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INTRODUCTION 

 Fertilization occurs in different ways in different species.  Two common methods 

are internal and external fertilization. During internal fertilization, common to mammals, 

the female egg and male sperm meet in the female reproductive tract where fertilization 

occurs (Yanagimachi, 1994).  Depending on the species, the fertilized zygote frequently 

continues development within the female reproductive tract.  In external fertilization, 

both sperm and eggs are released from their respective reproductive tracts and 

fertilization occurs outside the female reproductive tract.  Furthermore, all subsequent 

development of the embryo occurs in the external environment. In many aquatic species, 

external fertilization is characterized by broadcast spawning where large quantities of 

both gametes are released directly into the open water.  This strategy of reproduction is 

relatively common among marine species of invertebrates including mollusks, 

echinoderms, and anthozoans among many others. 

Strategies of Reproduction in Bivalves  

 Among the bivalves, there are two main strategies of reproduction both involving 

external fertilization.  The majority of freshwater bivalves employ a strategy of brooding 

following fertilization (McMahon, 1991).  In these species, the males release gametes 

into the water column.  The sperm are drawn into the mantle cavity of the female by their 

incurrent siphon.  The mantle cavity is a water-filled chamber between the two shells, or 

valves, of the animal.  Lining the inner surface of the shells is a thin tissue layer termed 

the mantle.  Residing in the mantle cavity are the sheet-like gills and a large visceral mass 

that contains the internal organs including the gonads.  Although poorly understood, 

females release their eggs from the gonad out the female reproductive tract into the 
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mantle cavity.  Fertilization is believed to occur somewhere within the mantle cavity.  

The developing embryos are than maintained, or brooded, with the gills of the female for 

several developmental stages (Silverman et al., 1987).  Ultimately the female releases the 

developed glochidia larva out of the mantle cavity into the water column.  In most species, 

the glochidia larvae subsequently attach to the gills of fish where further development 

occurs (Rashleigh and DeAngelis, 2007).  Although fertilization in these species occurs 

between the shells of the animal, it is still considered external fertilization because the 

eggs are released from the female reproductive tract prior to fertilization. 

In contrast to freshwater bivalves, most marine bivalves broadcast spawn 

(Kyozuka and Osanai, 1985; Stephano and Gould, 1988; Stiles and Longwell, 1973).  

The sperm and eggs are released from the parent into the open ocean where they come in 

contact and fertilization occurs. Following fertilization the fertilize egg and subsequent 

developmental stages develop in the water column. The triggering of spawning is very 

complex and often involves environmental cues such as temperature, tide, or other 

chemical signals.  Because many individuals of a species often occur in close proximity 

there is often an additional cue that when one individual spawns it often induces the 

individuals around it to spawn.  This trigger ensures the egg and sperm are released at the 

same time and increases the probability of sperm-egg interaction.  

Since gametes of broadcast spawners are not contained within the female 

reproductive tract, there are often complex processes to ensure they find each other.  

Often the sperm and egg are thought to find each other through chemotaxis (Gould and 

Stephano, 2003).  The general models involve the release of a chemical cue contained 

within a jelly layer surrounding the egg in some species.  Sperm are able to detect this 
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signal that alters their swimming pattern toward the egg.  In the sea urchin, 

Stronglycentroides purpuratus, the chemotactic signal, reseact, has been identified as a 

14 amino acid polypeptide released from the egg jelly (Ward et al., 1985; Hansbrough 

and Garbers, 1981). However, there is still much to learn about this process and to date, 

no chemotactic agent has been identified in bivalves.  

A link between marine and fresh water bivalves are the dreissenids.  The 

dreissenid mussels, Dreissena poymorpha, the zebra mussel, and Dreissena bugensis, the 

quagga mussel, are unique freshwater bivalves in that they undergo broadcast spawning 

similar to that seen in marine bivalves (Orlova et al., 2004; Orlova et al., 2005).  This 

similarity leads many to believe these mussels are a secondary invasion of bivalves into 

the freshwater environment and therefore making them more closely related to marine 

species than other freshwater bivalves (Ackerman et al., 1994).  Like marine broadcast 

spawning bivalves, D. polymorpha and D. bugensis has separate sexes that release their 

eggs and sperm directly into the water column.  Fertilization and subsequent development 

occurs in the water column.  Environmental cues similar to those of marine bivalves 

including temperature, food availability, and light are believed to induce spawning in 

dreissenids (Fong et al., 1994; Sprung, 1987).  Also similar to their marine cousins and 

unlike other freshwater bivalves, the dreissenids are biofouling organisms and attach to 

hard substrates by their byssal threads.  While several recent studies have focused on the 

reproduction of D. polymorpha (Ciereszko et al., 2001; Luetjens and Dorresteijn 1998a, b; 

Misamore et al., 1996; Misamore and Lynn, 2000; Misamore et al., 2006; Ram et al., 

1999), few studies have focused on D. bugensis (Claxton and Mackie, 1998a; Denson and 

Wang, 1994; Wright et al., 1996).  Thus, the dreissenid species provide a unique 
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opportunity to study convergent and divergent trends in reproduction in comparison with 

marine species.  The overall objective of this study is to compare reproductive strategies, 

specifically fertilization mechanisms, between the freshwater D. bugensis and two marine 

species, Crassostrea virginica (American oyster) and Mytilus  galloprovincialis (blue 

mussel).  

Natural History 

 Dreissena bugensis is a fresh water mussel native to the Dneiper River drainage 

of Ukraine.  It is typically slightly larger with a more curved shell than its better-known 

congeneric cousin the zebra mussel (D. polymorpha).  Like the zebra mussel, D. bugensis 

is a highly invasive species that was first sighted in the Great Lakes in 1989 and is 

thought to have been transferred to the Great Lakes through the ballast water of 

transoceanic ships.  Currently, D. bugensis can be found throughout the Great Lakes and 

the St. Lawrence River up to Quebec, as well as New York, Ohio, Michigan, 

Pennsylvania.  There is a general trend where D. polymorpha initially invades a 

compromised waterway followed by D. bugensis approximately 10 years later.  Although 

found in the same location, D. bugensis will frequently replace D. polymorpha especially 

in deeper waters.  Recently, D. bugensis made a dramatic jump in distribution showing 

up in Nevada and the California-Arizona border. This is the first dreissenid found in the 

western United States (Stokstad, 2007).   

 D. bugensis is ecologically and economically important for many reasons.  D. 

bugensis are prodigious filter feeders and tend to remove substantial amounts of 

phytoplankton from rivers and lakes which they inhabit, essentially depleting food 

sources for native species (Claxton et al., 1998b).  Another impact seen in lakes and 
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rivers inhabited by D. bugensis is the heavy colonization’s that these mussels form, 

essentially attaching to any hard or soft substrate they can find including native mussel 

species. The rapid and dense colonization habits also cause major economic impacts in 

that the colonies can infiltrate water intake structures such as pipes and screens reducing 

the pumping capabilities of these structures.  D. bugensis has not been studied quite as 

much as its cousin D. polymorpha; however research on this species is increasing due to 

its ecological fouling and economic devastation. 

 Mytilus galloprovincialis is an invasive marine species native to the 

Mediterranean coast, the Black Sea, and the Adriatic Sea.  It is now established in 

temperate climates throughout the globe.  Like D. bugensis, M. galloprovincialis is 

thought to have been introduced around the world through the ballast waters from 

incoming ships (Carlton, 1992).  Studies have suggested native communities have been 

impacted by the spread of M. galloprovincialis (Robinson and Griffiths, 2002; Geller, 

1999).   M. galloprovincialis is harvested commercially in many places throughout the 

world, such as China, Spain, the Russian Federation, Ukraine, and South Africa as well 

as many other countries.  Due to its commercial importance M. galloprovincialis has 

been researched quite a bit but not to the extent as its close relative Mytilus edulis.  

 Crassostrea virginica is a species of oyster that is native to the eastern seaboard 

and ranges from Canada to Mexico.   They have been introduced in Europe and Hawaii 

for cultivation purposes but have had trouble adapting.  C. virginica are often found 

attached to each other forming clumps, or reefs, on hard surfaces on the lower shore and 

sublittoral areas. C. virginica are also commercially important as they are the harvested 

oyster on the eastern coast of the United States.  Due to its commercial importance C. 
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virginica has been highly studied and several studies have focused on their fertilization 

process (Brandriff et al., 1978; Brousseau, 1995; Kyozuka et al., 1997; Kyozuka and 

Osanai, 1985; Longwell and Stiles, 1968; Stephano and Gould, 1988; Stiles and 

Longwell, 1973). 

Fertilization Overview 

 M. galloprovincialis and C. virginica, as well as many other bivalves, have been 

greatly involved in fertilization research due to their broadcast spawning abilities. This 

allows for great abundance of sperm and egg that are easily accessible and manipulated.  

In M. galloprovincialis as the sperm approach the egg, the highly active sperm arrest 

some distance from the surface of the egg as they attach to the vitelline coat spikes. 

Focarelli et al. (1991) suggest that it is here that the sperm undergo the acrosome reaction 

and subsequently bind to the egg surface.  The sperm’s DNA and mitochondria enter the 

egg and the female, arrested in Metaphase I, continues through meiosis releasing two 

polar bodies before cell cleavage (Dufresne-Dube et al., 1983).  Dufresne-Dube et al. 

(1983), suggest M. galloprovincialis eggs employ a sodium based partial block to 

polyspermy, that inhibits sperm attachment but does not completely block supernumerary 

sperm entry. They suggest this block is similar to the rapid block seen in sea urchin eggs 

that lowers the receptivity of the egg’s plasma membrane to further sperm fusions 

(Rothschild and Swann, 1952).  

Unlike most species, the mitochondria of M. galloprovincialis juveniles are 

derived from either the sperm or the egg dependent upon its sex.  This is known as 

doubly uniparental inheritance (DUI) (Skibinski et al., 1994; Zouros et al., 1994a).  
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Mitochondrion for male offspring comes from the sperm and the egg while 

mitochondrion for female offspring comes only from the egg (Zouros et al., 1994b).   

 In C. virginica, spawned eggs are either pear shaped or round and arrested at the 

metaphase or prometaphase stage prior to spawning (Longwell et al., 1967).  When the 

sperm attaches to the egg receptor the sperm flagella arrests, or stops beating*.  

Polyspermy is inhibited at the cell surface through a physiological mechanism that 

prevents fusion of gamete plasma membranes through an inhibitory effect directly on the 

sperm.  The exact mechanism is unknown but it somehow detaches the sperm without 

blocking sperm receptor sites (Alliegro and Wright, 1983).  When the sperm nucleus 

enters the egg it begins to decondense as the female chromatin undergoes meiosis I.  The 

sperm pronucleus is visible until about late anaphase to early telophase of meiosis I 

(Alliegro and Wright, 1983).   

 To better understand the reproductive biology of these three species and identify 

possible conserved mechanisms within broadcast spawning bivalves, I preformed a 

comparative study of fertilization in these species.  A key component of the fertilization 

process, particularly in broadcast spawners, is sperm-egg recognition and binding.  Since 

gametes are deposited directly into the water column that often contains gametes from 

other species, broadcast spawners must possess mechanisms to ensure that only 

conspecific gametes interact with one another (Dufresne-Dube et al.; 1983, Gould and 

Stephano, 2003; Jaffe, 1976; Jaffe and Gould, 1985).  In many species, acrosomal 

enzymes required for sperm penetration through the egg coat have evolved in a highly 

species-specific manner (Riginos et al., 2006).  Similarly, there is a high degree of 

species specificity in sperm-egg binding.  In many mammals, this high degree of species-
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specificity is not seen at the level of sperm-egg binding.  Clearly mating behaviors will 

greatly restrict the exposure of gametes to heterospecific sperm in internal fertilizers.  A 

key player in sperm-egg binding is carbohydrates on the surfaces of gametes (Mengerink 

and Vacquier, 2001). 

Carbohydrates in Cell Adhesion 

 Carbohydrates have been found to be involved in cell adhesion events in even the 

smallest organisms. Glycoproteins, seen on the surface of enveloped viruses, have been 

shown to be involved in viral tropism and fusion with the host cell membrane.  The 

surface carbohydrate α−D-mannose, found on Escherichia coli, binds to receptors on 

human oral epithelial cells, initiating infection. This function of carbohydrates is seen in 

many other cellular processes involving cell fusion, including fertilization. 

 Carbohydrates are critically important in the process of fertilization (Mengerink 

and Vacquier, 2001).  They are thought play a role in species and gamete specificity 

through the surface carbohydrates and proteins found on gametes.  In sea urchins, 

protein-carbohydrate interactions occur at the egg jelly, triggering the acrosome reaction, 

as well as at the vitelline layer (Vaquier and Moy, 1997; Vaquier et al., 1995).  In 

vertebrates, the carbohydrate, N-acetylgalactosamine has been found to be involved in 

sperm-egg fusion in bovines (Gougoulidis et al., 1999). In the mouse, there have been 

three glycoproteins found on the surface of the egg that are involved in sperm egg 

interactions: ZP1, ZP2, and ZP3.  ZP3 mediates initial sperm binding as well as the 

acrosome reaction.  ZP2 is involved in the fusion of the inner acrosomal membrane with 

the egg (Dell et al., 1999). 
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 One way to study carbohydrates is through lectins.  Lectins are plant and animal 

derived nonenzymatic proteins that selectively bind to carbohydrate moieties with great 

specificity.  In plants, lectins are used to bind glycoproteins on the surface of cells; 

however this is not thought to be their only role.  In animals lectins are found on the 

surface of cells and bind soluble intracellular and extracellular glycoproteins.  

Objective 

 The objective of this study is to observe the distribution of carbohydrates on the 

surface of freshwater and marine bivalve gametes in order to examine similarities and 

differences in their distribution and function.   The three species of interest in this study 

are D. bugensis, M. galloprovincialis, and C. virginica. 

 

MATERIALS AND METHODS 

Gamete Collection 

Crassostrea virginica:  C. virginica were obtained during the months of May and June 

from Grand Isle Sea Grant Oyster Hatchery, Grand Isle, LA.  They were maintained in a 

100 gallon aquaria with artificial sea water (ASW) (1.1 M MgSO4, 1.1 M KCl, 0.68 M 

MgCl2, 0.82 M CaCl2, 10x Trace Elements, 0.55 M TAPS, 0.45 M NaCl) chilled to 16˚C 

with an Artica Titanium Chiller.  C. virginica were opened and gonad tissue was viewed 

under a microscope to identify sex.   Eggs were stripped from females by slicing the 

gonadal tissue with a razor blade in a crisscross pattern and rinsed with ASW into a 250-

ml beaker.  The stripped eggs were filtered through a 75 µm filter to remove gonadal 

tissue and excess debris and left in an ASW suspension for 30 minutes in order to round 

up following extraction.  After 30 minutes the suspension was passed through an 
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additional 21µm screen with the eggs being retained on the screen and any remaining 

debris discarded with the filtrate.  The eggs were washed off of the screen into a beaker 

containing ASW.  Sperm was kept in vivo until ready to use at which time they were 

stripped from the gonad and rinsed in an ASW suspension. 

Dreissena bugensis: D. bugensis were collected by the New York Museum of Natural 

History during May.  They were maintained in 60 gallon aquaria filled with artificial 

pond water (PW) (0.1 mM KCl, 0.7 mM MgSO4, 0.8 mM NaHCO3, 0.6 mM CaCl2) 

chilled to 9˚C with an Artica Titanium Chiller.  Animals were individually isolated 

overnight in 120mL specimen cups containing cold PW and allowed to acclimate 

overnight to room temperature (~21ºC).  Isolation was required in order to avoid cross 

contamination of gametes prior to use. All experiments were carried out at room 

temperature (~20-22ºC).  Prior to spawning, individual D. bugensis were rinsed with 

deionized (DI) water and transferred to 25-ml flat-bottom tubes.  Spawning was induced 

by external exposure to 2x10-3 M 5-hydroxytryptamine (serotonin) for 12 minutes.  

Animals were then washed twice with DI water and then refilled with PW.  Males 

typically began spawning 10-20 minutes after serotonin exposure. Females began 

spawning 40-50 minutes after serotonin exposure.  At the initiation of spawning, females 

were transferred to 50-ml crystallizing dishes to complete spawning.  About half way 

through the first spawn a second set of animals was spawned to obtain freshly released 

sperm for fertilization experiments. 

Mytilus galloprovincialis: M. galloprovincialis were obtained during the month of 

February from Penn Cove Shellfish, LLC, Coupeville, WA and kept dry overnight at 4°C.  

Spawning was induced the following morning by placing the mussels in a shallow dark-
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colored pan with sufficient room temperature ASW water to cover the animals.  The pan 

was placed on an orbital shaker and rotated sufficiently to mildly jostle the animals to 

further inducing spawning.  When an animal began to spawn it was immediately washed 

with DI water and isolated in a beaker of ASW to complete spawning. 

Lectin Labeling and DNA staining 

 Lectins used to label the gametes of the various species were as follows: 

concanavalin A (Con A), wheat germ agglutinin (WGA), Griffonia simplicifolia (GSII), 

lens culinaris (LcH), or Arachis hypogaea (PNA).  These lectins were FITC conjugated 

and obtained from EY Labs (San Mateo, CA).  Samples were labeled at a concentration 

of 30µg/ml for 10 min. Lectins were prepared from stocks of 1mg/ml in DI water.  Lectin 

labeled samples were allowed to sit for a minimum of 30 sec before live viewing or 

fixation in paraformaldehyde.  To view DNA of either eggs or sperm, samples were 

stained with 1µg/ml bisbinzimide (Hoechst 33342, Sigma Chemicals, St. Lewis, MO) for 

a minimum of 5 min immediately before viewing.  

Sample Fixation 

 Following lectin labeling, M. galloprovincialis and C. virginica samples were 

fixed 1:1 with paraformaldehyde fixative ( 2% Paraformaldehyde, 0.55 M TAPS in 

ASW).  Samples were fixed overnight and then washed with ASW and kept at 4ºC until 

later use. D. bugensis samples were fixed 1:1 with a paraformaldehyde fixative (4% 

Paraformaldehyde, 5.0 mM TAPS, 0.2 mM KCL, 2 mM NaCl, 1.8m M Na2SO4,1.25 mM 

MgSO4, 2.0 mM NaHCO3, 2.0 mM CaCl2, 20% MeOH).  Samples were fixed overnight 

and then washed twice with mussel buffer (5mM TAPS, 0.8mM NaCl, 0.145mM KCl, 
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1.8mM Na2SO4, 0.887mM MgSO4·7H2O, 1.32mM NaHCO3, 1.9mM CaCl2·7H2O, 

pH=7.6) and kept at 4°C until later use. 

 Samples for scanning electron microscopy were prepared as follows. Samples 

were fixed overnight with glutaraldehyde fixative (5% Glutaraldehyde in ASW).  They 

were then washed 3x in 0.3M sodium cacodylate. The samples were then fixed 1:1 in 2% 

osmium tetroxide and 0.5M sodium cacodylate for one hour.  These samples were then 

washed 3x in 0.3M sodium cacodylate.  They were then dehydrated in an ethanol series 

with percentages of: 30, 50, 75, 95, 95, 100, 100, 100. The samples sat for 5 minutes 

between each percentage.  The samples were then critical point dried and sputter coated 

with 15nm of gold. 

Fertilization Time Series for C. virginica 

 Between 50µL and 250µL C. virginica sperm was collected, depending on 

relative sperm concentration following strip spawning. The sperm was then added to 5mL 

of eggs.  Inseminated egg samples were allowed to sit for 30 sec to allow sperm to bind 

to the eggs before adding the various lectins.  The lectins used for fertilization trials were 

PNA, ConA or GSII at a final concentration of 30µg/ml. Samples were fixed at 2, 5, 10, 

15, 20, and 30 minutes postinsemination (PI). 

Microscopy 

 Light and fluorescent microscopy was preformed on a Zeiss Axiovert 200 and a 

Nikon Optiphot.  Digital micrographs were captured using a Zeiss AxioCam MRm and 

Axiovision software. Confocal microscopy was done using Leica SP2 LSCM.  Scanning 

electron microscopy was done with a JOEL model JSM-6100 scanning electron 

microscope. Adobe Photoshop was used for final image processing.  
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RESULTS 

Lectin Labeling 

 To determine distribution of carbohydrates on the surfaces of both eggs and sperm, 

several commonly used FITC conjugated lectins (Table 1) were tested for affinity to the 

gametes of the three bivalve species.  Both fixed and unfixed gametes of all species were 

examined for their lectin affinity.  Several species-specific differences were observed. 

 

Table 1. List of lectins and associated carbohydrates. 

 

Lectin Name Lectin 

Abbreviation 

Target Carbohydrate Carbohydrate 

Abbreviation 

Triticum vulgare 

(Wheat Germ 

Agglutinin) 

WGA β-N-acetylglucosamine(1,4)  

>> 

N-acetylneuraminic acid  >> 

N-acetylgalactosamine 

 

GlcNacβ(1,4) 

Neu5Ac 

GalNAc 

Canavalia ensiformis 

(Concanavalin A) 

ConA α-methyl-mannopyranside > 

α-D-Mannose > α-D-

glucose > 

 α-N-acetyl-D-glucosamine 

 

 

     

Lens culinaris LcH D-Mannose and D-Glucose 

 

 

Griffonia 

simpliciforlia 

GSII N-acetyl-D-glucosamine 

 (A terminal only) 

 

GlcNac 

Arachis hypogaea PNA Lactose> Terminal β-D-

galactose 

 

 

 In the quagga mussel, D. bugensis, the lectin WGA labeled the entire surface of 

spawned eggs (Figure 1A, A’; Table 2).  The distribution of lectin was uniform across the 

entire egg surface and restricted to the surface coats immediately surrounding the egg 

plasma membrane.  No punctate labeling was observed.  Similar results were seen in eggs 

labeled with ConA (Figure 1B, B’), LcH (Figure 1C, C’), and GSII (Figure 1D, D’).  In 
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all cases, the lectins uniformly labeled the entire surface of the egg. Like the previous 

lectins, PNA uniformly labeled the entire surface of the egg as well (Figure 1E, E’).  

Furthermore, in eggs that retained a majority of outer egg jelly layer this egg jelly layer 

labeled with PNA (Figure F, F’) in a freckled fashion.  Labeling of the egg jelly was not 

observed with WGA, LcH, ConA, or GSII. 

 

 

Figure 1: Fluorescent micrographs of D. bugensis eggs and egg jelly labeled with the lectins wheat germ 

agglutinin (WGA), Concanavalin A (ConA), Lens culinaris (LcH), Griffonia simplicifolia (GSII), and 

Arachis hypogaea (PNA).  (A-F) All lectins labeled the entire surface of the egg. The egg jelly labeled with 

PNA. 

 

 Sperm of D. bugensis showed differential distribution of lectin labeling between 

the five lectins.   LcH labeled the entire surface of the sperm including the cell body and 

the flagellum (Figure 2 A, A’).  A pronounced labeling of the acrosome and 

mitochondrial region was also observed.   Unlike LcH, WGA, ConA, GSII, and PNA did 

not label the entire sperm cell body, the flagella, or the mitochondria.  The labeling of 
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WGA, ConA, GSII, and PNA was restricted solely to the acrosomal region of D. 

bugensis sperm (Figure 2 B-D, B’- D’).    

 

 

Figure 2: Phase and fluorescent micrographs of D. bugensis sperm labeled with the lectins wheat germ 

agglutinin (WGA), Concanavalin A (ConA), Lens culinaris (LcH), Griffonia simplicifolia (GSII), and 

Arachis hypogaea (PNA).  Fluorescent micrographs (A-E) and phase micrographs (A’-E’).  Lectin bound 

to the entrie surface of the sperm labeled with LcH (A, A’). WGA, ConA, GSII, and PNA labeled the inner 

acrosomal region of acrosome reacted sperm (B-E, B’-E’). 

 

 In summary, all five lectins labeled the entire surface of the egg with PNA 

also labeling the egg jelly layer.  In sperm, all five lectins labeled the acrosomal region 

with LcH labeling the entire sperm surface and mitochondria. 

 

Table 2. Lectin distribution in D. bugensis. 

 

D. bugensis 

Lectin Egg Sperm 

PNA Entire surface and Jelly Layer Activated acrosome 

GSII Entire surface Activated acrosome 

LcH Entire surface Entire surface 

WGA Entire surface Activated acrosome 

ConA Entire surface Activated acrosome 

 

With the blue mussel, M. galloprovincialis, ConA and GSII labeled the entire egg 

surface (Figure 3A and C; Table 3).  This labeling was uniform across the entire egg and 
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showed no discernible pattern to their distributions.  Conversely, PNA showed no 

labeling of the egg whatsoever (Figure 3D, D’).  Like ConA and GSII, LcH labeled the 

egg surface but in a distinctly punctate fashion (Figure 3E).  

 

Figure 3: Fluorescent micrographs of M. galloprovincialis eggs labeled with the lectins wheat germ 

agglutinin (WGA), Concanavalin A (ConA), Lens culinaris (LcH), Griffonia simplicifolia (GSII), and 

Arachis hypogaea (PNA).  ConA and GSII labeled the entire surface of the egg (A-B). WGA labeled the 

surface of the egg and the vitelline coat spikes (C). PNA did not label (D). LcH labeled the vitelline coat 

spikes (E). 

 

To better visualize LcH labeling of the egg, confocal microscopy showed that LcH was 

labeling the vitelline coat spikes of the M. galloprovincialis eggs (Figure 4).  Scanning 

electron microscopy revealed that the spikes were found regularly dispersed across the 

egg’s surface (Figure 5).  These results are similar to previous findings by Focarelli et al. 

(1991), who first showed the presence of the vitelline coat spikes when labeled with the 

lectin DBA and that ConA labeled the egg surface.  WGA showed labeling of the entire 

surface of the egg including the vitelline coat spikes. 
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Figure 4: Confocal image of M. galloprovincialis labeled with LcH.  (A) Picture of whole egg. (B) Close 

up of labeled vitelline coat spikes. 

 

 

 
Figure 5: Scanning electrom micrographs of M. galloprovincialis eggs showing vitelline 

coat spikes. 

 

  When mixed with PNA the acrosomal filament of M. galloprovincialis sperm 

labeled (Figure 6C, C’).  This labeling was specific to acrosome reacted sperm and sperm 

in the process of reacting (Figure 6B, B’, C, C’).  In sperm that did not undergo a 

spontaneous acrosome reaction, no lectin labeling was observed (Figure 6A, A’). 
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Figure 6: Phase and fluorescent micrographs of M. galloprovincialis sperm labeled with PNA.  (A, A’) 

Fluorescent micrograph of unreacted sperm showing no labeling and corresponding phase micrograph. 

(B,B’) Fluorescent micrograph of partially reacted sperm showing labeling in the acrosome region and 

corresponding phase micrograph. (C, C’)  Fluorescent micrograph of acrosome reacted sperm showing 

labeling of the acrosomal filament and corresponding phase micrograph. 

 

LcH labeled acrosomes in the process of reacting as well as the tip of unreacted 

acrosomes. LcH also showed labeling along the acrosomal membrane and acrosomal 

filament in acrosome reacted sperm (Figure 7). 
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Figure 7: Phase and fluorescent micrographs of M. galloprovincialis sperm labeled with LcH. (A, A’) 

Fluorescent micrograph of unreacted sperm showing labeling of the tip of the acrosome and corresponding 

phase micrograph.  (B, B’) Fluorescent micrograph of partially reacted sperm showing labeling in the 

acrosome region and corresponding phase micrograph. (C, C’)  Fluorescent micrograph of acrosome 

reacted sperm showing labeling of the acrosomal filament and the inner acrosomal region and 

corresponding phase micrograph. 

 

 

Figure 8: Phase and fluorescent micrographs of M. galloprovincialis sperm labeled with WGA. (A, A’) 

Fluorescent micrograph of unreacted sperm showing no labeling and corresponding phase micrograph. 

(B,B’) Fluorescent micrograph of partially reacted sperm showing labeling in the acrosome region and 

corresponding phase micrograph. (C, C’)  Fluorescent micrograph of acrosome reacted sperm showing 

labeling of the inner acrosomal region and corresponding phase micrograph. 
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WGA labeled the acrosome region of partially reacted sperm as well as the region around 

the acrosomal filament, but not the acrosome itself. WGA did not label unreacted sperm 

(Figure 8). GSII and ConA showed no labeling in acrosome reacted sperm or in sperm 

that did not spontaneously acrosome react (Figure 9 and 10).    

 

Figure 9: Phase and fluorescent micrographs of M. galloprovincialis sperm labeled with GSII. (A-C) 

fluorescent micrographs of unreacted, partially reacted, and acrosome reacted sperm, respectively, showing 

no labeling. (A’-C’) Phase micrographs of unreacted, partially reacted, and acrosome reacted sperm, 

respectively. 
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Figure 10: Phase and fluorescent micrographs of M. galloprovincialis sperm labeled with ConA. (A-C) 

fluorescent micrographs of unreacted, partially reacted, and acrosome reacted sperm, respectively, showing 

no labeling. (A’-C’) Phase micrographs of unreacted, partially reacted, and acrosome reacted sperm, 

respectively. 

 

In summary, M. galloprivincialis eggs showed labeling of the entire egg with 

ConA, GSII and WGA, while LcH labeled the eggs in a punctate fashion.  PNA showed 

no labeling of the eggs, but labeled the acrosome region of acrosome reacted sperm as 

well as the acrosomal filament.  LCH labeled the acrosomal filament and sperm in the 

process of reacting while WGA labeled partially reacted sperm and the region around the 

acrosomal filament.  GSII and ConA showed no labeling. 

Table 3. Lectin distribution in M. galloprovincialis. 

 

M. galloprovincialis 

Lectin Egg Sperm 

PNA No labeling Acrosomal filament 

GSII Entire surface No labeling 

LcH Vitelline coat spikes Acrosomal filament 

WGA Entire surface and Vitelline coat spikes Activated acrosome 

ConA Entire surface No labeling 
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In the eastern oyster, C. virginica, both WGA (Figure 11A, A’; Table 4) and LcH 

(Figure 11B, B’) labeled the entire surface of the eggs.  This labeling was uniform and 

did not exhibit any distinct patterning.  Conversely ConA (Figure 11C, C’), GSII (Figure 

11D, D’) and PNA (Figure 11E, E’) did not label the egg surface whatsoever.  

   

 

Figure 11: Fluorescent micrographs of C. virginica eggs labeled with the lectins wheat germ agglutinin 

(WGA), Concanavalin A (ConA), Lens culinaris (LcH), Griffonia simplicifolia (GSII), and Arachis 

hypogaea (PNA).  WGA and LcH showed labeling of the entire egg surface (A-B).  ConA, GSII, and PNA 

showed no labeling (C-E). 

 

 In the eastern oyster, C. virginica, both WGA (Figure 11A, A’; Table 4) and LcH 

(Figure 11B, B’) labeled the entire surface of the eggs.  This labeling was uniform and 

did not exhibit any distinct patterning.  Conversely ConA (Figure 11C, C’), GSII (Figure 

11D, D’) and PNA (Figure 11E, E’) did not label the egg surface whatsoever.  
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Figure 12: Phase and fluorescent micrographs of C. virginica sperm labeled with the lectins wheat germ 

agglutinin (WGA), Concanavalin A (ConA), Lens culinaris (LcH), Griffonia simplicifolia (GSII), and 

Arachis hypogaea (PNA).  Fluorescent micrographs (A-E) and phase micrographs (A’-E’).  Lectin bound 

to the entrie surface of the sperm labeled with WGA (A, A’). Large arrowhead shows the flagella labeling 

with WGA. LcH, ConA, GSII, and PNA labeled the inner acrosomal region of acrosome reacted sperm (B-

E, B’-E’). Large arrowheads show acrosome reacted sperm.  Arrows show unreacted sperm. 

 

 In summary C. virginica eggs labeled with WGA and LcH showed 

uniform labeling across the surface of the eggs. PNA, GSII, and ConA showed no 

labeling of the egg surface.  In sperm, WGA labeled the entire surface of the sperm, 

while the rest of the lectins only labeled the acrosome region of acrosome reacted sperm. 

 

Table 4. Lectin distribution in C. viginica. 

 

C. virginica 

Lectin Egg Sperm 

PNA No labeling Activated acrosome 

GSII No labeling Activated acrosome 

LcH Entire surface Activated acrosome 

WGA Entire surface Entire surface 

ConA No labeling Activated acrosome 

 

Lectin Fertilization Series 

Due to the unique labeling of PNA specifically to the acrosomal region of sperm 

and no labeling of the egg in C. virginica gametes, fertilization series were preformed to 

determine the distribution of PNA labeling during fertilization. At 2 min PI, sperm were 

observed bound to the egg surface (Figure 13A, A’, A’’).  The PNA labeling was 
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detected as a distinct region between the sperm nucleus and the egg surface.  By 10 min 

PI, the sperm nucleus was incorporated into the egg cytoplasm (Figure 13C, C’, C’’).  

The PNA labeling remained on the egg surface as a distinct circular patch until about 15 

min PI (Figure 13D, D’, D’’).   

 

 

Figure 13: C. virginica fertilization labeled with PNA. (A, A’) Phase and fluorescent micrograph showeing 

PNA patch on the surface of the egg. (B) Fluorescent micrograph of sperm attatched to egg showing PNA 

ring around sperm head. (B’) Fluorescent micrograph labeled with Hoerscht showing corresponding sperm 

DNA. The inset is and overlay of B, B’. (B’’) Phase and fluorescent micrograph overlay showing attached 

sperm DNA and PNA ring located on the surface of the egg.   

 

 

 These series showed a ring around the area where the PNA labeled region 

of the sperm acrosome bound to the surface of the egg (Figure 14A, A’, B, B’, and B’’).  

These patches were seen with fertilizing sperm as well as nonfertilizing sperm. In time 

series labeled with ConA and GSII, no discernible labeling was associated with bound or 

fertilizing sperm. 
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Figure 14: C. virginica fertilization series labeled with PNA. (A-D) Fluorescent micrographs of 

fertilization labeled with PNA, showing PNA ring. (A’-D’) Fluorescent micrographs of fertlilzation labeled 

with Hoerscht, showing placement of sperm DNA.  (A, A’) 2 min post insemination showing sperm 

placement on the surface of the egg and the corresponding PNA ring. (B, B’) 5 min post insemination 

showing sperm placement on the surface of the egg and corresponding PNA ring. (C, C’) 10 min post 

insemination showing sperm DNA inside of egg and PNA ring on the surface of the egg. (D, D’) 15 min 

post insemination showing sperm DNA inside of egg and no more PNA ring. 

 

DISCUSSION 

In the present study I have begun to identify the carbohydrates associated with the outer 

surface morphology of three different bivalve species.  
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Gamete Structural Morphology 

 The structure of the sperm has been relatively conserved through evolutionary 

history and typically can be broken in to three structures: the head, middle piece, and a 

flagellum or sperm tail.  As seen in this study, as well as many others, the head can be of 

different morphologies, and contains the nucleus and an acrosome.  The middle piece 

typically consists of four to five mitochondria surrounding a pair of centrioles (Franzen, 

1983; Hodgson and Bernard, 1986). 

 As reviewed by Hodgson and Bernard (1986), M. galloprovincialis sperm have a 

round head with a conical acrosome that can be up to 5µm long.  Extending through the 

nucleus to the proximal centriole and anteriorly to the hollow of the acrosomal vesicle is 

the axial rod. The midpiece contains a ring of five or six mitochondria with two centrioles 

in the center.  This structure is similar to that seen in C. virginica, in that the head is 

ovoid and capped with the acrosomal vesicle.  The axial rod, like that of M. 

galloprovincialis, is long and extends deeply into the nuclear fossa (Galstoff and 

Philpostt, 1960; Daniels et al., 1971).  The midpiece is composed of four mitochondria 

surrounding two centrioles.  The acrosome of C. virginica is not nearly as apparent as 

that seen in M. galloprovincialis.   

 Unlike M. galloprovincialis and C. virginica, D. bugensis sperm have cylindrical 

shaped nuclei with a conical acrosome.  The head of D. bugensis sperm is slightly curved.  

The axial rod extends from the base of the head to the tip of the acrosome.  The midpiece 

contains four mitochondria with two centrioles oriented at right angles to each other 

(Walker et al., 1996).   
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Lectin Labeling of Gametes 

 D. bugensis eggs are surrounded by a relatively large outer jelly compared to that 

of their zebra mussel cousin (Misamore et al., 1996).  The jelly coats potential role in 

sperm chemotaxis or induction of the acrosome reaction is unclear.   This outer jelly 

labeled with the PNA lectin suggesting that the sugar associated with PNA can be found 

in this jelly layer. Because the lectin did not uniformly label the jelly suggests that there 

are multiple carbohydrates associated with this outer coat.  Similar to these results WGA 

was found to label the outermost layer of the egg jelly in Xenopus laevis (Mozingo,1999). 

 A more distinct vitelline envelope can be found on the outer surface of the egg.  

This envelope is often embedded with microvilli.  WGA, ConA, LcH, and GSII were 

found to uniformly label the entire surface of the egg.  Unlike M. galloprovincialis, D. 

bugensis does not appear to have vitelline spike associated with their eggs (Focarelli et 

al., 1991). These results suggest that the sugars associated with these lectins can be found 

on the outer surface of the egg.  To directly identify the carbohydrate moieties associated 

with each of the lectins further research and electron microscopy is needed. 

 LcH labeled the entire surface of the sperm suggesting its sugar distribution 

throughout the outer membrane of the sperm. Denser labeling was seen in the acrosome 

region as well as the neck region suggesting greater sugar densities in these regions. 

Because LcH labels the entirety of both egg and sperm, and sperm can only bind to an 

egg through their acrosome, it is unlikely that this sugar plays a role in sperm-egg binding.  

It has also been found by Misamore et al. (1996) that in D. polymorpha, successful 

fertilizations occur with eggs and sperm pretreated with WGA, which uniformly labels 

the sperm as well as the egg.  WGA, GSII, ConA, and PNA all label the acrosome region 
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of the sperm suggesting the presence of these sugars in the acrosomal region.  Because all 

of these lectins were also found to label the entirety of the egg it is unlikely that their 

carbohydrate moieties play a role in sperm-egg binding. However, further research is 

needed to confirm this assumption. 

 Using the lectin Dolichos biflorus agglutinin (DBA), which labels N-acetyl-D-

galactosamine, Focarelli et al. (1991) identified the vitelline coat spikes of M. 

galloprovincialis as a possible primary binding site of unreacted sperm.  My results show 

similar labeling patterns with LcH as those seen with DBA.  These results suggest a 

secondary carbohydrate moiety located on the vitelline spikes that could also play a role 

in initiating the acrosome reaction of the sperm. 

   My results using ConA are concurrent with those seen with Focarelli et al. (1991) 

in that the entire surface of the egg is uniformly labeled.  I also found that GSII and 

WGA uniformly label the entire surface of the egg, with WGA also labeling the vitelline 

coat spikes, suggesting the presence of these sugars on the surface of the egg.  PNA did 

not appear to label the egg at all therefore suggesting the lack of these sugars on the 

surface of the egg. 

 The sperm of M. galloprovincialis showed unique labeling patterns compared to 

those of C. virginica and D. bugensis.  Due to the large acrosome, different levels of 

acrosome reacted sperm can be found in a fixed sample. Our results suggest that two 

carbohydrates from this study label the acrosomal filament. These are the carbohydrates 

associated with PNA and LcH.  Considering that PNA does not label the surface of the 

egg, the carbohydrate associated with PNA may play a role in sperm-egg binding.  The 

carbohydrate associated with LcH may also aide the process of sperm binding, however 
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because this sugar also labels the vitelline coat spikes it is less likely to play a primary 

role in the binding process, however it may be involved in initiating the acrosome 

reaction, due to its labeling of the tip of unreacted sperm. However more research is 

needed to confirm this conclusion.  The labeling of partially reacted sperm by LcH and 

PNA could be from their labeling of the inner acrosomal membrane as seen in Figures 6C 

and 7C.  According to Dan (1970) who studied the acrosome reaction in Mytilus edulis, a 

close cousin of M. galloprovincialis with similar sperm structure, the plasma membrane 

of the acrosomal vesicle folds back over onto itself during the acrosome reaction, 

exposing the inner acrosomal membrane.  This could be the cause for the labeling of 

partially reacted sperm; however SEM and TEM would need to be done to confirm this 

inference.  WGA labeled the partially reacting sperm as well as the inner acrosomal 

region of acrosome reacted sperm, suggesting that the carbohydrate associated with 

WGA may be present on the inner acrosomal membrane but not the acrosomal filament.   

ConA and GSII did not label the sperm at any stage of acrosomal reaction, therefore 

suggesting the lack of these carbohydrates on the outer surfaces of the sperm. 

 Like the above two bivalves, the surface of the egg of C. virginica is surround by 

a vitelline coat that is embedded with microvilli (Daniels et al. 1971).  Both WGA and 

LcH were found to uniformly label the entire surface of the egg suggesting the presence 

of these sugars throughout the vitelline coat of the eggs.  With this particular species 

PNA, GSII, and ConA showed no labeling of the egg surface, suggesting that none of the 

sugars associated with these lectins is present on the surface of the eggs. 

 WGA was found to uniformly label the entire surface of the sperm, similar to that 

seen with D. polymorpha (Misamore et al., 1996).  These results suggest the distribution 
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of the carbohydrate is uniform across the surface of the sperm. It was found that PNA, 

GSII, LcH, and ConA labeled the acrosomal region of the sperm suggesting the presence 

of these sugars in the acrosomal region.  PNA, GSII, and ConA were of particular interest 

to us due to its labeling of the inner acrosomal region of acrosome reacted sperm but not 

the egg. These results suggest the possibility of a carbohydrate receptor for these sugars 

could be located on the egg’s surface and play a role in sperm egg binding.  

 Fertilization series in C. virginica labeled with GSII and ConA, showed no 

discernable labeling pattern in bound or fertilized sperm suggesting these carbohydrates 

do not play a direct role in gamete fusion.  PNA labeled fertilizations however showed a 

ring around the surface of sperm entry, similar to that seen in the zebra mussel when the 

sperm is labeled with GSII (Fallis, 2007).  This patch was clearly evident between the 

egg surface and bound sperm.  Moreover, this patch remained on the surface of the egg 

after fertilizing sperm enter the egg cytoplasm.  These results suggest that the 

carbohydrate associated with PNA could play an important role in acrosomal binding to 

the egg surface and may serve as a tool for identifying the associated glycoprotein.  

 This doughnut shaped patch stays on the surface of the egg, until about 15 min PI, 

while the sperm nucleus and mitochondria enter the egg.  This suggests that the inner 

acrosomal membrane of the sperm stays on the surface of the egg.  Previous studies have 

shown that the sperm plasma membrane in general typically remains on the egg surface 

following sperm incorporation (Longo, 1982, 1986; Luetjens and Dorresteijn, 1998; 

Misamore et al., 2006).  In D. polymorpha, the inner acrosomal membrane is similarly 

left on the egg surface following sperm incorporation (Fallis, 2007).  In the zebra mussel, 
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the acrosomal patch is labeled with GSII and stays localized on the egg surface until 

detachment of the sperm occurs at about 10-15 min PI. 

 

Table 5. Comparison of lectin distribution on the eggs. 

 

 Marine species Freshwater species 

Lectin C. virginica M. galloprivincialis D. bugensis D. polymorpha
1
 

PNA X X Egg surface unknown 

GSII X Egg surface Egg surface X 

LcH Egg surface Spikes only Egg surface Egg surface 

WGA Egg surface Egg surface + spikes Egg surface Egg surface 

ConA X X Egg surface Egg surface 

 

Table 6. Comparison of lectin distribution on the sperm. 

   

 Marine species Freshwater species 

Lectin C. virginica M. galloprivincialis D. bugensis D. polymorpha
1
 

PNA  AR Acrosome filament AR unknown 

GSII AR X AR AR 

LcH AR AR + filament Sperm surface AR 

WGA Sperm surface AR AR Sperm surface 

ConA AR X AR AR 
1
Fallis, 2007 

 

Summary 

 I preformed a detailed comparison of carbohydrate distribution on the surfaces of 

gametes in three bivalve species.  While similarities between species were found, there 

were distinct differences between each of the three bivalves.  WGA and LcH was the 

only lectin to label all three eggs (Table 5).  However, while both lectins labeled the 

spikes of M. galloprovincialis eggs, LcH was restricted to the spikes while WGA labeled 

the egg surface proper.  PNA and ConA labeling of eggs was found only in D. bugensis.  

GSII labeling was only found in D. bugensis and M. galloprovincialis.  



 

 32  

 In sperm, the species comparisons become even more varied (Table 6).  PNA, 

GSII and ConA showed similar patterns in D. bugensis and C. virginica.  LcH labels 

reacted acrosomes of C. virginica and M. galloprovincialis but the entire sperm surface 

of D. bugensis.  Similarly, WGA label reacted acrosomes of D. bugensis and M. 

galloprovincialis but the entire sperm surface of C. virginica.  Clearly, there were very 

few if any conserved trends in carbohydrate distribution between these three species.  

Furthermore, there were no obvious separations between marine and freshwater species.  

In many cases, lectin distribution between the congeneric D. bugensis and D. polymorpha 

were as dissimilar as comparisons between these dreissenids and the marine species.  

This supports the growing hypothesis that carbohydrates are an important component in 

species specificity of sperm-egg binding. 
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APPENDIX: GLOSSARY OF ABBREVIATIONS 

ASW- artificial salt water 

ConA – Canavalia ensiformis 

DI – deionized 

GSII – Griffonia simplicifolia 

LcH – Lens culinaris 

PI – post insemination 

PNA- Arachis hypogaea 

PW – pond water 

WGA – wheat germ agglutinin 
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 The objective of this study is to observe the distribution of carbohydrates on the 

surface of freshwater and marine bivalve gametes in order to examine similarities and 

differences in their distribution and function.   The three species of interest in this study 

are D. bugensis, M. galloprovincialis, and C. virginica.  The lectins used to identify the 

surface carbohydrates are PNA, ConA, GSII, LcH, and WGA.  There were very few, if 

any, conserved trends in carbohydrate distribution between these three species.  

Furthermore, there were no obvious separations between marine and freshwater species.  

Of particular interest was the labeling of C. virginica gametes. The entire egg labeled 

with LcH and GSII, while the inner acrosome region of the sperm labeled with PNA, 

GSII, ConA, and LcH. Because PNA labeled a carbohydrate moiety on the sperm and not 

the egg, fertilization series, labeled with PNA were run.  A patch where the sperm entered 

the egg was left behind on the egg’s surface.  This patch remains on the surface of the 

egg until about 15 min post insemination. 


