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outcomes, sexual conflict over fertilization is inevitable. In internal fertilizers, 

the female tract is a formidable selective force on the number and integrity of 

sperm that reach the egg. Selection on sperm quality is intensified when females 

mate multiply and rival males are forced to compete for fertilizations. While 

male adaptations to sperm competition have been well documented (e.g., 

increased sperm fertilizing capacity), much less attention has been given to the 

evolutionary consequences of postmating sexual conflict for egg form and 

function. Specifically, increased sperm competitiveness can be detrimental by 

giving rise to an elevation in reproductive failure resulting from polyspermy. 

Spanning literature on both internal and external fertilizers, in this review I 

discuss how females respond to sperm competition via fertilization barriers that 

mediate sperm entry. These findings, which align directly with sexual conflict 

theory, indicate that females have greater control over fertilization than has 

previously been appreciated. I then consider the implications of gametic sexual 

conflict in relation to the development of reproductive isolation, and speculate 

on potential mechanisms accounting for ―egg defensiveness.‖ Finally, I discuss 

the functional significance of egg defensiveness for both the sexes, and sperm 

selection for females. 

 

 

Sexual conflict: the uneasy alliance between the sexes 

Once viewed as a harmonious event shared by the sexes, it is now recognized 

that there is often disparity between the interests of males and females over the 

outcome of reproduction (i.e., sexual conflict).
1
 This alternative view reveals 

how antagonistic, rather than mutualistic, coevolutionary trajectories between 

the sexes can emerge, and suggests that reproductive traits evolve in response to 
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conflict between the sexes: genes that confer a reproductive advantage to one 

sex can translate to a negative fitness payoff in the other sex.
2
 While Darwin 

provided the earliest notion of sexual conflict,
3
 focused discussions of male--

female conflict did not emerge until the 1970s.
1,4--6

 An intensified focus on 

sexual conflict beginning in the 1990s has resulted in the development of 

theoretical models, generated a large body of supportive and contradictory 

empirical evidence, and provoked speculation and controversy
2,7-10

. Parker
11

 

made the important distinction that sexual conflict, which may or may not be 

generated by sexual selection, is not equivalent to sexual selection. Indeed, 

while sexual conflict may generate a selective pressure that shapes sexual 

selection, and sexual conflict may be the engine of antagonistic coevolution, 

sexual conflict is not the process of antagonistic coevolution itself
11

. Sexual 

conflict is ubiquitous in nature and can be observed at multiple levels, extending 

from courtship and mating to fertilization, and parental investment
12-23

(Fig. 1). 

Conflict over reproduction thus occurs before, during, and after mating
1,4,24-26

.  

A classic example of the outcome of selection generated by sexual conflict 

is demonstrated by invertebrate male--female genital coevolution
27

. Male 

genital traits, including both nonintromittent and intromittent structures, will be 

detrimental to female fitness when they cause physical damage. Destructive 

male traits will persist as long as the benefit received by the male outweighs the 

cost incurred of lowering female reproductive output
1
, or if causing harm 

directly reduces a female’s propensity to remate
28

. Under harmful mating 

scenarios, it is in the females’ best interest to either decrease the frequency of 

copulation or decrease the risk or extent of the physical damage. There are 

correlated patterns of evolution in male and female genital morphology that are 

consistent with this, including the thickening of the female reproductive tract 
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(FRT) in response to the spined genitalia of male seed beetles 

(Callosobruchus)
29

 and the emergence of a female genital shield that protects 

against the grasping genitalia of male water striders (Gerris)
30-32

. While sexual 

selection is known to be a pervasive force in the evolution of vertebrate 

genitalia
33-36

, evidence of antagonistic coevolution via sexual conflict is 

considerably limited compared to the literature available on invertebrates
37,38

. 

Postmating sexual conflict can occur at any point from mating until gamete 

union, and includes conflicts over processes of insemination, paternity 

assurance (e.g., mate guarding, copulatory plugs), male resource provisioning 

(e.g., nuptial gift transfer), female remating, female sperm utilization and egg 

production, and provisioning prior to fertilization
39

. The male optimum is to 

transfer a sufficient---but not excessive---amount of sperm or seminal fluid 

proteins required to (i) outcompete rival male sperm and fertilize all viable eggs, 

(ii) stimulate egg production or physiological pathways necessary for successful 

reproduction, and (iii) prevent the female from remating
39

. Females, on the 

other the other hand, will resist male control that causes any reduction in their 

own heritable fitness. Drawing from literature that spans a broad range of taxa, 

the central thesis of this review is to highlight current and relevant knowledge 

on the misalignment in the interests of the sexes over female remating and 

sperm use, and present recent research that has focused specifically on sexual 

conflict between the gametes. First, I give a brief introduction to sexual conflict 

to provide the background for understanding the context of sexual conflict at the 

site of fertilization. In greater detail, I then consider egg responses to sperm 

competition and discuss the implications of gametic coevolution driven by 

sperm competition in relation to asymmetric fertilization success at the 

population and species level. Finally, I speculate on the potential mechanisms 
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that could account for ―egg defensiveness‖ and examine the adaptive 

significance of this phenomenon for both males and females.  

  

A battle ensues: an introduction to male manipulation and female 

responses 

Bateman’s classic experiments on Drosophila suggested that males should gain 

more by multiple mating than females
40

. However, differential mating 

opportunities for the sexes may be condition dependent (e.g., one sex has a 

greater capacity to search for mates) or arise under biased sex ratios
41

. In nature, 

monogamy is not the norm: both females and males of most species actively 

participate in copulating with multiple partners during a single reproductive 

event. Any deviation from lifetime monogamy creates sexual conflict. For 

example, serial monogamy will create conflict over parental care, while female 

multiple mating (polyandry), including pair-bonds with extra-pair copulations 

(EPCs) and multipartner systems, will lead to conflict over parental care and 

fertilization
42

. A number of theories have been developed to account for the 

evolution of polyandry
43-45

, and empirical studies have confirmed that females 

can gain fitness benefits by copulating with more than one male to create a 

situation where rival ejaculates compete for fertilizations
46-54

. Selection via 

sperm competition is expected to favor traits that enhance competitive paternity 

success and elevate male fitness. In mating systems characterized by high levels 

of sperm competition, that is, where the average number of males competing to 

fertilize a female’s eggs is relatively high, males tend to develop larger testes or 

more competitive ejaculates than those where sperm competition is less 

prevalent or absent
55-58

. When male strategies or traits impair female fitness, 

selection opposing their evolution will be equally as strong as selection 
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promoting their evolution
59

. The evolutionary outcome of sexual conflict over 

sperm competition avoidance is likely to reflect the relative costs for females 

and the benefits for males
60

. 

Males may attempt to minimize sperm competition by adopting different 

behavioral strategies, for example, by tactically timing copulations. In birds, 

males that offer paternal care may gauge whether a clutch has been sired by 

another male by strategically delaying copulation and mating with a female only 

after being paired for several days
61,62

. This strategy poses a problem for 

females: although needing to assure a male of his paternity to offset the risk of 

clutch desertion, a strictly monogamous existence will compromise the 

reproductive return that a female might gain from EPCs (i.e., by acquiring good 

or compatible genes for their offspring
63-65

, or as a means of infertility 

assurance, to obtain direct benefits from males or to increase the genetic 

diversity of the clutch
63,66-69

). Covert EPCs unbeknownst to their social partner 

present to be a reliable counterstrategy that allows females to benefit from 

mating multiply but also offset any potential loss of male care. Sexual conflict 

now becomes a multiplayer game not only involving a male--female pair but 

also extra-pair partner/s
42,70

. 

After mating, disparity over paternity outcomes is recognized to be a 

common source of sexual conflict, and both sexes have evolved different 

strategies to manipulate sperm that are locked in competition within the FRT (in 

females referred to as cryptic female choice (CFC)
25,26

). Internal fertilization 

typically results in a delay between mating and gamete fusion, and thus requires 

sperm to remain viable from the time of insemination until the time of 

ovulation. As viable sperm are critical for a successful reproductive event, 

selection on both sexes has resulted in adaptations to store sperm
71

. A recent 

review by Orr and Brennan
71

 indicated that, along with life history and mating 
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system evolution, female sperm storage (FSS) has the potential to both drive 

and respond to postmating evolutionary processes, including sexual conflict. 

Certainly, longer storage periods provide increased opportunity for sperm 

competition
72

, as suggested by bat species that show a positive correlation 

between FSS duration and testes size, which is an indirect measure of sperm 

competition level
73

. The males of some insects have evolved specialized 

structures or mechanisms to avoid sperm competition induced by FSS
60

. For 

example, seminal proteins, which can affect female physiology and influence 

which sperm are ―used,‖ often impede female control over paternity and are 

therefore prime targets for sexual conflict
74-76

. Sirot et al.
74

 have provided a 

detailed review of the action of seminal fluid proteins in the context of sexual 

conflict. Males may incapacitate rival sperm with the use of seminal proteins
77,78

 

or physically displace rival male sperm before delivering their own
79,80

, and 

there are cases where females will exploit these mechanisms of male-driven 

sperm elimination to bestow paternity upon high-quality males
24,60

. Further, 

females may actively displace sperm before
81

 or after
82,83

 sperm storage to 

control paternity outcomes. In the fruit fly, D. melanogaster, copulation by a 

second male can stimulate females to expel resident sperm independent of 

physical or seminal triggers
83

. Similarly, female fowls (Gallus domesticus) 

differentially eject ejaculates to preferentially retain the sperm of dominant 

males
81

. These results indicate that male × female interactions are important in 

determining patterns of sperm use and highlight the complexity in 

differentiating the relative role of each sex when investigating paternity biases
84-

86
.  

The final prezygotic avenue open to females for manipulating paternity 

occurs at the site of fertilization
26

. Successful fertilization requires the co-

occurrence of a sufficient number of competent sperm within the vicinity of the 
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egg, which creates the opportunity for sperm selection but also poses a threat of 

polyspermy (i.e., simultaneous entry of the egg by ≥2 sperm)
87

. Below, I focus 

mostly on sea urchin and Mus literature and explore sexual conflict directly 

between the gametes. I review the implications of a coevolutionary paradigm 

driven by sperm competition among males and polyspermy avoidance among 

females and consider the potential mechanisms accounting for the phenomenon 

of ―egg defensiveness‖ in externally and internally fertilizing taxa. Finally, I 

discuss the functional significance of egg defensiveness, and the potential role 

of egg defensiveness as a mechanism of sperm selection, for both males and 

females. 

 

Conflict between the gametes: aggressive sperm and defensive 

eggs  

Theoretical models predict that sperm--egg interactions can be a significant 

source of sexual conflict
88,89

, and disparity between the interests of the sexes 

specifically over fertilization has received considerable attention. The empirical 

groundwork in gametic sexual conflict comes from studies of sea urchins, which 

has shown that female fertilization success is highly sensitive to variation in the 

distribution and abundance of spawning males: seemingly contradictory, high 

sperm spawning densities results in lower fertilization rates compared to 

fertilization rates at low sperm densities
22,90-94

. This pattern of fertilization 

success, which is observed both within
90,94

 and among species
22,93

, can be 

explained by sperm competition and selection driven by variation in the risk of 

lethal polyspermic fertilization and female defenses to prevent it. Thus, under a 

risk of polyspermy selection will favor females that are able to reduce the 

fertilizability of their eggs, and males, already locked in competition, that are 
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able to overcome the females’ defenses
90,92,94,95

. A conflict ensues and a 

coevolutionary cycle involving ―sperm aggression‖ (competitiveness) and ―egg 

defensiveness‖ perpetuates (Fig. 1).  

For external fertilizers, a certain number of polyspermic fertilizations will 

occur regardless of gamete encounter rates, so reproductive success will, to an 

extent, be incomplete even under optimal conditions
90,96-98

. In these species, the 

degree of competition among sperm can influence fertilization rates in two 

ways; by dictating sperm--egg encounter probabilities and by acting as a 

selective force on the evolution of gamete traits. Females that evolve to produce 

highly resistant eggs under high levels of sperm competition may alleviate the 

cost of polyspermy in both sexes. However, highly resistant eggs might go 

unfertilized when sperm are limited, representing a significant cost to females 

and males
95

. Likewise, the cost of producing easy-to-fertilize eggs under low 

levels of sperm competition will be an elevated rate of polyspermy at high 

sperm densities
95,98

. Reproductive success in internal fertilizers is less dependent 

on gamete encounter rates than it is for external fertilizers due to the deposition 

of sperm directly inside the female and their passage along the FRT. Male 

mammals deposit more sperm than what is necessary for reproduction and 

female mammals have evolved mechanisms at different stages to ensure that 

only a few sperm interact with the egg. These stages include the regulation of 

the binding and release of sperm in temporary storage regions and the control of 

sperm passage through the extracellular matrix of cumulus cells that surround 

the egg (Fig. 2A)
99

. Once sperm have passed through these checkpoints, they 

will arrive at the outer egg surface, the zona pellucida (ZP), where binding to 

specific receptors will allow passage of the sperm to the egg’s final protective 

membrane resulting in fertilization
99

. Due to close interaction between the 
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sperm surface and the FRT and egg, females are able to influence the number 

and timing of sperm arriving at the egg’s surface. In mammals, the in vivo 

frequency of polyspermy is typically quite low
100,101

, although the rate of 

polyspermy is positively correlated with fertilization rate
102

. As polyspermy is 

invariably lethal, selection will favor the evolution of mechanisms that function 

to prevent it
87

. A stringent filtering/selection process that results in only the very 

best sperm entering the oviduct would certainly achieve this
103

. Females would 

further benefit if egg mechanisms enabled CFC over fertilizing sperm
26

. 

Variation in fertilization rates in response to the level of sperm competition 

has been demonstrated in house mice (Mus musculus domesticus)
21

. In these 

studies, fertilization rates were scored in vitro (i.e., the proportion of fertilized 

eggs/total number of eggs; Fig. 2B). Reciprocal in vitro fertilization (IVF) 

assays of sperm and eggs produced by individuals that had evolved with 

(polygamous) and without (monogamous) sperm competition provided 

fertilization rates that support the coevolution of the gametes driven by 

postmating sexual conflict and the concept of egg defensiveness (Fig. 3A)
21

. 

Further experimentation with mice revealed phenotypic plasticity in egg 

defensiveness in response to the social environment
20

. Eggs produced by 

females that had developed under a high sperm competition (HSC) risk (i.e., 

high-male density) were more resistant to fertilization compared to females that 

had developed under a low sperm competition (LSC) risk (i.e., low male 

density), revealing female sensitivity to social cues (Fig. 3B)
20

. When sperm 

densities are anticipated to be high, increased egg defensiveness will minimize 

the risk of polyspermy and safeguard against reproductive failure. An 

adjustment in egg fertilizability in response to prevailing social conditions 

represents an adaptive female strategy, and one that is counter to the male 
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strategy of increased sperm production, and therefore competitiveness, under a 

high risk of sperm competition
20,104,105

. Sexual conflict between the gametes 

could allow females to have greater control over fertilization with the 

production of eggs that are more resistant to fertilization and therefore more 

discriminatory over sperm entry. Certainly, the consistent male (sperm) and 

female (egg) responses to sperm competition that have been observed among 

different taxonomic groups align with sexual conflict theory. 

 

Sperm--egg incompatibility and asymmetries in fertilization 

success 

Antagonistic sexual conflicts facilitate rapid male--female coevolution (Fig. 1), 

and create the potential for diversification among sexual traits that might 

culminate as reproductive barriers between populations
106

. While barriers to 

gene flow can arise at any stage of the reproductive sequence, most studies of 

reproductive isolation have focused on premating or postzygotic phenotypes, 

leaving the importance of differences in fertilization overlooked
107

. When males 

and females from different species or isolated populations copulate, poor sperm 

transfer, transport, or storage may result in reduced fertilization success
108,109

. 

Interestingly, in some species the poor success of heterospecific male sperm is 

only evident when engaged in competition with conspecific sperm (i.e., 

conspecific sperm precedence)
110,111

. Thus, when different species sperm co-

occur within the vicinity of the eggs, and heterospecific sperm--egg interactions 

are less cohesive due to nonconnectivity in gamete signaling and/or sperm 

attachment, the eggs will be preferentially fertilized by conspecific sperm
112

. 

Certainly, a mismatch of proteins involved with species-specific recognition 

will result in nonviable sperm--egg interactions leading to gametic 
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incompatibility
113-116

. Reproductive failure at this level, however, is often 

incomplete or asymmetric
117-119

. 

As sperm competition simultaneously favors both increased sperm 

competitiveness and egg defensiveness, asymmetries in heterospecific 

fertilization success is predicted to be associated with sperm competition 

level
119

. Thus, the outcome of crosses between a species with a high level of 

sperm competition and another with a low level of sperm competition will differ 

depending on the direction of the cross; for example, high sperm 

competitiveness × low egg defensiveness = high fertilization rate, and low 

sperm competitiveness × high egg defensiveness = low fertilization rate
119

.  

Patterns of interspecific gametic incompatibility that align with sperm 

competition level have been observed in both external and internal fertilizers, 

suggesting it to be a widespread phenomenon
119

. Investigations on intra- and 

interspecific fertilization success in three coexisting Strongylocentrotus sea 

urchins revealed that selection within species favors gamete traits that maximize 

reproductive success under different sperm competition levels
93

, having 

important implications for egg resistance to fertilization and susceptibility to 

hybridization
115

. For example, eggs produced by the species (Strongylocentrotus 

droebachiensis) that typically spawns under LSC showed little distinction 

between conspecific and heterospecific sperm
115

. At the other extreme, the 

species (Strongylocentrotus purpuratus) spawning under HSC rarely cross-

fertilized, while the intermediate species (Strongylocentrotus franciscanus; ISC) 

displayed moderate susceptibility to fertilization by heterospecific sperm
115

.  

Similar results were observed among three Mus species that differ in sperm 

competition level based on the relative number of sperm they produce and the 

functional capacity of their sperm
120

. In noncompetitive IVF assays, fertilization 
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success in heterospecific crosses was predicted by the difference between the 

level of sperm competition for males and females supplying the gametes (e.g., 

heterospecific fertilization rate: LSC > ISC > HSC)
119

. Mirroring the same 

pattern observed in sea urchins, in competitive contexts conspecific sperm 

outcompeted heterospecific sperm, however conspecific sperm were relatively 

more successful in species with higher levels of sperm competition
119

. Thus, 

females (eggs) of HSC species appear to be more resistant to fertilizations by 

heterospecific males (sperm) than LSC species, and the males (sperm) of HSC 

species have greater capacity to overcome female (egg) defenses
115,119

. These 

studies of mice and sea urchins demonstrate that egg fertilizability has the 

capacity to respond to selection driven by sexual conflict, which may contribute 

to the evolution of postmating prezygotic barriers to reproduction.  

Incomplete gametic isolation might be apparent at earlier evolutionary 

stages, for example, among diverging populations or closely related species
119

. 

Hybridizing species and allopatric populations are powerful tools for 

investigating the tempo of speciation and testing intermediate evolutionary 

stages leading to gametic isolation. Among Mus, competitive IVF assays 

performed on two species that differ in sperm competition level (i.e., Mus 

musculus musculus = HSC species; M. m. domesticus = LSC species) and 

hybridize in a narrow zone where their European distributions overlap, revealed 

that the sperm of the HSC species consistently outcompeted the LSC species 

regardless of which species donated the egg
107

. These findings were 

complimented by an intraspecific study of allopatric populations of house mice 

(M. m. domesticus) that reported a consistent competitive fertilization bias to 

males from a HSC population over conspecifics from a LSC, irrespective of the 

origin of the egg donor
121

. While these IVF studies are unable to account for the 

presence of existing barriers due to sperm interaction with seminal fluid and the 
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FRT, current evidence suggests that mechanisms of gametic isolation exists 

among some distantly related Mus species, but not between closely related Mus 

species
107

 nor among populations at the intraspecific level
121

. In contrast, 

investigations of broad-cast spawners have shown that gametic incompatibility 

can evolve without extensive genetic divergence between species
113

. For 

example, as few as 10 amino acid changes in the sea urchin binding gamete 

recognition protein (GRP), which has been characterized to have highly 

conserved regions (i.e., responsible for sperm--egg membrane fusion) and 

highly variable regions (i.e., important in preventing hybridization), is sufficient 

to cause complete reproductive isolation between species
122

 (reviewed in Evans 

and Sherman
123

). Vast differences in ecology and mating strategies, as well as 

variation in the strength of selection acting on the evolution of reproductive 

barriers to offset costs associated with hybridization (e.g., high developmental 

failure, low hybrid fitness), most likely account for differences observed, for 

example, among internally and externally fertilizing taxa. 

 

Potential mechanisms of egg defensiveness and their role in sperm 

selection 

Variation in egg defensiveness, or fertilizability, could be explained by 

bimolecular, biochemical, and/or physical mechanism of the egg or its 

associated extracellular components (e.g., supporting cells, female reproductive 

fluid (FRF); Table 1). Proteins involved in fertilization have higher rates of 

evolutionary divergence than other proteins and rapidly evolve in response to 

selection
124,125

. When sperm densities are high, selection might favor egg 

surface proteins that reduce the speed of sperm entry to limit polyspermy, which 

would then be counterbalanced by selection for competitive ability and sperm 
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proteins that are more efficient at entering the egg (Fig. 1)
126

. Molecular 

coevolution of gamete proteins that affect fertilization has been suggested to 

explain persistent functional fertilization differences in sea urchins (see 

below)
91

. In mammals, the glycoproteins of the ZP are major players in sperm--

egg binding
127

. Mice and humans have three and four ZP glycoproteins 

respectively, however in both species it is purportedly the two conserved serine 

residues located in the C-terminus region of the ZP3 glycoprotein (coded by the 

ZP3 gene) that make-up the sperm-binding region
127

. Thus, ZP3 is the primary 

species-specific binding site for sperm, and species specifically induces sperm 

to undergo the acrosome reaction
127

. ZP2 binds acrosome-reacted sperm and has 

been termed the secondary sperm receptor
128

. Female proteins involved in 

sperm binding have been shown to be prime candidates for rapid evolution
129

 

and could explain the mechanism underlying egg defensiveness
130

. 

In mouse, eggs blocks to polyspermy occur at two equally effective levels; 

at the ZP and the plasma membrane
131

. Following successful fertilization, the 

contents of cortical granules (membrane bound organelles located in the cortex 

of unfertilized eggs) enter and alter the ZP (i.e., the zona reaction) so that (i) 

free-swimming sperm are unable to bind to the extracellular coat, and (ii) sperm 

that have partially penetrated the coat are unable to penetrate further (Fig. 

2A)
132,133

. The former is thought to be due to inactivation of sperm receptors in 

the ZP and the latter to structural changes that result in the ―hardening‖ of the 

extracellular coat
134,135

. Although other biochemical and structural modifications 

of the ZP have been inferred to occur during this process, only a proteolytic 

change in the ZP2 glycoprotein has been experimentally described
133

. The 

regulation of the plasma membrane block to polyspermy is largely unknown but 

is suggested to be a culmination of multiple postfertilization events that modify 

the egg’s receptivity to sperm
136

. Indeed, the physical modification of the 
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plasma membrane may be the final block to polyspermy
130

. The speed or 

efficiency of the egg’s polyspermy block might account for variation in 

fertilization rates observed in response to sperm competition
20,21

. 

The biochemical or physical nature of the cumulus layer, which represents 

a formidable barrier to sperm, might account for the evolutionary and strategic 

egg responses observed in house mice
20

. Thousands of cumulus cells support 

the egg before and after ovulation
137

. Postovulation, the ―cloud-like‖ cumulus 

layer facilitates the egg’s transit into the oviduct and the passage of sperm to the 

ZP
138

. Although cumulus-denuded eggs retain the capacity to be fertilized, an 

intact cumulus layer promotes greater fertilization success in mice and plays an 

important role in sperm--egg interactions
130

. The cumulus cells secrete 

substances that control the number of sperm that interact with the egg via 

processes of chemotaxis and mediation of sperm motility
139-141

. Further, the 

widely accepted view that the sperm acrosome reaction is induced primarily by 

interaction with the ZP has been reconsidered, with recent evidence suggesting 

that the cumulus cells might limit the number of viable sperm that reach the egg 

by ―prematurely‖ inducing the acrosome reaction
142,143

. Certainly, the cumulus 

layer sequesters and filters sperm, and is therefore likely to play a critical role in 

polyspermy avoidance
130

.  

Variation in the expression of cumulus cell membrane proteins could 

account for different fertilization rates observed in response to varied 

levels/risks of sperm competition in mice (S. Keeble/M. Dean, pers. comm.). 

Moreover, sperm utilize hyaluronidases to break down the hyaluronic acid that 

adhere the cumulus cells together
137

, so variation in egg defensiveness might be 

due to the modulation of cumulus hyaluronic acid levels and differences in 

sperm ability to catalyze their degradation (S. Keeble/M. Dean, pers. comm.). 

Different levels of hyaluronic acid could be accompanied by different cumulus 
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phenotypes. For example, higher levels of hyaluronic acid and more compacted 

cumulus cells might create a physical barrier that only the most efficient sperm 

can penetrate. In this case, selection driven by sexual conflict between the 

gametes might favor increased cumulus cell density and therefore increased egg 

resistance to fertilization (Fig. 3A)
21

. Likewise, strategic adjustments in the 

cumulus physical microenvironment of female mice exposed to a risk of sperm 

competition could safeguard against polyspermy and prepare females for 

prevailing conditions during their reproductive life (Fig. 3B)
20

.  

Finally, chemotactic responses between sperm and the FRF have been 

implicated to contribute to gamete encounter rates and polyspermy avoidance. 

In externally fertilizing fishes, the extracellular ovarian fluid (OF) can mediate 

the performance of sperm, such that certain sperm--OF combinations result in 

faster sperm velocities compared to other combinations (e.g., Arctic charr, 

Salvelinus alpinus
144

; rainbow trout, Oncorhynchus mykiss
145

; chinook salmon, 

Oncorhynchus tshawytscha
146

; lake trout, Salvelinus namaycush
147

; ocellated 

wrasse, Symphodus ocellatus
148

), suggesting that OF chemoattractants may play 

a role in controlling the number of sperm that interact with the egg or their 

capacity to fertilize. It is conceivable that similar mechanisms exist for internal 

fertilizers, as evidenced in the guppy (Poecilia reticulata) where a sperm--OF 

interaction mediates postmating fertilization biases toward specific males
149

 (see 

below). A number of confirmed and putative chemoattractants have been 

identified for mammalian sperm (e.g., peptides, progesterone)
150

. Interestingly, 

it is only a small proportion of sperm that are chemotactically responsive (~10% 

of any given sperm population), however it is these sperm that have the capacity 

to fertilize
151

. The proposed function of sperm chemotaxis in mammals is the 

selective recruitment of capacitated sperm
150,151

. The process of sperm 

capacitation (i.e., the physiological changes that sperm undergo to gain 
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fertilizing capacity) could be involved with a mechanism by which females 

select sperm. This process, which represents an intimate relationship between 

sperm and the FRT, has been suggested to facilitate sperm detachment from the 

oviduct epithelium by modification of cell surface proteins (i.e., reduced 

binding affinity for oviductal receptors) and/or hyperactivation of motility (i.e., 

providing the force necessary for sperm to pull away from the epithelium)
152

. 

Hyperactivated sperm, which are better able to penetrate the cumulus matrix 

and hardened ZP, are more likely to fertilize the egg
152

. Investigations on 

mechanisms that guide sperm toward the eggs have (i) identified progesterone 

to be a molecular signal that modifies sperm flagellar activity, and (ii) 

demonstrated that chemokine (eggs, cumulus cells)--receptor (sperm) 

interactions elicit chemotactic responses
87

. Whether female mammals use 

chemoattractants for differentially filtering and selecting capacitated sperm is 

yet to be determined. 

 

Functional significance of egg defensiveness and sperm selection 

Egg defensiveness for males and females 

Although it is clear that some proteins involved with fertilization evolve 

rapidly
107

, and many display high levels of polymorphism within species, 

significant divergence between species, and strong signatures of positive 

selection
124,126,153-155

, the evolutionary forces behind this rapid evolution are not 

always clear
123

. When the risk of polyspermy is high, selection is expected to 

favor sperm ligands that slightly mismatch corresponding egg GRPs, which will 

slow sperm entry and prevent polyspermy. The new sperm--egg GRP variants 

will rapidly increase in frequency and a perpetual cycle of frequency dependent 

selection can ensue
91,92,156-158

. Frequency-dependent selection due to rare allele 
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advantage has been demonstrated in S. franciscanus with common binding 

genotypes being selected under conditions of sperm-limitation, but rare male 

and female genotypes favored under conditions of sperm competition
92

. 

Certainly, traits that are beneficial under sperm limitation may be maladaptive 

under high sperm densities, and vice versa, and the balance of these opposing 

trait values may differ across populations or species
93

. Specifically, the 

difference may be reflected in the balance between attracting sperm and 

preventing polyspermy and/or hybridization
23

. For example, differences in the 

reproductive success of the LSC sea-urchin (S. droebachiensis) during single- 

versus multispecies spawning events indicate that the cost of losing offspring to 

hybrid mortality is outweighed by the benefits of producing easily fertilized 

eggs under conditions of sperm limitation
93

.  

Mechanisms of egg defensiveness might alleviate costs associated with 

hybridization (e.g., low hybrid fitness or complete developmental failure) by 

facilitating conspecific sperm precedence between sympatric species or 

interbreeding parapatric species. The role of GRPs in preventing hybridization 

in broadcast-spawners is equivocal; some studies have shown accelerated GRP 

evolution between species in sympatry compared to those in allopatry, 

suggesting that reinforcement selection contributes to their rapid diversification, 

while other studies report no difference despite evidence of strong positive 

selection (reviewed: Evans and Sherman
123

). However, one limitation of these 

comparative studies on marine invertebrates is that speciation is largely 

complete for many of the species, with little to no hybridization occurring in the 

wild
123

. Faster conspecific (versus heterospecific) fertilization rates have been 

documented in vertebrates (e.g., mammals;
118,159-165

 birds
117

), but only a single 

account exists for species that hybridize in nature, that is, M. m. musculus and 



 

 

 

This article is protected by copyright. All rights reserved. 

 

M. m. domesticus
107

. IVF in internal fertilizers can be useful in isolating 

mechanisms that specifically influence fertilization as it excludes the FRT and 

seminal proteins
107

, which affect sperm function
166,167

 and influence how 

females respond to sperm
168

. For example, in the study of the hybridizing Mus 

species faster in vivo conspecific fertilization rates were contradicted by 

competitive IVF assays, which revealed consistent fertilization biases to the 

HSC species
107

. Although conspecific sperm precedence in internal fertilizers 

has the potential to occur at multiple stages (i.e., from insemination to gamete 

interaction), recent research has shown that the mammalian oviduct elicits 

distinct modifications of gene expression in response to sperm generally
169

, as 

well as specific sperm types
170

. This demonstrates the sensitivity of the upper 

FRT regions and the potential for these areas to contribute to female control 

over fertilization. In mammals, there is also opportunity for development of 

postzygotic barriers against hybridization, for example, the resorption of 

nonviable hybrid embryos. It is interesting to note that species with more 

invasive placentas (i.e., where the fetal trophoblast has more intimate contact 

with maternal tissue) are also more prone to hybridization due to the 

downregulation of maternal immunity in response greater exposure to foreign 

foetal antigens
171

. To minimize the cost of wasted reproductive investment, 

however, selection is expected to favor mechanisms occurring at the earliest 

reproductive stage. The adaptive function of mammalian gametic proteins has 

been implicated with mismatched sperm--egg surface glycans, and female 

immune responses against sperm, leading to reproductive failure
172

. Studies of 

different mammal species have identified positively selected sites in sperm-

binding regions of the ZP proteins, promoting the idea that polyspermy 

avoidance has contributed to the rapid evolution of mammalian egg 

proteins
154,173

. Certainly, greater advances in understanding GRP evolution has 
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been made in external fertilizers due to the ease of manipulating gametic 

interactions that are uncomplicated by alternative evolutionary targets in 

internal fertilizers
23

. 

 

Sperm selection for females 

Theoretical predictions suggest that in nonresource-based mating systems 

females mate multiply to incite sperm competition, providing the opportunity 

for good-quality or genetically compatible males to achieve high fertilization 

rates. Thus, in systems where females receive no direct benefit (e.g., increased 

nutritional resources, parental care, or protection/shelter) from mating 

polyandrously, they may secure genetic benefits by ―choosing‖ the sperm of 

intrinsically better (good genes hypothesis) or more compatible (genetic 

compatibility hypothesis) males
45,174-176

. It is possible that when the sperm of ≥2 

males reach the fertilization site, egg defenses mediate sperm entry and bias 

fertilization toward a specific sperm type that provides a fitness advantage. In 

this case, directional selection via CFC at the gametic level might contribute to 

divergence in egg defensiveness among populations (Fig. 1).  

Egg-derived CFC could account for the results observed within house mice 

(Fig. 3). Female house mice evolving or maturing in the absence of sperm 

competition may favor increased egg fertilizability (i.e., reduced defenses) to 

avoid the cost of complete reproductive failure driven by overly stringent CFC 

criteria. Alternatively, egg defenses may enable females to exert some degree of 

control over fertilization, and ensure that only the best quality sperm, with the 

greatest fertilizing potential, manage to penetrate the ZP
20,21

. This scenario is 

supported by evidence that male mice evolving with sperm competition sire 

better quality offspring than males evolving under monogamy
46,48

. When male 
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density is high, and females have the opportunity to mate polyandrously, they 

could benefit from filtering sperm and selecting those that are compatible or 

intrinsically ―good’ (Fig. 3B). Indeed, IVF studies of mice have shown that 

females can benefit from egg discernment of sperm types by avoiding 

inbreeding
177

 and fertilizations by males of ill health
178,179

. Further, competitive 

fertilization biases toward HSC population males
121

 might confer to the 

production of offspring of high genetic quality
47

 or sons that are themselves 

superior sperm competitors
46

. 

 

Similar adaptive responses have been reported in relation to the sperm--

FRF interaction. Recent experimental evidence from the mussel Mytilus 

galloprovincialis revealed that the sperm of individual males exhibit consistent 

but differential ―preferences‖ for the chemoattractants of specific egg 

clutches
180

, such that sperm exploit chemical cues (independent of the eggs 

themselves) to preferentially swim toward ―compatible‖ eggs.
181

 Moreover, the 

OF can influence sperm swimming velocities in an adaptive way, for example, 

by functioning as an inbreeding avoidance mechanism and generating 

fertilization biases toward unrelated males in the guppy
149

 and reinforcing 

female premating preferences for ―nesting‖ males (who provide direct benefits 

to females and their offspring) in the ocellated wrasse
148

. Although conclusive 

empirical evidence is lacking, there is also opportunity for females to gain 

control over fertilization when reproductive secretions differentially mediate 

sperm capacitation
87,182

. Certainly, demonstrating CFC at the gametic level can 

be difficult and understanding its functional significance equally challenging
26

. 

 



 

 

 

This article is protected by copyright. All rights reserved. 

 

Concluding comments 

Fertilization is a complex process through which sperm and egg unite to 

produce a genetically distinct individual. Our expanded understanding of 

fertilization has provided numerous insights into the biology of early 

development, and has become a valuable tool for the study of cellular function, 

generally. Nevertheless, mechanisms of competent sperm--egg union remain 

poorly understood. Increasing our understanding of gametic interactions may 

well lead to new strategies for the treatment of infertility (affecting >10% 

couples) or the control of the human population through contraceptive 

medicine
183

. In the ecology of fertilization, the level of sperm competition and 

rate of egg death via polyspermy are important determinants of the strength and 

direction of selection on the gametes. Indeed, sperm and eggs can be viewed as 

coevolutionary partners that alternate between directional selection for high 

fertilizing ability and cyclic adaptation driven by sexual conflict
126

. The study of 

sexual conflict between the gametes has revealed that females respond to sperm 

competition via the development of fertilization barriers that mediate sperm 

entry (egg defenses), and demonstrated that asymmetric gametic isolation and 

reproductive barriers exist among related species. 

The literature to date indicates that females are often arbitrators of 

postmating sexual selection who benefit from covert, paternity-biasing 

mechanisms of CFC by gaining control over fertilization. However, the specific 

mechanisms underlying these processes of sperm selection largely remain 

elusive. Certainly, unambiguously distinguishing the effect of female- versus 

male-driven postmating mechanisms, as well as disentangling the co-occurrence 

of multiple mechanisms, remains a key challenge in studying CFC
26

. To 

enhance understanding at the gametic level, future research could focus on the 
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potential mechanisms accounting for variation in egg fertilizability, that is, 

those relating both to the egg and its extracellular matrix, by utilizing tractable 

systems in which premating female choice and secondary effects of the FRT can 

be constrained (e.g., sea urchins, house mice). 

Further, there remains a wealth of future discovery in characterizing the 

ways in which females benefit from sperm selection. Despite theoretical 

predictions that females can gain indirect genetic benefits from mating with 

multiple males, empirical work focusing on the adaptive significance of 

polyandry and sperm competition has produced mixed results
184

. Investigations 

that study the gametes in isolation may provide powerful insights into the 

functional significance of sperm competition to females (e.g., inbreeding 

avoidance
149,177

). Studies of this kind facilitate the manipulation of gametes and 

early-stage embryos unprecedented in any other way, for example, by 

controlling the number of sperm of competing males and zygote develop under 

standardized conditions. Of course, findings from these types of investigations 

ultimately need to be interpreted and understood in the larger context of the full 

reproductive interaction with consideration of all the participating components 

(e.g., muscles, nerves, neurotransmitters, secretions, proteins, hormones). 
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Figure 1. Sexual conflict between the gametes over fertilization. Sperm 

competition will select for increased sperm competitiveness. Females will 

respond by evolving defensive mechanism/s in eggs, to counteract the increased 

risk of polyspermy. In turn, sperm will be selected to overcome these defenses, 

leading to a perpetual arms race in which sperm evolve to become ever more 

competitive, and female gametes ever more defensive. Directional selection via 

cryptic female choice might also contribute to mechanisms of egg 

defensiveness. Theoretical models show that sexual selection can promote rapid 

divergence in reproductive traits, leading to reproductive barriers and eventually 

speciation
88

. 
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Figure 2. Mammalian fertilization. (A) The sperm--egg interaction begins after 

sperm capacitation. A sperm first penetrates the cumulus layer (a), consisting of 

cumulus cells embedded in an extracellular matrix (ECM). The sperm then 

contacts the zona pellucida (ZP) (b), where the acrosome reaction is purportedly 

triggered by ZP3. Acrosome-reacted sperm penetrate the ZP, enter the 

perivitelline space, then adhere to (c) and fuse with (d) the plasma membrane of 

the egg. The egg has extruded the first polar body (PB1) and progressed to 

metaphase II. In most mammals, sperm--egg fusion triggers the completion of 

meiosis. The model is based on in vitro studies of gamete interactions and is 

consistent with in vivo fertilization, which occurs in the oviduct (figure from 

Evans and Florman
183

). (B) A fertilized (with two pronuclei) and unfertilized 

mouse egg. 
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Figure 3. Evidence of egg defensiveness in response to sperm competition. 

Female mice evolving with sperm competition (polygamous) produce eggs with 

a greater resistance to fertilization compared to females evolving without sperm 

competition (monogamous). (A) Females from experimental populations with 

an evolutionary history of a high level of sperm competition have an increased 

resistance to fertilization compared to females evolving under monogamy.
21

 (B) 

Female mice exposed to a ―risk‖ of sperm competition during development 

produce eggs that have increased resistance to fertilization compared to females 

exposed to ―no risk.‖
20
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Table 1. Summary of potential mechanisms that may facilitate female control 

over fertilization leading up to or during gamete interaction (b--e) could account 

for variation in in vitro fertilization rates observed in response to different levels 

of sperm competition (i.e., egg defensiveness). More detailed information and 

relevant references are provided in the text 

Potential mechanism How it could work 

 

 

 

(a) Sperm release 

from the oviductal 

epithelium 

 

Sperm that reach the oviduct bind to the epithelium and are held 

in a storage reservoir that serves to maintain fertilization ability 

until ovulation. The close association between sperm and the 

oviductal epithelium (i.e., detachment and reattachment) while 

sperm ascend to the site of fertilization provides opportunity for 

female control over fertilization. 

 

 

 

 

 

 

(b) Chemoattractants  

 

 

Progesterone is a molecular signal that modifies sperm flagellar 

activity to guide sperm toward the egg. The action of 

progesterone is elicited via its receptor, CatSper, and the resulting 

modulation of intracellular calcium concentrations that change 

flagellar activity. Chemokine-receptor chemotactic interaction is 

compatible with the concept of differential sperm selection based 

on differences in sperm receptor expression. 
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(c) Cumulus 

biochemistry 

 

Variation in the expression of cumulus cell membrane proteins or 

hyaluronic acid could control the number of sperm, or specifically 

which sperm (based on differences in haploid expression) interact 

with the egg. 

 

 

 

(d) Cumulus 

phenotype 

 

 

Adjustments in the cumulus physical microenvironment, for 

example, more or less densely packed cells, might represent a 

differential barrier to sperm. 

 

 

 

 

(e) Egg surface 

proteins  

 

ZP glycoproteins are major players in sperm--egg binding and 

blocks to polyspermy. Variation in egg surface proteins could 

account for different rates of sperm-binding or acrosome 

reaction, or differences in the speed or efficiency at which the 

polyspermic block occurs. 

 


