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ABSTRACT 

 Quagga mussels, Dreissena bugensis (D. bugensis), are an extremely invasive species 

that have been infesting US waterways alongside their close relative, zebra mussels.  These 

animals, originating in Europe, have traveled to and across North America through transportation 

on ships, fishing boats, and in live wells.  Their invasion has caused large disturbances in the 

balance of freshwater ecosystems and ecological deficits due to clogged pipes and damages to 

the vessels they are transported on.  Researchers have estimated that in a 10-year span, $5 billion 

was spent in an effort to remedy the problems caused by these mussels in the Great Lakes region, 

alone.  

 Quagga mussels exhibit broadcast spawning, meaning that their fertilization and 

development occurs outside of the female reproductive tract, making them ideal animals for 

laboratory study.  Once sperm come in contact with the egg in the water column, any number of 

sperm can bind to the egg; however, not all the sperm enter the egg for fertilization.  This initial 

process occurs over approximately a 15-minute period, following which, the zygote will undergo 

its first cleavage.  This event will occur, typically, within 90 minutes of sperm/egg integration.  

However, these processes can be slowed down or inhibited due to differences in water 

temperature.  In this study, these effects of water temperature on fertilization and early 

development are examined in order to more fully understand the temperature range that quagga 

mussel reproduction requires.  This will provide insight into not only laboratory conditions that 

maximize fertilization success for future studies, but also what latitudes and depths of 

communities this species can alter through its invasion. 



iv 

AWKNOWLEDGEMENTS 
 

 I would like to thank Dr. Michael Misamore for guiding me through my research over the 

last year and a half.  It has truly been an honor working with you.  I would also like to thank Dr. 

Matthew Chumchal and Mr. Jeremy Strickland for serving on my committee and supporting me 

through this process.  Additional thanks goes to the Student and Engineering Research Center 

(SERC) for providing me with the funds to perform my research and my family and friends for 

supporting me throughout my time at TCU. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



v 

TABLE OF CONTENTS 

 
LIST OF FIGURES ...................................................................................................vi 

INTRODUCTION .....................................................................................................1 

METHODS ................................................................................................................3 

RESULTS ..................................................................................................................5 
        Sperm Binding ...................................................................................................5 
        Sperm Entry .......................................................................................................6 
        Egg Activation ...................................................................................................6 
        Zygotic Cleavage ...............................................................................................6 
 
DISCUSSION ............................................................................................................6 
        Sperm Binding ...................................................................................................7 
        Sperm Entry .......................................................................................................7 
        Egg Activation ...................................................................................................8 
        Zygotic Cleavage ...............................................................................................9 
 
FIGURES ...................................................................................................................12 
 
LITERATURE CITED ..............................................................................................16 
 
 



vi 

LIST OF FIGURES 

Figure 1. Assaying Sperm Binding ............................................................................12 

Figure 2. Amount of Sperm Binding vs. Temperature ..............................................12 

Figure 3. Sperm Entry ................................................................................................13 

Table 4. Percentage of Sperm Entry vs. Temperature ...............................................13 

Table 5a. Polar Body Formation ................................................................................14 

Table 5b. Zygotic Cleavage .......................................................................................14 

Table 6. Percentage of Egg Activation vs. Temperature ...........................................14 

Table 7. Percentage of Zygotic Cleavage vs. Temperature .......................................15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

INTRODUCTION 

 Quagga mussels (Dreissena bugensis) and their close relatives, zebra mussels 

(Dreissena polymorpha) are classified as freshwater bivalves that have been invading 

North American waterways since their introduction into the Great Lakes in 1991 (May 

and Marsden, 1992).  Quagga mussels, originating in the Dnieper River drainage in 

Ukraine (Mills et al., 1996), are believed to have been carried to North America in a 

larval and/or an adult stage in the ballast water of ships traveling from Europe.  Once the 

ships arrived in North America, the water was released, along with the mussels, into our 

water systems and others throughout the world (Geller et al., 1993). 

 Quagga mussels have many features that allow them to effectively invade new 

habitats, the first of which is broadcast spawning.  This strategy of spawning allows 

sperm and eggs to be released into the surrounding water and for fertilization and early 

development to occur in the water column (Ackerman et al., 1994), as opposed to many 

other freshwater bivalves where fertilization and larval stages occur within the female’s 

reproductive tract (Glaubrecht et al., 2006). Furthermore, external fertilization provides 

researchers with the ability to easily observe the processes of fertilization in labroatory 

settings. 

 Quagga mussels go through what is referred to as the planktonic veliger stage, 

where larvae can stay suspended in water for long periods of time, allowing for 

transportation on ships, before they settle to the bottom of the column (Carlton, 1992).  

Broadcast spawning and their planktonic veliger stages allow the mussel larvae to be 

easily transported downstream in flowing waterways or unknowingly carried in ballast 

water and livewells. Because of these adaptations, these animals have become highly 
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invasive in North America. 

 Once these mussels invade a new ecosystem, they change the ecology of that 

system and become an economic nuisance for the societies that depend on water from the 

invaded waterway.  Quagga mussels are found at a wide range of water depths and form 

large populations at these depths.  This wide distribution translates into a wide range of 

native ecosystems that are disturbed due to food competition with the mussels, for these 

mussels filter large volumes of water, quickly decreasing the amount of plankton 

available for other species’ consumption, reducing biodiversity at many benthic levels 

(Karatayev et al., 2015).  Additionally, the mussels have evolved to be able to attach 

themselves to a wide range of solid manmade and natural structures that can be found in 

their waterways.  This creates clusters of mussels that can become inches thick 

(Mahoney, 1990), causing pipe clogging that correlates to economic problems with 

hydropower plants and water sanitation (Vanderpleog et. al., 2002).  According to the 

NOAA, in a 10 year span, over $5 billion was spent on managing this species’ invasion in 

the Great Lakes region, alone. 

 While many studies have been done on zebra (Borcherding, 1991; Misamore and 

Lynn, 2000; Misamore et al., 2006) and quagga (Gerstenberger, 2011; Ianniello, 2013; 

McMahon and Lam, 2011) mussels, few studies have been done on the role of 

temperature in quagga mussel fertilization and development.  It is known that quagga 

mussels tend to live in deep, cool waters than zebra mussels (Peyer and Hermanson, 

2010), but very little is known about their optimal fertilization temperature range. This 

study focuses on the effects of temperature on fertilization and early development in the 

quagga mussel, specifically on sperm binding and entry, followed by zygote cleavage.  
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This will allow for a better understanding of the ranges of depths and latitudes in which 

these mussels can reproduce, and, therefore, invade. 

METHODS 

 Animals were obtained from Lake Mead and shipped to Texas Christian 

University where they were kept in aquaria at a constant 9°C.  Aquaria were filled with 

artificial pond water (PW) (Dietz et al., 1994), containing Na+, Cl-, K+, and Mg2+.  

Animals were fed Shellfish Diet 1800 (Reed Mariculture) and subjected to a 14:10 

light/dark cycle.   

 For spawning, mussels were separated and individually placed in 120 mL 

specimen cups, filled with approximately 60 mL chilled PW to completely cover the 

animals.  They were then left for 48-72 hours to slowly warm to room temperature prior 

to spawning.  At that time, each mussel was transferred to 25 mL culture tubes and 

immersed in 5-hydroxytryptamine (serotonin) PW.  Animals were allowed to sit in the 

solution until gametes were visualized.  This time ranged from 10 minutes to 2 hours, 

depending on season and mussel gender. 

 When female gametes were first seen, the female was transferred to a large 

crystalizing dish, and enough PW was added to completely cover the mussel.  Females 

were then allowed to spawn for an additional 30 minutes, or until a sufficient number of 

eggs had been release.  Male gametes remained in the culture tubes, in the serotonin 

solution, and when an adequate amount of gametes had been released, the male mussel 

was removed to prevent cyclical siphoning of the gametes. 

 While spawning was occurring, five Igloo brand coolers were filled halfway with 

tap water, and ice or hot tap water was added as needed to form temperature baths of 5°C, 
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10°C, 15°C, 20°C, and 30°C.  Water temperatures were routinely measured throughout 

trials with mercury laboratory thermometers.  Preliminary sperm counts were obtained 

using a hemocytometer under light microscopy.  To ensure proper sperm and egg 

activity, a drop of sperm solution was added to an egg solution sample on a microscope 

slide with Vaseline posts, using wide bore pipettes.  These samples were then observed 

under a light microscope to ensure proper sperm mobility and egg attraction.   

 Five 2 mL centrifuge tubes were filled with approximately 800 µL of egg-

containing PW. 800 µL of sperm PW solution was added to an additional five 2 mL 

centrifuge tubes, and one sperm and one egg tube were floated in each water bath, taking 

care that the bottom of the tube was fully submerged in the bath.  Samples were allowed 

to sit in the water baths for 20 minutes to ensure water temperature standardization, and 

each sperm sample was then added to the corresponding temperature’s egg sample.  

Solutions were inverted to allow for proper mixing of gametes. 

 After 5, 15, and 90-minute time points (corresponding to sperm binding, sperm 

entry, and zygotic cleavage time points, respectively), 500 µL of each temperature sample 

was added to 2 mL centrifuge tubes containing 500 µL of 4% paraformaldehyde fixative 

(Misamore et al., 2000).  Solutions were stored at 4°C until analyzed. 

 For sperm binging and zygote cleavage analysis under light microscopy, samples 

were placed on microscope slides (using wide bore pipettes) with Vaseline posts and 

covered with a cover slip.  Visualization was obtained using a Zeiss light microscope 

with phase contrast optics.  Thirty eggs were analyzed for each sperm binding and zygote 

cleavage.  Binding per egg was counted based on criteria outlined in the results, and 
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when looking at cleavage samples, note was taken based on the presence of polar bodies 

and cleavage. 

 Sperm entry was determined using fluorescent microscopy, and inseminated 

specimens were treated with one drop of SlowFade Gold Antifade Mountant with DAPI 

after being placed on a microscope slide with Vaseline posts.  A cover slip was applied, 

and the samples were analyzed using a Zeiss inverted fluorescent microscope. 

 Microscopy pictures of samples were obtained under halogen and fluorescence 

light saturations.  Pictures were taken with an Axiocam digital camera with Axiovision 

software. 

RESULTS 

Sperm Binding 

 Five minutes after gamete mixing, sperm were observed bound to the surface of 

the egg (Figure 1.). To verify and quantify sperm binding, inseminated eggs were viewed 

at an equatorial plane of focus, and the number of bound sperm attached to the egg 

surface was determined.  The equatorial focal plane enabled us to distinguish between 

sperm directly bound to the egg surface from sperm simply in close proximity to the egg.  

Bound sperm were defined as sperm attached to the egg when viewed at an equatorial 

focus (Figure 1.).  Sperm binding was observed at all temperature points (5°C, 10°C, 15°, 

20°C, and 30°C).  The most sperm binding was observed on the surface of eggs in the 

20°C treatment with approximately 3 bound sperm per egg.  As the temperature interval 

from 20°C increased, the sperm binding decreased. (Figure 2.) 
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Sperm Entry 

 Fifteen minutes after gamete mixing, sperm entry was observed using fluorescent 

microscopy (Figure 3.).  Again, the most success was observed around 20°C with 

approximately 89% sperm entry.  The 15°C and 30°C temperature treatments yielded 

moderate amounts of sperm entry with the 10°C treatment observing very little and the 

5°C treatment indicating no success.  (Figure 4.) 

Egg Activation 

 Using samples fixed ninety minutes after gamete mixing, egg activation was 

determined based on the presence of polar bodies and/or zygotic cleavage (Figure 5.).  An 

egg was considered activated if it either exhibited polar bodies (Figure 5a.) or had 

divided. (Figure 5b.)  Egg activation was observed at all temperatures except the 5°C 

treatment.  As with sperm binding, the greatest numbers of activated eggs was observed 

at 20°C (48% activation).  However, moderate amounts of activation were seen in the 

10°C, 15°C, and 30°C treatments. (Figure 6.) 

Zygotic Cleavage 

 Using the ninety minute samples looking just at zygotic cleavage (Figure 5b), we 

saw the greatest numbers of cleaved eggs in the 20°C treatment with approximately 50% 

cleavage.  While there was approximately 17% cleavage in the 30°C treatment, little 

activity was seen in the 10°C and 15°C treatments, with no success seen in the 5°C 

treatment. (Figure 7.)   

DISCUSSION 

 The fertilization process of Quagga mussels is similar to that of many other 

organisms that exhibit broadcast spawning (Ackerman et al., 1994, Nichols and Black, 
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1994, Mackie and Schloesser, 1996).  As with most species and most cellular processes, 

temperature can have a profound effect on the success of fertilization.  It is currently 

believed that fertilization in Dreissenids is limited to 10 °C (Sprung, 1995).  The present 

study provides the first detailed analysis of how temperature alters the events of sperm 

binding, sperm entry, egg activation, and zygotic cleavage in quagga mussels. 

Sperm Binding 

 Sperm binding was observed to be most successful in the 20°C treatment, and as 

the water temperature slowly departed from this temperature, sperm binding decreased 

per egg. (Figure 2.)  This is most likely due to decreased sperm mobility as the 

temperature gets further away from 20°C.  Unfavorable water temperatures likely prevent 

the sperm flagellum from efficiently being, preventing the optimal number of sperm from 

getting to the surface of the egg for binding.  In colder temperatures, cellular activity 

needed for sperm motility is slowed down.  Conversely, at warmer temperatures, motility 

proteins can denature and be rendered ineffective.  This suggests that in fertilizations 

occurring in deeper or more northern waters where temperatures are cold, or in warm 

southern surface waters, fewer sperm will be able to bind to the egg to initiate 

fertilization.  Therefore, the mussels will not be as successful at invading these 

ecosystems, compared to those at 20°C because they will be less likely to successfully 

reproduce.  However, because binding was still observed, fertilization at this stage is still 

possible. 

Sperm Entry 

 Sperm entry was most successful in the 20°C treatment with approximately 89% 

entry.  There was, however, still moderate success in the 15°C and 30°C treatments 
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compared to the low to nonexistent binding at 10°C and 5°C, respectively. (Figure 4.)  

This steep drop off in entry success could be explained by the characteristics of the cell 

membrane.  Before sperm DNA can be released into the cytoplasm of the egg, the cell 

membranes of the sperm and the egg must fully merge to form a passage for the genetic 

material to enter through.  If this passage does not form, sperm DNA cannot be 

transferred, and fertilization will not occur.  The cell membranes are composed of a 

phospholipid bilayer, which changes fluidity in suboptimal temperatures (Ueda, 1976).  

Because of this fluidity change, at colder temperatures, the cell membranes will be less 

fluid, and it will, therefore, be more difficult for the membranes to fuse, preventing sperm 

DNA deposition.  Additionally, if sperm binding is restricted through the temperature in 

the initial steps of fertilization, fewer sperm will be seen entering the egg as a result.  

This data suggests that sperm entry will be most successful in water systems that are 

20°C; however, smaller amounts of entry are possible in the 10°C, 15°C, and 30°C 

systems. 

Egg Activation 

 The highest percentage of egg activation was observed in the 20°C treatment.  

And, as temperatures became further away from this point, less egg activation was seen, 

with no activation occurring at 5°C. (Table 3.)  The process of egg activation is initiated 

by sperm entry, so if sperm entry is unsuccessful, no further steps will be made in the 

fertilization process.  When the sperm does enter the egg, it stimulates cellular signaling 

cascades that induce the egg to undergo its final round of meiosis, resulting in the release 

of a polar body (Misamore and Lynn, 2000).  (Figure 5a.) Many of these pathways are 

dependent on enzymes that drive them to completion.  However, at lower temperatures, 
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these enzymes work slower, or not at all, and at higher temperatures, the proteins that 

compose the enzyme can denature, causing complete loss of function in the enzyme.  

Disruption in even one of these pathways can result in fertilization termination; therefore, 

polar bodies and zygotic cleavage would not be observed. 

 Higher variability between trials in egg activation counts can be attributed in part 

to polyspermy leading to reduced numbers of cleaved zygotes.  In the third trial, high 

sperm counts were seen, which resulted in higher numbers of sperm entry per egg.  Most 

organisms, including quagga mussels, possess mechanisms for preventing multiple sperm 

from entering the egg.  Supernumerary sperm each contribute a centriole, which can 

create multiple cleavage spindles leading to disrupted cell division.  Additionally, 

abnormal chromosome numbers further disrupt normal development. So, in the third trial, 

because many sperm entered the egg cytoplasm, egg activation could have been halted, 

possibly preventing polar body formation and zygotic cleavage formation, and as a result, 

very little egg activation was seen across all temperature treatments, leading to a high 

standard error.  In future studies, sperm counts should be standardized to offset this 

phenomenon. 

Zygotic Cleavage 

 Finally, zygotic cleavage was seen to be most successful in the 20°C treatment 

with much lower amounts of cleavage being observed in the 5°C, 10°C, 15°C, and 30°C 

treatments.  (Figure 7.)  This is likely due to decreased cellular activity for the initiation 

of mitosis and cleavage formation.  Additionally, being the final step in the fertilization 

process, it is dependent on all previous processes (sperm binding, sperm entry, and egg 
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activation) being successful.  If fewer and fewer eggs can complete these stages, fewer 

eggs will ultimately be able to undergo cleavage. 

 It still remains to be seen if these temperature changes completely inhibit the 

fertilization processes or simply slow them down.  Therefore, further studies should be 

done utilizing sample collection points beyond 90 minutes (the longest time point for this 

experiment).  These longer points should determine if these processes are, in fact 

inhibited, rendering fertilization impossible at certain temperatures.  Additionally, studies 

on the effect of temperature on spawning in quagga mussels should be conducted, as this 

fertilization process cannot begin unless spawning first occurs.  Furthermore, field studies 

should be conducted to see if external weather and climate changes, ecological 

competition, or water currents affect these processes when compared to a laboratory 

setting. 

 Overall, these results suggest that fertilization does best around 20°C; however, 

our ranges indicate that fertilization is possible from 10°C – 30°C.  However, further 

studies should be done to determine the absolute optimal temperature and the highest 

temperature in which fertilization is successful.   As this species is causing so many 

economic issues in terms of water distribution and ecological balance, this research can 

be used to aid researchers in determining what water systems this species will be able to 

successfully invade and establish reproductive populations.  This will allow for more 

targeted management efforts to protect potentially susceptible water bodies.    

It wall also allow researchers to create fertilizations more efficiently at optimal 

temperatures for more precise and successful fertilization, allowing for greater laboratory 
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experimentation. This study provides the first evidence for effects of temperature on 

fertilization in the dreissenid mussel. 
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FIGURES 

Figure 1. Assaying Sperm Binding. 

  

Figure 1. Light micrograph depicting equatorial focus showing the event of sperm 
binding.  Circled sperm represents a bound sperm. 
 
Figure 2. Amount of Sperm Binding vs. Temperature 
 

 

Figure 2. Mean number of equatorially bound sperm per egg in all 5°C, 10°C, 15°, 20°C, 
and 30°C treatments. n=3, bar – standard error 
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Figure 3. Sperm Entry 
 

 
 
Figure 3. Fluorescent microscopy image of sperm entry of a fertilized egg at 15 min 
postinsemination.  The male pronucleus is indicated with the blue circle and the female 
with the pink circle. 
 
Figure 4. Percentage of Sperm Entry vs. Temperature 
 

 

Table 4. Mean percentage of eggs that exhibited sperm entry in all 5°C, 10°C, 15°, 20°C, 
and 30°C treatments. n=3, bar – standard error 
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Figure 5.  Egg Activation 
 
(a)            (b) 

 
 
Figure 5. (a) Light micrograph a fertilized egg showing presence of polar body (Photo by 
Sarah Barnard).  (b) Light micrograph of zygotic cleavage. 
 
Figure 6. Percentage of Egg Activation vs. Temperature 
 

 

Figure 6. Percentage of sperm considered activated based on the presence of polar bodies 
and/or zygotic cleavage in all 5°C, 10°C, 15°, 20°C, and 30°C treatments. n=3, bar – 
standard error 
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Figure 7. Percentage of Zygotic Cleavage vs. Temperature 
 

 

Figure 7. Mean percentage of eggs that exhibited zygotic cleavage in all 5°C, 10°C, 15°, 
20°C, and 30°C treatments. n=3, bar – standard error 
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