduced offspring swimming speed by 11% and 

larval responsiveness to tactile stimuli by 34% [39].  However, parental mercury 

exposure did not affect the hop length of recently metamorphosed American toads [41], 

nor did parental exposure to coal ash (various metals) affect the hopping speed or 

endurance of Southern toads (Bufo terrestris) [38].  Parental copper exposure increased 

the dispersal ability of bryozoan (Bugula neritina) young, with the larvae of copper-

exposed bryozoan colonies swimming an average of 25% longer than control offspring 

before settling and attaching to a substrate [14].  In the pink bollworm (Perctinophora 

gossypiella), parental consumption of a diet contaminated with a Bacillus thuringiensis 

toxin reduced the ability of offspring to enter cotton bolls, a vital step in the bollworm 

life cycle, by 42% [50].  These reported behavioral effects suggest that parental toxicant 

exposure can alter behavior in offspring in ways that can negatively impact offspring 

survival. 
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Reproduction 

Studies have also suggested that reproduction can be affected in the offspring (F1 

generation) of toxicant-exposed adults.  Reproduction was not affected in the offspring of 

mercury-exposed D. magna [18], but the number of eggs produced per female was 

reduced in the offspring of copper-exposed D. pulex [48].  Also, offspring of killifish 

exposed to a mercury- or PCB-contaminated diet had lower fertilization success than 

controls [47].  Though few studies have addressed this topic, their results appear to merit 

increased investigation, as they imply that the impacts of toxicant exposure may continue 

for more than one generation by reducing reproduction in the F1 generation. 

Interactions of parental effects at different life stages 

Ecologically, it is possible that trait alterations resulting from parental effects on 

various life stages could cancel out.  For example, the offspring of mercury-exposed 

American toads displayed a decreasing frequency of developmental abnormalities as 

mercury concentrations in eggs increased, but it was not sufficient to offset the effects of 

the corresponding decrease in hatching success on the number of hatchlings with normal 

morphology.  Additionally, offspring of mercury-exposed animals had higher 

metamorphic success than offspring of reference animals, thus balancing out reduced 

hatching success in egg masses laid by mercury-exposed animals such that there was no 

net effect of parental mercury exposure on recruitment [43].  However, toxicant-induced 

parental effect tradeoffs remain largely unexplored. 

PARENTAL INFLUENCES ON OFFSPRING TOXICANT 

TOLERANCE 
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Another potentially far-reaching effect of parental toxicant exposure is altered 

tolerance to toxicants to which a previous generation was exposed, not via changes in 

gene frequencies but through parental effects.  Thus far, evidence of parentally derived 

increased tolerance has been seen in metal-exposed fish [46, 54-56], bryozoans [14], 

snails [57], and daphnia [18].  Fathead minnows (Pimephales promelas) exposed to 100 

μg/L copper for 5 d (females only [54]), 150 μg/L copper for 8 d (females only [56]), or 

175 μg/L copper for 8-9 d (both sexes [55]), produced larvae with increased copper 

tolerance compared to control offspring.  Additionally, larvae produced by female tilapia 

(Oreochromis mossambicus) exposed to 500 μg/kg cadmium chloride via intraperitoneal 

injection displayed increased cadmium tolerance [46].  Among invertebrates, bryozoan 

colonies exposed to 300 μg/L copper for 6 h [14], snails (Physa pomilia) exposed to 20 

μg/L cadmium for 7 d [57], and daphnia exposed to 5 μg/L mercury for 4 d [18] produced 

offspring with increased copper, cadmium, or mercury tolerance, respectively, compared 

to control offspring.  This parentally derived increase in tolerance may significantly 

increase offspring survival when exposed to metals compared to the offspring of 

unexposed parents.  However, to the best of our knowledge, no study has addressed 

parental tolerance transfer in any toxicant other than metals.  It is also possible that 

parental exposure to organic toxicants or even to metals could decrease offspring 

tolerance to the toxicant to which parents were exposed, but no data is currently 

available. 

 Little is known about the duration of the effects of parental metal tolerance 

transfer in offspring, both in terms of the time after parental toxicant exposure during 

which offspring with increased metal tolerance are produced and in terms of the length of 
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the offspring lifespan for which increased tolerance persists.  Parental metal exposure 

does not appear to need to be of long duration for effects on offspring tolerance to occur, 

nor is the effect limited to offspring produced immediately after parental exposure.  In 

one of the most notable examples, bryozoans exposed to copper for only 6 h produced 

offspring with increased copper tolerance a week after exposure [14].  Additionally, 

offspring of fathead minnows produced at least 5 weeks after parental copper exposure 

displayed increased copper tolerance [55].  To the best of our knowledge, only one study 

thus far has recorded the duration of this increased metal tolerance effect in offspring.  

Sellin and Kolok (2006) exposed female fathead minnows to 0 or 150 μg/L copper for 8 d 

and tested the copper tolerance of their offspring at 0, 8, and 15 d after hatching.  The 

offspring of copper-exposed females displayed greater copper tolerance than control 

offspring at 0 d old, but no tolerance difference was seen at day 8 or 15 [56].  All other 

studies of maternal transfer of metal tolerance in fish and daphnia have tested offspring ≤ 

24 hours old.  The length of the time period after toxicant exposure during which parents 

may produce offspring with increased toxicant tolerance and the period of the offspring 

lifespan during which increased tolerance persists may have particularly important 

implications for highly mobile organisms, which could move into and out of 

contaminated areas, if tradeoffs for tolerance are present.  If tolerance to non-persistent 

contaminants can be parentally transferred, the impacts of tradeoffs may also be 

measureable in populations as the contaminant degrades. 

IMPORTANCE OF PARENTAL EFFECTS IN ECOTOXICOLOGY 

Importance of parental exposure vs. offspring exposure 
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Several studies have investigated the relative roles of parental toxicant exposure 

and offspring toxicant exposure on offspring traits via factorial designs.  This is important 

because in systems with persistent toxicants or constant inputs to the system, both 

offspring and parents may be exposed to similar concentrations.  Additionally, 

differences in exposure concentrations between parents and offspring could also alter 

their relative effects.  If in some situations the effects of parental toxicant exposure are a 

small fraction of those of offspring toxicant exposure, parental toxicant exposure may not 

be an important factor to consider for those systems. 

Comparisons between parental and egg exposure to toxicants have found little 

evidence for strong parental effects.  Latif et al (2001) collected adult walleye 

(Stizostedion vitreum) from methylmercury-contaminated and control lakes, then exposed 

eggs to 0.08-7.75 ng/L waterborne methylmercury in a factorial design.  Embryonic heart 

rates and hatching success decreased with increasing waterborne methylmercury 

concentrations; parental exposure had no effect.  Neither parental nor developmental 

methylmercury exposure affected the incidence of larval deformities [22].  Nagle et al 

(2001) collected red-eared slider turtles from coal ash settling basins and control sites, 

then exposed their eggs to either ash-contaminated soil or reference soil in a factorial 

design.  Neither parental nor egg exposure affected egg characteristics, hatchling 

characteristics, or days to hatching [27].  Plautz et al (In press) exposed adult P. pomilia 

snails to 0, 2, or 20 μg/L cadmium, then exposed their egg masses to 0 or 2 μg/L 

cadmium in a factorial design.  Offspring hatched from cadmium-exposed egg masses 

were more cadmium tolerant than those hatched from unexposed egg masses, and among 

offspring not exposed as eggs, offspring of adults exposed to 20 μg/L cadmium were 
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more cadmium tolerant than those of adults exposed to 0 or 2 μg/L cadmium [57].  

Though parental effects were noted in one of these studies [57], it is difficult to gauge the 

relative importance of parental vs. developmental exposure overall since few effects of 

developmental exposure were reported.  Further studies using other contaminants or 

higher concentrations may help to elucidate this point, as well as further studies with 

controlled laboratory toxicant exposures. 

 Thus far, studies examining the effects of parental and environmental exposure to 

juvenile offspring have been inconclusive on the relative importance of parental and 

juvenile exposure.  Tsui and Wang (2005) exposed daphnia to 0, 0.5, or 5 μg/L mercury, 

then exposed their offspring to 0.3 or 3 μg/L mercury in a factorial design.  Offspring 

growth to 28 days old and reproduction (neonates per adult) were decreased by juvenile 

mercury exposure, but parental mercury exposure had no effect [18].  Nye et al (2007) 

collected killifish from reference and primarily PAH-contaminated sites, then exposed 

their offspring to control or PAH-contaminated sediment after hatching in a factorial 

design.  At 14 days post hatch, offspring length was greater in larvae from the same 

maternal and larval environment, with length significantly reduced in the maternal 

contaminant exposure/offspring reference sediment treatment as compared to other 

treatments, suggesting a cost of parental exposure in uncontaminated environments.  

Parentally exposed fish exhibited decreased growth rates, likely a result of diminished 

growth in the parental contaminant exposure/offspring reference sediment treatment [52].  

Latif et al (2001) recorded no effect of parental or juvenile methylmercury exposure on 

larval length of walleye at 8 days post-hatch [22].  Lastly, Metts et al (2012) collected 

adult Southern toads from reference, coal ash plume, and coal ash basin sites, then 
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exposed their offspring to sediments from these three sites in a factorial design.  While 

parentally exposed larvae displayed reduced survival when reared on ash basin sediments 

compared to reference sediments, their survival was also reduced on reference sediments 

compared to the offspring of reference adults.  However, no parental effect or interactive 

effect of parental and developmental metal exposure was seen in offspring mass, body 

length, growth rate, time to metamorphosis, hopping speed, or endurance [38].  These 

studies suggest that even if direct effects of parental exposure are not present, the 

interaction of parental and juvenile environments may impact offspring survival or 

development. 

Studies comparing parental exposure and juvenile dietary exposure have reported 

parental effects on offspring survival, growth, development, and movement.  Bergeron et 

al (2011) collected American toads from mercury-contaminated and reference sites, then 

exposed their offspring to control, low, or high dietary mercury (0.010, 2.50, or 10.10 

μg/g dry weight, respectively) in a factorial design.  Dietary mercury decreased offspring 

mass at Gosner stages 42 and 46, but had no effect on time to tail resorption.  Parental 

mercury exposure decreased offspring mass at Gosner stage 42 but not 46, and increased 

time to tail resorption.  Parental mercury exposure also decreased larval swimming speed 

and responsiveness to tactile stimuli.  No interactive effects of parental and dietary 

mercury exposure were reported, but combined parental mercury exposure and high 

dietary mercury led to 125% greater mortality between Gosner stages 42 and 46 and a 

50% reduction in metamorphic success compared to offspring of reference adults fed the 

control diet [39].  Todd et al (2011) also studied the impact of parental mercury exposure 

and juvenile exposure to control, low, and high mercury diets (0.010, 2.50, or 10.13 μg/g 
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dry weight, respectively) in the American toad in a factorial design.  Parental mercury 

exposure decreased offspring mass at Gosner stages 42 and 46, increased time for larval 

tail resorption, and increased malformation incidence.  Dietary mercury exposure only 

had a marginal effect on survival to Gosner stage 46, and did not affect offspring mass, 

time to tail resorption, or malformation incidence.  Neither parental nor dietary exposure 

impacted length of the larval period or mean hop length of recent metamorphs.  The 

authors also found no interactive effects of parental and dietary exposure pathways, but 

did note that mercury accumulation was greater in the offspring of mercury-exposed 

adults than in the offspring of controls.  The authors suggested that differences between 

their results and those of Bergeron et al (2011) may have been due to differences in food 

availability (9% of body mass per day in Todd et al (2011) vs. 6% per day in Bergeron et 

al (2011)) or statistical power [41].  Lastly, Eisenreich et al (2009) collected snapping 

turtles from PCB-contaminated and reference areas, and exposed their offspring to PCB-

contaminated or control diets (mean 5955 or 83 ng/g wet weight PCBs, respectively) in a 

factorial design.  Parental PCB exposure decreased offspring survival beginning 8-9 

months post hatch and growth at 9 months post hatch.  Dietary PCB exposure decreased 

metabolic rates at 9 and 11 months post hatch and growth at 9-11 months post hatch.  

However, no differences in growth were present at the end of the study at 14 months post 

hatch, possibly because animals that died within treatments were smaller than those that 

survived.  Statistical power was also a limiting factor later in the study because of high 

latent mortality in offspring of PCB-exposed adults [29].  Though several effects of 

parental exposure independent of juvenile dietary exposure have been reported, 

interactive effects have been largely absent in these studies. 



Texas Tech University, Stephanie Plautz, August 2013 
 

22 
 

 While few effects of parental toxicant exposure were found in combined studies 

of parental and egg exposure, studies of parental and juvenile dietary and environmental 

exposures have found significant parental effects independent of juvenile exposure.  

Reports of interactive effects of parental and juvenile exposure have been limited, 

however, so their relative impact on populations is still largely unknown.  A confounding 

factor in gauging the relative importance of parental and offspring exposure is that many 

of these studies have collected adults from sites contaminated with persistent toxicants, 

so population adaptation to those toxicants could be playing a role in the lack of reported 

parental effects.  Overall, evidence collected to date suggests that parental effects cannot 

be discounted if offspring are also exposed; the effects of offspring exposure do not 

necessarily overwhelm those of parental exposure. 

Interaction of parental toxicant exposure with other stressors 

Though studies are limited, there is some evidence that the effects of parental 

toxicant exposure can interact with the effects of other stressors.  Hatchling red-eared 

slider turtles produced by adults from metal-contaminated sites had lower metabolic rates 

than control offspring at 30°C but not 25°C, suggesting a possible interaction of high 

temperature stress and parental toxicant exposure [27].  Additionally, bryozoan larvae 

from colonies exposed to copper had lower performance, driven by decreased survival, 

compared to larvae from control colonies at high but not low densities [14].  This 

suggests an interactive effect of density stress and parental toxicant exposure.  However, 

parental stressor exposure may also have no effect on offspring tolerance of a different 

stressor.  In a test of the effect of parental mercury exposure on offspring responses to 

predators in American toad larvae, no interactive effects were reported on morphology, 
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development, or survival [42].  Also, parental pesticide exposure did not affect offspring 

tolerance of competition and nutrient stress in the freshwater snail Lymnaea stagnalis, 

though egg mass collection for offspring experiments occurred at least 1.5 months after 

the last parental pesticide exposures, decreasing the likelihood of detecting parental 

effects in offspring [58].  Though little evidence is available thus far, it appears the effect 

of parental stressor exposure on offspring tolerance to a second stressor may be 

dependent on the types of stressors and the physiological mechanisms underlying 

organism responses to the exposures.  If the effects of parental toxicant exposure can 

interact with the effects of natural stressors, the consequences of toxicant exposure for 

populations could increase. 

 There is also evidence that non-toxicant abiotic and biotic stressors in the parental 

environment can affect the toxicant tolerance of offspring.  Biomphalaria glabrata snails 

exposed to a crayfish predator cue produced offspring with greater cadmium tolerance 

than predator-naïve snails [59].  D. magna with low food availability produced offspring 

with greater tolerance to cadmium [60] or the insecticide fenvalerate [61] than those with 

high food availability.  Parental diet quality also affected cadmium tolerance in B. 

glabrata offspring, with snails fed a diet of uncooked lettuce or cooked lettuce + fish 

food tending to produce more cadmium tolerant offspring than snails fed cooked lettuce 

or fish food alone [62].  Additionally, Colorado potato beetles (Leptinotarsa 

decemlineata) raised at low (stressful) temperatures for three generations produced 

offspring with lower tolerance of the pyrethroid deltamethrin than the offspring of beetles 

raised at higher and more benign temperatures for three generations, with all insecticide-

exposed offspring raised to 3 days old at 23ºC [63].  Though relatively little research has 
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been done thus far, the existing data suggest that non-toxicant stressors in the parental 

environment can significantly alter offspring toxicant tolerance. 

MECHANISMS OF PARENTAL EFFECTS RESULTING FROM 

TOXICANT EXPOSURE 

While the mechanisms of parental effects have been well studied in ecology, 

relatively little is known about them in the context of ecotoxicology.  Mechanisms 

include transmission of information from 1) germ cells to germ cells (e.g., epigenetic 

changes), 2) somatic tissues to germ cells (e.g., transfer of organelles, somatic effects on 

gametogenesis and germ cell apoptosis), and 3) somatic tissues to somatic tissues (e.g., 

effects of parental environment and behavior, transfer of hormones, nutrients, immune 

factors) [2].   

Germ cell to germ cell information transfer has been studied in ecotoxicology in 

the form of epigenetic changes, which are heritable changes in gene expression that occur 

without alterations in the DNA sequence, including DNA methylation and histone protein 

modification.  DNA methylation involves covalent addition of methyl groups to DNA 

cytosines, while histone protein modifications most commonly occur via acetylation and 

methylation of lysine residues.  Acetylation induces transcription activation when 

increased and transcription repression when decreased.  Methylation can either activate or 

repress transcription, depending on the location of methylation [64, 65].   

Epigenetic changes have been shown to occur in organisms exposed to a wide 

variety of toxicants, including metals, endocrine disruptors, and solvents [66].  For 

example, the percentage of DNA methylation in the brains of male polar bears (Ursus 

maritimus) was inversely correlated with brain mercury concentrations [67].  D. magna 
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exposed to zinc [68], vinclozolin [69] and 5-azacytidine [69] also displayed reduced 

DNA methylation. These epigenetic changes can sometimes be transferred to succeeding 

generations, potentially leading to deleterious effects in organisms not exposed to the 

toxicant.  In D. magna exposed to 5-azacytidine, decreased methylation was transferred 

to F1 and F2 generation offspring and was correlated with decreased body length at 7 

days old [69].  The male F1-F4 generation offspring of pregnant rats (Rattus norvegicus) 

exposed to the endocrine disruptor vinclozolin exhibited increased infertility, 

spermatogenic defects, prostate disease, immune system abnormalities, kidney disease, 

hypercholesterolemia, and an increased rate of tumor development.  While the F1 

generation embryo and F2 generation germ lines were directly exposed to vinclozolin via 

the mother, the observed effects in the F3 and F4 generation were associated with a 

transgenerational alteration in the methylation of the germ line of male offspring [7, 70].  

While evidence of the effects of transgenerational epigenetic changes resulting from 

toxicant exposure is limited, inherited epigenetic changes appear to have the potential to 

significantly impact offspring fitness. 

Information transfer from somatic tissues to somatic tissues has been studied in 

ecotoxicology in two primary forms: parental transfer of metal tolerance and transfer of 

nutrients, hormones, and toxicants from mother to offspring.  For the first of these, Peake 

et al (2004) proposed several explanations for increased metal tolerance in the offspring 

of metal-exposed parents.  First, the metal itself may be transferred from mother to 

offspring, causing the production of acclamatory proteins such as metallothionein before 

offspring are exposed to environmental metals.  Second, acclamatory protein mRNA may 

be maternally transferred.  This would allow for faster translation and production of 
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acclamatory proteins when offspring are exposed to metals.  Third, acclamatory proteins 

themselves could be maternally transferred, giving offspring an immediate mechanism 

for coping with metal exposure [54]. 

However, empirical measurements of these transferrable factors have yielded 

uncertain results.  In female tilapia exposed to cadmium, metallothionein mRNA was 

elevated in oocytes and hatchlings, but not in newly fertilized eggs compared to those 

produced by control females.  The authors postulated that the low levels of 

metallothionein mRNA reported in newly fertilized eggs may have been the result of a 

tertiary structural change in the mRNA and a resultant lack of compatibility with their 

cDNA probe [46].  In daphnia exposed to 0.5 or 5 μg/L mercury, no difference was 

recorded in levels of metallothionein-like proteins between offspring of mercury-exposed 

adults and control offspring.  However, the authors did not test for metallothionein 

mRNA [18]. 

Information transfer from somatic tissues to somatic tissues has also been studied 

in the form of nutrient, hormone, and toxicant contents of eggs.  Toxicant exposure in 

females can result in significant changes in the nutrient and hormone content of their 

eggs.  In reptiles, the eggs of snapping turtles exposed to PCBs had lower lipid content 

than eggs of control turtles [29].  In birds, concentrations of persistent organic pollutants 

(POPs) transferred by glaucous gulls (Larus hyperboreus) to their eggs were associated 

with changes in the water and lipid content of egg yolks [71].  Another glaucous gull 

study detected POP-mediated changes in yolk concentrations of testosterone and 17β-

estradiol [72].  These changes in nutrient and hormone concentration in eggs have the 

potential to significantly impact offspring development, though no ecotoxicology study to 
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date has compared toxicant-mediated egg hormone or nutrient composition to offspring 

development.  Females exposed to toxicants can also transfer those toxicants to their 

young.  For example, eggs laid by snapping turtles from a PCB-contaminated area 

contained much greater concentrations of PCBs than eggs laid by females from reference 

areas [29].  American toads from mercury-contaminated sites also produce eggs with 

greater mercury concentrations than eggs produced by females from reference areas [39].  

Changes in the nutrients, hormones, and toxicant concentrations transferred from mother 

to offspring as a result of maternal toxicant exposure can potentially have significant and 

long-lasting effects on offspring. 

FRAMEWORK AND HYPOTHESES 

How common are parental effects in ecotoxicology? 

To facilitate forward progress and research on ecotoxicological parental effects, 

we propose a basic framework for future research questions (Figure 2.2).  Since large 

gaps in our knowledge of toxicological parental effects exist, we begin with broad 

questions and progress to specifics.  The first major research question concerns whether 

any trends exist in the occurrence, direction, or degree of parental effects in an 

ecotoxicology context based on the organism taxa, endpoint measured, or chemical 

characteristics.  Research thus far has identified parental effects in invertebrates, 

amphibians, reptiles, fish, birds, and mammals, suggesting that toxicological parental 

effects can occur in a wide range of taxa.  Likewise, the range of endpoints for which 

parental effects has been recorded is extensive and includes offspring development, 

morphology, behavior, physiology, reproduction, and survival.  However, the results of 
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studies on offspring endpoints also need to be integrated to form an understanding of 

population-level consequences of observed organism-level effects of parental 

contaminant exposure.  Data are also lacking on the duration of parental effects of 

toxicant exposure, both for the length of time after toxicant exposure during which 

parents may produce offspring with measurable effects of parental toxicant exposure and 

for the duration of the offspring lifespan for which effects of parental toxicant exposure 

are measurable.  While some effects are lifelong (e.g. developmental abnormalities) and 

others are known to have potentially far reaching consequences (e.g. offspring size), we 

know much less about others.  For example, do differences in the behavior and 

physiology of the offspring of toxicant-exposed adults last for the lifetime of the 

organism and do they result in significant decreases in individuals’ fitness?  More data 

are also needed to determine whether parental contaminant effects that manifest as 

decreases in organismal fitness translate to population-level effects.  Besides questions 

regarding the frequency and magnitude of ecotoxicological parental effects among taxa 

and endpoints, data are also lacking on trends in parental effects by chemical 

characteristics such as persistence, structure, function, and mode of action.  Research to 

date has largely dealt with metals, leaving the effects of organic compounds under-

researched.  Among studies on organic contaminants, compounds with short half-lives 

are absent.  Additionally, no data is available on the effects of parental organic toxicant 

exposure on parental transfer of toxicant tolerance, effects and importance of parental 

exposure when juveniles are also exposed, or interaction of parental effects with natural 

stressors.  Data on the parental effects of organic contaminants may be particularly 



Texas Tech University, Stephanie Plautz, August 2013 
 

29 
 

important for non-persistent compounds to which genetic tolerance is unlikely to be 

established. 

How do exposure duration and intensity relate to parental effects? 

The second question to be addressed is the type of exposure necessary to elicit a 

parental effect.  Though experimental data are lacking, it is likely that both the exposure 

concentration and duration impact not only the occurrence of parental effects, but also 

their degree and duration of impact on offspring.  Exposure concentration and duration 

may also affect the time period during which parental effects may be passed from parent 

to offspring.  The impact of toxicant exposure may also vary among classes of chemical 

stressors and offspring endpoints. 

What are the costs and benefits of parental effects? 

The third question concerns the cost:benefit ratio of toxicological parental effects.  

This question ties into the first question in that effects on individual endpoints such as 

development, physiology, and behavior must be integrated, perhaps via population 

models, to form an overall sense of effects on fitness.  While the majority of effects 

reported thus far, such as decreased survival, reproduction, and anti-predator behavior, 

would likely have a negative effect on offspring fitness, effects like increased toxicant 

tolerance or increased dispersal ability may balance out some negative impacts to create a 

less negative, null, or even potentially positive overall effect on offspring fitness. 

What are the mechanisms of parental effects? 

The fourth and most specific question is the mechanism by which toxicological 

parental effects occur.  Particularly when dealing with persistent toxicants, this question 
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can be complicated by the effects of maternal transfer of toxicants to offspring, such that 

offspring are directly exposed to the toxicant in the egg.  Additionally, little information 

is available on the role of maternal vs. paternal effects in toxicology.  To date, studies 

have not attempted to isolate the effects of male and female toxicant exposure on 

offspring when both parents were exposed or have exposed only the female.  Thus far, 

most of the reported effects of parental toxicant exposure have not been sufficiently 

characterized to determine the mechanism of the effect or via which parent they occur. 

CONCLUSIONS 

Parental effects of toxicant exposure have the potential to significantly impact the 

fitness and survival of individuals and populations.  They have been reported in a wide 

variety of taxa and endpoints, including offspring development, morphology, behavior, 

physiology, reproduction, and survival.  Impacts of parental toxicant exposure have been 

documented independent of, and occasionally interacting with, the effects of juvenile 

exposure in offspring.  However, there are still relatively large gaps in our knowledge of 

parental effects as they apply to ecotoxicology.   

 Future research on toxicological parental effects’ trends in occurrence and 

direction, cost:benefit ratio, mechanisms of effect, and exposure conditions required to 

induce them will allow us to form an integrated understanding of the effects of toxicant 

exposure on individuals and populations.  This information may then be applied to field 

populations and future contaminant management decisions. 
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Table 2.1. Published studies to date on transgenerational effects of toxicant exposure. 

  Traits measured for parental effects  
Organism Contaminant Repro-

ductiona 
Develop-
mentalb 

Morpho-
logy or 

size 

Physio
-logy 

Behavior 
or 

mobility 

Survival Offspring 
toxicant 
tolerance 

Toxicant 
conc.c 

Egg 
contentd 

Ref. 

Daphnia (Daphnia magna) Mercury X  X    X X  [18] 
Daphnia (Daphnia magna) Methylmercury X     X    [17] 
Daphnia (Daphnia pulex) Copper X  X X      [48] 
Bryozoan (Bugula neritina) Copper   X  X X X   [14] 
Pink bollworm 
(Perctinophora 
gossypiella) 

Bacillus 
thuringiensis 
toxin 

X X X   X    [50] 

Pond snail (Lymnaea 
stagnalis) 

Pesticides   X       [58] 

Snail (Physa pomilia) Cadmium X      X   [57] 
American alligator 
(Alligator mississippiensis) 

Organochlorine 
pesticides 

X       X  [28] 

Red-eared slider 
(Trachemys scripta 
elegans) 

Coal ash 
(metals) 

X   X    X  [27] 

Snapping turtle (Chelydra 
serpentina) 

Polychlorinated 
biphenyls 

X  X X  X  X X [29] 

American toad (Bufo 
americanus) 

Mercury        X  [25] 

American toad (Bufo 
americanus) 

Mercury X X      X  [43] 

American toad (Bufo 
americanus) 

Mercury  X X  X X  X  [39] 

American toad (Bufo 
americanus) 

Mercury X X X   X  X  [41] 

American toad (Bufo 
americanus) 

Mercury  X X   X  X  [42] 

Eastern narrow-mouth toad 
(Gastrophryne 
carolinensis) 

Coal ash 
(metals) 

X X   X X  X  [24] 
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Table 2.1. Continued 

Southern toad (Bufo 
terrestris) 

Coal ash 
(metals) 

 X X  X X    [38] 

Bluegill (Lepomis 
macrochirus) 

Metals X     X  X  [21] 

Fathead minnow 
(Pimephales promelas) 

Copper   X    X   [55] 

Fathead minnow 
(Pimephales promelas) 

Copper X      X   [54] 

Fathead minnow 
(Pimephales promelas) 

Copper       X   [56] 

Mummichog (Fundulus 
heteroclitus) 

Methylmercury 
or araclor 1268 

X X X   X    [47] 

Mummichog (Fundulus 
heteroclitus) 

Polycyclic 
aromatic 
hydrocarbons 

X  X       [52] 

Atlantic croaker 
(Micropogonias undulatus) 

Methyl-mercury     X   X  [53] 

Tilapia (Oreochromis 
mossambicus) 

Cadmium X  X    X   [46] 

Glaucous gull (Larus 
hyperboreus) 

Persistent 
organic 
pollutants 

       X X [71, 
72] 

Sprague Dawley rat (Rattus 
norvegicus) 

Vinclozalin X X        [7, 
70] 

aReproduction may be parental, F1, or F2 generation and includes clutch size/fecundity, egg viability/hatching success, fertilization success 
bDevelopmental effects include physical abnormalities and changes in timing of development 
cToxicant body burden of offspring or eggs 
dNutrients or hormones 
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Figure 2.1. Possible effects of parental stressor exposure on offspring fitness. 
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Figure 2.2. Framework for future research on toxicological parental effects. 
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CHAPTER III: EFFECT OF PARENTAL EXPOSURE TO 

PREDATOR CUES ON OFFSPRING TOXICANT TOLERANCE 

ABSTRACT 

Transgenerational effects of stressors can have important implications for 

offspring fitness and the responses of offspring to future stressful conditions.  Parental 

effects, a common type of transgenerational effect, are non-genetic influences on 

offspring phenotype that result from parental phenotypes or environments.  Little is 

known, however, about how parental exposure to a stressor effects offspring responses to 

other stressors despite this type of multi-stressor scenario being common.  To better 

understand the role that parental effects have on offspring contaminant tolerance, we 

raised freshwater snails, Biomphalaria glabrata, in the presence or absence of predator 

threat (crayfish + crushed snail) for 12 weeks.  Predators are common stressors in aquatic 

systems and can co-occur with chemical contaminants.  We then collected egg masses 

from parental snails and exposed their offspring to cadmium and malathion survival 

challenges.  Snails raised in the presence of predator threat displayed indicators of stress, 

including increased time to first reproduction, lower production of egg masses per snail 

per day and fewer eggs per egg mass, and had smaller shell lengths at 6.5 weeks old 

compared to snails not exposed to predator threat.  Parental exposure to predator threat 

increased the cadmium tolerance of offspring but did not affect malathion tolerance.  

These results may have important implications for understanding effects of multiple 

stressors and indicate that the parental environment can influence responses to 

contaminants in offspring. To our knowledge, this is the first study to demonstrate that a 
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biotic stressor in the parental environment can significantly affect the contaminant 

tolerance of their offspring. 

INTRODUCTION 

Parental effects are effects on offspring phenotype that result from parental 

phenotypes or the interaction of parents with their environment [2-4].  Parental effects are 

transmitted to offspring by means other than alterations in the DNA sequence, including 

epigenetic effects, parental habitat modification, and the transfer of organelles, hormones, 

nutrients, and immune system factors to offspring (see Badyaev and Uller 2009 and 

references).  One reason parental effects are thought to be important is that parents can 

provide offspring with an enhanced ability to tolerate certain stressful conditions based 

on the environment experienced by the parents [4] and thereby may “prepare” offspring 

for future stressful conditions.  Here, we define a stressor as an environmental factor that 

alters organisms’ physiological or life history parameters.  Many ecological studies have 

shown that parental effects resulting from biotic and abiotic environmental factors can be 

important determinants of offspring fitness [4, 12].  For example, the proportion of 

diapausing offspring produced by insects is affected by photoperiod, temperature, and 

food availability [73].  Bryozoans (Bugula neritina) produce larger and therefore more 

competitive larvae in environments with high densities of conspecifics and smaller larvae 

in environments with low conspecific densities.  Additionally, offspring produced by 

colonies in high density environments have greater dispersal potential, allowing them to 

potentially settle in less crowded conditions [74].  Although parental effects can 

significantly affect offspring characteristics and are important determinants of fitness, 
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there have been few studies that have evaluated the effects of parental environment on 

responses of their offspring to contaminant-induced stress. 

 Predators are important components of communities and can have strong effects 

on prey populations, representing a significant source of stress for prey.  These effects 

can even be transgenerational, with parental exposure to predators altering offspring 

fitness when faced with predators themselves.  For example, exposure of female fall field 

crickets (Gryllus pennsylvanicus) to predatory wolf spiders (Hogna helluo) during 

gestation resulted in greater offspring anti-predatory behaviors (immobility) in the 

presence of predators than in the offspring of controls.  As a result, survival of the 

offspring of predator-exposed mothers was greater than that of controls [15].  Parental 

exposure to predator cues can also alter offspring morphology.  Offspring of rotifers 

(Brachionus calyciflorus) exposed to predatory rotifer (Asplanchna sieboldi) cues 

developed long posterolateral spines [75], while the offspring of Daphnia pulex exposed 

to predatory phantom midge (Chaoborus americanus) cues produced head crests [76].  

Daphnia culcullata exposed to caged predatory cladocerans (Leptodora kindtii) or 

phantom midges (Chaoborus flavicans) also produced offspring with increased relative 

helmet lengths [77].  All of these morphological alterations represented a defended 

phenotype and decreased the predation rate of offspring of predator-exposed adults 

compared to the offspring of unexposed adults.  Parental predator exposure can also alter 

the dispersal ability of offspring.  Pea aphids (Acyrthosiphon pisum) exposed to predatory 

ladybirds (Coccinella septempunctata or Adalia bipunctata) produced a larger percentage 

of winged offspring capable of flying to escape predation [78], as did cotton aphids 

(Aphis gossypii) exposed to search tracks from predacious ladybird beetles (Hippodamia 
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convergens) [79].  Taken as a whole, the literature indicates that predators can illicit 

transgenerational effects on a wide variety of offspring characteristics, perhaps related to 

the long evolutionary history of predator-prey interactions. 

Within ecotoxicology, there is a growing interest in understanding how non-

chemical stressors affect the response of organisms to chemical contaminants. A key 

focus has been on how predators interact with contaminant toxicity [80-83]. To date, the 

vast majority of studies have focused on simultaneous exposures to predators and 

contaminants and have indicated a range of responses from no effect [82] to exacerbation 

of toxicity [80, 82] and an increased susceptibility to predation [83]. However, no studies 

have investigated whether predator stress experienced by parents may alter offspring 

responses to contaminants despite this being a realistic exposure scenario. 

When exposed to predator cues, many freshwater snails display changes in 

morphology [84], behavior [85], and life history [86] which can alter their fitness.  

Hence, freshwater gastropods have been important organisms for improving our 

understanding of predator-prey interactions and from an ecotoxicological perspective are 

seeing increased use as a model organism for toxicity testing.  However, data on the 

parental effects of predator cue exposure as they relate to toxicological endpoints is 

scarce.  To better understand the effect of parental predator exposure on offspring 

contaminant resistance traits, we raised Biomphalaria glabrata snails in the presence or 

absence of predator cues.  We then exposed their offspring to cadmium and malathion 

survival challenges and recorded survival.  We hypothesized that parental predator cue 

exposure would decrease the contaminant tolerance of offspring because exposure to a 
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stressor often makes organisms less tolerant of subsequent stressors as a result of limited 

resources within the body that can be allocated to cope with stress. 

MATERIALS AND METHODS 

Parental snail study design 

B. glabrata were acquired from the Biomedical Research Institute in Rockville, 

Maryland, USA and cultured for >3 yrs (>9 generations) at The Institute of 

Environmental and Human Health at Texas Tech University in Lubbock, Texas.  B 

glabrata is a freshwater, pulmonate, hermaphroditic snail [87].  Adult snails from M-line 

and BS90 strain cultures were placed in three 4 L BPA-free plastic tubs of reconstituted 

lab water (3.0 g CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g NaHCO3 to 50 L deionized 

water) with three adults of each strain per tub to cross-fertilize and produce mixed-strain 

offspring.  Snails were then placed in a 25°C incubator with a 12:12 light:dark cycle and 

fed cooked romaine lettuce ad libitum.  After ≥1 month, egg masses were collected from 

these tubs for experimental use. 

For experiments, snails were housed in glass jars filled with lab water in a 25°C 

incubator with a 12:12 light:dark cycle. Water volume was increased from 50 to 100 mL 

per snail when snails were 6 weeks old.  Water was changed twice a week and snails 

were fed fish food and cooked romaine lettuce ad libitum.  Snails were exposed for 12 

weeks beginning at 3 days old to either lab water alone or lab water with the addition of 

crayfish and crushed snail predator cues twice a week, with 20 jars containing three snails 

apiece per predator treatment, for a total of 40 jars.  Cues were produced by crushing 1.0 

± 0.1 g B. glabrata snails per 300 mL of water taken from the tanks of three crayfish 

(Procambarus clarkii) and filtering the resulting solution through a brine shrimp net.  



Texas Tech University, Stephanie Plautz, August 2013 
 

40 
 

Experimental jars were spiked with 10 mL of this cue per 150 mL of lab water.  Studies 

on other freshwater pulmonate snail species have recorded the greatest induced trait 

alterations in response to a combination of predator and crushed conspecific cues [88].  

Hereafter, for brevity, we refer to the combination of crayfish water and crushed snails as 

predator cues.       

To measure parental predator-induced stress, we recorded survival, length, mass 

and a suite of reproductive parameters, including time to first reproduction, number of 

egg masses laid per snail per day, number of eggs per egg mass, hatching success, and 

time to hatch.  B. glabrata snails lay eggs in membrane-enclosed capsules of typically 15-

60 eggs that are often attached to a substrate.  Snail mass (g) and egg mass time to hatch 

and hatching success were determined at the end of the study, while length was measured 

when snails were 6.5 (middle of experiment) and 12 weeks old (end of experiment).  Egg 

masses were counted at each water change and a subsample of four egg masses per jar 

was taken to quantify the number of eggs per egg mass.   

Offspring toxicant exposures 

To evaluate the effect of parental predator exposure on developmental tolerance 

to chemical stressors, we exposed one ≤24 h old egg mass per parental replicate each to 

25 µg/L cadmium and 8 mg/L malathion for the duration of development, for a total of 20 

egg masses per treatment per toxicant, and recorded time to hatch and hatching success.  

All cadmium exposure containers were soaked in 25 µg/L cadmium for 24 hours before 

experimental use.  These test concentrations of cadmium and malathion were based on 

pilot study concentrations which yielded 60-70% hatching success compared to 

unexposed controls. 
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We also assessed the effect of parental exposure to predator threat on juvenile 

snail contaminant tolerance because the developmental and juvenile stages possess 

different baseline contaminant sensitivities [89].  For contaminant survival challenges of 

juvenile snails, one egg mass per parental jar was collected for use in each contaminant 

assay when parental snails were ≥9 weeks old, for a total of 20 replicates per parental 

treatment per toxicant.  Egg masses developed and hatched in lab water.  Juvenile snails 

were fed fish food after hatching, but were not fed during contaminant survival 

challenges.  Juvenile snails remain viable for more than 10 days post-hatch in the absence 

of food (SC Plautz, unpublished data).  For both toxicants, when juvenile snails were ≤48 

hrs old, four snails per egg mass were randomly selected and placed in 100 mL of lab 

water.  For malathion survival challenges, snails were housed in 125 mL glass jars and 

exposed to 12.5 mg/L malathion.  Mortality and snail location in jars (below, at, or above 

water line) were recorded at 3 and 24 hrs post-exposure.  Snail location was noted 

because several snail species are known to react to a stressor by moving up to the water 

line or above it, potentially altering their exposure (S.C. Plautz, unpublished data).  For 

cadmium survival challenges, snails were housed in 125 mL BPA-free plastic containers 

and exposed to 300 µg/L cadmium.  Mortality was recorded every 12 hours for 120 

hours.  All cadmium exposure containers were soaked in 300 µg/L cadmium for 24 hours 

before experimental use.  Ten containers of four snails each in 100 mL lab water were 

used as survival controls.  These toxicant concentrations were chosen because they 

yielded sufficient mortality (60-80%) in pilot studies to evaluate possible toxicant 

sensitivity differences between treatments.  The durations of survival challenges were 

selected based on pilot data.  A cadmium concentration of 300 µg/L was chosen because 
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it produced a gradual mortality curve over time, making it likely that any existing 

differences in tolerance would be captured.  For malathion, however, low concentrations 

caused very little mortality while higher concentrations caused a quick die-off followed 

by very little additional mortality.  These differences in mortality patterns may have been 

due to the relative persistence of cadmium and malathion; malathion has a half-life of 

only approximately 20 hours in river water [90]. 

Chemicals 

Our cadmium stock was prepared by dissolving cadmium chloride (cadmium 

chloride 99.99+%, Sigma-Aldrich, St. Louis, MO) in lab water to create a nominal 

concentration of 127,466.7 µg/L, with 3% nitric acid included to stabilize the cadmium 

concentration.  This stock solution was used for all cadmium exposures.  For malathion 

exposures, a new stock solution was created each day by mixing the malathion 

formulation Spectracide (50% malathion, United Industries Corporation, St. Louis, MO) 

with lab water to create a nominal concentration of 2,500 mg/L.  A new stock was mixed 

each day because of the short half-life of malathion in water [90].  At our exposure 

concentrations, both chemicals used in our experiment were chosen as model stressors 

rather than environmentally relevant stressor concentrations.  Environmental cadmium 

concentrations in freshwaters are typically <1 μg/L, but have been measured at up to 10 

μg/L in areas of environmental disturbance [91] and can reach >40 μg/L at contaminated 

sites [92].  Environmental malathion concentrations in freshwaters are also typically <1 

μg/L [93, 94], but have been measured at up to 30 μg/L immediately following pesticide 

application to the surrounding land [95]. 

Statistical analyses 
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Data were evaluated for assumptions of parametric statistics using visual 

diagnostics.  Parental snail survival and mass were analyzed via one-way analysis of 

variance (ANOVA) with parental predator cue exposure as the factor.  The number of 

egg masses laid per snail per day, number of eggs per egg mass, and snail growth were 

analyzed via repeated measures ANOVA.  Snail length and mass were analyzed as the 

average measurement of all snails in a jar.  Because data were not normally distributed, 

egg mass hatching success was analyzed via the Kruskal-Wallis test.  Time to first 

reproduction, egg mass time to hatch, and snail survival in toxicant challenges were 

analyzed via time-to-event analysis for both cadmium and malathion survival challenges 

[96].  This analysis was performed using the MASS [97] and Survival [98] packages in 

R.  The Mantel-Cox test (also known as the log-rank test) was used to compare survival 

curves between treatments by calculating the observed and expected number of events 

per time point for each treatment.  After subtracting the expected from the observed 

values at each time point, values are summed and a χ2 statistic is computed to test the null 

hypothesis that there is no difference between treatments [96].  The proportion of snails 

at or above the water line in the malathion survival challenge was analyzed via repeated 

measures ANOVA with all proportions arcsine square root transformed prior to analysis.  

All analyses were conducted with α = 0.05 in R version 2.11.1 [99]. 

RESULTS 

Parental snail survival, growth, and reproduction 

Parental snails exposed to predator cues showed clear signs of stress compared to 

controls.  While survival did not differ between the treatments (F1,38 = 0.901, P = 0.349), 
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control snails reproduced sooner than snails exposed to predator cues (χ2 ≤ 18.1, P ≤ 

0.001; Table 3.1).  Snails exposed to predator cues laid fewer egg masses per snail per 

day (F1,516 = 64.290, P ≤ 0.001) and fewer eggs per egg mass (F1,450 = 80.010, P ≤ 0.001).  

Parental predator cue exposure did not affect egg mass time to hatch (χ2 = 0, P = 0.854) 

or hatching success (χ2 = 0.464, P = 0.496; Table 3.2).  At 6.5 weeks old, control snails 

had greater shell length than snails exposed to predator cues (F1,38 = 6.997, P = 0.012), 

but at 12 weeks old no differences existed in snail shell length (F1,38 = 0.969, P = 0.331)  

or wet mass (F1,38 = 0.682, P = 0.414; Table 3.1).   

Egg mass toxicant tolerance 

For egg mass contaminant exposures, when exposed to cadmium, egg masses 

produced by snails exposed to predator cues experienced increased time to hatch (χ2 = 

13.8, P ≤ 0.001) and decreased hatching success (χ2 = 11.543, P ≤ 0.001) compared to 

egg masses produced by control snails (Table 2).  In malathion exposures, parental 

predator cue exposure had no effect on time to hatch (χ2 = 0.9, P = 0.333) or hatching 

success (χ2 = 0.066, P = 0.797). 

Juvenile offspring toxicant tolerance 

 The ≤48 h old offspring of snails exposed to predator cues displayed greater 

survival in the cadmium challenge than offspring of control snails (χ2 = 7.4, P = 0.006; 

Fig. 3.1).  Parental predator cue exposure did not affect offspring survival in malathion 

challenges (χ2 = 0.1, P = 0.761; Fig. 3.2) or the proportion of snails at or above the water 

line (F1,76 = 0.1743, P = 0.678). 

DISCUSSION 
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In the current study, the presence of predator cues in the environment of parental 

snails altered the response of their offspring to a chemical stressor. Specifically, egg 

masses laid by snails exposed to predator cues were more sensitive to cadmium while 

juvenile offspring were less sensitive compared to corresponding egg masses and juvenile 

offspring of control snails. On the other hand, there was no effect of parental predator 

exposure on the response of their egg masses or juvenile offspring to malathion.  To our 

knowledge, this is the first study to demonstrate a transgenerational effect of predator 

stress on subsequent offspring responses to xenobiotics. The implication of these results 

is that offspring phenotypic responses to contaminant-induced stress are related to and 

perhaps somewhat dependent on parental environments. Because phenotype will 

determine the outcome of interactions with stressors, parental effects have implications 

for the fate of natural populations, but have rarely been studied in ecotoxicology. 

The transgenerational effect we observed was contrary to our expectations with 

regard to juvenile stressor tolerance.  We hypothesized that parental exposure to predator 

stress would render offspring more sensitive to xenobiotics but instead observed that 

parental predator cue exposure increased cadmium tolerance in juvenile offspring.  This 

result stands in contrast to other reports of transgenerational effects when parents and 

offspring were exposed to different stressors.  When Colorado potato beetles 

(Leptinotarsa decemlineata) were raised at low temperatures, they produced offspring 

with lower tolerance of the pyrethroid insecticide deltamethrin compared to the offspring 

of beetles raised at favorable temperatures [63].  In snapping turtles (Chelydra 

serpentina), offspring whose parents had been exposed to coal ash displayed reduced 

metabolic rates when juveniles were exposed to high temperatures compared to the 
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offspring of reference parents [27].  Also, bryozoan larvae (Bugula neritina) at high 

densities had lower survival than low density animals when parental colonies had been 

exposed to 300 ug/L copper [14].  Alternatively, parental exposure to a stressor may have 

no effect on offspring tolerance of a different stressor.  Parental pesticide exposure in the 

freshwater snail Lymnaea stagnalis did not affect offspring tolerance of competition and 

nutrient stress as measured by offspring growth [58], while parental mercury exposure 

had no effect on predator-induced alterations in morphology, development, or survival of 

American toad (Bufo americanus) larvae reared with predacious dragonfly naiads [42].  

The probability and direction of alterations in offspring stressor tolerance resulting from 

parental exposure to a different stressor may be related to the type of stressors used and 

the physiological mechanisms by which organisms respond to exposure. 

While parental exposure to a stressor commonly results in negative effects on 

offspring, it can sometimes instead confer a fitness advantage on offspring.  This is the 

case when parents adaptively modify their offspring according to cues in their 

environment, such as when parental predator exposure leads to increased anti-predator 

defenses in their offspring [15, 77, 78].  Additionally, exposure to a stressor can alter 

organismal tolerance to a second stressor either positively or negatively, or have no 

discernible effect [100].  In Bubliy et al (2012), acclimation of Drosophila melanogaster 

to desiccation and starvation led to increased resistance to heat and desiccation, 

respectively.  Of course, in four other non-chemical stressor combinations pairing cold, 

heat, desiccation, and starvation, no effect of stressor acclimation was reported and in six 

cases acclimation decreased tolerance to a second stressor.  The authors theorized that 

general stress resistance mechanisms such as metabolic rate reductions and energy 
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reserve accumulations may have contributed to the two observed cases of cross-resistance 

[100].   

The effect of predator cue exposure on cadmium but not malathion tolerance in 

offspring may have been related to differences in the biochemical detoxification 

mechanisms and/or the persistence of the two contaminants within organisms and how 

these might relate to predator-induced stress.  Cadmium in the body is sequestered by 

binding to metal-binding proteins such as metallothionein [101], while malathion can be 

biotransformed by a variety of enzymes, particularly carboxylesterases [102].  A 

transgenerational response to xenobiotic exposure resulting from parental exposure to 

predator cues would be most likely under a scenario in which the stressors (predator and 

xenobiotic) shared a stress response mechanism.   

Hence, possible mechanisms for the observed differences in cadmium tolerance in 

offspring are alterations in levels of heat shock proteins, metallothionein, or other metal-

binding or stress proteins.   Daphnia magna exposed to invertebrate (Chaoborus sp.) or 

fish predator cues displayed decreased heat shock proteins as well as decreased tubulin 

and actin, components of the cytoskeleton.  Their offspring also displayed reduced levels 

of tubulin, while actin levels were unaffected and heat shock proteins were not tested 

[103].  However, perhaps a more likely explanation for the mortality differences observed 

in the current study is upregulation of metallothionein or similar metal-binding protein as 

a result of predator cue exposure.  Metallothionein can be upregulated by exposure not 

only to metallic stressors but also to nonmetallic stressors such as starvation, desiccation, 

and hypoxia [104-106].  Snails exposed to predator cues appear to have been stressed 

compared to control snails, as indicated by their increased time to first reproduction, 
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decreased number of egg masses laid per snail per day and number of eggs per egg mass, 

and smaller size at 6.5 weeks.  Stress associated with exposure to predator cues in the 

current study could have increased parental metallothionein expression, which could then 

have been passed on to offspring, though no data exist to support this hypothesis.  Snails 

exposed to predator cues also may have transferred different amounts or relative 

proportions of nutrients or hormones to their eggs, altering development and thus 

cadmium tolerance.  Additional studies are needed to understand the mechanism by 

which the observed transgenerational cross-tolerance was mediated. 

While adults exposed to predator cues produced offspring with increased 

cadmium tolerance compared to controls, their egg masses were less cadmium tolerant 

than those of control snails, as indicated by increased time to hatch and decreased 

hatching success.  These results support our original hypothesis that predator-induced 

stress would lead to more contaminant-sensitive offspring.  The observed effects on egg 

masses may have been the result of interactive stressor effects.  Previous research has 

shown that cadmium is more toxic to developing B. glabrata than to other life stages 

[89].  In the current study, if developing embryos were already stressed by parental 

predator cue exposure compared to controls, the addition of cadmium stress may have 

interacted with predator-induced stress such that the effect of cadmium exposure was 

greater in egg masses produced by snails exposed to predator cues.  The reversal of 

cadmium sensitivity in juveniles may have been due to differences in the cadmium 

sensitivity of the two stages.  While developing in both stages, the transition from embryo 

to hatchling is more complex than growth from hatchling to adult.  Decreased sensitivity 

in the juvenile stage may then have allowed increased expression of metallothionein or 
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other stress response proteins resulting from parental exposure to predator cues to 

increase cadmium tolerance. 

CONCLUSIONS 

Overall, our results suggest that parental history can significantly alter offspring fitness.  

Specifically, parental exposure to predator cues (and presumably other non-chemical 

stressors) may alter the tolerance of their offspring to chemical stressors.  Our results also 

suggest that mechanisms of chemical toxicity as well as mechanisms of organismal 

stressor tolerance (e.g., detoxification mechanism), may influence whether parental 

effects alter offspring stressor tolerance.  These results may extend to how well 

laboratory test species represent wild populations because the environment of the parents 

may influence the results of stressor tolerance tests.  For example, the offspring of wild-

caught individuals may display parental effects of predator exposure (or other 

environmental factors), while the offspring of laboratory cultures will not.  There is some 

evidence for this with regard to responses to predators where offspring of wild-caught 

snails showed stronger predator avoidance behaviors compared to offspring of 

laboratory-reared snails [11].  Avenues for future research include the effects of other 

abiotic and biotic components of the parental environment on aspects of offspring fitness 

as well as elucidating mechanisms of transgenerational stress responses. 
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Table 3.1. Biomphalaria glabrata survival, reproduction, and size when exposed to a 

crayfish water + crushed conspecific cue or control water (mean ± standard error). 

  Control snails Predator cue snails 

Survival 

(proportion) 
 0.85±0.23 0.92±0.15 

Reproduction time to first reproduction 

(days) 
46.55±2.37a 51.10±3.02b 

 no. egg masses/snail/day 0.73±0.42a 0.47±0.37b 

 no. eggs/egg mass 29.81±7.53a 25.10±6.53b 

Size length at 6.5 weeks (mm) 7.54±1.06a 7.03±1.06b 

 length at 12 weeks (mm) 13.08±1.31 12.99±1.29 

 mass at 12 weeks (g) 0.38±0.10 0.38±0.09 

a,bMeans with different letters in a row are statistically different (P ≤ 0.05) 
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Table 3.2. Hatching success and time to hatch for Biomphalaria glabrata egg masses 

exposed to control water, 25 µg/L cadmium, or 8 mg/L malathion during development 

(mean ± standard error).  Parental snails were exposed to a crayfish water + crushed 

conspecific cue or control water. 

 Egg mass treatment Control snails Predator cue snails 

Time to hatch 

(days) 
control 6.48±0.47 6.48± 0.38 

 25 µg/L cadmium 10.89±2.75a 15.39±3.60b 

 8 mg/L malathion 7.72±0.83 8.00±0.75 

Hatching success control 0.97±0.28 0.96±0.11 

 25 µg/L cadmium 0.79±0.25a 0.49±0.27b 

 8 mg/L malathion 0.67±0.33 0.68±0.32 

a,bMeans with different letters in a row are statistically different (P ≤ 0.05) 
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Figure 3.1. Biomphalaria glabrata offspring survival in 300 µg/L cadmium over 120 h 

when parents were raised in the presence or absence of predator cues. 
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Figure 3.2. Biomphalaria glabrata offspring survival in 12.5 mg/L malathion formulation 

at 3 and 24 h when parents were raised in the presence or absence of predator cues. 
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CHAPTER IV: EFFECT OF PARENTAL DIET AND MATING 

STRATEGY ON OFFSPRING TOXICANT TOLERANCE 

ABSTRACT 

Parental effects manifest as alterations in offspring phenotype resulting from the 

parental phenotype and/or parental environment.  We evaluated the effects of parental 

diet quality and mating strategy on the toxicant tolerance of offspring in Biomphalaria 

glabrata snails.  We raised snails either individually (self-fertilizing) or in groups of three 

(outcrossing) on a diet of uncooked lettuce, fish food, cooked lettuce, or cooked lettuce 

plus fish food.  We then exposed their offspring to cadmium and malathion challenges.  

Cadmium tolerance varied with parental diet and was greater in the offspring of 

outcrossing snails than self-fertilizing snails.  Malathion tolerance was not affected by 

parental diet but was greater in the offspring of outcrossing snails.  These results indicate 

that offspring responses to stressors are heavily influenced by parental experience, but 

may depend on the specific stressor and the mechanism of action and/or detoxification. 

INTRODUCTION 

Parental effects are influences on offspring phenotype that result from the parental 

phenotype or environment [2-4].  Parental effects act on offspring not via inherited DNA 

sequences, but by other means including epigenetic effects, parental care, parental 

modification of the offspring environment, and transfer of nutrients and hormones to 

offspring (see Badyaev and Uller, 2009 and references).  Many ecological studies have 

shown that biotic and abiotic factors in the parental environment can be important 

determinants of offspring development and fitness.  For example, exposure of female 
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insects to environmental cues such as short photoperiods, cool temperatures, few 

potential hosts, or high conspecific densities can increase the  proportion of diapausing or 

dispersive offspring [4].  In snails, exposure to predator threat increases time to first 

reproduction, decreases reproductive output, and alters offspring stressor tolerance [59].  

And in many reptiles, the temperature of the location where a female lays her eggs 

determines the sex ratio of her offspring [107].  Though some parental effects have short-

term effects on offspring, the effect of others is lifelong. 

The maternal environment also influences her nutritional status, which can in turn 

affect her offspring.  In a wide variety of animals, including insects, amphibians, and 

birds, maternal body condition influences the number of eggs produced, egg size, and 

nutrient and hormone composition of eggs [4, 108].  The nutrients and hormones 

transferred from mother to offspring have a strong influence on offspring size and 

development that can translate into lifelong effects on growth and survival rates [109, 

110].  As an illustration, female Belding's ground squirrels (Spermophilus beldingi) given 

supplemental food produced young that were 28% heavier when they emerged from their 

natal burrows than the offspring of non-supplemented adults [111].  In the offspring of 

moths (Plodia interpunctella) fed either a poor or good quality diet, immune reactivity as 

measured by haemocyte count and phenoloxidase activity was reduced compared to 

controls when only one parent was fed the poor quality diet and lowest when both parents 

were fed the poor quality diet [112].  Additionally, when juvenile fruit flies (Drosophila 

melanogaster) were fed poor quality food, the offspring of parents raised on poor quality 

food as larvae had decreased time to pupation compared to the offspring of parents fed 

good quality food [113].   Parental nutrition can also influence offspring toxicant 
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tolerance, as in the case of Daphnia magna cultures with low food availability producing 

offspring with greater tolerance to cadmium [60] and the insecticide fenvalerate [61] than 

the offspring of cultures with high food availability.  Overall, available evidence indicates 

that maternal nutritional status can be an extremely important factor in production and 

development of offspring.  However, while the detrimental effects of maternal food 

limitation on offspring are well-recognized, few studies have evaluated the effects of 

parental diet quality.   

 Another factor that can significantly affect offspring fitness is the parental 

reproductive strategy.  Self-fertilization a common reproductive strategy, particularly in 

some invertebrates, but also represents a type of inbreeding, which can lead to the loss of 

heterozygosity and eventually to inbreeding depression [114].  Studies on birds and 

mammals that are obligate outcrossers have shown that inbreeding leads to reductions in 

birth weight, survival, reproduction, and resistance to disease, predation and 

environmental stressors [115].   Specifically, an insular population of inbred song 

sparrows (Melospiza melodia) displayed reduced hatching success and juvenile survival 

rates [116] and inbred birds experienced a higher mortality rate than other birds during a 

severe storm [117].  Also among these sparrows, environmental stress interacted with 

inbreeding such that the nests of inbred females had a greater reduction in hatching 

success during rainy periods than the nests of non-inbred females [118].  Fewer data, 

however, are available for species that have a mixed mating strategy that includes both 

outcrossing and self-fertilization as generally viable modes of reproduction.  In one 

example, Bulinus globosus snails produced by either self-fertilization or outcrossing 

displayed several differences in life history traits in first generation offspring.  
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Outcrossed snails had a shorter time to hatch, higher survival at hatching, and produced 

more eggs than selfed snails.  Selfed snails were larger than outcrossed snails 15 days 

after hatching, but smaller at 60 and 90 days post-hatch [119].  While inbreeding can lead 

to a variety of detrimental effects on organism fitness, particularly in combination with 

environmental stressors, few studies have addressed potential inbreeding effects in 

animals with a mixed mating strategy. 

Data thus far has shown that parental nutrition and mating strategy can have 

significant effects on offspring development, but relatively little is known about the 

effects of these factors on offspring tolerance to chemical contaminants.  Both diet and 

the presence (or absence) of mating partners are likely to vary in natural environments 

and therefore have implications for how populations respond to environmental stressors, 

including chemical contaminants.  To better understand the effect of parental nutritional 

environment and mating strategy on offspring traits, we raised Biomphalaria glabrata 

snails on one of four diets and housed them either alone or with same-age conspecifics in 

a factorial design.  B. glabrata are freshwater gastropods that are self-fertilizing 

hermaphrodites but preferential outcrossers and have been used previously as model 

organisms to study ecological and evolutionary responses to environmental stress [e.g., 

120].  We then recorded survival of their offspring in cadmium and malathion challenges.  

We hypothesized that offspring toxicant tolerance would be lower in snails produced by 

self-fertilization compared to outcrossing and also that tolerance would higher in 

offspring produced by parents that were reared on diets that enhanced parental growth 

and reproduction. 

MATERIALS AND METHODS 
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Parental snail study design 

B. glabrata (M-line and BS90 strains) were acquired from the Biomedical 

Research Institute in Rockville, MD and cultured in the laboratory for >3 yrs (>9 

generations) at The Institute of Environmental and Human Health at Texas Tech 

University in Lubbock, Texas.  We combined the two strains to increase overall genetic 

diversity.  Culture tanks held >30 adult snails apiece, with at least five tanks maintained 

at all times to minimize isolation and potential inbreeding.  B. glabrata is a freshwater 

pulmonate snail and a hermaphrodite which can self-fertilize when isolated but will 

preferentially outcross when housed with conspecifics [87].  Adult snails from culture 

tanks were placed in three, 2 L BPA-free plastic tubs of reconstituted lab water (3.0 g 

CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g NaHCO3 to 50 L deionized water) with 3 

adults of each strain per tub to produce mixed-strain offspring.  Snails were then placed 

in a 25°C incubator with a 12:12 light:dark cycle and fed cooked romaine lettuce ad 

libitum.  After ≥ 1 month, egg masses were collected from these tubs for experimental 

use.   

Snails were housed in glass jars filled with lab water in a 25°C incubator with a 

12:12 light:dark cycle and water volume was increased from 50 to 100 mL per snail as 

snails grew.  Water was changed twice per week and snails were fed ad libitum.  Snails 

were raised from 6 days to 12 weeks old on a diet of uncooked romaine lettuce (UL), 

cooked romaine lettuce (CL), fish food (FF; crude protein minimum 44%, crude fat 

minimum 10%, fatty acids 3%; Nutrafin Max Spirulina Flakes, Rolf C. Hagen Corp., 

Massachusetts, USA), or cooked romaine lettuce plus fish food (CL + FF) with 20 jars 

per diet.  Diets selected represent a subset of commonly used diets for laboratory studies 
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with freshwater gastropods.  Within each diet treatment, 10 jars contained three snails 

each and 10 jars contained only one snail.  Since B. glabrata prefers to outcross [87], this 

was designed to evaluate the effects of mating strategy (self-fertilizing or outcrossing) on 

offspring stressor tolerance.   

We used parental body condition as an indicator of diet quality, with the 

assumption that higher quality diets would be positively associated with higher parental 

survival, reproductive output, and size.  To measure parental body condition on each diet, 

we recorded survival, snail shell length, and reproductive parameters.  Snail shell length 

was measured using calipers to 0.01 cm when snails were 36 and 68 days old and egg 

mass time to hatch and hatching success were measured at the end of the study (snails 11 

weeks old).  At each water change, egg masses were counted and removed from jars and 

a subsample of 4 egg masses per jar was taken on days 29 (start of reproduction)-57 to 

quantify the number of eggs per egg mass. 

Offspring toxicant exposures 

To evaluate the effect of parental diet and mating strategy on developmental 

tolerance to chemical stressors, we collected egg masses when snails were 11 weeks old 

and exposed one ≤24 h old egg mass per parental replicate each to 25 µg/L cadmium and 

8 mg/L malathion and recorded time to hatch and hatching success.  These test 

concentrations of cadmium and malathion were based on pilot study concentrations 

which decreased but did not eliminate egg mass hatching success.  All cadmium exposure 

containers were soaked in 25 µg/L cadmium for 24 h before experimental use. 

For contaminant survival challenges of juvenile offspring, one egg mass per parental jar 

was collected for each contaminant when experimental parental snails were ≥9 weeks old 
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and placed in clean lab water to hatch.  Hatchlings were fed fish food immediately after 

hatching, but were not fed during contaminant survival challenges.  When juvenile 

offspring were ≤48 h old, four snails per egg mass were randomly selected and placed in 

100 mL of lab water.  For the malathion survival challenge, juvenile offspring were 

housed in 125 mL glass jars in 100 mL lab water and exposed to 12.5 mg/L malathion.  

Mortality and snail location in jars (below, at, or above water line) were recorded at 3, 24, 

and 48 h post-exposure.  Snail location was noted because B. glabrata can react to a 

stressor by moving up to the water line or above it, potentially altering their exposure 

(S.C. Plautz, unpublished data).  For the cadmium survival challenge, snails were housed 

in 125 mL BPA-free plastic containers and exposed to 300 µg/L cadmium in 100 mL lab 

water.  A higher cadmium concentration was used for the juvenile challenge because 

cadmium tolerance increases from developmental to juvenile and adult stages [89].  

Mortality was recorded every 12 h for 120 h.  All cadmium exposure containers were 

soaked in 300 µg/L cadmium for 24 h before experimental use.  Ten parental trios were 

randomly selected for juvenile survival controls.  For these controls, four juvenile snails 

from each parental trio were placed in a 125 mL container (5 glass and 5 plastic) with 

100 mL lab water and mortality was recorded every 12 h for 120 h.  Different durations 

were used for malathion and cadmium survival challenges because of differences in the 

responses of snails to these chemicals.  When snails were exposed to cadmium, mortality 

occurred gradually, while exposure to malathion caused either no mortality at low 

concentrations or a rapid die-off at higher concentrations followed by little additional 

mortality. 

Chemicals 
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Cadmium is typically found in freshwaters at concentrations <1 μg/L, but can 

reach 10 μg/L in areas of environmental disturbance [91] and has been measured at >40 

μg/L at contaminated sites [92].  Malathion concentrations in freshwater are also usually 

<1 μg/L [93, 94], but can reach 30 μg/L immediately following malathion application to 

surrounding areas [95].  Both cadmium and malathion were used as model chemical 

stressors in our experiment because they have been used commonly in the past in this 

context [e.g., 57, 59], they represent two different mechanisms of toxicity contributing to 

a more generalized understanding of stressor tolerance, and they commonly occur in 

environmental samples, albeit at relatively low concentrations.   

Our cadmium stock solution was made by dissolving cadmium chloride 

(99.99+%, Sigma-Aldrich, St. Louis, MO) in lab water, resulting in a nominal 

concentration of 127,466.7 µg/L.  Three percent nitric acid was included to stabilize the 

cadmium concentration and this stock solution was used for all cadmium exposures.  For 

malathion stock solutions, a new solution was prepared each day by mixing the malathion 

formulation Spectracide (50% malathion, United Industries Corporation, St. Louis, MO) 

with lab water to create a nominal concentration of 2,500 mg/L.  A new stock was mixed 

each day because the half-life of malathion in river water is only approximately 20 h [90].   

Statistical analyses 

Data were visually evaluated for assumptions of normality and homoscedasticity.  

Parental snail survival, length at each time point, time to first reproduction, egg mass 

time to hatch, average number of egg masses laid per snail per day, average number of 

eggs per egg mass, and average reproductive output (average egg masses per snail per 

day * average eggs per egg mass) were analyzed with a two-way analysis of variance 
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(ANOVA) with diet and mating strategy as factors.  Snail lengths were analyzed as the 

average length per jar.  If significant differences were detected by ANOVA, a Tukey’s 

honestly significant difference test was used for pairwise comparisons among diets.  

Because hatching success was not normally distributed, this endpoint was analyzed for 

overall differences between diets and between snail housed individually and with 

conspecifics using the non-parametric Kruskal-Wallis test [e.g., 59].  If results were 

significant, pairwise comparisons were performed using the Kolmogorov-Smirnov test 

with a Bonferroni correction.  Juvenile offspring survival in cadmium and malathion 

challenges was analyzed using repeated measures ANOVA with proportion surviving in 

each replicate as the response variable.  Proportion survival was arcsine square root 

transformed prior to analysis to meet the assumptions of ANOVA [121].  All analyses 

were conducted in R version 2.11.1 [99] with α = 0.05. 

RESULTS 

Parental snail survival, growth, and reproduction 

Both diet and mating strategy (availability or absence of mates) affected parental 

reproductive success and growth.  Survival did not differ among diets (F3,72 = 0.595, P = 

0.621) or by mate availability (F1,72 = 0.185, P = 0.668; Table 4.1).  However, the number 

of egg masses laid per snail per day was greater in self-fertilizing snails (F1,72 = 53.098, P 

≤ 0.001; Fig. 4.1), while the number of eggs per egg mass was unaffected by mating 

strategy (F1,71 = 2.470, P = 0.121).  Snails fed CL+FF or FF laid more egg masses per 

snail per day than other treatments and snails fed UL laid more egg masses than those fed 

CL (F3,72 = 25.089, P ≤ 0.001; Fig. 4.1).  Snails fed CL+FF laid more eggs per egg mass 
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than snails fed CL (F3,71 = 3.550, P = 0.017).  Average reproductive output (average eggs 

masses/snail/day * average eggs/egg mass) was greater in self-fertilizing snails than 

outcrossing snails (F1,71 = 21.991, P ≤ 0.001) and in snails fed CL+FF compared to all 

other diets (F3,71 = 19.732, P ≤ 0.001).  Snails fed UL or FF also had greater reproductive 

output than snails fed CL.  Egg mass time to hatch was not affected by diet (F3,67 = 0.544, 

P = 0.654), but egg masses laid by outcrossing snails hatched sooner than those laid by 

self-fertilizing snails (F1,67 = 12.414, P ≤ 0.001; Table 4.2).  Hatching success was 

affected by neither parental diet (χ2 = 2.981, P = 0.395) nor mating strategy (χ2 = 3.590, P 

= 0.058).  The presence or absence of mates did not affect the age at which snails first 

reproduced (F1,72 = 0.245, P = 0.622), but snails fed CL+FF or FF began reproducing 

sooner than snails fed UL or CL (F3,72 = 16.985, P ≤ 0.001).  At 36 days old, self-

fertilizing snails had greater shell lengths than outcrossing snails (F1,72 = 11.335, P = 

0.001), and snails fed CL+FF were largest, followed by snails fed FF or CL (F3,72 = 

21.101, P ≤ 0.001; Fig. 4.2).  At 68 days old, there was no effect of mate availability on 

shell length (F1,69 = 0.179, P = 0.674), but snails fed CL+FF, followed by snail fed FF or 

UL, had the greatest shell lengths (F3,69 = 6.209, P ≤ 0.001; Fig. 4.2). 

Egg mass toxicant tolerance 

In egg mass toxicant challenges, hatching success and time to hatch were 

significantly affected by both parental diet and mating strategy.  In egg mass malathion 

exposures, egg masses produced by outcrossing snails hatched sooner than those 

produced by self-fertilizing snails (F1,57 = 25.135, P ≤ 0.001), while among diets, egg 

masses produced by snails fed CL+FF,  FF, or UL hatched sooner (F3,57 = 3.364, P = 

0.025; Table 4.2).  Hatching success was not affected by parental diet (χ2 = 4.999, P = 
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0.172) or mating strategy (χ2 = 2.383, P = 0.123).  In egg mass cadmium exposures, time 

to hatch was not affected by parental mating strategy (F1,36 = 3.613, P = 0.065), but was 

shorter in egg masses laid by snails fed CL+FF, CL, or UL (F3,36 = 5.880, P = 0.002).  

Hatching success was greater in egg masses laid by outcrossing snails (χ2 = 7.205, P = 

0.007) and egg masses laid by snails fed CL+FF or UL (χ2 = 21.030, P ≤ 0.001). 

Juvenile offspring toxicant tolerance 

Survival of control juveniles was 100%.  Both parental diet and mating strategy 

affected the stressor tolerance of their juvenile offspring.  In cadmium challenges, 

juvenile offspring of outcrossing snails displayed greater cadmium tolerance than the 

offspring of self-fertilizing snails (F1,744 = 43.430, P ≤ 0.001; Fig. 4.3).  Diet also 

significantly affected juvenile offspring cadmium tolerance (F3,744 = 2.961, P = 0.032).  

However, pairwise comparisons using a Bonferroni correction such that α = 0.008 

revealed no differences between diets, though juvenile offspring of snails fed UL or 

CL+FF tended to be more cadmium tolerant than offspring of snails fed FF or CL (P ≤ 

0.05).  In malathion challenges, juvenile offspring of outcrossing snails were significantly 

more tolerant to malathion than offspring of self-fertilizing snails (F1,215 = 8.495, P = 

0.004).  Parental diet did not affect the malathion tolerance of juvenile offspring (F3,215 = 

2.259, P = 0.083; Fig. 4.4).  The proportion of snails at or above the water line was not 

affected by parental diet (F3,138 = 1.091, P = 0.355) or mating strategy (F1,138 = 0.250, P = 

0.618), and averaged 0.044 ± 0.012. 

DISCUSSION 
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In the current study, both parental diet and mating strategy significantly affected 

the responses of offspring to chemical stressors.  With regard to mating strategy, juvenile 

offspring of self-fertilizing snails were less tolerant of malathion and cadmium than 

offspring of outcrossing snails.  Self-fertilizing snails also produced eggs that took longer 

to hatch when exposed to malathion and had decreased hatching success in cadmium 

compared to the eggs of outcrossing snails.  Parental diet affected offspring cadmium 

tolerance, as well as egg mass time to hatch in malathion and both time to hatch and 

hatching success in cadmium.  To our knowledge, this is the first study to demonstrate an 

effect of parental diet composition rather than diet quantity on subsequent offspring 

responses to xenobiotics. 

Effect of parental diet on toxicant tolerance in offspring 

 Dietary composition and quantity, and overall body condition, can have a 

significant effect on the toxicity of xenobiotics.  For example, survival of D. magna 

exposed to the endocrine disruptor fluoxetine decreased when daphnia were fed a diet 

with a greater carbon:phosphorus ratio [122].  Additionally, iron, calcium, copper, and 

vitamins C and D can all influence intestinal cadmium absorption and/or toxicity [123-

125].  All symptoms of cadmium toxicity in juvenile Japanese quail (Coturnix japonica) 

fed a 75 mg cadmium/kg diet for 2-4 weeks were ameliorated by diet supplementation 

with iron(II), ascorbic acid, or D-isoascorbic acid [126].  The body condition of an 

organism’s parent(s) can also affect the organism’s toxicant tolerance.  D. magna cultures 

maintained with low food availability produced offspring with greater tolerance of the 

insecticide fenvalerate than the offspring of cultures with high food availability [61].  

Similar results were seen in Enserink et al. (1990), who exposed adult D. magna to four 
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different diet quantities and measured the cadmium and chromium tolerance of their 

offspring.  Adults with lower food availability produced offspring with higher cadmium 

tolerance [60].  Data have shown that both the diet of an organism itself and that of its 

parent(s) can significantly alter organism sensitivity to xenobiotics. 

In the current study, snails fed CL+FF or UL tended to produce juvenile offspring with 

increased cadmium tolerance compared to snails fed CL or FF.  Snails fed CL+FF were 

fed the most nutritionally diverse diet and consistently topped growth and reproductive 

measures, indicating that they were in better condition than snails fed any other diet.  

These snails likely consumed a greater number of calories and/or range of nutrients than 

snails fed other diets, which they may have passed on to their offspring, subsequently 

increasing the cadmium tolerance of those offspring.  On the other hand, snails fed UL 

may have produced juvenile offspring with a tendency toward increased cadmium 

tolerance as a result of stress in the parental snails, as indicated by growth and 

reproductive measurements of parents.  The UL diet may have been more difficult to 

ingest and digest than others, potentially leading to decreased caloric intake and nutrient 

assimilation.  This parental stress may have resulted in alterations in levels of heat shock 

proteins or other stress proteins [103], or increases in metal-binding proteins such as 

metallothionein [104-106] which were then passed to offspring.  The increase in toxicant 

tolerance in the offspring of potentially nutrient stressed snails in the current study is 

similar to the results of Pieters and Liess (2006) and Enserink et al. (1990), who found 

that D. magna with low food availability produced offspring with increased fenvalerate 

and cadmium tolerance, respectively, compared to the offspring of adults with high food 

availability. 
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Effect of toxicant characteristics on the occurrence of parental effects 

Parental diet may have had an effect on cadmium but not malathion tolerance due 

to differences in the biochemical detoxification mechanisms and/or the persistence of the 

two contaminants within organisms and how these might relate to parental diet.  

Cadmium can cause toxicity in a variety of ways, including replacing calcium in the body 

[127] and inducing production of reactive oxygen species [128].  Within organisms, 

cadmium can be bound by the polypeptide metallothionein or other metal-binding 

proteins and excreted [101, 129].  Malathion, on the other hand, causes toxicity primarily 

by inhibiting acetylcholinesterase via phosphorylation.  Replenishment of 

acetylcholinesterase activity then occurs either via slow biotransformation to reactivate 

the enzyme or synthesis of new enzymes.  Malathion can undergo biotransformation to 

less toxic forms via a number of enzymes, particularly carboxylesterase; however, 

malathion can also inhibit carboxylesterase [102, 130].  The differences in mortality by 

diet associated with cadmium but not malathion exposure may have been the result of 

different starting levels of metal-binding proteins but not carboxylesterases in offspring, a 

differential ability by parental diet to upregulate metal-binding proteins but not 

carboxylesterases [46], or different interactive effects of parental diet and toxicant 

mechanisms of action. 

Effect of parental mating strategy on toxicant tolerance in offspring 

Differences in the toxicity of cadmium and malathion to juvenile offspring of self-

fertilizing and outcrossing snails were likely the result of inbreeding depression.  

Hermaphroditic freshwater snails that reproduce via self-fertilization can produce 

offspring with reduced embryo survival, increased time to hatch, alterations in size, 
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increased time to reproductive maturity, and decreased fecundity compared to offspring 

produced via outcrossing [119, 131-134].  While experimental evidence for the effect of 

parental mating strategy in hermaphrodites on offspring stress tolerance is scarce, 

exposure to predator cues did not affect the relative fitness of hermaphroditic Physa 

acuta snails produced via cross- or self-fertilization [132].  Also, the degree of inbreeding 

depression in P. acuta was dependent on whether offspring were raised in a relatively 

constant laboratory environment or a more variable field environment, with laboratory-

reared snails displaying greater inbreeding depression than field snails [135].  Though 

evidence thus far is limited in hermaphroditic species, it appears that the parental mating 

strategy and offspring environment can have interactive effects on offspring traits and 

that offspring produced by self-fertilization can be less stress tolerant than those produced 

by cross-fertilizing. 

Predictability of relative juvenile offspring toxicant tolerance 

Parental growth and reproduction measurements in the absence of xenobiotics 

were poor indicators of offspring contaminant tolerance for both diet and mating strategy.  

For example, snails fed UL produced juvenile offspring that were among the most 

cadmium-tolerant, but these snails were at or near the bottom of almost all reproductive 

and growth indices, producing fewer egg masses, taking longer to begin reproduction, 

and measuring as the smallest snails at 36 days old.  Alternatively, hatching success and 

time to hatch when egg masses were exposed to a stressor were generally good indicators 

of relative juvenile offspring stress tolerance and thus could be used as a potential 

indicator of parental environment effects on offspring toxicant tolerance.  Specifically, 

egg mass hatching success in cadmium was the best indicator of juvenile offspring 
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cadmium tolerance, with greater hatching success in egg masses laid by cross-fertilizing 

snails and those fed UL or CL+FF compared to FF or CL associated with greater 

cadmium tolerance in juveniles.  Egg mass time to hatch in malathion was the best 

indicator of juvenile offspring malathion tolerance, with shorter time to hatch in egg 

masses laid by cross-fertilizing snails and those fed CL+FF, CL, or UL compared FF 

associated with greater malathion tolerance in juvenile offspring.  Because parental 

responses to their environment were not strong indicators of how offspring responded to 

contaminant stressors, caution is warranted when extrapolating the sublethal effects of 

stressors on parental organisms to effects on their offspring.  Future studies on the 

mechanisms of parental effects may increase our understanding of the relationship 

between the parental environment and subsequent responses to stressors in offspring. 

CONCLUSIONS 

 Overall, our results showed that both parental nutritional environment and mating 

strategy can significantly affect offspring stressor tolerance.  The characteristics of the 

stressor itself also appear to play a role in offspring stressor tolerance, as seen in the lack 

of an effect of parental diet on malathion tolerance despite differences in cadmium 

tolerance.  Though little research has been conducted regarding the effect of the parental 

biotic and abiotic environment on offspring toxicant tolerance, we believe this is an 

important avenue of future research due to its implications for population persistence and 

responses to stress.  Our results also have implications for laboratory toxicity testing, as 

conditions in the parental environment may influence the toxicant tolerance of offspring.  

Possible future research directions include the effects on offspring stressor tolerance from 

parental exposure to predator stress, limited food, and abiotic stressors such as 
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temperature, salinity, and pH, as well as studies to elucidate the relationship between 

mechanisms of parental effects and changes in offspring stressor tolerance.   
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Table 4.1. Biomphalaria glabrata survival and reproduction when reared on a diet of 

cooked lettuce, cooked lettuce + fish food, fish food, or uncooked lettuce.  Within each 

diet treatment, snails were housed either individually (“single”) or in groups of 3 

conspecifics (“multiple”).  Values are mean ± standard error. 

 Snail 
housing 

Survival No. eggs/egg 
mass 

Age at first 
reproduction 

(days) 

Cooked lettuce Multiple 1.00 ± 0.00 16.87 ± 0.46 41.5 ± 0.5 

Single 0.80 ± 0.05 17.46 ± 0.57 43.8 ± 1.2 

Cooked lettuce + 
fish food 

Multiple 0.97 ± 0.01 22.50 ± 0.73 34.6 ± 0.3 

Single 1.00 ± 0.00 20.58 ± 1.02 34.6 ± 0.6 

Fish food Multiple 0.90 ± 0.03 19.66 ± 0.61 38.5 ± 0.3 

Single 1.00 ± 0.00 16.40 ± 0.70 38.0 ± 0.3 

Uncooked lettuce Multiple 0.93 ± 0.02 20.67 ± 0.94 46.2 ± 0.6 

Single 0.90 ± 0.04 19.35 ± 0.96 42.3 ± 0.3 
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Table 4.2. Time to hatch and hatching success of Biomphalaria glabrata egg masses exposed to control water, 25 µg/L cadmium, or 8 

mg/L malathion when parental snails were reared on a diet of cooked lettuce, cooked lettuce + fish food, fish food, or uncooked 

lettuce.  Within each diet treatment, parental snails were housed either individually (“single”) or in groups of 3 conspecifics 

(“multiple”).  Values are mean ± standard error. 

  Cooked lettuce Cooked lettuce + fish 
food 

Fish food Uncooked lettuce 

 Egg mass 
treatment 

Multiple Single Multiple Single Multiple Single Multiple Single 

Time to 
hatch (days) 

control 5.85 ± 
0.05 

6.21 ± 
0.13 

5.85 ± 
0.04 

6.20 ± 
0.04 

5.70 ± 
0.07 

6.15 ± 
0.08 

5.78 ± 
0.05 

6.56 ± 
0.09 

 25 µg/L cadmium 9.50 ± 
0.22 

8.00 ± 
0.00 

8.44 ± 
0.11 

8.83 ± 
0.14 

11.20 ± 
0.38 

14.00 ± 
0.00 

8.89 ± 
0.10 

11.00 ± 
0.68 

 8 mg/L malathion 7.63 ± 
0.06 

8.43 ± 
0.12 

6.89 ± 
0.04 

7.83 ± 
0.05 

6.90 ± 
0.12 

7.78 ± 
0.13 

7.00 ± 
0.00 

8.00 ± 
0.58 

Hatching 
success 

control 0.98 ± 
0.00 

0.86 ± 
0.02 

0.93 ± 
0.02 

0.95 ± 
0.02 

1.00 ± 
0.00 

0.92 ± 
0.01 

0.90 ± 
0.03 

0.98 ± 
0.00 

 25 µg/L cadmium 0.54 ± 
0.04 

0.36 ± 
0.03 

0.76 ± 
0.04 

0.59 ± 
0.04 

0.49 ± 
0.03 

0.36 ± 
0.03 

0.92 ± 
0.01 

0.65 ± 
0.03 

 8 mg/L malathion 0.71 ± 
0.04 

0.48 ± 
0.05 

0.59 ± 
0.05 

0.48 ± 
0.06 

0.85 ± 
0.03 

0.69 ± 
0.05 

0.55 ± 
0.05 

0.35 ± 
0.04 
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Figure 4.1. Average number of egg masses laid per Biomphalaria glabrata snail per day 

when snails were raised on one of four diets and housed either individually (gray bars; 

“single”) or 3 snails per jar (black bars; “multiple”).  CL = cooked romaine lettuce, CL + 

FF = cooked romaine lettuce plus fish food, FF = fish food, UL = uncooked romaine 

lettuce.  Letters represent diets that are statistically different (P ≤ 0.05). 
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Figure 4.2. Shell length of Biomphalaria glabrata at 36 and 68 days old when snails were 

raised on one of four diets and housed either individually (open symbols; “single”) or 3 

snails per jar (closed symbols; “multiple”).  CL = cooked romaine lettuce, CL + FF = 

cooked romaine lettuce plus fish food, FF = fish food, UL = uncooked romaine lettuce. 
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Figure 4.3. Biomphalaria glabrata hatchling survival in 300 µg/L cadmium when 

parental snails were raised on one of four diets and housed either individually (open 

symbols; “single”) or 3 snails per jar (closed symbols; “multiple”). CL = cooked romaine 

lettuce, CL + FF = cooked romaine lettuce plus fish food, FF = fish food, UL = uncooked 

romaine lettuce. 
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Figure 4.4. Biomphalaria glabrata hatchling survival in 12.5 mg/L malathion at 3, 24, 

and 48 h when parental snails were raised on one of four diets and housed either 

individually (open symbols; “single”) or 3 snails per jar (closed symbols; “multiple”). CL 

= cooked romaine lettuce, CL + FF = cooked romaine lettuce plus fish food, FF = fish 

food, UL = uncooked romaine lettuce. 
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CHAPTER V: RELATIVE IMPORTANCE OF PARENTAL AND 

DEVELOPMENTAL TOXICANT EXPOSURE IN DETERMINING 

OFFSPRING TOXICANT TOLERANCE 

ABSTRACT 

Parental effects are non-genotypic influences on offspring phenotype that occur 

via parental phenotypes or environments, while developmental plasticity is phenotypic 

variation that arises during development in response to environmental cues.  We 

evaluated the relative contribution of these two sources of phenotypic variation on 

offspring toxicant tolerance in Physa pomilia snails exposed to cadmium.  We exposed 

adult snails to 0, 2, or 20 μg/L cadmium for 7 days, then exposed egg masses collected 

from these adults to 0 or 2 μg/L cadmium in a factorial design (adult cadmium exposure x 

egg mass cadmium exposure).  Starting at 2 days old, we recorded time to death for 

hatchlings exposed to 150 μg/L cadmium for 72 h at 8 h intervals.  Juveniles hatched 

from cadmium-exposed egg masses displayed higher cadmium tolerance than juveniles 

from unexposed egg masses.  Among juveniles from egg masses not exposed to 

cadmium, offspring of parents exposed to 20 μg/L cadmium had higher cadmium 

tolerance than offspring of parents exposed to 0 or 2 μg/L cadmium.  Our results show 

that both parental effects and developmental plasticity can impact offspring toxicant 

tolerance and point to the potential importance of both processes in understanding how 

offspring respond to chemical contaminants.  When both parents and offspring are 

exposed to a toxicant, our results showed that the effects of parental exposure on 
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offspring toxicant tolerance may be eclipsed by the effects of offspring exposure during 

development. 

INTRODUCTION 

Environmental stress, both natural and anthropogenic, can be an important 

evolutionary force.  Exposure to a stressor can alter the behavioral, morphological, 

physiological, and life history traits of organisms, thus influencing their interactions with 

their environment and ultimately their fitness [37].  Stress-induced variation among 

individuals within a species can arise not only from genotypic differences, but also from 

non-genotypic sources.  Parental effects are non-genotypic influences on offspring 

phenotype that result from the parental phenotype or environment [4, 12, 136].  

Developmental plasticity is phenotypic variation that arises during development in 

response to environmental cues [137].  Since selection acts on phenotypic traits, which 

can be altered by both developmental plasticity and parental effects, if trait variation is 

heritable and if the variation has consequences for fitness or gene flow (e.g., changes in 

dispersal), developmental plasticity and parental effects can potentially be important 

contributors to evolutionary change [5, 6, 138, 139].  Both processes can be driven by 

and can alter tolerance of environmental stress. 

Although rarely studied together, both parental effects and developmental 

plasticity can contribute to phenotypic variation related to tolerance of environmental 

stressors such as chemical contaminants. Chemical stressors are important anthropogenic 

factors with clear impacts on fitness and evolutionary responses  [e.g., 140]. Parental and 

developmental effects of chemical exposure have been shown to affect survival, 

reproduction, behavior, physiology, and morphology [14, 18, 29].  In an example of the 
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parental effects of chemical contaminants, the offspring of bryozoans (Bugula neritina) 

exposed to copper had greater copper tolerance, were 12% larger, and swam for 25% 

longer before settling than larvae from unexposed colonies.  The longer swimming time 

translates to increased dispersal ability and potentially altered gene flow, which could 

then affect population dynamics and evolution [14].  In an example of developmental 

plasticity, damselfly larvae (Coenagrion puella) exposed to the insecticide endosulfan 

displayed increased growth rates and food assimilation efficiencies with increasing 

insecticide concentrations [141], potentially decreasing time to adult emergence and thus 

generation time.  Both parental effects and developmental plasticity can significantly 

affect offspring performance in stressful environments and therefore can have important 

implications for populations facing novel or extreme environmental conditions. 

 Thus far, comparisons of the effects of parental and developmental stressor 

exposure on organisms have mostly been conducted by collecting animals from areas 

contaminated with chemical stressors, then exposing their offspring to the same stressor 

and recording life history parameters [22, 29, 38, 52].  The relative importance of 

parental effects and developmental impacts on subsequent responses to stressors has 

varied among these studies.  Offspring of snapping turtles (Chelydra serpentina) from 

PCB-contaminated areas displayed decreased survival beginning at 8-9 months post hatch 

and growth at 9 months post hatch compared to offspring of adults from non-

contaminated areas.  Juvenile dietary PCB exposure decreased metabolic rates at 9 and 11 

months post hatch and growth at 9-11 months post hatch [29].  In contrast, walleye 

(Stizostedion vitreum) that were exposed as eggs to varying concentrations of waterborne 

methylmercury had embryonic heart rates and hatching success that decreased with 
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increasing juvenile methylmercury concentrations; parental exposure to methylmercury-

contaminated lakes had no effect.  Neither parental nor developmental methylmercury 

exposure affected the incidence of larval deformities [22].  While there is evidence that 

both parental effects and contaminant exposure during development play a role in 

offspring phenotype, it is difficult to compare the relative importance of parental and 

developmental exposures in shaping subsequent offspring phenotypic traits.  In studies 

using wild-caught organisms, parental exposure to the environmental stressor of interest 

is essentially uncontrolled and hence could vary considerably, potentially confounding or 

precluding observable effects.  Additionally, since these studies have all used animals 

from sites contaminated with persistent toxicants, population adaption could be playing a 

role and may occlude any significant parental effects. 

To the best of our knowledge, the only exception to using wild-caught, naturally 

exposed adults to compare parental and developmental effects of chemical stressors is 

Tsui and Wang (2005), who exposed adult Daphnia magna in the laboratory to 0, 0.5, or 

5 μg/L mercury and their offspring to 0.3 or 3 μg/L mercury.  Juvenile mercury exposure 

caused decreased growth and reproduction regardless of parental mercury exposure and, 

in fact, parental mercury exposure had no effect on juvenile traits [18].  The combined 

results of this study and those using wild-caught adults suggest that developmental effects 

of stressor exposures may be greater than parental effects of exposure, such that the 

impact of parental effects may be overshadowed by developmental exposure.  However, 

since parental effects have not been reported in all studies and parental exposures have 

generally been uncontrolled, parental exposure concentrations could have been too low to 

cause parental effects and may not have been comparable to offspring exposure 
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concentrations.  Taken as a whole, the available data precludes understanding the relative 

importance of parental effects and developmental plasticity in determining offspring 

traits. 

To directly evaluate the contribution of parental effects and developmental 

plasticity to the expression of environmental toxicant tolerance traits in offspring, we 

conducted controlled exposures of adult Physa pomilia snails as well as their egg masses 

to cadmium, a model environmental toxicant with no known biological function.  We 

hypothesized that parental exposure to cadmium would result in less cadmium tolerant 

offspring compared to offspring hatched from cadmium-exposed egg masses. 

MATERIALS AND METHODS 

Physa pomilia is a habitat generalist, freshwater pulmonate snail [142].  Like 

other physids, P. pomilia is a self-fertilizing hermaphrodite with a strong preference for 

outcrossing [143].  Adult 7-11.5 mm long P. pomilia were collected from a 4 meter 

section of the North Fork of the Double Mountain Fork of the Brazos River (NFDMF-

BR) near Lubbock, TX in April 2011.  This stream has no history of metals 

contamination.  Adult snails were placed in BPA-free plastic containers with 300 mL of 

reconstituted lab water (3.0 g CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g NaHCO3 in 50 

L deionized water) in a 25°C incubator with a 12:12 light:dark cycle and fed cooked 

romaine lettuce ad libitum. 

After one week of acclimation, nine replicates each with three adult snails per 

replicate were exposed to 0, 2, or 20 μg/L cadmium for one week, then transferred to 

clean water.  Next, egg masses were collected daily for 9 days.  The first four egg masses 

produced by each replicate were each placed in separate 125 mL BPA-free plastic 
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containers with 100 mL lab water.  Two of the four egg masses were exposed to 0 μg/L 

cadmium and the remaining two to 2 μg/L cadmium for the duration of development.  

Egg masses were not also exposed to 20 μg/L cadmium because pilot studies showed that 

while exposure to 2 μg/L cadmium did not affect hatching success, exposure to 20 μg/L 

cadmium significantly reduced it.  We recorded the number of eggs per egg mass, the day 

each egg mass began to hatch, and the final number of snails hatched from each egg 

mass.  Juvenile snails were fed ground rabbit chow. 

For offspring cadmium challenges, twelve offspring ≤48 hrs old were randomly 

selected from each container and placed in groups of four into 100 mL of lab water in 

125 mL BPA-free plastic containers.  Two containers were exposed to a cadmium 

challenge of 150 μg/L and one container exposed to 0 μg/L cadmium as a control.  

Juveniles were not fed during exposures.  Survival was recorded at 8 h intervals for 72 h.  

Experimental design is illustrated in Fig. 1. 

All cadmium (cadmium chloride 99.99+%, Sigma-Aldrich, MO, USA) exposure 

solutions were made from a 124.82±5.46 μg/mL stock solution (quantified via flame 

atomic absorption using a Solaar AA Series Spectrophotometer, Thermo Electron 

Corporation, Ohio, USA).  This stock solution contained 3% nitric acid, yielding pHs of 

7.68 for lab water, 7.56 for 20 μg/L cadmium, and 7.42 for 150 μg/L cadmium.  All 

plastic containers used for experimental cadmium exposures were soaked in their 

respective cadmium concentrations for 24 h before experimental use.  Although used here 

as a model stressor, freshwater cadmium concentrations are typically <1 μg/L, but have 

been measured up to 10 μg/L as a result of environmental disturbances [91] and can reach 

>40 μg/L at contaminated sites [92].  Though a concentration of 150 μg/L cadmium is not 
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likely to be environmentally realistic, it was selected for the juvenile survival challenge 

because it produced a gradual mortality curve in pilot studies. 

 Both reproduction and survival data were averaged by treatment for each adult 

snail replicate (9 replicates per treatment).  Data were evaluated for assumptions of 

parametric statistics using visual diagnostics.  Analysis of variance (ANOVA) was used 

to analyze the average number of egg masses laid per snail per day and eggs per egg mass 

by parental treatment, and the average time to hatching by parental treatment*egg 

treatment.  If an ANOVA reported significant differences, a Tukey’s Honestly Significant 

Difference test with a Bonferroni correction was used to perform pairwise comparisons 

among treatments.  Effects of parental and egg mass cadmium concentrations on hatching 

success were analyzed separately via the Kruskal Wallis test, with a Bonferroni 

correction such that α = 0.025.  Snail survival in 150 µg/L cadmium was analyzed via 

time-to-event analysis [96] using the MASS [97] and Survival [98] packages in R as 

parental treatment + egg mass treatment.  A Cox proportional hazards regression model 

was used to calculate the separate effects of parental and egg mass treatment.  To 

determine if an interaction of parental and egg mass treatment occurred, we analyzed 

juvenile survival by parental treatment for egg masses exposed to 0 and 2 µg/L cadmium 

separately, with a Bonferroni correction such that α = 0.025.  All snails that survived to 

the end of the 72 hour cadmium exposure were censored.  All analyses were conducted in 

R version 2.11.1 [99] with α = 0.05.   

RESULTS 

Adult snails exposed to 20 μg/L cadmium produced more egg masses per snail 

per day than snails exposed to 0 μg/L cadmium (F2,24 = 4.859, p = 0.017; Table 1).  
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Parental cadmium exposure concentration did not affect the number of eggs laid per egg 

mass (F2,24 = 1.669, p = 0.210) or hatching success (χ2
2 = 0.420, p = 0.811).  Hatching 

success was also not affected by egg mass cadmium exposure (χ2
1 = 1.179, p = 0.278; 

Table 2).  Time to hatch depended on parental cadmium exposure (F2,47 = 4.000, p = 

0.025), with a Tukey’s honestly significant difference test using a Bonferroni correction 

such that α = 0.017 showing that egg masses laid by snails exposed to 2 µg/L cadmium 

tended to hatch sooner than those laid by control snails (p = 0.019), but time to hatch did 

not differ between egg masses laid by snails exposed to 0 and 20 µg/L cadmium (p = 

0.248).  Time to hatch was not affected by egg mass cadmium exposure (F1,47 = 1.834, p 

= 0.182). 

 Survival of juveniles exposed to 0 μg/L cadmium was 99.5% over 72 hours.  

Among juveniles exposed to 150 μg/L cadmium, snails from cadmium-exposed egg 

masses displayed greater survival in the cadmium challenge than snails from unexposed 

egg masses (z = 4.118, p < 0.001; Fig. 2) and parental treatment was not significant (z = -

1.697, p = 0.090).  When egg masses were exposed to cadmium, parental cadmium 

exposure had no effect on juvenile cadmium survival (χ2
2 = 0.600, p = 0.757).  However, 

when egg masses were not exposed to cadmium, offspring of adults exposed to 20 μg/L 

had greater survival in cadmium than offspring of parents exposed to 0 or 2 μg/L 

cadmium (χ2
2 = 7.400, p = 0.025).   

DISCUSSION 

To our knowledge, this is the first study to evaluate the interactive effects of 

developmental plasticity and parental effects on environmental toxicant tolerance.  Our 

results showed that parental cadmium exposure only impacted offspring cadmium 
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tolerance when developmental cadmium exposure did not occur, suggesting that exposure 

to environmental toxicants during development may, in some cases, have a stronger 

affect on subsequent offspring toxicant tolerance than parental exposures.  However, it 

remains to be tested whether developmental exposure would also have a greater impact 

than parental exposure on offspring tolerance and fitness if the toxicant was not persistent 

or under a different combination of exposure concentrations.  If some of the variation 

underlying cadmium resistance traits is heritable, including genes for plasticity itself, 

stressor exposure could have significant evolutionary consequences for populations 

[138].  Our results have implications for both the tolerance of offspring to environmental 

toxicants when parents are exposed and provide added insight into our understanding of 

potential adaptive mechanisms. 

While this study and others using wild-caught organisms have shown that parental 

experience can have a significant effect on how offspring respond to environmental 

conditions, including toxicants, an alternate approach to using wild-caught animals is to 

use animals raised in the laboratory (F1 or later generations of wild-caught organisms) in 

an effort to reduce uncertainty concerning characteristics of the parental environment.  

Whether using wild-caught or lab-raised animals is more representative of responses in 

the wild is an important question for ecotoxicology, but one for which there is little 

research.  Outside of ecotoxicology, studies have reported a strong influence of the 

parental environment on offspring traits.  For example, studies comparing the reactions of 

wild-caught and lab-raised organisms to predators have reported differences in predator-

induced behavioral, morphological, and life history traits, with wild-caught organisms 

showing stronger responses to predators than lab-raised organisms [11, 144]. 
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Parental exposure to an environmental stressor can increase or decrease offspring 

stressor tolerance [12].  Parental exposure to relatively low metal concentrations has 

induced increased offspring metal tolerance in a variety of organisms.  Fathead minnows 

exposed to 100 μg/L copper for 5 days [54], daphnia exposed to 5 μg/L mercury for 4 

days [18], and bryozoans exposed to 300 μg/L copper for 6 h [14] have all produced 

offspring with increased metal tolerance.  However, the duration of this increased metal 

tolerance is unknown.  Increased copper tolerance recorded in 0-day-old offspring of 

copper-exposed fathead minnows disappeared by day 8 [56], but a week after bryozoans 

were exposed to 300 μg/L copper for only 6 h, they produced larvae with increased 

copper tolerance [14].  At present, there are too few examples in the literature that 

explore parental effects of contaminant exposure to develop either generalities of 

response or more specific hypotheses related to offspring toxicant tolerance. However, it 

seems likely at least that these types of responses are relevant to relatively low levels of 

stress and, hence, may be common. 

 The predominant view in ecotoxicology is that exposure to a toxicant during 

development is likely to cause adverse effects (such as reduced reproductive success and 

development speed) and the literature is replete with examples, including effects of 

cadmium on freshwater snails [145-147].  Fewer studies have evaluated how prior 

toxicant exposure during development alters toxicant tolerance in organisms.  The few 

available studies have addressed exposure to metals and found that toxicant exposure 

increases toxicant tolerance [148, 149], and it increased juvenile cadmium tolerance in 

the current study.  Increased cadmium tolerance in snails from cadmium-exposed egg 

masses could have resulted from cadmium passing through membranes and into eggs, 
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thus increasing production of protective proteins (e.g., metallothionein-like proteins), 

other stress-induced proteins (e.g., heat shock proteins), or their mRNA in developing 

snails.  Cadmium uptake could also have occurred in newly hatched individuals in the 

two days before the cadmium challenge, but little cadmium likely remained in solution in 

the plastic containers after the 6 or more days to hatch.  Additional studies involving 

species from other taxa and different toxicants are needed to better understand the 

generality of plastic responses to both parental and developmental toxicant exposure.  For 

example, a working hypothesis could relate to the duration and magnitude of toxicant-

induced parental and developmental effects.  Given that many toxicants are present in the 

environmental at sublethal levels, it seems plausible that parental and developmental 

exposure to environmentally relevant toxicant concentrations may influence offspring 

responses to stress. 

In general, the most accepted and well-studied hypotheses regarding changes in 

toxicant tolerance are related to selection for more tolerant phenotypes.  This selection 

can occur quickly; in freshwater snails, selection for increased cadmium tolerance 

occurred in only 4 generations [120].  However, there was little evidence in the current 

study that selection was responsible for increased tolerance of offspring.  Egg masses 

from control adults had similar hatching success both with and without egg mass 

cadmium exposure, but juveniles from cadmium-exposed egg masses displayed much 

higher cadmium tolerance than juveniles from unexposed egg masses.  A threshold effect 

of cadmium exposure may have operated on hatching success, with hatching success 

unaffected by egg mass cadmium exposure relative to unexposed egg masses when 

parents were not exposed to cadmium.  When both parents and egg masses were exposed 
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to cadmium, however, hatching success tended to decrease in cadmium-exposed egg 

masses compared to unexposed egg masses as parental cadmium exposure concentration 

increased, but the difference was relatively small (10-26%).  While this could lead to the 

assumption that only more cadmium-tolerant embryos hatched from egg masses laid by 

cadmium-exposed parents, cadmium tolerance was the same in juveniles hatched from 

cadmium-exposed egg masses regardless of parental exposure concentration.  Increased 

cadmium tolerance in the offspring of adults exposed to 20 μg/L cadmium without egg 

mass exposure could have been the result of maternal transfer of cadmium, mRNA 

coding for metallothionein-like proteins, or metallothionein-like proteins themselves [46, 

101].  For example, female tilapia (Oreochromis mossambicus) injected with cadmium, 

both oocytes and newly hatched larvae contained elevated metallothionein mRNA, 

potentially increasing cadmium tolerance of larvae via early translation after hatching and 

subsequent cadmium exposure [46].  Observed reproductive and toxicant tolerance traits 

were plastic in the current study and were influenced by both the environment of the 

previous generation and developmental stressor exposure. 

The observed effects of cadmium stress on reproduction of adults and toxicant 

tolerance of offspring in the current study depended on exposure timing and 

concentration.  The tendency toward decreased time to hatch in egg masses laid by adults 

exposed to 2 µg/L cadmium compared to controls could have been the result of an 

increased rate of development, a way for hatchlings to potentially escape an unfavorable 

environment despite being less developed at hatching, or both.  A threshold type response 

may generally exist with regard to increased toxicant tolerance in offspring resulting from 

parental or developmental exposures. In this case, it is likely that at certain toxicant 
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concentrations (e.g., 2 ug/L cadmium egg mass exposure) tolerance may be conferred, 

while at higher concentrations direct adverse effects may be more likely.  Additional 

studies are needed to better understand the relationship between toxicant concentration, 

exposure scenario (parental or developmental), and subsequent fitness consequences for 

offspring. 

CONCLUSIONS 

Overall, our results indicate that both parental and developmental exposures to 

environmental toxicants are important to understanding subsequent offspring responses to 

toxicants.  Moreover, the intensity and timing during the life cycle of toxicant exposure 

can strongly influence subsequent responses.  For situations in which both parents and 

offspring experience the same environmental toxicant, our results suggest that the effects 

of parental exposure on offspring tolerance may be eclipsed by exposure during 

development.  Important avenues for future research include investigations into the 

contribution of parental contaminant uptake and maternal transfer to parental effects on 

offspring, and different parent/offspring exposure scenarios resulting from temporally 

variable environmental toxicants and the impact this may have on offspring toxicant 

tolerance and fitness.  That transgenerational and developmental toxicant exposures have 

significant impacts on the subsequent responses of organisms to environmental stress has 

implications for both ecotoxicology and risk assessment. 
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Table 5.1. Number of egg masses and eggs per egg mass laid by adult Physa pomilia 

snails exposed to 0, 2, or 20 μg/L cadmium.  All values are expressed as mean ± s. e, with 

n = 9 per treatment. 

 Parental 

control 

Parental 2 μg/L 

cadmium 

Parental 20 

μg/L cadmium 

No. egg 

masses/snail/ day 

0.42 ± 0.11a 0.46 ± 0.14ab 0.58 ± 0.12b 

No. eggs/mass 39.03 ± 4.63 48.42 ± 4.89 38.36 ± 6.16 
a,bMeans with different letters in a row are statistically different (p ≤ 0.05) 
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Table 5.2. Hatching success and time to hatch for egg masses laid by adult Physa pomilia 

snails exposed to 0, 2, or 20 μg/L cadmium.  Egg masses were exposed to 0 or 2 μg/L 

cadmium.  Snails were transferred to 0 μg/L cadmium water before egg mass collection 

began.  All values are expressed as mean ± s. e, with n = 9 per parental*egg mass 

treatment. 

 Parental control Parental 2 μg/L 

cadmium 

Parental 20 μg/L 

cadmium 

 Control 

eggs 

2 μg/L  

cadmium 

eggs 

Control 

eggs 

2 μg/L  

cadmium 

eggs 

Control 

eggs 

2 μg/L  

cadmium 

eggs 

Proportion 

hatched 

0.81 ± 

0.07 

0.79 ± 

0.11 

0.91 ± 

0.06 

0.82 ± 

0.07 

0.96 ± 

0.03 

0.70 ± 

0.11 

Days to first 

hatch 

7.67 ± 

0.39 

7.50 ± 

0.55 

6.50 ± 

0.20 

6.72 ± 

0.15 

6.50 ± 

0.14 

7.56 ± 

0.43 
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Figure 5.2. Survival of 2 day old Physa pomilia snails exposed to 150 μg/L cadmium.  

Survival was determined at 8 h intervals for 72 h.  Parental snails were exposed to 0, 2, or 

20 μg/L cadmium and egg masses were exposed to 0 or 2 μg/L cadmium in a factorial 

design.  Survival of juveniles exposed to 0 μg/L cadmium was 99.5%.  Capital letters 

represent differences between juveniles hatched from egg masses exposed and not 

exposed to cadmium and lower case letters represent differences among juveniles with 

different parental cadmium exposures among juveniles hatched from egg masses not 

exposed to cadmium (p ≤ 0.05). 
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CHAPTER VI: EFFECT OF PARENTAL TOXICANT EXPOSURE 

ON OFFSPRING ABIOTIC STRESSOR TOLERANCE AND LIFE 

HISTORY TRAITS 

ABSTRACT 

Parental effects can alter offspring traits without changes in the genetic sequence, 

and can thus potentially alter offspring fitness.  Parental stressor exposure can alter 

offspring tolerance not only to the same stressor to which parents were exposed, but also 

to other stressors.  To further explore the effects of parental stressor exposure on 

offspring stressor tolerances, we exposed adult Biomphalaria glabrata snails to 0, 16, or 

50 µg/L cadmium for seven days.  We then transferred snails to clean water and collected 

egg masses.  When hatchlings were ≤48 h old, we exposed them to cadmium, copper, 

heat, cold, and salinity survival challenges and recorded mortality.  Parental cadmium 

exposure did not affect offspring copper or salinity tolerance, but cadmium tolerance was 

greater in the offspring of snails exposed to 16 than 50 µg/L cadmium.  Cold tolerance 

was greater in the offspring of controls than those exposed to 16 or 50 µg/L cadmium, 

while heat tolerance was greater in the offspring of snails exposed to 0 or 50 µg/L 

cadmium than those exposed to 16 µg/L cadmium.  We also raised the offspring of 

toxicant-exposed snails in a factorial design of parental cadmium exposure (0, 16, or 50 

µg/L cadmium)*offspring cadmium exposure (0 or 2 µg/L cadmium)*temperature (25 or 

30°C).  Parental cadmium exposure increased reproduction in the offspring of snails 

exposed to 50 µg/L cadmium compared to controls, while offspring cadmium exposure 

increased the age at which snails first reproduced but did not affect overall reproductive 
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output, though it increased the number of eggs laid per egg mass and decreased the 

number of egg masses laid per snail.  High temperature decreased the overall 

reproductive output.  Parental cadmium exposure and temperature had a marginal effect 

on reproductive output, with the number of eggs laid per snail increasing slightly from 

25°C to 30°C in controls, but decreasing in the offspring of snails exposed to 50 and 

particularly 16 µg/L cadmium.  Overall, offspring stressor tolerance and life history traits 

can be altered by parental toxicant exposure and this may have important implications for 

offspring fitness, particularly if offspring are exposed to stressful conditions themselves. 

INTRODUCTION  

Biotic and abiotic conditions in the parental environment can significantly 

influence offspring traits via parental effects, which alter offspring phenotype by 

mechanisms other than alterations in the DNA sequence [2-4].  Mechanisms for the 

transmission of parental effects include passing epigenetic changes, cytoplasmic and 

somatic factors, nutrients, behavior, and aspects of the surrounding environment from 

parents to offspring [5].  These changes in offspring characteristics as a result of parental 

effects can then result in significant changes in offspring fitness [4, 12].  For example, 

environmental cues such as photoperiod, temperature, and conspecific density can cause 

mothers to produce offspring with certain characteristics, such as diapausing or dispersive 

offspring in insects and dormant seeds in plants [4].  And in many bird species, transfer 

of nutrients from mother to offspring, as measured by egg size, is positively correlated 

with offspring growth and survival [9].  Additionally, in the seed beetle (Stator limbatus), 

offspring size, rate of development, and survival varied with the maternal host plant [10].  
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Parental effects can significantly alter offspring traits, resulting in substantial changes in 

offspring fitness. 

Offspring stressor tolerance can be enhanced by parental exposure to the same 

stressor to which offspring are exposed [4]. For example, the offspring of fall field 

crickets (Gryllus pennsylvanicus) that were exposed to predatory wolf spiders (Hogna 

helluo) during gestation displayed greater immobility (anti-predator behavior) in the 

presence of predators than the offspring of controls, increasing the survival of the 

offspring of predator-exposed females [15].  Additionally, the offspring of sheepshead 

minnows (Cyprinodon variegatus) exposed to 34ºC for 30 days grew faster in a 34ºC 

environment than the offspring of fish exposed to 24 or 29ºC.  Additionally, in a 24ºC 

environment, offspring of fish held at 24ºC had a higher growth rate than offspring of fish 

held at 29 or 34ºC [150].  Offspring of guppies (Poecilia reticulata) acclimated to 

seawater also had higher survival in seawater than the offspring of controls [151].  

Exposure of parents to a stressor can ‘prepare’ their offspring for that stressor by 

increasing their tolerance and thus fitness. 

 However, parental exposure to a stressor can also alter offspring trait responses to 

other stressors.  Offspring of the cladoceran Moina macrocopa that were exposed to 

humic substances had greater salinity tolerance as measured by body length than 

offspring of controls [152].  Biomphalaria glabrata snails raised with a crayfish + 

crushed conspecific predator cue produced offspring with higher survival when exposed 

to cadmium compared to the offspring of controls [59].  The parental diet in B. glabrata 

also influenced offspring survival in cadmium, with snails raised on a diet of cooked 

lettuce + fish food or uncooked lettuce tending to produce more cadmium tolerant 
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offspring than those fed fish food or cooked lettuce [153].  Additionally, Daphnia magna 

maintained with low food availability produced offspring with greater survival in and 

thus greater tolerance to cadmium [60] and the insecticide fenvalerate [61] than those 

with high food availability.  Colorado potato beetles (Leptinotarsa decemlineata) 

maintained at low temperatures for three generations produced offspring with lower 

survival when exposed to the pyrethroid deltamethrin than the offspring of beetles 

maintained at higher temperatures [63].  Parental stressor exposure can significantly alter 

offspring trait responses to stressors other than those to which parents were exposed. 

 Parental stressor exposure can also alter offspring life history traits.  For example, 

the offspring of mosquitoes raised in low food conditions produced larger clutches of 

eggs than the offspring of adults raised with high food conditions [154].  When fruit flies 

(Drosophila melanogaster) were raised on poor quality food, the offspring of flies that 

were also raised on poor quality food, as measured by sugar, yeast, and cornmeal content, 

developed faster than the offspring of flies raised on standard quality food [113].  In 

contrast, when Telostylinus angusticollis flies were raised on low quality food, the 

offspring of females fed high quality food as larvae developed faster than the offspring of 

females fed low quality food.  Additionally, males fed high quality food as larvae 

produced male offspring with increased mating success and female offspring with 

increased fecundity when the offspring were raised on low quality food compared to the 

offspring of males fed low quality food [155].  When damselfish (Acanthochromis 

polyacanthus) were raised in a low-quantity food environment, the offspring of parents 

maintained in a high-quantity food environment for 6 weeks prior to reproduction had 

higher survival than the offspring of parents maintained with low-quantity food [156].  
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Thus far, studies have shown that parental stressor exposure can affect a range of 

offspring life history traits, including survival, reproduction, and development rate. 

 To further explore the interaction of parental stressor exposure with offspring 

stressor tolerance and life history traits, we collected egg masses from adult B. glabrata 

snails following adult snail exposure to one of three cadmium concentrations. We then 

recorded survival of their hatchling offspring in heat, cold, salinity, cadmium, and copper 

challenges.  We also raised offspring from hatchlings to 8 weeks old in a factorial 

parental cadmium exposure (0, 16, or 50 µg/L)*offspring cadmium exposure (0 or 2 

µg/L)*temperature (25 or 30ºC) design and measured life history traits, including 

survival, reproduction, and growth. 

MATERIALS AND METHODS 

Parental cadmium exposures and egg mass collection 

B. glabrata acquired from the Biomedical Research Institute in Rockville, 

Maryland, USA were cultured for >3 yrs (>9 generations) at The Institute of 

Environmental and Human Health at Texas Tech University in Lubbock, Texas.  B 

glabrata is a freshwater, pulmonate, hermaphroditic snail [87].  Adult snails from mixed 

NMRI/M-line/BS90 strain cultures were placed in 450 mL glass jars with 400 mL of 

reconstituted moderately hard lab water (3.0 g CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g 

NaHCO3 to 50 L deionized water) with two snails per jar.  Snails were then place in a 

25ºC incubator with a 12:12 light:dark cycle and fed cooked romaine lettuce ad libitum.  

Water was changed every 2 days. 

 After 4 d of acclimation to incubator conditions, 15 parental jars per treatment 

were exposed to 0, 16, and 50 µg/L cadmium for 8 d, with water changes and cadmium 
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concentration renewals every 2 d.  After cadmium exposures, snails were transferred to 

new containers of clean water.  Egg masses were then collected every day beginning the 

next day for 4 d.  For the first two egg masses laid by each parental jar, the number of 

eggs in each egg mass was recorded and the egg masses were placed separately in 30 mL 

glass jars with 20 mL of lab water to develop.  Time to hatch and hatching success was 

also recorded for these egg masses. 

Hatchling offspring stressor tolerance 

Hatchlings were fed fish food (goldfish flakes, Tetrafin) after hatch.  When 

juveniles were ≤48 h old, five snails per stressor per parental pair were randomly selected 

and exposed to 200 µg/L cadmium, 125 µg/L copper, 35.5ºC heat, 13.21 mS/cm salinity, 

and 6ºC cold.  Juveniles were not fed during stressor exposures.  For metal exposures, 

juveniles were placed in 125 mL BPA-free plastic containers with 100 mL lab water that 

had been soaked in their respective metal concentrations for 24 h prior to experimental 

use.  Survival was recorded every 12 h for 72 h.  For heat, cold, and salinity exposures, 

juveniles were placed in 100 mL lab water in 125 mL glass jars and covered to prevent 

evaporation.  Survival was recorded every 12 h for 96 h for heat exposures and for 72 h 

for salinity exposures.  Cold survival was recorded once after 9.5 h. 

Offspring long term stressor effects on life history 

A second group of adult B. glabrata snails were exposed to 0, 16, or 50 µg/L 

cadmium and egg masses were collected following exposure using the same methods as 

described above, with 16 parental pairs per cadmium concentration.  Hatchlings were fed 

fish food (goldfish flakes, Tetrafin) after hatch.  When juveniles were ≤3 d old, 3 

juveniles per container were placed in 450 mL lidded, BPA-free plastic containers with 
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100 mL of lab water.  Juveniles were raised in a factorial design of parental cadmium 

exposure (0, 16, or 50 µg/L)*offspring cadmium exposure (0 or 2 µg/L 

cadmium)*temperature (25±1 or 30±1ºC), for a total of 4 containers of 3 snails per 

parental pair, until they were 8 weeks old.  Long-term cadmium exposure has previously 

been shown to decrease fecundity and increase mortality and age at first reproduction in 

B. glabrata [157].  Snails were fed cooked romaine lettuce and fish food, and water was 

changed twice per week.  Water volume was increased as snails grew, from 100 mL to 

200 mL when snails were 3 weeks old, and from 200 mL to 400 mL when snails were 4.5 

weeks old. 

 We recorded offspring snail mortality, growth, and reproduction to measure the 

effect of parental cadmium exposure on offspring life history.  At each water change, 

snail mortality was noted and the number of egg masses laid was recorded before 

removing them from containers.  A subsample of 2 egg masses per container was 

collected at each water change to count the number of eggs laid per egg mass.  The 

number of eggs laid by the snails in each container was calculated by multiplying the 

average number of eggs per egg mass (from the 2 sampled egg masses from each 

container) by the number of egg masses laid.  When snails were 8 weeks old, one egg 

mass per container was collected and placed in 100 mL of lab water at the cadmium 

concentration to which parents were exposed (0 or 2 µg/L) in a 125 mL BPA-free plastic 

container to measure time to hatch and hatching success.  Also at this time, snail length 

was measured to the nearest 0.01 mm using calipers. 

Chemicals 
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Cadmium (cadmium chloride 99.99+%, Sigma-Aldrich, MO, USA) exposure 

solutions were made from a 127,466.7 µg/L cadmium stock solution containing 3% nitric 

acid.  Freshwater cadmium concentrations are typically <1 μg/L, but disturbed areas can 

reach 10 μg/L cadmium [91].  Different cadmium concentrations were used for adult 

exposures and for raising hatchlings because these life stages possess different 

contaminant sensitivities [89].  Copper (copper sulfate 2.00 ± 0.02 g/L, Ricca Chemical 

Company, TX, USA) exposure solutions were made from a 200,000 µg/L copper stock 

solution containing 3% nitric acid.  Naturally occurring freshwater copper concentrations 

range from 0.2 to 30 µg/L [158].  The salinity exposure solution was made in a single 

batch using Instant Ocean Aquarium Sea Salt Mixture (Instant Ocean, VA, USA). 

Statistical analyses 

Data were evaluated for assumptions of parametric statistics using visual 

diagnostics.  For parental snails, survival, the average number of egg masses laid per 

snail per day, and the average number of eggs per egg mass were analyzed via analysis of 

variance (ANOVA).  For offspring snails, survival and length at 8 weeks old were 

analyzed by three-way ANOVA with parental cadmium concentration, offspring 

cadmium exposure, and offspring temperature as factors.  Snail length was analyzed as 

the average length for each container.  The average number of egg masses laid per snail 

per day and the average number of eggs per egg mass were analyzed using a repeated 

measures three-way ANOVA.  If differences between treatments were detected by 

ANOVA, pairwise comparisons were performed using a Tukey’s Honestly Significant 

Difference Test.  Because data were not normally distributed, egg mass hatching success 

and juvenile offspring survival in cold were analyzed using the Kruskal-Wallis test.  Egg 
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mass time to hatch, offspring age at first reproduction, and juvenile offspring survival in 

cadmium, copper, heat, and salinity were analyzed via time to event analysis.  For 

offspring endpoints, data were analyzed by parental cadmium concentration, offspring 

cadmium concentration, and temperature separately with a Bonferroni correction because 

time to event analysis cannot test interactive effects.  Time to event analysis was 

performed using the MASS [97] and Survival [98] packages in R.  In short, the Mantel-

Cox test (also known as the log-rank test) was used to compare survival between 

treatments by calculating the observed and expected number of events per time point for 

each treatment.  The differences between the expected and observed values at each time 

point were summed and a χ2 statistic was computed to test the null hypothesis that there is 

no difference between treatments [e.g., 96].  If differences between treatments were 

found using the Kruskal-Wallis test or time to event analysis, pairwise comparisons were 

performed using a Bonferroni correction.  All analyses were done in R version 2.11.1 

with α = 0.05 [99]. 

RESULTS 

Parental survival and reproduction 

Group 1 parents refer to those whose offspring were used for short term tests of 

stressor tolerance to cadmium, copper, heat, cold, and salinity and group 2 parents refer 

to those whose offspring were raised in a parental cadmium exposure*offspring cadmium 

exposure*temperature design.  Parental survival did not differ by cadmium exposure 

treatment in either group (1: F2,42 = 2.1538, p = 0.1287; 2: F2,45 = 1.9444, p = 0.1549; 

Table 6.1).  In both groups of parental snails, the number of egg masses laid per snail per 

day was greater in controls than snails exposed to 50 µg/L cadmium (1: F2,42 = 7.4813, p 
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= 0.0017; 2: F2,45 = 9.343, p = 0.0004).  In group 1, snails exposed to 16 µg/L cadmium 

also tended to lay more egg masses than those exposed to 50 µg/L cadmium (p = 0.0844).  

In group 2, controls snails also tended to lay more egg masses than snails exposed to 16 

µg/L cadmium (p = 0.0646).  Control snails also tended to lay more eggs per egg mass 

than those exposed to 50 µg/L cadmium (1: F2,42 = 3.1812, p = 0.0517; 2: F2,44 = 4.8971, 

p = 0.0120).  Egg mass hatching success (1: χ2
2 = 0.2012, p = 0.9043; 2: χ2

2 = 4.6266, p = 

0.0989) and time to hatch (1: χ2
2 = 0.9, p = 0.6460; 2: χ2

2 = 0.7000, p = 0.6890) did not 

vary with parental treatment. 

Hatchling offspring stressor tolerance 

 For juvenile offspring short term stressor exposures, offspring of snails exposed to 

16 µg/L cadmium were more cadmium tolerant than offspring of snails exposed to 50 

µg/L cadmium (χ2
2 = 13, p = 0.00151; Figure 6.1).  Offspring of control snails also 

tended to be more cadmium tolerant than offspring of snails exposed to 50 µg/L cadmium 

(p = 0.0244).  Control offspring were more tolerant of high temperatures than the 

offspring of snails exposed to 16 µg/L cadmium (χ2
2 = 8, p = 0.0184; Figure 6.2).  The 

offspring of snails exposed to 50 µg/L cadmium also tended to be more heat tolerant than 

those of snails exposed to 16 µg/L cadmium (p = 0.0273).  Control offspring were more 

tolerant of cold temperature than offspring of snails exposed to 50 µg/L cadmium (χ2
2 = 

7.7075, p = 0.0212) and tended to be more cold tolerant than offspring of snails exposed 

to 16 µg/L cadmium (p = 0.0263).  Offspring copper (χ2
2 = 3.9, p = 0.141; Figure 6.3) 

and salinity (χ2
2 = 0.5, p = 0.776; Figure 6.4) tolerances were not affected by parental 

cadmium exposure. 

Offspring long term stressor effects on life history 
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 Offspring survival was not affected by parental cadmium exposure (F2,172 = 

1.9407, p = 0.1467), offspring cadmium exposure (F1,172 = 0.0572, p = 0.8113), or 

temperature (F1,172 = 2.0578, p = 0.1532; Table 6.2).  Age at first reproduction was not 

affected by parental cadmium exposure (χ2
2 = 2.0000, p = 0.3730) or temperature (χ2

1 = 

0.9000, p = 0.3530), but was greater in offspring exposed to cadmium than controls (χ2
1 = 

7.0000, p = 0.0082; Figure 6.5).  The effects of offspring cadmium exposure and 

temperature were additive (χ2
3 = 7.9000, p = 0.0482), with exposure to cadmium having a 

greater lengthening effect on age at first reproduction at 30°C than at 25°C.  Overall 

reproduction, as measured by the number of eggs laid per snail per day, increased over 

time (F1,1432 = 1052.9637, p ≤0.0001), but was unaffected by offspring cadmium exposure 

(F1,1432 = 2.4758, p = 0.1158; Figure 6.6).  The number of eggs laid tended to be greater 

both in snails exposed to 25°C compared 30°C (F1,1432 = 3.1881, p = 0.0744) and in the 

offspring of parental snails exposed to 50 µg/L cadmium compared to the offspring of 

control snails (F2,1432 = 2.6937, p = 0.0680), with differences among parental treatments 

increasing with snail age.  The interaction of temperature and parental cadmium exposure 

was also marginally significant (F2,1432 = 2.6190, p = 0.0732), with the number of eggs 

laid increasing slightly from 25°C to 30°C in controls, but decreasing in the offspring of 

snails exposed to 50 and particularly 16 µg/L cadmium.  This difference was primarily 

driven by a sharp decrease in reproduction in the offspring of snails exposed to 16 µg/L 

cadmium from 25 to 30°C when offspring were also exposed to cadmium.  Differences in 

overall reproduction resulted from differences in both the number of egg masses laid per 

snail and the number of eggs laid per egg mass.  The number of eggs laid per egg mass 

increased with snail age (F1,784 = 299.8338, p ≤ 0.0001) and was greater in snails exposed 
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to cadmium than in controls (F1,784 = 11.0326, p = 0.0009), but was unaffected by 

parental cadmium exposure (F2,784 = 0.4402, p = 0.6441) or temperature (F1,784 = 0.4875, 

p = 0.4853).  The interaction of offspring cadmium exposure and temperature was also 

significant (F1,784 = 7.8395, p = 0.0052), with the number of eggs laid per egg mass 

increasing from 25 to 30°C when snails were not exposed to cadmium, but decreasing 

when snails were exposed to cadmium.  The number of egg masses laid per snail per day 

increased over time (F1,1432 = 866.3583, p ≤0.0001) and was greater in snails exposed to 0 

than 2 µg/L cadmium (F1,1432 = 13.4215, p = 0.0003) and in snails exposed to 25 

compared to 30°C (F1,1432 = 4.6031, p = 0.0321).  The offspring of snails exposed to 50 

µg/L cadmium also laid more egg masses than the offspring of controls (F2,1432 = 3.8861, 

p = 0.0207).  Offspring snail length at 8 weeks old was unaffected by parental cadmium 

exposure (F2,170 = 1.1730, p = 0.3119), offspring cadmium exposure (F1,170 = 0.3445, p = 

0.5580), or temperature (F1,170 = 2.1929, p = 0.1405). 

DISCUSSION 

In the current study, parental cadmium exposure altered both offspring stressor 

tolerance and life history traits.  Compared to control offspring, tolerance to cold was 

reduced in the offspring of snails exposed to 50 µg/L cadmium and tended to be reduced 

in the offspring of snails exposed to 16 µg/L cadmium, tolerance to heat was reduced in 

the offspring of snails exposed to 16 µg/L cadmium, and tolerance to cadmium tended to 

be reduced in the offspring of snails exposed to 50 µg/L cadmium.  Snail age at first 

reproduction was increased by direct cadmium exposure and the interaction of cadmium 

exposure and high temperature, while reproductive output tended to be decreased by high 

temperature, but increased in the offspring of snails exposed to 50 µg/L cadmium 
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compared to controls.  Temperature and parental cadmium exposure also had a 

marginally significant effect on snail reproductive output. 

In the current study, short-term offspring snail tolerances to heat, cold, and 

cadmium relative to controls were dependent on the cadmium concentration to which 

parents were exposed.  Parental exposure to toxicants has the potential to alter offspring 

tolerance to a variety of non-toxicant stressors.  For example, the offspring of bryozoans 

(Bugula neritina) that were exposed to copper produced offspring with poorer 

performance, as measured by survival and colony size, at high conspecific densities than 

the offspring of control parents [14].  Hatchling offspring of red-eared slider turtles 

(Trachemys scripta) captured from metal-contaminated sites had lower metabolic rates 

than offspring of control adults at 30°C but not 25°C [27].  On the other hand, when the 

larval offspring of American toads (Bufo americanus) collected from a mercury-

contaminated site were exposed to predatory odonate nymphs, the interaction of parental 

and offspring stressors had no effect on offspring morphology, development, or survival 

[42].  Additionally, parental pesticide exposure did not affect offspring tolerance of 

competition, in the form of the presence or absence of conspecifics, or nutrient stress, in 

the form of low or high food availability, in the freshwater snail Lymnaea stagnalis.  

However, egg masses were collected for offspring experiments at least 1.5 months after 

the last parental pesticide exposures, decreasing the likelihood of detecting parental 

effects of pesticide exposure [58].  Though few data are available thus far, the effects of 

parental stressor exposure on offspring tolerance to a second stressor may be dependent 

on the types of stressors involved and the physiological mechanisms underlying organism 

responses to them. 
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In the current study, parental exposure to cadmium affected snails’ reproductive 

output, but not age at first reproduction, survival, or size.  The number of eggs laid per 

snail by the offspring of snails exposed to 50 µg/L cadmium tended to be greater than the 

number laid by controls because of differences in the number of egg masses laid per 

snail, rather than the number of eggs laid per egg mass.  Parental cadmium exposure also 

had an interactive effect with offspring temperature on the number of eggs laid per snail, 

with reproduction increasing slightly from 25 to 30°C in controls overall but decreasing 

in the offspring of snails exposed to 50 and particularly 16 µg/L cadmium.  Parental 

toxicant exposure has the potential to influence a variety of offspring life history traits.  

Reduced survival of the offspring of toxicant-exposed organisms has been reported in 

daphnia [17], bryozoans [14], amphibians [24, 38], reptiles [29], and fish [21].  

Differences in survival may be delayed, as in the case of the offspring of snapping turtles 

(Chelydra serpentina) exposed to polychlorinated biphenyls whose survival decreased 

compared to controls beginning at 8-9 months old [29].  Reproduction in the F1 

generation can also be affected by parental toxicant exposure.  Though exposure to 0.5 or 

5 µg/L mercury for 4 days in Daphnia magna did not affect the number of neonates 

produced by their offspring [18], D. pulex raised in 20 µg/L copper produced offspring 

that, in turn, produced reduced clutch sizes compared to the offspring of controls, 

particularly when offspring were also exposed to copper [48].  Additionally, offspring of 

killifish (Fundulus heteroclitus) exposed to a mercury- or PCB-contaminated diet had 

lower egg fertilization success than the offspring of controls [47].  Parental toxicant 

exposure can also affect offspring size.  For example, the mass of American toads (Bufo 

americanus) was not affected by parental mercury exposure at hatching, but was reduced 
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by 14% at Gosner stages 42 and 46 compared to the offspring of controls [41].  When 

killifish were exposed to polycyclic aromatic hydrocarbons (PAHs), the length of their 

offspring was greater than that of the offspring of controls at hatching, but less than that 

of control offspring at 14 days old [52].  Parental exposure to toxicants can affect a 

variety of life history traits in their offspring, which can then potentially alter offspring 

fitness and thus population level endpoints such as population growth rates. 

Differences in stressor tolerance challenges and life history traits by parental 

cadmium exposure in the current study were unlikely to be caused by selection.  Parental 

snails in both groups showed no differences in survival by cadmium exposure and the egg 

masses they produced had no differences in hatching success or time to hatch.  However, 

that adult snails exposed to 50 µg/L cadmium were likely stressed is apparent from the 

reduction in egg masses laid per snail per day in both groups, and in the number of eggs 

laid per egg mass in group 2.  This adult stress at 50 µg/L parental cadmium translated 

into reduced offspring tolerance to cadmium and cold in stressor challenges and increased 

offspring reproduction when exposed to long-term cadmium, while adult exposure to 16 

µg/L cadmium resulted in reduced offspring tolerance to heat.   

Changes in stressor tolerance of offspring can be caused by a variety of factors.  

Zebra mussels (Dreissena polymorpha) exposed to low metal concentrations (1 µg/L 

cadmium, 1 µg/L copper, or 0.8 µg/L mercury) exhibited increased transcription of genes 

coding for the stress proteins metallothionein, superoxide dismutase, catalase, glutathione 

S transferase, glutathione peroxidase, cytochrome c oxidase, multixenobiotic resistance 

gene P-gp1, and heat shock proteins HSP70 and HSP90 [159].  This mRNA can then be 

transferred from parent to egg.  In female tilapia (Oreochromis mossambicus) exposed to 
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500 μg/kg cadmium chloride via intraperitoneal injection, their oocytes and hatchlings 

had increased metallothionein mRNA compared to controls [46].  Cadmium has also 

been shown to cause DNA strand breaks in the snail Potamopyrgus antipodarum [160], 

which could negatively affect offspring development.  While parental metal exposure has 

been shown to result in the production of offspring with increased tolerance to the same 

metal in snails [57], bryozoans [14], daphnia [18], and fish [46, 55], we do not report a 

similar increase in tolerance in the current study.  This could be a result of several factors, 

including parental cadmium exposure concentrations that were either too high to result in 

transmission of tolerance to offspring and instead resulted in transmission of negative 

effects or too low to result in sufficient upregulation of metallothionein for transmission 

to offspring that would result in increased tolerance.  Another possibility is that genetic 

changes occurred in the laboratory snail culture from which our experimental snails were 

taken compared to populations of wild organisms.  Additionally, the influence of parental 

cadmium exposure on tolerance to some stressors (cadmium, cold, heat), but not others 

(copper, salinity), may be related to characteristics of the stressor itself and organisms’ 

physiological mechanisms of tolerance in relation to those of the stressor to which 

parents were exposed [e.g., 153].  In long-term cadmium exposures, the stimulatory 

effect of parental exposure to 50 µg/L cadmium on the number of eggs laid per snail, in 

combination with the lack of response at 16 µg/L cadmium, implies a possible hormetic 

response to parental cadmium exposure.  The transfer of stress factors from parents to 

offspring at the high parental cadmium concentration may have prompted offspring to 

expend more energy on egg production than the offspring of unexposed adults. 

CONCLUSIONS 



Texas Tech University, Stephanie Plautz, August 2013 
 

110 
 

Overall, our results showed that parental toxicant exposure can alter offspring 

tolerance to stressful conditions in both the short and long term, and to stressors other 

than those to which parents were exposed.  The characteristics of the offspring stressors 

may also influence whether tolerance is altered by parental toxicant exposure.  Though 

little data is available, we believe that the effect of parental toxicant exposure on 

offspring stressor tolerance and life history is an important avenue of future research 

because of its implications for population responses to stressors outside the laboratory 

and for population persistence.  Possible directions for future research include the effects 

of other stressors on offspring traits and mechanisms by which parental toxicant exposure 

alters offspring traits.  
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Table 6.1. Parental survival and reproduction, and offspring cold tolerance, in 

Biomphalaria glabrata snails exposed to 0, 16, or 50 µg/L cadmium (mean ± standard 

error).  Offspring of group 1 parents were used for juvenile short term stressor tests and 

offspring of group 2 parents were used to measure long term stressor effects on life 

history traits.   

  0 µg/L 

cadmium 

16 µg/L 

cadmium 

50 µg/L 

cadmium 

Group 1  Adult survival 1.00 ± 0.00 1.00 ± 0.00 0.93 ± 0.05 

 No. egg 

masses/snail/day 

0.91 ± 0.08a 0.75 ± 0.06ab 0.54 ± 0.05b 

 No. eggs/egg mass 44.17 ± 1.51 39.13 ± 1.83 37.03 ± 2.66 

 Egg mass hatching 

success 

0.93 ± 0.04 0.93 ± 0.05 0.97 ± 0.02 

 Egg mass time to 

hatch 

6.27 ± 0.15 6.37 ± 0.13 6.20 ± 0.11 

 Offspring cold 

survival 

0.94 ± 0.03a 0.79 ± 0.06ab 0.69 ± 0.08b 

Group 2  Adult survival 1.00 ± 0.00 0.97 ± 0.03 0.91 ± 0.05 

 No. egg 

masses/snail/day 

0.75 ± 0.04a 0.57 ± 0.05ab 0.41 ± 0.07b 

 No. eggs/egg mass 34.75 ± 1.74a 30.41 ± 2.00ab 26.50 ± 1.81b 

 Egg mass hatching 

success 

0.98 ± 0.01 0.99 ± 0.00 0.99 ± 0.01 

 Egg mass time to 

hatch 

5.91 ± 0.05 5.94 ± 0.09 6.00 ± 0.10 

a,bMeans in the same row with different letters are statistically different (p ≤ 0.05).
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Table 6.2. Offspring survival, reproduction, and growth when parental Biomphalaria glabrata snails were exposed to 0, 16, or 50 µg/L 

cadmium (mean ± standard error).  Offspring were raised in 0 or 2 µg/L cadmium and at 25 or 30ºC. 

 Parental 0 µg/L cadmium Parental 16 µg/L cadmium Parental 50 µg/L cadmium 

 
Offspring 0 

µg/L cadmium 
Offspring 2 

µg/L cadmium 
Offspring 0 

µg/L cadmium 
Offspring 2 

µg/L cadmium 
Offspring 0 

µg/L cadmium 
Offspring 2 

µg/L cadmium 

 25ºC 30ºC 25ºC 30ºC 25ºC 30ºC 25ºC 30ºC 25ºC 30ºC 25ºC 30ºC 

Survival 
0.87 ± 
0.08 

0.84 ± 
0.06 

0.89 ± 
0.06 

0.84 ± 
0.08 

0.96 ± 
0.03 

0.91 ± 
0.05 

0.91 ± 
0.05 

0.87 ± 
0.04 

0.94 ± 
0.03 

0.91 ± 
0.05 

0.98 ± 
0.02 

0.90 ± 
0.04 

Age at first 
reproduction (days) 

40.6 ± 
1.4 

41.4 ± 
1.5 

43.0 ± 
1.5 

45.6 ± 
1.4 

41.4 ± 
1.5 

42.6 ± 
1.2 

43.5 ± 
1.4 

47.3 ± 
1.3 

40.3 ± 
1.5 

41.5 ± 
1.4 

43.9 ± 
1.3 

44.4 ± 
1.6 

Number of egg 
masses laid/snail/day 

0.36 ± 
0.09 

0.31 ± 
0.10 

0.23 ± 
0.09 

0.27 ± 
0.09 

0.34 ± 
0.09 

0.30 ± 
0.09 

0.34 ± 
0.10 

0.24 ± 
0.10 

0.34 ± 
0.09 

0.37 ± 
0.09 

0.34 ± 
0.10 

0.30 ± 
0.10 

Number of eggs/egg 
mass 

18.77 
± 1.51 

21.20 
± 2.05 

23.05 
± 2.41 

21.80 
± 1.85 

19.72 
± 1.75 

20.72 
± 1.64 

22.05 
± 2.02 

20.83 
± 2.28 

20.09 
± 1.82 

20.53 
± 1.78 

21.05 
± 1.82 

20.74 
± 1.89 

Number of eggs 
laid/snail/day 

6.90 ± 
1.95 

6.62 ± 
2.22 

5.75 ± 
2.37 

6.25 ± 
2.29 

7.16 ± 
2.09 

6.65 ± 
2.27 

8.01 ± 
2.62 

5.20 ± 
2.20 

7.48 ± 
2.18 

7.79 ± 
2.13 

7.41 ± 
2.35 

6.71 ± 
2.53 

Length at 8 weeks 
(mm) 

9.84 ± 
0.26 

10.40 
± 0.41 

9.92 ± 
0.37 

10.46 
± 0.32 

10.11 
± 0.40 

10.58 
± 0.30 

10.31 
± 0.27 

10.31 
± 0.39 

10.14 
± 0.33 

10.57 
± 0.25 

10.83 
± 0.25 

10.56 
± 0.39 
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Figure 6.1. Biomphalaria glabrata offspring survival in 200 µg/L cadmium over 72 h 

when parents were exposed to 0, 16, or 50 µg/L cadmium for 7 days. 
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Figure 6.2. Biomphalaria glabrata offspring survival at 35.5ºC over 96 h when parents 

were exposed to 0, 16, or 50 µg/L cadmium for 7 days. 
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Figure 6.3. Biomphalaria glabrata offspring survival in 125 µg/L copper over 72 h when 

parents were exposed to 0, 16, or 50 µg/L cadmium for 7 days. 
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Figure 6.4. Biomphalaria glabrata offspring survival at 13.21 mS/cm salinity over 72 h 

when parents were exposed to 0, 16, or 50 µg/L cadmium for 7 days. 
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Figure 6.5. Age at first reproduction of Biomphalaria glabrata snails when parents were 

exposed to 0, 16, or 50 µg/L cadmium (Cd) and offspring were raised in 0 or 2 µg/L Cd 

and at 25 or 30°C. 
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Figure 6.6. Average number of eggs laid per snail per day by Biomphalaria glabrata 

snails when parents were exposed to 0, 16, or 50 µg/L cadmium (Cd) and offspring were 

raised in 0 or 2 µg/L Cd and at 25 or 30°C. 
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CHAPTER VII: CONCLUSIONS 

Overall, the results of these experiments show that both biotic and abiotic 

conditions in the parental environment can significantly affect offspring responses to 

toxicants and other stressors.  In the first experiment, parental exposure to predator cues 

increased offspring cadmium tolerance compared to controls, but had no effect on 

malathion tolerance.  In the second, parental mating strategy affected offspring tolerance 

to both cadmium and malathion, while parental diet affected offspring cadmium tolerance 

but only marginally influenced malathion tolerance.  In the third, egg mass exposure to 

cadmium obscured the effects of parental cadmium exposure, but when only parents were 

exposed, parental effects on offspring cadmium tolerance were dependent on the parental 

exposure concentration.  Finally, in the fourth experiment, the effects of parental 

cadmium exposure on offspring abiotic stressor tolerance were dependent on the stressor, 

with offspring tolerance to cadmium, heat, and cold significantly altered but tolerance to 

copper and salinity unaffected.  Additionally, the reproductive output of offspring was 

increased by parental cadmium exposure and was altered by the interactive effect of 

parental cadmium concentration and temperature. 

 From these results, I report several trends.  First, parental stress may result in 

production of offspring with increased stressor tolerance, as seen in parental predator cue 

and diet exposures with offspring exposed to malathion and cadmium, or decreased 

stressor tolerance, as seen in parental Biomphalaria cadmium exposures with offspring 

exposed to cadmium, copper, heat, cold, and salinity challenges.  Second, the presence of 

a parental effect depended on both the parental stressor and the stressor to which 
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offspring were exposed.  In parental predator cue exposures, offspring tolerance to 

cadmium but not malathion was affected, while parental diet and mating strategy affected 

both cadmium and malathion tolerance as measured by survival when offspring were 

exposed to toxicants.  Additionally, parental cadmium exposure affected offspring 

tolerance to cadmium, heat, and cold, but not salinity or copper.  Third, when parental 

organisms are exposed to a toxicant, the toxicant concentration plays a role in whether a 

parental effect occurs.  When parental Physa were exposed to cadmium, offspring 

cadmium tolerance was increased when parents were exposed to 20 µg/L but not 2 µg/L 

cadmium.  When parental Biomphalaria were exposed to 0, 16, or 50 µg/L cadmium, 

offspring tolerance to cadmium and cold was decreased by parental exposure to 50 µg/L 

cadmium, while offspring tolerance to heat was decreased by parental exposure to 16 

µg/L cadmium.  Additionally, the offspring of parents exposed to 50 µg/L, but not 16 

µg/L, cadmium tended to produce more eggs per snail than control offspring.  Fourth, 

toxicity of a contaminant to egg masses, as measured by hatching success and time to 

hatch, may not always be a good predictor of offspring tolerance to that contaminant.  In 

egg mass cadmium exposures, both egg mass time to hatch and hatching success were 

significantly altered by the same factors that altered offspring cadmium tolerance, making 

egg mass toxicity traits a good indicator of offspring cadmium tolerance.  However, in 

egg mass malathion exposures, egg mass hatching success was affected by neither of the 

factors that altered offspring malathion tolerance, while egg mass time to hatch was either 

significantly or marginally altered by those factors, making egg mass time to hatch a 

better indicator of offspring malathion tolerance than hatching success. 
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 The importance of these results is that they show that parental experience, in the 

form of biotic and abiotic conditions in the parental environment, can significantly affect 

offspring fitness by altering offspring tolerance to toxicants and other stressors.  Though 

little research has been conducted regarding the effect of the parental biotic and abiotic 

environment on offspring toxicant tolerance, I believe this is an important avenue of 

research due to its implications for population responses to stress and thus population 

persistence.  These results also suggest two overarching general principles consider in 

future research.  First, mechanisms of chemical toxicity as well as mechanisms of 

organismal stressor tolerance (e.g., detoxification mechanisms) may influence whether 

parental effects alter offspring stressor tolerance.  Second, the intensity and timing of 

toxicant exposure during the organism’s life cycle can strongly influence subsequent 

responses.  These results also may have implications for the relationship between the 

results of experiments done using laboratory test species and those performed using wild 

populations, given that the environment of the parents may influence the results of 

stressor tolerance tests. 

 Avenues for future research include the effects of other abiotic and biotic 

components of the parental environment on offspring traits.  It is also important to 

elucidate mechanisms of parental effects of toxicant exposure and the relationship 

between these mechanisms and changes in offspring traits, including stressor tolerance.  

It is also important to investigate the contribution of parental contaminant uptake and 

maternal transfer to parental effects on offspring traits, as well as the effects of different 

parent/offspring exposure scenarios resulting from temporally variable environmental 
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toxicants and the influence this may have on offspring toxicant tolerance, fitness, and 

population persistence.   
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