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1.1. Fertilization strategies of externally fertilizing fi shes

Fertilization in water is extremely diffi  cult yet fi shes have evolved incredible ways of 
overcoming the barriers to reproduction. Species have adapted many alternative strategies 
in order to produce the greatest number of viable off spring to carry genes to subsequent 
generations. Fishes use a variety of diff erent methods of fertilization, including internal and 
external fertilization, as well as some unique strategies for parental care such as oral brooding 
(exhibits in cichlids) and sex role reversal (exhibits in syngnathids) (Mandal, 2015). Several 
fi sh species employ parental care to ensure a  greater chance of off spring survival for the 
fewer number of young produced. Th e majority of fi shes engage in external fertilization, 
which requires both male and female releasing gametes simultaneously or asynchronously 
(Balon, 1981). External fertilization is often accomplished by broadcasting gametes where 
many individuals of both sexes come together and release their gametes into the water 
or on various substrates; this strategy produces greater numbers of off spring, but without 
parental care. Internal fertilization is strenuous and energetically very costly, yet eff ective. Th e 
three methods of fertilization include oviparity (egg laid outside female body; e.g. hornshark, 
skates), ovoviparity (eggs retained within female with yolk being the primary nutrition; e.g. 
guppies, angel sharks, coelacanths), and viviparity (development within female, with some 
maternally supplied nutrient followed by live birth; e.g. surfperches, splitfi ns, lemon shark, 
seahorses and pipefi sh) (Budy, 2012).

Along with environmental factors (e.g. water pH, osmolality, temperature, hardness etc.), 
a variety of both male and female gamete traits have been reported to infl uence fertilization 
success of fi sh (Serrão and Havenhand, 2009). Female gametic traits include egg size, 
number and size of micropyle, structure of egg membranes, and sperm chemo-attractants. 
Th erefore, knowledge of egg morphology, structure of egg membranes, their development 
and functions, structure of micropyle and their functions in polyspermy block are essential to 
understanding fertilization mechanisms of fi sh. Th e majority of fi sh eggs are surrounded with 
a thick proteinaceous envelope or chorion (Cherr and Clark, 1982). Th e chorionic structure 
is varied among the families and refl ects adaptations to diff erent environmental conditions 
or reproductive modality (Rizzo et al., 2002). Pelagic eggs usually possess thinner follicular 
epithelium layer and zona radiata than the demersal eggs and the latter are either adhesive 
or non-adhesive (Stehr and Hawkes, 1979). Th e role of egg envelope including protection of 
the eggs from mechanical forces such as water currents (Riehl and Patzner, 1998; Esmaeili 
and Johal, 2005), predators (Riehl and Patzner, 1998; Rizzo et al., 2002) and bacterial and 
fungal infection (Paxton and Willoughby, 2000). Th e surface egg membrane and structure 
of micropyle show substantial diff erences among teleosts (Riehl, 1980; Chen et  al., 1999; 
Breining and Britz, 2000) as well as among acipenserids (Debus et al., 2002; Debus et al., 
2008). Although the egg envelope of teleosts and acipenserids are similar, there are notable 
diff erences between the two groups in number and structure of micropyles (Debus et al., 
2002). Most fi shes possess single micropyle, while acipenserids and some other species 
possess two to several micropyles. Th e structure of micropyles vary greatly among species 
and is used for taxonomic description (Riehl, 1993; Chen et al., 1999; Li et al., 2000). Th e inner 
opening of the micropylar canal is slightly larger than the diameter of the sperm head, but 
is not wide enough to allow multiple sperm to enter (Psenicka et al., 2010). Contrary, male 
gamete traits include structure of sperm, sperm longevity and swimming speed (Rothschild 
and Swann, 1951; Vogel et al., 1982), and energetic reserves (Levitan, 2000). Moreover, sperm 
dilution rate and egg to sperm ratio also play an important role in determining fertilization 
success. 
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1.2. Th ree main actors in fertilization 

In a fertilization event, there are three main components: sperm, egg and activating medium 
(Figure 1). For both, natural and controlled reproduction, activating medium is a mediator 
to provide suitable environment for the activation and encounters of gametes followed by 
fertilization. Spermatozoa are immotile in the seminal plasma and become motile when they 
are released in water or any activating media. In general, to be activated, marine fi sh sperm 
requires high osmolality, while freshwater fi sh sperm requires very low osmolality. Mature 
oocytes remain in an arrested state at meiotic metaphase-II after ovulation. Th is developmental 
block of oocytes is removed upon activation in activating media (e.g. water) or at fertilization 
(Ginzburg, 1972; Lubzens et al., 2010). In the majority of marine fi sh, egg activation is induced 
by the fusion of sperm, while in several freshwater fi sh and salmonids, egg changes can be 
induced by contact with water or mechanical stimulation (Ginzburg, 1972; Pavlov et al., 2009). 
During activation of eggs, the infl ux of intracellular free Ca2+ mediates the cortical alveoli to 
initiate exocytosis in the egg cytosol (Coward et al., 2002; Finn, 2007; Vasilev et al., 2012), 
which results in formation of a fertilization membrane (Minin and Ozerova, 2008; Govoni and 
Forward, 2008). However, the role of activation medium is not negligible in a  fertilization 
event. 

Figure 1. A conceptual framework of the fertilization event for externally fertilizing fi shes.

1.2.1. Role of sperm longevity and egg receptivity in fertilization

Th e duration of sperm motility or sperm longevity is greatly varied between marine 
and freshwater species (reviewed in Browne et al., 2015). Th e key environmental factors 
infl uencing the period of motility of fi sh spermatozoa are temperature, osmolality, pH and 
ionic composition of the activating medium. Th e sperm motility period of freshwater fi sh 
species is shorter than marine species (Table 1 and 2) typically lasting for 1 to 2 minutes 
(Suquet et al., 1994; Browne et al., 2015). On the other hand, the duration of egg receptivity 
or the fertilization ability of eggs after activation is species-specifi c and is closely related to 
diff erent water fl ow regimes on the spawning ground (Mann, 1996; Merz et al., 2004; Probst 
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et al., 2009). Additionally, the duration of egg receptivity is usually shorter in freshwater 
than in marine species (see table 3). For instance, egg receptivity period of sockeye salmon 
Oncorhynchus nerka and rainbow trout Oncorhynchus mykiss are up to 40 s after activation 
(Hoysak and Liley, 2001; Liley et al., 2002), 60 s for crucian carp Carassius carassius (Żarski 
et al., 2014), and 150 s for European perch Perca fl uviatilis (Żarski et al., 2012). In contrast, 
eggs of marine fi shes like winter fl ounder Pseudopleuronectes americanus and Atlantic cod 
Gadus morhua retain their fertilization ability up to 32 and 120 min, respectively (Butts et al., 
2012 and Davenport et al., 1981).

Table 1. Longevity of marine fi sh sperm.

M
ar

in
e 

sp
ec

ie
s

Common name Scientifi c name Longevity (s) Reference

European sea 
bass

Dicentrarchus labrax 40 Fauvel et al., 1999

Mediterranean 
horse mackerel

Trachurus mediterraneus 60 Lahnsteiner and Patzner, 1998

Red mullet Mullus barbatus 90 Lahnsteiner and Patzner, 1998

Atlantic halibut
Hippoglossus 
hippoglossus

130 Alavi et al., 2011

Atlantic bluefi n 
tuna

Th unnus thynnus 140 Cosson et al., 2008a

Barramundi Lates calcarifer 300 Palmer et al., 1993

Atlantic herring Clupea harengus 360 Evans and Geff en, 1998

European hake Merluccius merluccius 450 Evans and Geff en, 1998

Atlantic cod Gadus morhua 750 Cosson et al., 2008b

Bogue Boops boops 900 Lahnsteiner and Patzner, 2008

Ornate wrasse Th alassoma pava 900 Lahnsteiner and Patzner, 2008

Turbot Scophthalmus maximus 1020 Suquet et al., 1994

European conger Conger conger 1200 Cosson et al., 2008a

Gilthead 
seabream

Sparus aurata 1440 Fabbrocini et al., 2000

Mediterranean 
rainbow wrasse

Coris julis 7200 Lahnsteiner and Patzner, 2008

Peacock blenny Salaria pavo 18000 Patzner and Seiwald, 1988
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Table 2. Longevity of freshwater fi sh sperm.
Fr

es
h

w
at

er
 s

p
ec

ie
s

Common name Scientifi c name
Longevity 

(s)
Reference

African catfi sh Clarias gariepinus 30 Mansour et al., 2002

Grayling Th ymallus thymallus 31 Hochman et al., 1974

European perch Perca fl uviatilis 35 Lahnsteiner and Patzner, 2008

Arctic cisco Coregonus autumnalis 36 Breder and Rosen, 1966 

Rainbow trout Oncorhynchus mykiss 40 Billard and Cosson, 2005

Peled Coregonus peled 43 Breder and Rosen, 1966 

Pink salmon Oncorynchus gorbuscha 47 Breder and Rosen, 1966 

Jundia Rhamdia quelen 48 Borges et al., 2005

Tench Tinca tinca 54 Breder and Rosen, 1966 

Grass carp Ctenopharyngodon idella 56 Belova, 1981

Chinook salmon Oncorhynchus tshawytscha 60 Breder and Rosen, 1966 

Brook trout Salvelinus frontinalis 60 Hochman et al., 1974

Zebra danio Brachydanio rerio 60
Wilson-Leedy and Ingerman, 
2007

Bullhead Cottus gubio 60 Lahnsteiner et al., 1997

Suruvi Steindachneridion scripta 63 Luz et al., 2001

White bream Blicca bjoerkna 71 Breder and Rosen, 1966 

Barbel Barbus barbus 75 Alavi et al., 2009a

Northern pike Esox lucius 75 Alavi et al., 2009b

European eel Anguilla anguilla 75 Gallego et al., 2014

Freshwater bream Abramis brama 93 Breder and Rosen, 1966 

Brown trout Salmo trutta 100 Vladic and Jarvi, 1997

Goldfi sh Carassius auratus 100 Zheng et al., 1997

European 
whitefi sh

Coregonus lavaretus 113 Breder and Rosen, 1966 

Lake whitefi sh Coregonus clupeaformis 120 Hochman et al., 1974

Common carp Cyprinus carpio 120 Belova, 1981

Bunni Barbus sharpeyi 120 Alavi et al., 2010

Long whiskers 
catfi sh

Mystus gulio 150 Sunitha and Jayaprakas, 1997

Crucian carp Carassius carassius 169 Breder and Rosen, 1966 

Persian sturgeon Acipenser persicus 200 Alavi et al., 2004

Pejerrey Odontesthes bonariensis 240 Strussmann et al., 1994

White sturgeon Acipenser transmontanus 240 Cheer and Clark, 1985

Russian sturgeon Acipenser guldenstadti 245 Cheer and Clark, 1985

Blue tilapia Oreochromis aureus 270 Chao et al., 1987

Mozambique 
tilapia

Oreochromis mossambicus 270 Chao et al., 1987

Atlantic salmon Salmo salar 300 Vladic and Jarvi, 1997

Paddlefi sh Polyodon spathula 300 Brown et al., 1995

Nile tilapia Oreochromis niloticus 300 Chao et al., 1987
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Sperm longevity, the swimming velocity and the duration of egg receptivity impact the suc-
cess of a fertilization event (Trippel and Morgan, 1994; Butts et al., 2009). Is has been pre-
dicted that when duration of sperm motility period and duration of egg receptivity increase, 
the chance of fertilization success also increase (see the conceptual model in Figure 1). For 
instance, if sperm are viable for longer periods of time in the activation medium, then the 
potential of contacting and fertilizing an egg increases (Butts et al., 2009). In contrast, when 
longevity of sperm is very short, than egg receptivity may be necessary to increase fertility, 
since longer periods of egg receptivity are predicted to increase the probability of a success-
ful fertilization event (Trippel, 2003). Th erefore, duration of egg receptivity provides valuable 
insights on reproductive behavior for any fi sh species (Butts et al., 2012). Fish which have 
short periods of sperm longevity and egg receptivity, show diff erent fertilization strategies. 
In this case, males and females release their gametes at the same time or males release their 
milt on the eggs to facilitate the fertilization process. 

Table 3. Duration of egg receptivity of marine and freshwater fi shes.

Species Scientifi c name Duration 
of egg 

receptivity

Reference

Silver carp Hypophthalmichthys molitrix 30–40 s Mikodina and Makeyeva, 
1980

Sockeye salmon Oncorhynchus nerka 40 s Hoysak and Liley, 2001

Rainbow trout Oncorhynchus mykiss 40 s Liley et al., 2002

Crucian carp Carassius carassius 1 min Żarski et al., 2014

Goldfi sh Carassius auratus <1 min Hamano, 1951

European perch Perca fl uviatilis  2.5 min Żarski et al., 2012

Vendace Coregonus albula 4 min Lindroth, 1947

Japanese rice fi sh Oryzias latipes 4 min Yamamoto, 1944

Pond loach Misgurnus anguillicaudatus 5 min Gamo et al., 1960

European weatherfi sh Misgurnus fossilis 10 min Minin and Ozerova, 2008

Mummichog Fundulus heteroclitus 10–30 min Kagan, 1935

Chum salmon Oncorhynchus keta 15–30 min Yamamoto, 1951

Winter fl ounder Pseudopleuronectes 
americanus 

32 min Butts et al., 2012

Atlantic cod Gadus morhua  2 h Davenport et al., 1981

Pontic shad Alosa immaculate >2 h Kryzhanovskii, 1956

Atlantic herring Clupea harengus 4 h Kryzhanovskii, 1956

Russian sturgeon Acipenser gueldenstaedtii 6 h Ginzburg, 1972

1.2.2. Role of activating medium in fertilization 

Th e main role of an activating medium is to initiate motility of spermatozoa and to activate 
the eggs during fertilization. In controlled reproduction, hatchery water is commonly used 
as an activating medium for the majority of freshwater fi shes, while seawater is used for 
marine fi shes. In freshwater fi shes, sperm are usually activated in lower osmotic pressure, 
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where diff erent ions, pH, temperature, and osmolality of the activating medium aff ect 
motility parameters (Alavi and Cosson, 2006; Butts et al., 2013). Sarosiek et al. (2012) found 
Lahnsteiner’s buff er (100-mM NaCl, 10-mM Tris, 0.5% albumin, pH 9.0, and 199 mOsm kg−1) 
is the most eff ective medium for activating the sperm of golden ide Leuciscus idus. Another 
activating medium containing 0.4% NaCl, 0.3% urea, 0.5% albumin and characterized by pH 7.7 
and 181 mOsm kg−1 (Babiak et al., 1997) was found to increase the sperm motility period 
and velocity for the same species (Sarosiek et al., 2012). Th e durations of sperm motility of 
two freshwater fi sh, rainbow trout and northern pike Esox lucius, were found to lengthen 
as osmolality increased from that of freshwater, but this trend is not apparent in paddlefi sh 
Polyodon spathula, vimba bream Vimba vimba, and common carp Cyprinus carpio (Browne 
et al., 2015). 

Most eggs of teleosts (cichlids, catfi sh, cyprinids, blenniids, gobiids, and percids) and 
acipenserids possess adhesive properties upon contact with water. In hatchery practice, 
diff erent egg de-sticking solutions (e.g. tannic acid, Woynarovich solution, saline solution, 
urea, milk, proteolytic enzymes etc.) have been using to remove egg adhesiveness for 
common carp, tench Tinca tinca, European catfi sh Silurus glanis, African catfi sh Clarias 
gariepinus, pikeperch Sander lucioperca, and sturgeon eggs (reviewed in Siddique et al., 
2016). Moreover, it has been found that duration of fertilization capacity of eggs is largely 
dependent of the activating solution used for fertilization (Saad and Billard, 1987; Żarski 
et al., 2012; Żarski et al., 2014). For instance, Żarski et al. (2015) reported that osmolality of 
the activating medium is one of the most important parameters aff ecting egg receptivity in 
common carp. In cyprinid species, activation medium with osmolality of 100 to 200 mOsm/
kg prolonged the duration of egg receptivity and increased fertilization success (Żarski et al., 
2015). 

1.2.2. Role of pre-incubation of eggs before fertilization

In controlled reproduction, pre-incubation of eggs before fertilization is a  new concept. 
Pre-incubation of egg is a very simple way to measure the duration of egg receptivity. By pre-
incubation of eggs for diff erent time gradients, we can easily measure the duration of egg 
receptivity in terms of fertilization rate. As we discussed before, to know the exact duration of 
egg receptivity or how long the eggs are able to be fertilized is very important to standardize 
the fertilization protocol for any fi sh species (Butts et al., 2012). In acipenserids and some 
other species, when a large volume of ovarian or coelomic fl uid remains with the eggs after 
stripping, fertilization success can be reduced (Dettlaff  et al., 1993). Th erefore, pre-incubation 
of eggs before fertilization can remove excess ovarian fl uid and can initiate egg activation 
process. Knowledge about pre-incubation of eggs before fertilization is very limited, therefore, 
there is a necessity to study the eff ects of pre-incubation of eggs for diff erent fi sh species. 

1.3. Parthenogenetic development of eggs 

Parthenogenesis is a common form of asexual reproduction amongst arthropods and rotifers, 
but can also be found in fi sh (Chapman et al., 2007, Chapman et al., 2008; Robinson et al., 
2011). In facultative parthenogenesis, organisms produce off spring either parthenogenetically 
or via sexual reproduction (Bell, 1982). Facultative parthenogenesis has been documented in 
a variety of multi-cellular organisms, including fi shes (Chapman et al., 2008; Booth et al., 2010; 
Booth et al., 2012). Th e fi rst parthenogenetic reproduction in vertebrates was described in 
1932 in the Amazon molly Poecilia formosa. In fi sh, parthenogenesis is mostly exhibited in 



General introduction

- 15 -

the blacktip shark Carcharhinus limbatus, hammerhead shark Sphyrna lewini, and Zebra 
shark Stegostoma fasciatum (Chapman et al., 2007, Chapman et al., 2008; Robinson et al., 
2011). Facultative parthenogenetic cleavage patterns in non-ovulated eggs of Starry sturgeon 
Acipenser stellatus were fi rst reported by Dettlaff  and Ginsburg (1950) and later documented 
by Dettlaff  et al. (1993). Th ereafter, very few studies have been conducted to document and 
quantify the percentages of parthenogenetic cleavage development in sturgeon. Th us, there 
is a need to further study this phenomenon.

1.4. Aims of the thesis 

In this thesis, I address issues relating to fertilizing strategies of both freshwater and marine 
fi shes, more specifi cally, the eff ects of pre-incubation on the fertilization success of ovulated 
eggs, determination of egg receptivity period, understanding the role of diff erent activating 
media, manipulation of egg receptivity period and to document a unique development mode 
of eggs in Acipenserid species. Chapter 2 starts with a review providing information on the 
morphology and the developmental stages of the egg membranes of acipenserid species and 
also standardizing the terminology of the egg membranes to minimize the confusion for future 
work on acipenserid eggs. Chapter 3 assesses the number of sperm required to fertilize sterlet 
eggs and explore how pre-incubation of eggs in freshwater interacts with diff erent sperm 
ratios. Chapter 4 assesses the eff ects of pre-incubation of fresh and overripe sea bass eggs 
in seawater and also determined the duration of egg receptivity for this species. In Chapter 5, 
I investigated the eff ects of pre-incubation of eggs and activation medium on the percentage 
of eyed embryos for ide. Duration of egg receptivity period was measured and manipulated 
by diff erent activating media. Chapter 6 documented facultative parthenogenetic cleavage 
development of sterlet eggs and quantifi ed the percentage of parthenogenetically developed 
eggs in relation to the fertilization ability of diff erent females. Finally, a general discussion 
and summary on my published results, acknowledgements, list of publications, training and 
supervision plan during my doctoral study and my curriculum vitae are included in Chapter 7. 

In brief, the aims of this thesis were:

1. To review  the structure of sturgeon egg membranes and of associated terminology.
2. To study the duration of egg receptivity period and the eff ects of pre-incubation of eggs 

in freshwater fi shes.
3. To examine the duration of egg receptivity period and the eff ects of pre-incubation of 

eggs in marine fi shes.
4. To understand the eff ects of activation medium to manipulate egg receptivity period for 

externally fertilizing fi shes.
5. To document an unique development mode, parthenogenesis in Acipenserid species.
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Summary

Knowledge of the morphological properties, species specific
differences, development, and function of the sturgeon egg
envelope is of importance for a better understanding of stur-
geon reproduction as well as for improvement of the caviar

quality. The structure of the egg envelope is similar among
the various species, comprising an external envelope (thecal
cells, basal lamina, and follicular epithelium), a five-layered

oocyte envelope (adhesive layer, alveolar layer, epilayer, and
zona radiata externa and interna) and a layer of oocyte
matrix and cortical granules. Egg diameters (1.5–4.9 mm),
structure and number of the micropyles (2–52), and the size
of the micropylar field distinguish eggs of the various species.
The development of the egg envelope within the ovary com-

prises five stages, with further changes following fertilization
with the formation of a fertilization cone. The mechanism of
polyspermy block in sturgeon eggs and the role of the micro-
pyle and cortical granules in polyspermy block are also

described in this review. This review provides information on
the morphology and the developmental stages of the egg
envelope that will further the understanding of egg biology

of acipenserid species. Standardization of terminology
describing the egg envelope would minimize confusion and
be helpful for future work on acipenserid eggs.

Introduction

Sturgeons are the source of the world-renowned black caviar

(Gessner et al., 2008; Bronzi et al., 2011), and sturgeon
aquaculture is expanding worldwide mainly for caviar pro-
duction and conservation re-stocking programmes (Graham

et al., 1995; Duke et al., 1999; Chebanov and Billard, 2001;
Williot et al., 2001; Bronzi et al., 2011). In aquaculture, the
reproductive success of any species is dependent on the pro-

duction of good quality eggs (Brooks et al., 1997; Bobe and
Labb�e, 2010). Studies of the morphology and structure of
the egg envelope of sturgeon are crucial for better under-

standing of the reproductive strategies of the fish as well as
improving the quality of the caviar (Debus et al., 2002,
2008).
The surface of the egg envelope and the micropylar struc-

ture show substantial differences among teleosts (Riehl, 1980;
Chen et al., 1999; Vorob’eva and Markov, 1999; Breining

and Britz, 2000) as well as among sturgeon species (Riehl
and Schulte, 1978; Li et al., 2000; Debus et al., 2002).
Although there are some similarities in the egg envelope of
teleosts and acipenserids, notable differences between the two

groups exist in the micropyle structure (Debus et al., 2002).
The number of micropyle in the eggs, as well as their fine-
structure, is used for taxonomic description (Riehl, 1993;

Chen et al., 1999; Li et al., 2000) and can be considered gen-
eral phylogenetic characteristics of fish (Esmaeili and Johal,
2005).

Several light microscopy studies have contributed to the
description of the external structure of the sturgeon egg enve-
lope (Ginsburg, 1959; Sadov, 1963; Dettlaff and Skoblina,
1969; Caloianu-Iordachel, 1971; Markov, 1975; Doroshov

et al., 1991, 1997). The envelope and the micropylar struc-
ture of acipenserid eggs have been described in the species:
Acipenser gueldenstaedtii, Acipenser stellatus, Acipenser baerii,

Huso huso, and A. ruthenus (Markov, 1975; Le Menn and
Pelissero, 1991; Dettlaff et al., 1993; Spinaci et al., 1999;
Vorob’eva and Markov, 1999; Debus et al., 2002; Psenicka

et al., 2010; Zelazowska, 2010), Acipenser transmontanus and
Acipenser naccarii (Cherr and Clark, 1982; Doroshov et al.,
1991), and the paddlefish Polyodon spathula (Linhart and

Kudo, 1997). The terminology used for the layers of the egg
envelope in these studies is not consistent, providing the
potential for misunderstanding and misinterpretation. There
is an increased demand for further information on the struc-

ture and development of the sturgeon egg envelope, because
it is closely related to the improvement of the caviar quality.
The aim of the review was to describe the morphology and

function of layers of the sturgeon egg envelope and to sug-
gest standardized terminology.

Maturation, fecundity, and egg size

Sturgeon eggs are mostly spherical or somewhat elongated
and brownish-grey in colour (Dettlaff et al., 1993). The size

of the mature eggs is inconsistent among females even of
the same species (Dettlaff et al., 1993). However, the differ-
ence in size among the eggs does not influence the viability

of the pre-larvae. Fecundity and diameter of mature unfer-
tilized eggs of selected sturgeon species are presented in
Table 1.
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Egg morphology

The distribution of yolk and lipid inclusions and the struc-
ture of the cortical granules in a mature egg do not differ sig-
nificantly from those of oocytes (Dettlaff et al., 1993). The

oocyte exhibits a distinctly polarized structure with a vegetal
region containing yolk granules and large lipid inclusions
and an animal region containing the cytoplasm, at a lower

concentration than that of yolk, and a nucleus or germinal
vesicle. The cytoplasm contains a large amount of reserve
nutrients that support embryonic development. In mature
sturgeon oocytes, the nucleus is many times larger than the

somatic cells and is conventionally called the germinal vesi-
cle. At the conclusion of gonadal maturity stage IV, the
nucleus shifts towards the animal pole and becomes sur-

rounded by the fine-grained yolk (Kazanskii et al., 1978).
The nucleus is filled with nucleoplasm and numerous stained
nucleoli (Dettlaff et al., 1993).

At stage IV of maturity, intra-ovarian oocytes possess
envelope layers similar to those of ovulated eggs except for
the thickness of layers and the shape of the follicular cells.
Mature oocytes are covered with five layers of oocyte enve-

lope, with the external envelope encased in three layers (the-
cal cells, basement lamina, follicular epithelium) (Dettlaff
et al., 1993; Debus et al., 2008). The internal surface of the

follicular epithelium is in close contact with the adhesive
layer. In most sturgeon species, this adhesive layer or jelly-like

membrane originates in the intra-ovarian follicular epithe-
lium (Ginzburg, 1972; Markov, 1978; Cherr and Clark, 1982;
Dettlaff et al., 1993; Vorob’eva and Markov, 1999) and lies

between the follicular epithelium and alveolar layer. The
main component of this layer is an 110 kDa glycoprotein
containing sialic acid (Cherr and Clark, 1982). This layer of
the egg becomes hydrated upon contact with water and gives

rise to egg adhesiveness (Dettlaff et al., 1993).
Several micropylar canals (1–13 in A. stellatus, up to 33 in

H. huso, up to 52 in A. gueldenstaedti, 5–13 in A. ruthenus,

3–9 in Acipenser sturio, 3–15 in A. transmontanus, 4–8 in
P. spathula, and 3–16 in A. baerii) in the egg membrane are
located at the center of the animal pole near the oocyte nucleus

(Salensky, 1878; Ginzburg, 1972; Cherr and Clark, 1982; Dett-
laff et al., 1993; Linhart and Kudo, 1997; Debus et al., 2008).
A layer beneath the zona radiata interna (ZRI) consists of a
cytoplasmic membrane up to 1 lm thick that contains microv-

illi and numerous outgrowths of the cytoplasmic cortex (Ai-
zenshtadt and Dettlaff, 1972). The cortical granules are
spherical lysosome-like structures located immediately beneath

the plasma membrane (Aizenshtadt and Vasetskii, 1984).

Structure of the egg envelope and inter-species differences

Authors have described the oocyte envelope without follow-
ing a standardized system of terms or most commonly used

Table 1
Fecundity of female and diameter of ovulated unfertilized eggs of selected sturgeon species

Scientific name Common name
Fecundity
(9103 eggs per individual)

Fecundity eggs
per kg 9 103

Ovulated egg
diameter (mm)

Acipenser baerii Brandt, 1869 Siberian sturgeon 0–420a

200–800c
13.6–16.5 d 3.7–4.0b

2.4–4.9d

A. brevirostrum Lesueur, 1818 Shortnose sturgeon 48–99a na 3.0–3.2d

A. dabryanus Dum�eril, 1868 Yangtze sturgeon 60–130a na na
A. fulvescens Rafinesque, 1817 Lake sturgeon 50–700a na 2.7–3.5d

A. gueldenstaedtii
Brandt and Ratzeberg, 1833

Russian sturgeon 50–1165a

80–85 c
10.8–14.8d 2.4–3.9b

2.8–3.2d

A. schrenckii Brandt, 1869 Amur sturgeon 27.6–1292a na na
A. nudiventris Lovetzky, 1828 Fringebarbel sturgeon 28–1300a

280–1000c
9.1–21.7d 1.5–3.0d

2.5c

A. oxyrinchus Mitchell, 1814 Atlantic sturgeon 1030–3756a 16.0d 2.1–3.0a

A. ruthenus L. 1758 Sterlet 8–199a

5–100c
na 1.9–2.0e

2.0–2.5c

A. sinensis Gray, 1834 Chinese sturgeon 306–1303a na 3.7–4.9d

A. stellatus Pallas, 1771 Starry sturgeon 20–360a

35–630c
na 2.1–2.8b

2.8–3.0c

A. sturio L. 1758 Sturio 200–2500a 18.0–23.0d 2.6–3.0e

2.4–2.8d

A. transmontanus Richardson, 1836 White sturgeon 98.2–4000a na 3.5–4.0 f

Huso huso (L. 1758) Beluga 360–7700a

1000–8000c
3.3d 2.8–4.5b

3.3–4.0d

H. dauricus (Georgi, 1775) Kaluga 186–4868a 3.2–15.0d 3.6–4.0e

2.5–3.5d

Polyodon spathula (Walbaum, l792) Paddlefish 66–609a 9.1–2.6d 2.21–3.22b

2.0–3.1d

Psephurus gladius (Martens, 1862) Chinese swordfish 0–970a na na
Scaphirhynchus platorynchus
(Rafinesque, 1820)

Shovelnose sturgeon 10–51a na na

aFroese and Pauly (2013); bDebus et al. (2002); cVorob’eva and Markov (1999); dBillard and Lecointre (2001); eBerg et al. (1949); fCherr and
Clark (1982); na, data not available.

Sturgeon egg structure 1247



- 27 -

A review of the structure of sturgeon egg 
membranes and of the associated terminology

names for identical structures (Debus et al., 2008). A mem-
brane present consistently in the majority of sturgeon eggs
proximal to the oolemma is variously called the zona pellucida
(Caloianu-Iordachel, 1971), the vitelline envelope (Ginsburg,

1959; Korniyenko, 1975; Altuf’yev et al., 1980), or the zona
radiata (Sadov, 1963; Ginzburg, 1972; Markov, 1975; Le
Menn and Pelissero, 1991; Vorob’eva and Markov, 1999; De-

bus et al., 2008; Zelazowska, 2010). The ultrastructure of this
membrane has been described as being composed of two
regions or zones: the zona radiata interna (ZRI) and zona radi-

ata externa (ZRE) (Ginzburg, 1972; Le Menn and Pelissero,
1991; Vorob’eva and Markov, 1999; Debus et al., 2008; Zel-
azowska, 2010). In the present study, we have described these

layers separately and used the term ‘vitelline envelope’ to refer
the entire zona radiata membrane. Layers of the external enve-
lope and oocyte envelope are illustrated in Fig. 1.

External envelope

The layer of thecal cells is located at the periphery of the fol-

licle, separated from the follicular epithelium by a basement
lamina. Caloianu-Iordachel (1971) and Dettlaff et al. (1993)
proposed differentiating thecal cells into two parts: the exter-

nal and the internal theca. The thecal cells, basement lamina,
and follicular epithelium have been observed in both ovu-
lated and non-ovulated oocytes of H. huso, A. baerii, A.
gueldenstaedtii, and A. stellatus (Le Menn and Pelissero,

1991; Debus et al., 2008). Helical or screw-like projections
originating in the follicular epithelium cells penetrate the

ductules of the alveolar layer, and extend into the ZRE of
pre-ovulated and ovulated eggs (Debus et al., 2008).

Oocyte envelope

The presence of four distinct layers (adhesive layer, alveolar
layer, ZRE and ZRE) of the oocyte envelope has been con-

firmed and described by several authors (Cherr and Clark,
1982; Le Menn and Pelissero, 1991; Debus et al., 2008;
Zelazowska, 2010).

Adhesive layer. The adhesive layer of the sturgeon egg enve-

lope is the outermost layer that closely links and partially
penetrates into the pores or ductules of the alveolar layer
(Debus et al., 2008). This homogenous jelly coat is composed

of less dense and finely flocculent materials and acts as a bar-
rier over the micropyle during sperm penetration (Psenicka
et al., 2010). The thickness of this adhesive layer was

reported as 0.3–0.64 lm in A. transmontanus (Cherr and
Clark, 1982), and 0.5–0.9 lm in A. baerii (Le Menn and Pel-
issero, 1991).

Alveolar layer. The alveolar layer is a thick external envelope

on the ZRE and often referred to as the jelly coat or extra-cho-
rion. A number of studies have referred to the outermost layer
as ‘layer three’ (Cherr and Clark, 1982; Doroshov et al., 1991),

while other authors have described the egg envelope beginning
with the outside and designating it as ‘layer one’ (Linhart and
Kudo, 1997). Debus et al. (2008) called it the ‘alveolar layer’

(a) (b) (c)

Fig. 1. Schematic of egg envelope of acipenserids at different developmental stages; (a) maturing oocyte (intra-follicular); (b) mature ovulated
oocyte; (c) fertilized egg after swelling with water; fp, follicular protrusions; th, thecal cells; b, basement lamina; fe, follicular epithelium; ad,
adhesive layer; al, alveolar layer; zre, zona radiata externa; ep, epilayer; t, tubules; zri, zona radiata interna; eom, extra-oocyte matrix; c, cor-
tical granules
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due to its alveolar structure. Nomenclature used by other
authors to describe the sturgeon egg envelope is presented in
Table 2. Most authors have not differentiated between the
adhesive and the alveolar layer and have designated the layers

together as the ‘gelatinous envelope’ (Ginsburg, 1959; Kor-
niyenko, 1975; Markov, 1975; Altuf’yev et al., 1980). The
homogenous alveolar layer is in close contact with the ZRE

and appears as a granular and 24–63 lm thick structure pene-
trated by many perpendicularly oriented ductules (0.35–
0.5 lm in diameter) (Cherr and Clark, 1982; Debus et al.,

2008). The thickness of the alveolar layer was reported as
18 lm in A. transmontanus (Cherr and Clark, 1982, 1984) and
45 lm in A. naccarii (Spinaci et al., 1999).

Zona radiata externa (ZRE). The ZRE is often called the

external vitelline envelope (Ginsburg, 1959; Altuf’yev et al.,
1980) or the outer vitelline zone (Korniyenko, 1975). The
ZRE layer is approximately 25–59 lm thick and consists of

a network of longitudinal filamentous fibrils that terminate
in screw-like helical projections on the surface of this layer
(Cherr and Clark, 1982; Debus et al., 2008). The fibrils are

groups of filaments that are often arranged and joined
together inside the vitelline envelope to form the fibril.

Epilayer. A thin epilayer containing fibres with granulose
organization has been reported between the ZRE and ZRI of

sturgeon eggs in A. gueldenstaedtii (Markov, 1975) and
A. naccarii (0.5 lm thick) (Spinaci et al., 1999). Debus et al.
(2008) also confirmed the presence of this layer in H. huso,

A. baerii, A. gueldenstaedtii, and A. stellatus by transmission
electron microscopy.

Zona radiata interna (ZRI). The ZRI or internal vitelline
envelope is the innermost layer of the egg envelope and is

closely associated with the oolemma (Cherr and Clark, 1982).
The ZRI is usually 14–25 lm thick (Debus et al., 2008). The
thickness of this layer was reported as 12 lm in A. transmont-

anus (Cherr and Clark, 1982, 1984), and 20 lm in A. naccarii
(Spinaci et al., 1999). This layer consists of several longitudi-
nal fibrils, smaller in diameter than those of the ZRE and
packed more tightly. As in the ZRE, helical projections of

ductile were not observed inside the ZRI (Debus et al., 2008).

Extra-oocyte matrix, cortical and pigmented granules. The
ZRI under electron microscopy appears separated from the

ooplasma by a thin electron-lucent membrane into which
numerous microvilli project from the oolemma. Several
authors have reported the presence of microvilli and numer-
ous outgrowths of the cytoplasmic cortex filling the space

between the oolemma and the ZRI. This material is desig-
nated the ‘extra-oocyte matrix’ (Aizenshtadt and Dettlaff,
1972; Le Menn and Pelissero, 1991; Dettlaff et al., 1993;

Debus et al., 2008). As the extra-oocyte matrix is proximal
to the ZRI, the microvilli enter its ductules. The cortical
granules are closely engaged with the oolemma and located

just beneath the extra-oocyte matrix throughout the oocyte
surface, while the pigmented granules are deposited near the
cortical granules (Dettlaff et al., 1993). The cortical granules

Table 2
Different nomenclatures used for the egg envelopes of sturgeon

Proposed nomenclature Commonly used terminology Location

Thecal cells Thecal cellsj,n, external theca
and internal thecac,k

Periphery of the follicle

Basement lamina Membrane perifolliculairec, basement laminaj,n,
membraneb

Between the thecal cells and follicular epithelium

Follicular epithelium Follicular cellsc,o, follicular envelopeb,
follicular epitheliumg,j,k

Located in the external envelope of the eggs

Adhesive layer Jelly coatj,k, adhesive layerh,n; jelly envelopeo Proximal to the alveolar layer, originating in follicular cells
Alveolar layer Gelatinous envelopea,f,g, external envelopeb,

gelatinous zonee, layer 3h, chorion 3i,
secondary external gelatinous envelopef,
choriono

Outermost layer of oocyte envelope

Zona radiata externa External vitelline envelopea, outer vitelline zonee,
external vitelline membraneg, layer 2h,l chorion
layer 2i, zona pellucida internac; zona radiata
externab,d,f,j,k,n

Zona radiata externa is the outer part of vitelline envelope,
immediately beneath the alveolar layer

Epilayer Epilayer 1m, layer 4m Separates zona radiata interna from zona radiata externa
Zona radiata interna Internal vitelline envelopea, inner vitelline zonee,

internal vitelline membraneg, chorion layer 1i,
zona pellucida internac; zona radiata
internab,d,f,j,k,n

Inner part of the zona radiata, closely associated with zona
radiata externa

Extra-oocyte matrix Extra-oocyte matrixj,n, slit-like spaced Zona radiata interna is separated from the ooplasma by a
thin space, the extra-oocyte matrix, into which the oolemma
projects numerous microvilli

aGinsburg (1959); bSadov (1963); cCaloianu-Iordachel (1971); dGinzburg (1972); eKorniyenko (1975); fMarkov (1975); gAltuf’yev et al. (1980);
hCherr and Clark (1982); iDoroshov et al. (1991); jLe Menn and Pelissero (1991); kDettlaff et al. (1993); lLinhart and Kudo (1997); mSpinaci
et al. (1999); nDebus et al. (2008); oZelazowska (2010).
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and pigmented granules are round, ellipsoid, often irregular,
and usually arranged in one or two rows.

Developmental stages of egg envelope formation

During the second half of the maturation period, sturgeon
oocytes enter a succession of meiotic phases that result in the

reduction of the number of chromosomes. The meiotic
phases begin with prophase I (meiosis I) and proceed until
metaphase II (meiosis II) when ovulation begins (Flajshans

et al., 2013). The subsequent phases of meiosis II (anaphase
II and telophase II) are completed only after fertilization
(Dettlaff et al., 1993). Vitellogenin and choriogenin are

serum precursor proteins of the egg yolk and vitelline enve-
lope, respectively. During oogenesis, the vitellogenin and
choriogenin are synthesized in the liver of female fish and
accumulate in the yolk to meet the nutritional requirements

of the embryo and in the egg envelope, providing protection
to the embryo from biological and environmental challenges
(Yamagami et al., 1994). Development of the egg envelope in

sturgeon species usually occurs in consecutive stages. The
egg envelope has been described and compared in several
species of Acipenser and Huso. However, detailed histological

observations of egg envelope formation and development are
rare for most Acipenseridae species. Linhart and Kudo
(1997) observed the surface ultrastructure of paddlefish eggs
before and after fertilization. Zelazowska (2010) described

the formation and development of the A. gueldenstaedtii egg
envelope in five consecutive stages:

Stage I of egg envelope formation

The egg envelope is usually secreted into the peri-oocytic

space, mainly from the microvilli zone and extra-oocyte
matrix, to form two types of envelope: the vitelline envelope
and the chorion (Zelazowska, 2010). The vitelline envelope is

composed of filaments that are secreted by the oocyte, and the
chorion is composed of a single layer of homogeneous material
that is secreted by follicular cells. The oocyte plasma mem-
brane forms numerous microvilli directed towards the follicu-

lar cells, which penetrate into the egg envelope at a further
stage of egg envelope formation (Zelazowska, 2010).

Stage II of egg envelope formation

During stage II of the egg envelope formation, an additional

internal layer of the vitelline envelope is secreted and deposited
underlying the first vitelline envelope, and, similarly, an extra-
chorion layer is also deposited on the surface of the chorion
(Zelazowska, 2010). The ZRI is composed of thin and short

filaments, while the ZRE is composed of fibrils (more tightly
arranged filaments) and trabecules (Zelazowska, 2010). At a
later stage, fibrils from the ZRE convert to trabecules, which

constitute the alveolar layer of the egg envelope.

Stage III of egg envelope formation

At stage III, secretion and deposition of the vitelline enve-
lope continues. Newly secreted materials are composed of

short filaments attached together to form fibrils, and, subse-
quently, the ZRI of the vitelline envelope develops on the
oocyte surface (Zelazowska, 2010). At this stage, a thin and
densely packed homogeneous layer is formed between the

ZRE and ZRI. Debus et al. (2008) termed this the epilayer 1
(Debus et al., 2008). During the developmental stages of egg
envelope formation (from stage II to stage V), the follicular

cells change shape, with the primary follicular cells changing
from a rectangular to a cuboid shape (Zelazowska, 2010).

Stage IV of egg envelope formation

The vitelline envelope layer is deposited on the oocyte sur-

face during stage IV. The ZRE and ZRI acquire a homoge-
neous appearance due to the reduction of space between
filaments. The follicular cells of the external envelope of the
eggs also change shape at this stage, becoming cubical or

cylindrical (Zelazowska, 2010).

Stage V of egg envelope formation

During this stage, the composition of the vitelline envelope is
similar to previous stages (Zelazowska, 2010). However, the

extra-chorion (adhesive layer and follicular epithelium)
extends over the alveolar chorion. Numerous canals contain-
ing the oocyte microvilli and follicular cell processes perfo-
rate the alveolar chorion. Canals that perforate the ZRE are

filled with a homogenous material. At this stage, the periph-
eral ooplasm contains numerous pigment granules, yolk
platelets, and cortical alveoli (Zelazowska, 2010).

Micropylar structure and inter-specific differences

Sturgeon eggs contain numerous micropyles with a double-
tapered, often funnel shaped structure usually located in the
region of the animal pole in the surface of the egg chorion.

The number of micropyles varies among specimens of the
same species, with inter-specific variability also being com-
mon. The number of micropyles is never fewer than two (Vo-
rob’eva and Markov, 1999). The presence of numerous

micropyles on the chorion surface could appear to increase
the chances of polyspermy in sturgeon eggs. However, the
increased risk of polyspermy is compensated for by the dou-

ble-tapered spermatozoa entry canal (Cherr and Clark,
1982). Each micropyle on the surface of the chorion of stur-
geon eggs, except in H. huso, consists of a wide funnel that

passes through the membranes and the inner opening of the
micropylar canal (Vorob’eva and Markov, 1999). Such a
complex structure of micropyles may serve to limit sperm
access to the oolemma or previtelline space (Cherr and

Clark, 1982).
The micropylar canals are restricted to a small area near

the sperm entry site in the animal pole region. The dimension

of the area in which the micropyles are located is referred to
as the ‘size of the micropylar field’ (Debus et al., 2002). In
A. stellatus, H. huso, and A. gueldenstaedtii, the distance

between neighboring outer micropylar openings is usually
between 20 and 80 lm, less frequently up to 100 lm. When
5–10 micropyles are present, they are located in a region
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about 120–130 lm in diameter. The diameter of the micropy-
lar field depends on the number of micropyles on the egg
surface (Debus et al., 2002). For example, in A. transmont-
anus (3–15 micropyles), the size of micropylar field is up to
100–200 lm (Cherr and Clark, 1982). An exception to the
norm is seen in the size of micropylar field observed in
A. gueldenstaedtii, with more than 30 micropyles at 1000–
1100 lm (Dettlaff et al., 1993). The diameter of the micropy-
lar field of eggs of H. huso is 100–826.2 lm, A. stellatus is
61.9–173.5 lm, Apersicus is 114.3–276.5 lm, A. baerii is

142.6–569.9 lm, and A. nudiventris is 117.7–143.4 lm (Debus
et al., 2002). The diameter of the external opening of the
micropyle funnel is 20 lm in H. huso and A. ruthenus, up to

50 lm in A. stellatus, and 50–60 lm in A. nudiventris (Vo-
rob’eva and Markov, 1999). The inner opening of the micro-
pylar canal is much narrower than the opening of the
micropylar funnel. The inner opening of the micropylar canal

is slightly larger than the diameter of the acrosome and is not
wide enough to allow multiple sperm to enter the micropyle
(Psenicka et al., 2010). Diameter of the inner opening of the

micropylar canal is 2.5–3.0 lm in A. ruthenus, 5 lm in
A. gueldenstaedtii and A. Baerii, and 10 lm in A. persicus
(Vorob’eva and Markov, 1999). After critical point drying of

the eggs for scanning electron micoscopy the micropylar
opening diameters were 8.3–21.5 lm in H. huso, 4.6–16.0 lm
in A. gueldenstaedtii, 7.1–13.6 lm in A. stellatus, 9.7–21.2 lm
in A. persicus, 9.94–17.8 lm in A. baerii, and 12.4–13.0 in

A. nudiventris (Debus et al., 2002).

Fertilization of the egg

Before and during the fertilization process, the transformation
of the vitelline envelope or zona radiata into the fertilization

envelope constitutes morphological changes common to many
fish species (Kudo, 1982a,b). The thickness of the vitelline
envelope in the egg animal pole region decreases following

ovulation. In sturgeon, the vitelline envelope is thinner at the
animal pole (approx. 20 lm for A. stellatus and 20–30 lm for
A. gueldenstaedti) than other areas of the envelope (Dettlaff
and Ginsburg, 1954). Mature eggs of sturgeon species possess

several micropyles that perforate the surface of the vitelline
envelope at the animal pole region. The ZRE forms a small
number of dome-like structures consisting of tufts of microvilli

under each of the micropyles. The number of spermatozoa
entry sites usually corresponds to the number of micropyles
on the egg surface (Linhart and Kudo, 1997). The ultrastruc-

ture of the spermatozoa entry site in sturgeon eggs is similar
to that observed in most other fish species (Linhart and Kudo,
1997). The ultrastructural features of the spermatozoa entry
site and egg fertilization cone have been investigated in carp

(Kudo, 1982a,b), European catfish (Kudo et al., 1994), and a
few sturgeon species (Vorob’eva and Markov, 1999).
Several fish species respond to initial stages of spermato-

zoa penetration by forming a cytoplasmic process or early
fertilization cone (Kudo, 1980, 1991; Kobayashi and Yamam-
oto, 1981; Kudo and Sato, 1985). The formation of the cyto-

plasmic process is initiated prior to the cortical reaction
(Kudo, 1982a; Linhart and Kudo, 1997). At 60 s post-fertil-
ization, Linhart and Kudo (1997) observed a cytoplasmic

process or a mature fertilization cone extending to several
micropyle canals in the animal pole region of paddlefish
eggs. A few smaller cytoplasmic processes or flocculent mate-
rials were found in other micropylar canals of the same egg.

The plasma membrane of the fertilization cone showed no
fusion with the plasma membrane of supernumerary sperma-
tozoa (Kudo, 1980, 1991; Kobayashi and Yamamoto, 1981;

Kudo and Sato, 1985). At 60 s post-fertilization the fertiliza-
tion cone enlarged to approx. 20–30 lm in diameter and
appeared as a spherical shape on the egg envelope (Linhart

and Kudo, 1997; Psenicka et al., 2010). The proteases of the
vitelline envelope are responsible for the elevation and trans-
formation of the vitelline layer to the fertilization envelope

(Murata, 2003). The alteration of the vitelline layer by sub-
stances released from the cortical granules and the formation
of the elevated fertilization membrane is a feature of the sea
urchin Strongylocentrotus purpuratus (Foerder and Shapiro,

1977; Murata, 2003).
Subsequently, 3, 10, and 20 min post-fertilization, the

uneven surface of the cortical cytoplasm of paddlefish eggs

at the animal pole region was slightly elevated with less
numerous microvilli than in the area around the secondary
polar body (Linhart and Kudo, 1997). The cytoplasmic pro-

cess of the egg envelope plays an important role in the pre-
vention of polyspermy (Kudo, 1980; Kobayashi and
Yamamoto, 1981). When a spermatozoon has penetrated the
egg, the second polar body is formed (20 min post-fertiliza-

tion at 20°C room temperature) (Linhart and Kudo, 1997).

Blocking of polyspermy in eggs

Oviparous fishes spawn a huge number of eggs; fertilization
thereof must be completed between one maternal and one

paternal gamete. In mono-spermic eggs, if more than one
spermatozoon fuses with the oocyte, the embryo will die at
an early stage (Ginzburg, 1972; Murata, 2003). During fertil-

ization, huge numbers of spermatozoa compete to fertilize an
oocyte, moving toward the opening of the micropylar canal
in the animal pole region of the oocyte. However, only a sin-
gle spermatozoon can penetrate into the cytoplasm of the

oocyte, and the spermatozoa nucleus fuses with the oocyte
nucleus. Mono-spermic eggs usually possess several mecha-
nisms to prevent supernumerary spermatozoa penetration

into the oocyte (Murata, 2003). The nature of this defense
mechanism is a protective reaction by the egg envelope called
‘polyspermy block’. Sturgeon eggs are mono-spermic and

possess numerous micropyles or spermatozoa entry sites on
the surface of the egg envelope, creating a high potential for
polyspermy. However, the structure of the micropyle and the
response of cortical granules to fertilization inhibit poly-

spermy in the sturgeon eggs (Ginsburg, 1961; Dettlaff, 1962;
Psenicka et al., 2010).

Mechanisms of ‘polyspermy block’ in sturgeon eggs

Although sturgeon eggs possess numerous micropyles, the

structure of the micropyle and the cortical granules play a
significant role in polyspermy block; this mechanism can be
briefly described in the following steps:
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The structure of the micropyle restricts the number of
sperm entering the oocyte plasma membrane (Fig. 2). The
diameter of the inner aperture of the micropyle of sturgeon
eggs is slightly larger than the acrosome diameter, limiting

access to a single spermatozoon, and has been described in
teleost species (Billard et al., 1986; Dettlaff et al., 1993; Lin-
hart and Kudo, 1997).

After fusion with the spermatozoon, a fertilization cone
originating from the cytoplasm of the egg appears on the
spermatozoon entry sites. Growth of the fertilization cone

starts from the top of the fused sperm head (Kudo, 1980;
Kudo and Sato, 1985). The cytoplasmic process is formed
beneath several micropyles on the egg. Psenicka et al. (2010)

found only a single fertilization cone per fertilized egg. A few
micropyles did not form a fertilization cone, but exhibited
smaller cytoplasmic processes (Linhart and Kudo, 1997). The
fertilization cone plugs the inner opening of the micropyle

and prevents multiple spermatozoa from attaching to the
oocyte plasma membrane (Linhart and Kudo, 1997).
Immediately after fertilization, a perivitelline space is

formed from the egg cortical granules (Ginzburg, 1972; Lin-
hart and Kudo, 1997). During fertilization, protein released
from the cortical granules is converted to lectin (Grey et al.,

1974). Cherr and Clark (1985a,b) reported the presence of lec-
tin in sturgeon eggs. The content of fish egg cortical granules
(especially cortical granule lectins) immobilizes and repels
supernumerary spermatozoa (Murata, 2003).

The content of the cortical granules become the vitelline
fluid after fertilization when water imbibement is complete.
This vitelline fluid is responsible for the hardening of the egg

envelope after cortical reaction (Zotin, 1958; Ha et al., 1995;
Shibata et al., 2000, 2012; Murata, 2003). Dettlaff (1962)
reported the hardening of the sturgeon egg envelope after

fertilization, which could be induced by vitelline fluid.

Role of the micropyle

In general, the role of the micropyle is to aid in the fertiliza-
tion process or the connection of gametes. Water in natural
spawning grounds may be more turbid than hatchery water.

In turbid water, micropyles effectively guide the spermatozoon
into the oocyte. Micropyles are situated exclusively in the ani-
mal pole region, which is in proximity to the egg genome, so
that after entering the micropyle canal the spermatozoon can

easily penetrate the oocyte. The multiple micropyles in stur-
geon eggs increase the chances of fertilization. Sturgeon eggs
need only one percent of the spermatozoa to fertilize each

oocyte in salmonids (Ginzburg, 1972).
The micropylar cell determines the structure of the micro-

pyle and its position on the egg surface during oogenesis

(Riehl, 1978). Beneath the micropyle opening on the egg sur-
face, there is a tuft of microvilli (Linhart and Kudo, 1997).
As mentioned, the number of micropyles varies markedly

among acipenserid species and even among the eggs from the
same female. The size of the micropylar field is positively
correlated to the number of micropyles in each egg. The dis-
tance between any two micropyles is not more than 100 lm.
The micropylar canal traverses the inner layer of the egg
envelope (ZRI), and the diameter of the inner end of the
micropylar canal is slightly larger than the width of the sper-

matozoa head. As in most fish species, the base of the micro-
pylar canal in sturgeon eggs is just wide enough for the
passage of a single spermatozoon (Ginzburg, 1972; Billard

et al., 1986; Linhart et al., 1995). The micropylar canal in a
carp Cyprinus carpio egg is wider than the spermatozoon
head, but the carp egg does not possess multiple micropyles
as do sturgeon and paddlefish (Ginzburg, 1972; Kudo, 1980;

Cherr and Clark, 1982; Linhart and Kudo, 1997). As in most
fish species, in the mammalian egg there is no micropyle or
sperm entry canal on the egg surface. In mammals, sperma-

tozoa need to bind with the egg envelope or zona radiata ex-
terna. After attaching to the egg envelope, the spermatozoa
acrosome secretes a substance containing enzymes such as

acrosin to digest the egg envelope glycoproteins, making pos-
sible fusion between the spermatozoa plasma membrane and
the oocyte plasma membrane (Murata, 2003).

At 60 s post-fertilization, outgrowths or cytoplasmic pro-
jections were observed on the sturgeon egg envelope, extend-
ing to the external aperture of the micropylar canal
(Ginsburg, 1959; Linhart and Kudo, 1997). Similar out-

(a) (b) (d)(c)

Fig. 2. Mechanism of polyspermy block in sturgeon eggs (a) narrow inner opening of micropylar canal preventing polyspermy, (b) fertiliza-
tion cone forms usually within 60 s of fertilization preventing passage of multiple spermatozoa through the micropyle canal (Linhart
and Kudo, 1997; Psenicka et al., 2010), (c) content of cortical granules repels and immobilizes supernumerary spermatozoa; at 3-min post-
fertilization, external apertures of most micropyle are sealed with flocculent material (Linhart and Kudo, 1997), (d) after complete formation
of the vitelline space, enzymes secreted from the cortical granules provoke hardening of egg chorion surface and block spermatozoa entry
sites (Murata, 2003)
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growths from the egg ooplasm have also been observed in
carp (Kudo, 1980) and zebrafish Danio rerio eggs (Hart
et al., 1992). This outgrowth has been called the fertilization
cone (Kudo, 1980; Kobayashi and Yamamoto, 1981; Hart

et al., 1992; Psenicka et al., 2010).
Micropyles likely aid in the fertilization process and also

provide an effective system for blocking polyspermy. When a

spermatozoon penetrates the oocyte, the fertilization cone is
developed in the micropyle (Linhart and Kudo, 1997; Pseni-
cka et al., 2010). The accompanying release of cytoplasmic

fluid not only penetrates the active micropyle but also other
micropyles. The fertilization cone functions as an eruption,
distributing cytoplasm around several micropyles. Linhart

and Kudo (1997) observed fertilization cones without sper-
matozoa in paddlefish eggs.

Role of cortical granules in blocking polyspermy

When the first spermatozoon reaches the oocyte plasma
membrane through the micropylar canal, the egg envelope

responds by producing the fertilization wave, also referred
to as the Ca2+ wave. This fertilization wave moves through
the cortex of the oocyte from the spermatozoon entry site

to the opposite point of the cortex surface (Murata, 2003;
Psenicka et al., 2010). Following this fertilization wave, the
cortical granules rapidly break down to form a perivitelline
space (Ginsburg, 1961; Dettlaff, 1962; Psenicka et al., 2010).

The content of the cortical granules is released into the pe-
rivitelline space between the oocyte plasma membrane and
the egg envelope. The perivitelline space fills with perivitel-

line fluid, which is formed by imbibed water and the sub-
stances released from the cortical granules. Subsequently,
the egg envelope separates from the oocyte plasma mem-

brane (Dettlaff, 1962; Murata, 2003; Psenicka et al., 2010;
Liu, 2011).
The cortical granules are specialized Golgi-derived secre-

tory granules, which contain glycoproteins collectively called
lectins (Grey et al., 1974; Krajhanzl, 1990; Dong et al., 2004)
usually found in the perivitelline space. The presence of
lectin has been reported in eggs of sturgeon (Cherr and

Clark, 1984, 1985a), Chinook salmon (Janna and Yamamot-
o, 1984; Murata, 2003), medaka (Iwamatsu et al., 1997), trout
(Ginzburg, 1972), and many other fish species. Following

fertilization, the cortical granule lectins interact with the sper-
matozoa and agglutinate with spermatozoa immobilizing
activity. The content of the cortical granules also repels super-

numerary spermatozoa from the micropylar vestibule, due to
the increase of osmotic pressure in the perivitelline space
(Murata, 2003).
It has long been hypothesized that, post-fertilization, the

content of the cortical granules is involved in hardening of
the egg envelope (Shibata et al., 2012). A number of studies
argued that the enzymes alveolin and transglutaminase,

secreted from the cortical granules, trigger the envelope hard-
ening process during the cortical reaction in many fish spe-
cies (Zotin, 1958; Ha et al., 1995; Shibata et al., 2000, 2012;

Murata, 2003). The inter-molecular cross-linking between
egg envelope proteins is catalyzed by transglutaminase, which
is involved in the hardening process. Transglutaminase has

been shown to be embedded in the egg envelope in species of
fish including rainbow trout (Ha and Iuchi, 1998), medaka
(Iuchi et al., 1995) and carp (Kudo et al., 2000; Chang et al.,
2002), but remains inactive until the cortical reaction occurs

in the egg (Shibata et al., 2012).
A second chorion hardening inducing agent, alveolin, is

also reported by many authors (Shibata et al., 2000, 2012;

Murata, 2003). In sea urchin eggs, within 30 s of first sper-
matozoa attachment to the oocyte, an electrically mediated
block to further spermatozoon entry is immediate induced

by depolarization of the egg plasma membrane (Jaffe, 1977;
Murata, 2003). After depolarization, trypsin-like protease is
released from the cortical granules to cleave spermatozoon

receptors from the eggs and act as a second block to further
the entry of spermatozoa (Foerder and Shapiro, 1977). The
presence of alveolin and transglutaminase has not been stud-
ied in sturgeon eggs, but Dettlaff (1962) reported hardening

of the sturgeon egg envelope after fertilization. The aspect of
chorion hardening in sturgeon eggs by alveolin and transglu-
taminase warrants further investigation.
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a b  s t  r a  c  t

Standardization  of fertilization  protocols  for  sterlet  Acipenser  ruthenus  is crucial  for
improving reproductive  techniques  and for conservation  purposes.  Our  objectives  were  to
determine  the  number  of  sperm  (tested  430,000:1,  43,000:1,  4300:1,  430:1  sperm  to egg)
required to fertilize  eggs and  explore  how  pre-incubation  of eggs in freshwater  for  0 min,
0.5 min,  1  min,  and 10  min  interacts  with  different  sperm ratios.  Fertilization  success  ranged
from 29.7%  at  430:1  to 84.2% at  430,000:1.  Pre-incubation  time  had  no  effect  on  fertilization
success  at 430,000:1  and  43,000:1  sperm  to egg  ratios,  while  it  was significant  at the  4300:1
and 430:1  ratios.  The  use of adequate  experimental  suboptimal  sperm  to egg  ratio  revealed
a positive  effect  of  pre-incubation  time,  such  that at the 430:1 ratio, 0.5  min pre-incubation
increased  the fertilization  rate than  10  min. At  0 min  pre-incubation  the  proportion  of  fer-
tilized eggs  increased  at  the 430,000:1  ratio,  while  at  1 min  fertilization  increased  at  the
4300:1 ratio.  At  the  10 min  pre-incubation  time,  fertilization  increased  at  the  43,000:1  ratio.
Moreover, at the  0.5 min  pre-incubation  time,  the  43,000:1  ratio  increased  the  fertilization
rate than  the 430:1  ratio.  Generally,  for  430:1  ratio,  the fertilization  rate  is  lower  than  in
control. Transmission  electron  microscopy  showed  that pre-incubation  of  eggs  in water  for
<10  min  does  not  trigger  a cortical  reaction  or  the formation  of a perivitelline  space.  Results
suggest that  with  a  low  sperm  to  egg  ratio  0.5 to  1 min  pre-incubation  of  eggs  in freshwater
prior to fertilization  can  enhance  fertilization  rate  of  sterlet.

©  2015  Elsevier  B.V.  All  rights reserved.

1. Introduction

Sterlet, Acipenser ruthenus is a small acipenserid
widely distributed in central-eastern Europe and Asia

∗ Corresponding authors. Tel.: +420 387 774 600;
fax: +420 387 774 634.

E-mail addresses: siddique@frov.jcu.cz (M.A.M. Siddique),
linhart@frov.jcu.cz (O. Linhart).

(Sokolov and Vasilév, 1989; Bemis and Kynard, 1997).
Due to early sexual maturity and its economic impor-
tance sterlet has become one of the most commonly
cultured sturgeon species in many countries (Nikolskij,
1971; Chebanov and Billard, 2001; Williot et al., 2005).
Although basic procedures for artificial fertilization have
been described (Dettlaff et al., 1993; Chebanov and Galich,
2011), very few empirical studies have been conducted
with respect to standardization of fertilization protocols by
pre-incubation of eggs for this species.

http://dx.doi.org/10.1016/j.anireprosci.2015.06.008
0378-4320/© 2015 Elsevier B.V. All rights reserved.
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In general, sturgeon eggs contain numerous micropy-
les (reviewed in Siddique et al., 2014a). Furthermore, egg
morphology, the structure of egg envelopes, as well as
the adhesive properties of the eggs (when in contact
with fresh water) are similar among all sturgeon species
(Siddique et al., 2014a). Additionally, the ultrastructure
of sperm, sperm density, and osmolality of the seminal
plasma are similar amongst males (Dettlaff et al., 1993;
Li et al., 2011). In the hatchery, sturgeon gametes are
collected into dry containers and then sperm is diluted
with water at a 1:200 ratio, to provide the highest prob-
ability of monospermic insemination (Gela et al., 2008).
Thus, fertilization strategies and rearing techniques dur-
ing artificial spawning are comparable amongst all species.
As a result, standardization of the fertilization protocol
for sterlet can be useful for other hatchery-reared stur-
geon.

Male fertility is predicted to increase when more
sperm are incorporated into the fertilization environ-
ment. However, in case of sturgeon, an excessive
volume of sperm increases the chance of polyspermy,
which can impair embryonic development (Bergh et al.,
1992; Psenicka et al., 2010). Therefore, quantification
of sperm density is important for standardizing fertil-
ization protocols under controlled conditions for any
species (Butts et al., 2009, 2014). Unfortunately, there
is currently no data on the optimal sperm to egg
ratio for sterlet; limited data is available for stur-
geon species, in general (reviewed in Butts et al.,
2012).

The fertilizing capacity of mature ovulated fish eggs
gradually decreases in coelomic fluid and in fresh water.
Loss of fertilization ability occurs rapidly, within 1 min  in
northern Pike Esox lucius and vimba Bream Vimba vimba
and within several min  in chum salmon Oncorhynchus
keta, chinook salmon Oncorhynchus tschawytscha, Atlantic
salmon Salmo salar, lake trout Salvelinus namaycush,
and vendace Coregonus albula (Ginzburg, 1972; Dettlaff
et al., 1993). Sockeye salmon Oncorhynchus nerka and
Rainbow trout Oncorhynchus mykiss eggs lost their fer-
tilization ability within 40 s (Hoysak and Liley, 2001;
Liley et al., 2002), crucian carp Carassius carassius within
1 min  (Żarski et al., 2014), European perch Perca flu-
viatilis within 2.5 min  (Żarski et al., 2012), European
weatherfish Misgurnus fossilis within 10 min  (Minin and
Ozerova, 2008) and winter flounder Pseudopleuronectes
americanus within 32 min  (Butts et al., 2012). Sturgeon
eggs are considerably more resistant to the effects of
fresh water (Ginzburg, 1972). When sterlet eggs are col-
lected by hand stripping, a large volume (50 to 70%)
of coelomic fluid remains with the eggs. Dettlaff et al.
(1993) reported that coelomic fluid can hinder fertiliza-
tion, but there have been no studies of pre-incubation in
fresh water of sterlet eggs to increase fertilization suc-
cess.

Thus, the objective of this study was to estimate the
adequate sperm to egg ratio for sterlet fertilization and to
minimize the sperm to egg ratio by modifications of fer-
tilization environment in order to save sperm and prevent
polyspermy.

2.  Materials and methods

2.1. Broodstock handling and gamete collection

Six mature males and five females were kept in two  sep-
arate tanks (volume 0.8 m3) with a water temperature of 14
to 15 ◦C. To induce spermiation, males were administered
a single intramuscular injection of carp pituitary extract
(CPE) at 4 mg kg−1 body weight. Sperm were collected 48 h
after injection by a plastic catheter (4 mm diameter) (Gela
et al., 2008). Sperm were collected before stripping the
females and stored in an icebox at 4 ◦C. Ovulation was
induced with CPE by an initial injection of 0.5 mg  kg−1 body
weight and a second injection of 4.5 mg  kg−1 body weight
12 h after the first injection. Eggs were collected 18 to 20 h
after the second injection (Gela et al., 2008). Pooled eggs
from the five females were used for experiments; eggs from
these females were collected within 30 min.

2.2. Quantification of sperm density and motility

Prior to analysing sperm concentration, sperm was
diluted 1000 times with an immobilizing solution (20 mM
Tris, 10 mM KCl, pH 8). A 10 �L sample of diluted sperm was
placed onto a Burker cell haemocytometer, and sperm were
counted at 200× magnification (Olympus, BX41, Tokyo,
Japan). The number of sperm were counted in 20 squares
(depth 0.1 mm × length 0.2 mm)  of the Burker cell haemo-
cytometer (Meopta, Czech Republic).

To trigger sperm motility, Tris–HCl buffer (10 mM,
pH 8.0) was  used as the activation medium. Sperm
were diluted in this activation solution with a dilution
rate of 1:1000. Motility of sperm was recorded within
10–15 s after adding the activating solution using a CCD
video camera (Sony, SSCDC50AP) mounted on a dark-field
microscope (Olympus BX50, 200) and illuminated with a
stroboscopic lamp (Chadwick-Helmut, 9630, USA). Video
records were analyzed to estimate the percent of motile
cells (motility rate) by micro-image analyzer (Olympus
Micro Image 4.0.1. for Windows, Japan) on five succes-
sive overlapping video frames (Alavi et al., 2011). Triplicate
samples were measured for each male.

2.3. Effects of pre-incubation time and sperm to egg ratio
on fertilization success

Eggs and sperm from individual fish were pooled
for this study. Mean (±SD) sperm motility for the six
males was 63.33 ± 12.11%, while mean sperm density was
0.43 ± 0.03 × 109 sperm per mL.  Eggs (2 g) were first placed
in 48 × 50 mL  plastic dishes. The plastic dishes were then
placed on a shaker, with a constant rotation of 200 min−1

for 3 min, and then 8 mL  of fresh water from the hatchery
was added to each dish. The eggs remained in the fresh
water for 0 min (no incubation to serve as the experimen-
tal control), 0.5 min, 1 min, and 10 min  before sperm was
added for fertilization; there were 12 plastic dishes for
each allotted pre-incubation period. Immediately follow-
ing pre-incubation, sperm were added to the eggs using a
micropipette at sperm to egg ratios of 430,000:1, 43,000:1,
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4300:1, or 430:1. For the 4300:1 and 430:1 sperm to
egg ratios, milt was diluted with seminal plasma at 1:10
and 1:100, respectively. Seminal plasma was obtained by
centrifugation at 400 × g for 6 min  at 20 ◦C. Within each
pre-incubation time there were three replicate dishes for
each sperm to egg ratio. For the experimental control,
with no pre-incubation, the fresh water and sperm were
added simultaneously. Following fertilization, the eggs
were transferred to plastic Petri dishes for incubation at
20 ◦C. At 3 h post-fertilization, first cleavage development
was observed. Polyspermic eggs are usually divided into an
excessive number of blastomeres from the second cleavage
division. This unusual cleavage pattern of polyspermic eggs
can be easily distinguished from the normal monospermic
eggs. Therefore, only eggs that had developed >32 cells after
4 h incubation were used for analysis. 110 to 130 eggs were
observed for each replicate.

2.4. Fixation and preparation of unfertilized eggs for
transmission electron microscopy

To observe pre-incubated eggs by transmission electron
microscopy (TEM), 10 to 12 eggs pre-incubated in fresh
water for 0 min, 0.5 min, 1 min, and 10 min  were fixed with
2.5% glutaraldehyde in 0.1 M phosphate buffer and stored
for 2 weeks at 4 ◦C. The samples were post-fixed in osmium
tetroxide for 2 h at 4 ◦C and dehydrated in a graded concen-
tration (30, 50, 70, 90, 95, and 100%) of acetone for 15 min.
Samples for TEM were embedded in resin (Polybed 812;
Polysciences, Inc.). A series of ultrathin sections were cut
using a Leica UCT ultramicrotome (Leica Microsystems),
counterstained with uranyl acetate and lead citrate, and
examined in a TEM JEOL 1010 (JEOL Ltd., Tokyo, Japan). The
size of the cortical granules was measured using ImageJ v
1.48 software. Three eggs from each pre-incubation treat-
ment were then observed using TEM.

2.5. Statistical analyses

All data were analyzed using SAS statistical analysis
software (v.9.1; SAS Institute Inc., Cary, NC, USA). Resid-
uals were tested for normality (Shapiro–Wilk test) and
homogeneity of variance (plot of residuals vs. predicted
values). If data violated ANOVA assumptions fertilization
success was arcsin square-root transformed. Alpha was set
at 0.05 for main effects and interactions. A-posteriori anal-
yses were performed using Tukey’s multiple comparisons
procedure.

Fertilization success was analyzed using a two-way
ANOVA model (PROC GLM; SAS Institute, 2003) containing
the pre-incubation time (0 min, 0.5 min, 1 min, and 10 min)
and sperm to egg ratio main effects (430,000:1, 43,000:1,
4300:1, and 430:1 sperm:egg) as well as the pre-incubation
time × sperm to egg ratio interaction term. When a signif-
icant pre-incubation time × sperm to egg ratio interaction
was detected the saturated model was decomposed into a
series of one-way ANOVA models following Keppel (1991).
These decomposed one-way ANOVA models were run
to determine the effect of pre-incubation time for each
sperm to egg ratio and of sperm to egg ratio for each
pre-incubation time. The reduced models involved only

pre-planned comparisons and did not include repeated use
of the same data, so alpha-level corrections for a posteriori
comparisons were not necessary.

3. Results

3.1. Effects of pre-incubation time and sperm to egg ratio
on fertilization success

The saturated two-way ANOVA model revealed a signif-
icant pre-incubation time × sperm to egg ratio interaction
(P = 0.002); therefore, the model was  reran into a series of
one-way ANOVAs to determine the effect of pre-incubation
time for each sperm to egg ratio and of sperm to egg ratio
for each pre-incubation time.

When the saturated model was  decomposed to deter-
mine the effect of pre-incubation time for each sperm to
egg ratio fertilization success ranged from 67.3 to 84.2%
at 430,000 sperm to egg, 67.4 to 72.3% at 43,000 sperm to
egg, 45.2% to 62.3% at 4300 sperm to egg, and 29.7 to 57.0%
at 430 sperm to egg (Fig. 1A). Pre-incubation time had no
effect on fertilization success at the 430,000:1 (P = 0.101)
and 43,000:1 (P = 0.773) sperm to egg ratios. On the con-
trary, pre-incubation time was  significant at the 4300:1
sperm to egg ratio, such that fertilization success followed a
dome-shaped function across the pre-incubation time gra-
dient (P = 0.006). Additionally, pre-incubation time had a
significant effect at the 430:1 sperm to egg ratio, such that
the 0.5 min  incubation time generated more fertilized eggs
then the 10 min  incubation time (P = 0.045).

When the saturated model was  decomposed to
determine the effect of sperm to egg ratio for each pre-
incubation time a significant effect was detected at all
pre-incubation times; 0 min  (P = 0.003), 0.5 min  (P = 0.047),
1 min  (P = 0.003), and 10 min  (P < 0.001) (Fig. 1B). More
specifically, at the 0 min  pre-incubation time (experimen-
tal control) the proportion of fertilized eggs increased at
the 430,000:1 sperm to egg ratio, while at the 1 min  pre-
incubation time fertilization increased at the 4300:1 sperm
to egg ratio. At the 10 min  pre-incubation time, fertiliza-
tion success increased at the 43,000:1 sperm to egg ratio.
Moreover, at the 0.5 min  pre-incubation time, the 43,000:1
sperm to egg ratio generated more fertilized eggs than the
430:1 sperm to egg ratio. In general, the 430:1 sperm to egg
ratio produced the least amount of fertilized eggs.

3.2. Fixation and preparation of unfertilized eggs for
transmission electron microscopy

There were no significant differences in cortical gran-
ules or in pigmented granules among the four incubation
periods (P > 0.05). Several cytoplasmic protrusions and
microvilli were observed between zona radiata interna
(ZRI) and oolemma after 1 and 10 min  pre-incubation but
no exocytosis of cortical granules or perivitelline space
were observed (Fig. 2). The microvilli are retracting in the
space between oolemma and ZRI. The absence of a periv-
itelline space indicated that pre-incubation in water for up
to 10 min  did not initiate a cortical reaction before insem-
ination. During pre-incubation the thickness of ZRI was



- 40 -

Chapter 3

144 M.A.M. Siddique et al. / Animal Reproduction Science 159 (2015) 141–147

Fig. 1. (A) Effect of pre-incubation time (0 min, 0.5 min, 1 min and 10 min) on fertilization rate of sterlet Acipenser ruthenus eggs for each sperm to egg ratio.
Treatments without a common superscript differ significantly (P < 0.05). Error bars represent least square means standard error. (B) Effect of sperm to egg
ratio (430,000:1, 43,000:1, 4300:1 and 430:1) on fertilization rate of sterlet Acipenser ruthenus eggs for each pre-incubation time. Treatments without a
common superscript differ significantly (P < 0.05). Error bars represent least square means standard error.

slightly increased (5 to 10%), but no significant changes
were seen in mitochondria and lipid droplets.

4. Discussion

In fish the number of sperm required to fertilize a
single ovum is high and species dependent (reviewed in
Butts et al., 2012), such that the “optimal” number of
sperm required to fertilize an egg depends on the quan-
tity and composition of the activation solution as well
as gamete quality at the time of stripping (among others
factors). The sperm of sturgeon sp.  is significantly differ-
ent from that of other freshwater fish in that they have
a longer duration of sperm motility (Dettlaff et al., 1993;
Alavi and Cosson, 2005), possess an acrosome (Cherr and
Clark, 1984b; Dettlaff et al., 1993; Ciereszko and Dabrowski,

1994; Psenicka et al., 2010), and have low osmolality semi-
nal plasma (Gallis et al., 1991; Li et al., 2011).

In  this study, a relatively high fertilization rate
(84.24 ± 6.94%) was  detected with the 430,000 sperm per
egg ratio. Additionally, even at the lowest sperm to egg
ratios (i.e. 430 sperm per egg) we  still obtained a noticeable
proportion of fertilized eggs (42.01 ± 8.83%). This phe-
nomenon may  be related to the number of micropyles
in sturgeon eggs. For instance, the number of micropy-
les in sterlet eggs varies between 5 and 13 (reviewed in
Siddique et al., 2014a). Although, the presence of numer-
ous micropyles on the chorion surface could increase the
chances of polyspermy (Siddique et al., 2014a), there seems
to be a trade-off with eggs having a higher probability
to be fertilized at lower sperm to egg ratios in compar-
ison to fishes having only one micropyle (reviewed in
Butts et al., 2012). Previous studies have also shown that
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Fig. 2. Transmission electron micrographs of activated eggs (animal pole) of sterlet Acipenser ruthenus at various pre-incubation times. (A) 0 min  of pre-
incubation; (B) 0.5 min  of pre-incubation; (C) 1 min  of pre-incubation; (D) 10 min  of pre-incubation; CG—cortical granules; PG—pigmented granules;
Mi—microvilli; LD—lipid droplet; Mc—mitochondria; ZRI—zona radiata interna.

sturgeon sperm become motile at a low dilution rate
of sperm (Gallis et al., 1991; Linhart et al., 1995; Toth
et al., 1997). The duration and intensity of sperm motil-
ity in Acipenser baerii increased when the dilution rate was
increased from 1:6 to 1:100 (Gallis et al., 1991). There-
fore, sperm dilution is a major factor in the maintenance
of fertilizing ability of diluted fish sperm (Billard, 1983).

Osmolality of sterlet seminal plasma has been reported
as mean (±SD) of 69.7 ± 1.8 mOsmol kg−1 (fish from the
Danube) and 79.1 ± 4.8 mOsmol kg−1 (fish from the Odra)
(Piros et al., 2002). In captive condition, osmolality of sterlet
seminal plasma was reported at 50.7 to 79.1 mOsmol kg−1

(Li et al., 2011). Coelomic fluid of sterlet was  found
as mean (±SD) of 192.17 ± 10.51 mOsmol kg−1 (Siddique
et al., Unpublished data). Therefore, osmolality of ovarian
fluid of sterlet is higher than that of the seminal plasma.
Spermatozoa are inactive in the seminal plasma, so they
need an activation medium to be activated before fer-
tilization. In artificial fertilization, sperm is activated in
water and added to the eggs within seconds (Ginzburg,
1972). Cherr and Clark (1984a) reported that ovarian fluid
inhibited the motility of white sturgeon A. transmontanus
sperm. Ovarian fluid acts to strongly agglutinate sperm,
inhibiting their movement toward the micropyles. It is
inferred that the agglutination properties of ovarian fluid
may be due to compounds in the ovarian fluid or to proteins
released from damaged eggs (Lahnsteiner et al., 2004).

Results from our experiments indicated a significant
interaction between pre-incubation time and sperm to egg
ratio. In particular, pre-incubation time had a significant

effect on fertilization success at the low sperm to egg ratios
(i.e. 4300:1 and 430:1 sperm to egg ratio), while the sperm
to egg ratio effect was significant at all pre-incubation
times. In the present study, pre-incubation of eggs prior to
fertilization partially removed the ovarian fluid and helped
to decrease the osmolality of the activation solution. Feledi
et al. (2011) observed that for eggs of Siberian sturgeon A.
baerii, rinsing the eggs in fresh water for 15 s prior to fer-
tilization improved fertilization rates. Our current results
concur with those reported by Van Eenennaam et al. (2008),
where the authors reported that removal of ovarian fluid
from the eggs by rinsing in fresh water enhances the fer-
tilization rate of green sturgeon A. medirostris.  Sturgeon
eggs can be fertilized after many hours in water, but their
fertilization ability decreases after 1 h in Russian sturgeon
A. gueldenstaedtii and in less time in stellate sturgeon A.
stellatus (Dettlaff et al., 1993).

Under hatchery conditions, one of the most important
factors that should be taken into account for pre-incubation
of eggs in fresh water is the adhesive properties of stur-
geon eggs. Eggs of sterlet are strongly adhesive (reviewed in
Siddique et al., 2014b). Sturgeon eggs develop adhesiveness
within a few min  of contact with fresh water and strongly
adhere to one another, forming a solid mass that inter-
feres with gas exchange and imposes oxidative stress on
the eggs (Siddique et al., 2014b). Therefore, pre-incubation
of sturgeon eggs for >3 to 4 min  is not recommended as it
might sharply decline the fertilization rate (Siddique et al.,
2014b), especially when a large volume of eggs are used.
Although, a small amount of eggs (2 g) was  used for each
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treatment we observed that the 10 min  pre-incubation
time of sterlet eggs significantly decreased the fertilization
rate for 4300:1 and 430:1 sperm to egg ratio.

Micrographs from TEM confirmed that there were no
substantial changes in the cortical and pigmented gran-
ules and there were no indications of initiation of cortical
reactions or forming of perivitelline space in the pre-
incubated eggs. Compared to the structure of the cortical
layer in mature unfertilized eggs of stellate sturgeon, our
pre-incubated eggs of sterlet were similar (Dettlaff et al.,
1993). Dettlaff et al. (1993) found that exocytosis of corti-
cal granules initiated 3 s after insemination and after 180 s
the contents of the cortical granules discharge from the
cytoplasm to merge in a single layer in the fertilized egg.
In our study, secreted contents of the cortical granules
were not found in the cortical layer of pre-incubated eggs.
Together, these results suggest that sturgeon eggs can be
pre-incubated in water up to 10 min  without initiating any
exocytosis of cortical granules in the eggs.

In conclusion, our results indicate that higher sperm to
egg ratios 430,000:1 and 43,000:1 are better for improv-
ing fertilization success of sterlet. The interaction between
pre-incubation time and sperm to egg ratio was highly sig-
nificant, suggesting that the optimal sperm to egg ratio
depends on pre-incubation time. Moreover, with a low
quantity of sperm 30 s to 1 min  pre-incubation of eggs in
fresh water prior to fertilization can enhance the fertiliza-
tion rate and control the polyspermy.
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Abstract

Studying gamete biology can provide important

information about a species fertilization strategy as

well as their reproductive ecology. Currently, there

is a lack of knowledge about how long sea bass

Dicentrarchus labrax eggs can remain viable after

being activated in seawater. The objectives of this

study were to understand the effects of pre-incuba-

tion of fresh and overripe sea bass eggs in seawater

and to determine the duration of egg receptivity.

Pooled eggs (fresh and overripe) from four females

were pre-incubated in seawater for 0 min (control),

0.5 min, 1 min, 3 min, 10 min and 30 min and

then fertilized by pooled sperm from four males. The

fresh eggs had a higher fertilization success than

overripe eggs. Our results revealed a significant effect

of pre-incubation time for both the fresh (P < 0.01)

and overripe eggs (P < 0.01). Fertilization success of

eggs significantly declined for both these treatments

after 3 min of pre-incubation, which clearly indi-

cates that sea bass eggs are able to be fertilized by

sperm for up to 3 min after release into seawater.

This study has particular importance for under-

standing fertilization strategies, reproductive poten-

tial, as well as reproductive ecology of sea bass.

Keywords: egg longevity, overripe eggs,

reproductive ecology, Mediterranean sea bass,

Dicentrarchus labrax

Introduction

Marine and freshwater teleosts use different repro-

ductive strategies to adapt with diverse aquatic

habitats. Mature eggs of most teleost fish are

enclosed in an acellular multilayered egg envelope

(Dumont & Brummet 1980; Yamagami, Hamaza-

ki, Yasumasu, Masuda & Iuchi 1992; Scapigliati,

Carcupino, Taddei & Mazzini 1994; Baldacci, Tad-

dei, Mazzini, Fausto, Buonocore & Scapigliati

2001). The morphology of an egg depends on spe-

cies and reflects adaptations to different ecological

conditions (Fausto, Picchietti, Taddei, Zeni,

Scapigliati, Mazzini & Abelli 2004). The main

functions of the egg envelope are to fixate depos-

ited eggs to substratum (for demersal eggs), sperm

chemo-attraction, prevent polyspermy, and

antibacterial and mechanical protection (Hart

1990; Zelazowska 2010; Siddique, Cosson, Pse-

nicka & Linhart 2014). The egg envelope also

enables gas exchange, as it aids in the excretion

and transport of nutrients from the external envi-

ronment for developing embryos (Riehl 1999).

The duration of egg receptivity of marine and

freshwater fish is species specific and is closely

related to different water flow regimes on the

spawning ground (Mann 1996; Merz, Setka,

Pasternack & Weathon 2004; Probst, Stoll, Hof-

mann, Fisher & Eckmann 2009). Sperm longevity,

the velocity of sperm and the duration of egg

© 2015 John Wiley & Sons Ltd 1
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receptivity impact the success of a fertilization

event (see Trippel & Morgan 1994; Butts, Trippel

& Litvak 2009 among others). For instance, if

sperm are viable for longer periods of time in the

activation medium, then the potential of contact-

ing and fertilizing an egg increases (Butts et al.

2009). On the other hand, when longevity of

sperm is very short, than egg receptivity may be

necessary to increase fertility, since longer periods

of egg receptivity are predicted to increase the

probability of a successful fertilization event (Trip-

pel 2003). Therefore, duration of egg receptivity

provides valuable insights on reproductive beha-

viour for any fish species (Butts, Roustaian & Lit-

vak 2012).

The activation process for fish eggs represents

several complex changes including the release of

the developmental block of meiosis at metaphase

(II), consecutive breakdown of cortical granules

and formation of the perivitelline space (Pavlov,

Emel’yanova & Novikov 2009). Egg activation is

induced by the fusion of sperm in the majority of

marine fish, while in freshwater fish and salmonids

it is induced by contact with water or mechanical

stimulation (Dettlaff 1962; Ginzburg 1972; Pavlov

et al. 2009). In general, the influx of intracellular

free Ca2+ in eggs mediates the cortical alveoli to

initiate exocytosis (Finn 2007; Vasilev, Chun,

Gragnaniello, Garante & Santella 2012). Following

this Ca2+ wave, cortical glycoproteins are then bro-

ken into smaller units by proteolysis and form the

osmotic gradient that facilitates uptake of ambient

seawater across the egg membrane (Lønning &

Davenport 1980; Govoni & Forward 2008). The

perivitelline space between the oocyte plasma

membrane and egg envelopes fills with perivitelline

fluid, which is formed by imbibed water and the

substances released from the cortical granules (Sid-

dique et al. 2014). Until now, there is a knowledge

gap on activation mechanisms and formation of

perivitelline space of sea bass eggs.

The European sea bass Dicentrarchus labrax (L.)

is a leading species for aquaculture in the Mediter-

ranean due to its emerging economic importance

in the Mediterranean and North East Atlantic

regions (Vandeputte, Dupont-Nivet, Haffray, Cha-

vanne, Cenadelli, Parati, Vidal, Vergnet & Chatain

2009; Coll�eter, Penman, Lallement, Fauvel, Hane-

brekke, Osvik, Eilertsen, D’Cotta, Chatain & Peruzzi

2014). Adults usually exhibit demersal behaviour

and inhabit coastal waters down to 100 m depth

but are more common in the littoral zone on

various kinds of bottoms in estuaries, lagoons and

occasionally in rivers. In the Mediterranean, first

sexual maturity occurs at 2–4 years and fish

spawn once a year in groups (Froese & Pauly

2015). The egg envelope of sea bass consists of

three distinct layers with a funnel shaped micropy-

lar canal (Fausto, Carcupino, Scapigliati, Taddei &

Mazzini 1994; Scapigliati et al. 1994). Sea bass

eggs are pelagic, small in size (1.1–1.5 mm diame-

ter), freely floating in seawater and fertilized exter-

nally (Froese & Pauly 2015). In teleost fish, eggs

can be activated by contact with water or by the

penetration of sperm (Pavlov et al. 2009). In case

of sea bass, eggs can be activated in seawater and

after a few seconds of activation, a thin periv-

itelline space is formed beneath the egg mem-

brane. Currently, there is lack of knowledge about

how long sea bass eggs can remain viable after

being activated in seawater within the natural

environment.

In controlled reproduction, the major problem

encountered for this species is over ripening of

eggs. After ovulation, sea bass eggs over ripen

very quickly and they can even start to over-ripen

in the ovary before stripping. Very little is known

about the fertilization ability of overripe eggs of

sea bass. However, knowledge about gamete biol-

ogy, longevity of eggs and effects of pre-incubation

is crucial for standardization of fertilization proto-

col for any fish species. Here, we conducted a labo-

ratory experiment to determine the duration of

egg receptivity in seawater and effect of pre-incu-

bation of sea bass eggs (fresh and overripe) on fer-

tilization success.

Materials and methods

Broodstock husbandry and gamete collection

Sea bass broodstock (aged 4–6 years and weighted

2–5 kg) were kept at the Ifremer Experimental

Aquaculture Station (Palavas-les-Flots, France).

Males and females were kept separately in recircu-

lation systems (8 m3 volume). Mature males were

recognized by gentle abdominal pressure and

females were selected by assessing the maturation

stage with ovarian biopsies. Maturation stages

were determined based on oocyte diameter and

migration of the germinal vesicle using a light

microscope (49 magnification). Females at ‘stage

B’ of development (when the germinal vesicle

started its migration to the animal pole) were

© 2015 John Wiley & Sons Ltd, Aquaculture Research, 1–92
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selected for hormonal induction (Fauvel & Suquet

1988). Each female received a single dose

(10 lg kg�1 body weight mixed with physiological

solution) of Luteinizing Hormone Releasing Hor-

mone analogue (LHRHa; Sigma-Aldrich, Lyon,

France) in order to induce final maturation and

ovulation (Fauvel & Suquet 1988). The treated

females were isolated in individual tanks (1.5 m3,

17 L h�1 water renewal, and low air flow) at

13°C water temperature. Ovulated oocytes were

collected from females after 72 h of hormonal

stimulation by abdominal pressure. Sperm were

collected from the male’s genital papilla by apply-

ing pressure to the abdominal region. Samples

were drawn into 5 ml syringes. Before collection,

the genital papilla was wiped dry and extra care

was taken to avoid contamination with urine.

Sperm were then held at 4°C until use. The males

and females both were treated without anaesthet-

ics and immediately wrapped in a dark wet towel

to limit stress and fish movement during sperm

and oocyte collection.

Quantification of sperm density and motility

Sperm concentration was measured before pool-

ing using a Thoma hemocytometer (depth

0.1 mm 9 length 0.05 mm) after dilution of sperm

by 1:2000 in distilled water. After allowing 10 min

for sedimentation of the sperm, three frames of 24

squares were recorded randomly through a video

camera (Axiolab, Zeiss + SSC-D50AP video camera;

Sony Corporations, NY, USA). The cells were then

automatically counted using image analysis soft-

ware (Image J; National Institutes of Health (NIH),

Bethesda, MD, USA). Sperm motility was measured

according to the procedure by Fauvel, Boryshpolets,

Cosson, Leedy, Labbe, Haffray and Suquet (2012).

We determined the effects of pre-incubation time

for fresh and overripe sea bass eggs in seawater as

well as the duration of egg receptivity. For this

experiment we used proportionally pooled sperm

from four males. The mean (�SD) sperm density of

pooled sperm was 5.3 � 0.03 9 109 sperm mL�1,
while sperm motility was 60 � 8.16%, and mean

sperm longevity was 42 � 6 s.

Effects of pre-incubation time on fertilization and

determination of egg receptivity period

Pooled eggs from four females were used for this

experiment. The difference between egg collection

from the first female to fourth female was 20 min.

Freshly stripped eggs (10 mL) were first placed in

18 9 250 mL plastic dishes. Then 5 mL of seawa-

ter (pH 8.22, salinity 37.4 psu) was added to each

dish. The eggs were pre-incubated in seawater for

0 min (no incubation to serve as the experimental

control), 0.5 min, 1 min, 3 min, 10 min and

30 min before sperm was added for fertilization.

There were three plastic dishes for each allotted

pre-incubation period for replication. Immediately

following pre-incubation, 5 mL of sperm were

added to the eggs using a micropipette and the

plastic dishes were rotated by hand for 30 s to

facilitate fertilization. For the experimental control,

with no pre-incubation, the seawater and sperm

were added simultaneously.

Following fertilization, 150–200 mL of addi-

tional seawater was added to each plastic dish and

kept at 13°C for incubation. For the overripe eggs

(1 h of storage at 13°C), these eggs (10 mL) were

placed in 18 9 250 mL plastic dishes and the

same procedure was applied as for the freshly

stripped eggs (see above).

At 3 h post-fertilization, cleavage was observed.

After removing water from the plastic dishes, eggs

were mixed properly with a plastic spoon and 300

eggs were randomly chosen for observation. Only

eggs that had developed to 2–4 cells after 3 h incu-

bation were used for analysis. Additionally, we

took pictures for the unfertilized eggs under light

microscope at 0, 60, 100, 220, 300, 450 and

500 s post activation by water to observe the swel-

ling process and formation of perivitelline space.

Statistical analyses

All data were analysed using SAS statistical analy-

sis software (SAS Institute, 2003). Residuals were

tested for normality (Shapiro–Wilk test) and

homogeneity of variance (plot of residuals versus

predicted values). If data violated ANOVA assump-

tions fertilization success was arcsin square-root

transformed. Alpha was set at 0.05 for main

effects and interactions. A-posteriori analyses were

performed using Tukey’s multiple comparisons

procedure.

Fertilization success was analysed using a two-

way repeated measures ANOVA model containing

the pre-incubation time (0 min, 0.5 min, 1 min,

3 min, 10 min and 30 min; fixed repeated fac-

tor) and egg status (fresh and overripe; fixed fac-

tor) main effects as well as the pre-incubation

© 2015 John Wiley & Sons Ltd, Aquaculture Research, 1–9 3
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time 9 egg status interaction term. When a signif-

icant pre-incubation time 9 egg status interaction

was detected the saturated model was decomposed

into a series of lower-order statistical models fol-

lowing Keppel (1991). Here, the decomposed ANOVA

models were run to (i) determine the effect of pre-

incubation time for each egg status category using

a series of one-way repeated measures ANOVA mod-

els and (ii) determine the effect of egg status cate-

gory for each pre-incubation time using a series of

t-tests. These reduced models involved only pre-

planned comparisons, so alpha-level corrections

for a posteriori comparisons were not necessary.

Results

The saturated two-way repeated measures ANOVA

model revealed a significant pre-incubation

time 9 egg status interaction term (P < 0.05);

therefore, the model was decomposed into a series

of lower-order statistical models. When the satu-

rated model was decomposed to determine the

effect of pre-incubation time for each egg status

category a significant pre-incubation time effect

was detected for both the fresh (P < 0.01; Fig. 1a)

and overripe eggs (P < 0.01; Fig. 1b), such that

egg fertilization success significantly declined for

both these treatments after 3 min of pre-incuba-

tion. Together, this means that sea bass eggs have

the capability to be fertilized within 3 min post-ac-

tivation. After that window of receptivity the eggs

lose their ability to be fertilized. Moreover, when

the saturated model was decomposed to determine

the effect of egg status for each pre-incubation

time a significant egg status effect was detected at

the 0.5 min (P < 0.01; Fig. 1d), 1 min (P < 0.05;

(a)

(c) (d) (e) (f) (g) (h)

(b)

Figure 1 Effects of pre-incubation time (0 min, 0.5 min, 1 min, 3 min, 10 min and 30 min) on fertilization rate of

(a) fresh eggs and (b) overripe eggs of sea bass Dicentrarchus labrax; and effects of egg status on fertilization rate for

(c) 0 min, (d) 0.5 min, (e) 1 min, (f) 3 min, (g) 10 min and (h) 30 min pre-incubation time.

© 2015 John Wiley & Sons Ltd, Aquaculture Research, 1–94
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Fig. 1e), 3 min (P < 0.05; Fig. 1f), and 30 min

pre-incubation times (P < 0.05; Fig. 1h); here, the

fresh eggs had a higher fertilization success than

overripe eggs. This means that fertilization ability

is decreased in overripe eggs; therefore, short-term

storage of sea bass eggs is not feasible due to their

fast over ripening process. On the contrary, no sig-

nificant effect was detected between the fresh and

overripe eggs at the 0 min (P > 0.05; Fig. 1c) and

10 min pre-incubation times (P > 0.05; Fig. 1g).

Sea bass eggs showed a very rapid swelling pro-

cess after releasing into seawater (Fig. 2a and b).

During activation of eggs in seawater, a small

perivitelline space was observed in several eggs

across the females. After 60 s of activation, the

perivitelline space became clearly visible (Fig. 2c)

and there were no substantial changes in periv-

itelline space after 100 s (Fig. 2d) and 220 s

(Fig. 2e) of activation. Then, the perivitelline space

became large after 300 s (Fig. 2f) to 450 and

500 s (Fig. 2g and h) of activation.

Discussion

Egg activation is a key process in early embryonic

development of fish, but not fully understood

(Webb & Miller 2013). Fish eggs are activated

upon contact with water and this activation mech-

anism is initiated by the release of intracellular

stored Ca2+ in the egg cytosol (Coward, Bromage,

(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Figure 2 Micrograph of sea bass

Dicentrarchus labrax eggs; ovulated,

non-activated eggs (a); unfertilized

eggs 20 s after activation in sea-

water (b); unfertilized eggs develop-

ing perivitelline space at 60 s (c),

100 s (d), 220 s (e), 300 s (f),

450 s (g), and 500 s (h) after acti-

vation in seawater. PS, perivitelline

space; LD, lipid droplet; EM, egg

membrane. Micrographs were

taken at 49 magnification.

© 2015 John Wiley & Sons Ltd, Aquaculture Research, 1–9 5
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Hibbitt & Parrington 2002; Finn 2007), which

resulted in formation of the fertilization membrane

(Minin & Ozerova 2008). As seen in our study,

sea bass eggs swell very rapidly (within 10–20 s)

upon activation by contact with seawater. How-

ever, when in contact with seawater the egg only

takes a few seconds to achieve flexible size and

structure, and to acquire fertilization ability. In

this study, mean fertilization rate of fresh eggs

slightly increased for 30 s and 1 min of pre-incu-

bation in seawater, but it was not statistically sig-

nificant. In our decomposed statistical models, a

significant pre-incubation time effect was detected

for both the fresh and overripe eggs, where a sig-

nificant decline of egg fertilization rate was

observed for both these treatments after 3 min of

pre-incubation. This means that sea bass eggs

have the capability to be fertilized within 3 min

after activation in seawater; after that period the

eggs lose their fertilization ability. Moreover, in the

decomposed model, fertilization success of the fresh

eggs was significantly higher than overripe eggs at

the 0.5 min, 1 min, 3 min and 30 min pre-incu-

bation times. Thus, our results reveal that the fer-

tilization ability of overripe eggs are less than the

fresh eggs, but they are still capable of being fertil-

ized for up to 3 min after being released into sea-

water.

We determined the egg receptivity period of sea

bass for the first time. Pre-incubation of eggs in

water prior to fertilization is the simplest way to

determine the egg receptivity period. Although, sea

bass is a marine species, the duration of egg recep-

tivity of sea bass is close to many freshwater species

like Rainbow trout Oncorhynchus mykiss, crucian

carp Carassius carassius and European perch Perca

fluviatilis (see Table 1). The spermatozoa longevity

of sea bass is also very short (less than 1 min).

Fish, which have short periods of sperm longevity

and egg receptivity, show different fertilization

strategies. In this case, male and females release

their gametes at the same time or males release

their milt on the eggs to facilitate the fertilization

process. For sea bass, we showed that the eggs

were receptive to be fertilized for 3 min. Compared

with other marine species like winter flounder Pseu-

dopleuronectes americanus and Atlantic cod Gadus

morhua, the duration of egg receptivity of sea bass

eggs is much shorter (Table 1).

For unfertilized sea bass eggs, formation of the

perivitelline space initiates within 30 s after acti-

vation in seawater, but not for all eggs. Formation

of the perivitelline space upon activation in seawa-

ter is a common feature for many marine fish spe-

cies; including European eel Anguilla anguilla and

Japanese eel Anguilla japonica (Govoni & Forward

2008; Sørensen, Butts, Munk & Tomkiewicz

2015). In acipenserids, the perivitelline space is

only formed after fertilization of eggs by sperm

(Dettlaff, Ginsburg & Schmalhausen 1993; Linhart

& Kudo 1997; Siddique et al. 2014). Generally

when eggs are fertilized by sperm, the cortical

reaction and formation of perivitelline space is fas-

ter (Iwamatsu & Ito 1986). In sea bass eggs, when

they are released in seawater, this process starts

within a few seconds after activation without

sperm but takes several minutes to complete. At

the initial stage of forming the perivitelline space,

eggs are capable to be fertilized by sperm, but in

the later space when the perivitelline space

become larger, the perivitelline fluid blocks the

micropylar canal or sperm entry site. This is the

mechanism of polyspermy block for acipenserids

(Linhart & Kudo 1997; Siddique et al. 2014).

For sea bass eggs, it is difficult to control post-

ovulatory ageing. Therefore, hand stripping is

needed to understand ovulatory rhythms in

females and to minimize the impact of over-ripen-

ing. Following ovulation, sea bass oocytes remain

viable during a short window before they undergo

a natural breakdown process. We observed that

the over ripening period of sea bass is <1 h which

is similar to striped bass Morone saxatilis (<1 h;

Stevens 1966) but two-fold higher than white bass

Morone chrysops (15–30 min; Mylonas, Magnus,

Gissis, Klebanov & Zohar 1996). The fertilization

ability of over-ripe oocytes sharply declines and

totally depends on the storage temperature and

the time interval between ovulation and stripping.

All oocytes in an ovary are not ovulated at the

same time; therefore, the percentage of over-ripe

eggs in each individual is also important to con-

sider. In our study, we obtained 32.5% fertilization

rate from the overripe eggs (control group), which

was not significantly different from the fresh eggs.

This is only possible when eggs are collected

immediately after ovulation.

In conclusion, the information provided here is

pertinent to fisheries ecologists and also has impli-

cations for domestication and controlled reproduc-

tion of sea bass. Further studies to observe the

changes of egg membranes and how long the

micropyle remains open during activation in sea-

water are encouraged.

© 2015 John Wiley & Sons Ltd, Aquaculture Research, 1–96
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a b s t r a c t

Standardization of fertilizationprotocols is crucial for improving reproductive techniques for
externally fertilizing fish in captive breeding. Therefore, the objectives of this study were to
determine the effects of preincubation of eggs and activation medium on the percentage of
eyed embryos for ide (Leuciscus idus). Pooled eggs from five females were preincubated in
three different activating media for 0, 30, 60, 90, and 120 seconds and then fertilized by
pooled sperm from five males. At the eyed-egg stage, the percentage of viable embryos was
later calculated. Results showed that preincubation time was significant for the freshwater
activationmedium (P< 0.001), such that the percentage of eyed embryosdeclined across the
preincubation time gradient. Additionally, there was an effect on the percentage of eyed
embryos when eggs were incubated with Woynarovich solution (P < 0.001), such that a
decline was detected at 90 seconds, whereas no effect was detected for the saline water
medium. Activating medium had a significant effect on the percentage of eyed embryos for
each preincubation time (P < 0.05). More precisely, freshwater produced the lowest per-
centage of eyed embryos at all preincubation times (ranged from1.9% at 120 seconds to 43.6%
at 0 seconds), whereas saline water and Woynarovich solution produced the highest per-
centage of eyed embryos at 0 seconds and 30 seconds before incubation. Woynarovich so-
lution produced the highest percentage of eyed embryos at 60 seconds (65.26%), whereas
saline water produced the highest percentage at 90 seconds (68.37%). No difference was
detected between saline water and Woynarovich solution at 120 seconds. Examination of
sperm traits showed no impact of activating medium on computer assisted sperm analysis
parameters. Together, these results suggest that saline water or Woynarovich solution
improve fertilization rate in ide during IVF; thus, these media are useful for standardizing
fertilization protocols and controlled reproduction for this species.
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1. Introduction

The motility period of sperm and the duration of egg
receptivity (defined as the length of time an egg is
receptive to be fertilized by a sperm cell) can both impact
natural and artificial fertilization environments [1–3]. The
sperm motility period of freshwater fish species is shorter
than marine species and typically persists for 1 to 2 mi-
nutes [4,5]. Additionally, the fertilization ability of eggs
after activation is species-specific and is usually shorter in
freshwater than in marine species. For instance, sockeye
salmon (Oncorhynchus nerka) and rainbow trout (Onco-
rhynchus mykiss) eggs can be fertilized within the first
40 seconds after activation [6,7], crucian carp (Carassius
carassius) within 60 seconds [8], and European perch
(Perca fluviatilis) within 150 seconds [9]. On the contrary,
eggs of marine fishes like winter flounder (Pseudopleur-
onectes americanus) and Atlantic cod (Gadus morhua) can
be fertilized by a spermatozoon within 32 and 120 mi-
nutes, respectively [10,11]. During captive breeding,
different activating media are often used to facilitate the
gamete activation process; i.e. to increase fertilization
success. Most of these activating media are designed to
improve motility parameters of sperm, while few studies
have been conducted to manipulate the duration of egg
fertilizing ability [8,9,12]. A thorough investigation of egg
receptivity is critical, for any given externally fertilizing
fish species, because longer periods of receptivity are
predicted to increase the probability of a successful
fertilization event [13].

Ide (Leuciscus idus L.) is a rheophileous cyprinid widely
distributed in Europe, especially in rivers, lower reaches,
and lakes [14–16]. During the past decade, ide production
has increased, especially in Eastern Europe [17]. For
instance, from 2000 to 2002, Poland produced w4.7
million summer fry and 27 tons of 1-year-old fish,
comprising 69% and 91% of the total production of rheo-
philic cyprinids [17,18]. In recent years, reproduction of ide
in captivity has received increasing attention to meet the
demand of high-quality juveniles for restocking [17–19],
sport fishing, and as an ornamental fish [14,15,20]. Ide is
also considered a model species for toxicity studies [21,22],
biomonitoring [23,24], as well as for development of
reproductive protocols of riverine cyprinids [16,17,25].

Ide females spawn only once during the spawning sea-
son, which occurs from April to May [26,27]. This species
spawn naturally in ponds, lakes, or rivers. In captivity,
hormonal induction is necessary for obtaining high-quality
gametes and viable offspring. The physiological tempera-
ture for this species, during the spawning season, ranges
from 8 �C to 15 �C [28]. In their native environments, in-
dividual females will spawn with several males. These
males are usually assembled on the spawning grounds and
follow ripe females. Ide eggs are strongly adhesive and
require 90 to 120 days for hatching [28]. Females attach
their sticky eggs to gravel or a submerged plant material or
their eggs may be found sticking to stones or weeds in
shallow waters [29]. Previous studies have mainly focused
on developing artificial spawning and larval rearing tech-
niques [15]. Although an attempt to understand the role of
hatchery water on the survivability of embryos has been

undertaken [30], information regarding gamete biology
and fertilization mechanisms of ide is limited.

During captive breeding, egg stickiness is a major
problem when a large number of eggs are incubated [31].
Ide eggs become adhesive within seconds after activation
in freshwater or in distilled water and make a solid mass
or “bulk of eggs”, which may compromise the chances of
sperm reaching the egg micropyle. Thus, it is necessary to
determine the best activating medium for these strongly
adhesive eggs, which can facilitate gamete interactions
during a fertilization event. Therefore, the objectives of
this study were to understand the effects of preincubation
of eggs (0, 30, 60, 90, and 120 seconds) and activation
medium (freshwater, saline water, and Woynarovich so-
lution) on the percentage of eyed embryos for ide. Addi-
tionally, sperm activity parameters were quantified to
determine the effects of activating medium on male
fertility.

2. Materials and methods

2.1. Broodstock husbandry and gamete collection

All experimental procedures involving animals were
performed in accordance with National and institutional
guidelines and were approved by the Local Ethical Com-
mittee, Olsztyn, Poland. Wild-caught ide broodstock (aged
1–3 years and weighted 700 g to 2 kg) were collected in the
middle of April 2015 from a lake in Olsztyn, Poland. In total,
13 males and 12 females were kept separately in recircu-
lation systems (1000 L volume) with controlled tempera-
ture (10 �C) and photoperiod (14 hours light and 10 hours
dark) [32]. Mature males were recognized by releasing
sperm by gentle abdominal pressure, and females were
selected by assessing the maturation stage with ovarian
biopsies according to Krejszeff et al. [17]. Males and females
were stimulated with Ovopel (Interfish, Hungary) con-
taining mammalian GnRH analogue and metoclopramide
as a dopamine antagonist. One Ovopel pellet (25 mg)
contains a mammalian GnRH analogue (D-ala6, Pro9Net-
mGnRH at dose 18–20 mg) and dopamine antagonist:
metoclopramide (dose: 8–10 mg) [33]. Before administra-
tion, Ovopel pellets were homogenized in a mortar and
dissolved in 0.9% NaCl solution (10-mL physiological solu-
tion for ten pellets).

For spermiation, each male received a single dose of 1-
mL Ovopel solution kg�1 body weight, intraperitoneally
under the left pectoral fin. Ovulation was induced by an
initial injection of 0.2-mL Ovopel solution kg�1 body
weight and a second injection of 1-mL Ovopel solution kg�1

body weight 12 hours after the first injection. Ripe gamete
donors were anesthetized in a solution of 2-
phenoxyethanol (0.5 mL L�1). Milt was collected from the
genital papilla under abdominal pressure avoiding
contamination with urine, using a 5-mL plastic syringe.
After collection, stripped milt was stored at 4 �C. Females
were checked every 2 hours between 30 and 36 hours after
injection. After 36 hours of hormonal stimulation, ovulated
oocytes were collected by abdominal pressure and stored in
250-mL plastic containers at 4 �C.
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2.2. Measurements of pH and osmolality for seminal plasma,
ovarian fluid, and activating medium

Seminal plasma and ovarian fluid were obtained by
centrifugation at 3000 rpm for 15 minutes at 20 �C.
Osmolality and pH of the seminal plasma, ovarian fluid, and
activating medium were measured by vapor pressure
osmometer (Model: 5600, Wescor. Inc., USA) and a micro-
processor pH meter (Model: WTW 320, WTW GmbH,
Germany), respectively. Triplicate samples were measured
for each male, female, and activating medium. The mean
(�standard error of the mean [SEM]) values of pH and
osmolality of the three different activating media were
7.25� 0.04 and 77.67� 1.45 for freshwater, 7.29� 0.03 and
148.0 � 0.58 for saline water, and 7.59 � 0.01 and
195.0 � 1.00 for Woynarovich solution, respectively. There
were significant differences in osmolality (P < 0.001), but
no significant differences were detected for pH among the
three activating media.

2.3. Sperm analysis

To determine sperm motility and concentration, milt
from five males were analyzed with a computer assisted
sperm analysis system (Sperm Class Analyzer v. 4.0.0. by
Microptic S.L., Barcelona, Spain). The concentration of
sperm was determined using the spectrophotometric
method [34]. To measure motility, a 1-mL milt sample was
activated by the selected activating solution (1 mL) and
then placed on a Leja slide. The durations of total motility
period of sperm from each male were recorded first for
each activating medium. Then, the motility parameters of
sperm were recorded w8 seconds after activation of
motility using a Basler 202K digital camera integrated with
an Olympus BX51 microscope. Analyses were done sepa-
rately for each male and activating medium. Two replicates
were done for each activating medium.

2.4. Experimental design

Five batches of eggs from five females were propor-
tionally pooled and used for this experiment. For three
different treatments, 5 mL of freshwater, saline water (4-g
NaCl in 1 L distilled water), and Woynarovich solution (4-
g NaCl þ 3-g urea in 1 L distilled water) were first placed
in 3 � 15 glass petri dishes (40 mL). Then pooled eggs
(0.15 g equalingw100–110 eggs) were gently added to each
activatingmedium so that eggs could be spread throughout
the petri dish. The eggs were preincubated in different
activatingmedia for 0 (for experimental control), 30, 60, 90,
and 120 seconds before milt was added. There were three
petri dishes for each allotted preincubation period. Milt
from fivemales was proportionally pooled where the mean
(�SEM) concentration of sperm was 10.76 � 1.6 � 109

sperm mL�1. Immediately after the allotted preincubation
time, 10 mL of pooled milt was added to the eggs using a
micropipette (at w1 million sperm per egg), and petri
dishes were shaken for 20 seconds to facilitate fertilization.
For the experimental control, with no preincubation, the
activating medium and milt were added simultaneously.
After fertilization, all the petri dishes were kept in a 300-L

incubation tank at 15.6 �C with continuous water flow for
5 days. After 5 days of incubation, all the petri dishes were
gently removed from the incubation tank, and digital im-
ages were taken under a stereoscopic microscope at
4.7 � mag to count the number of eyed embryos. The
percentage of eyed embryos (Er) was then calculated for
each treatment from the total number of eggs (Et) placed in
the petri dish minus dead eggs (Ed) by the following
equation:

Er ¼ ½ðEt � EdÞ=Et � � 100

2.5. Statistical analyses

All data are analyzed using SAS statistical analysis
software [35]. Residuals were tested for normality (Sha-
piro–Wilk test) and homogeneity of variance (plot of re-
siduals vs. predicted values). If data violated ANOVA
assumptions, the percentage of eyed embryos was arcsine
square root–transformed. Alpha was set at 0.05 for main
effects and interactions. A posteriori analyses were per-
formed using Tukey’s multiple comparisons procedure. A
series of one-way ANOVAs were performed to determine
whether pH or osmolality differed between seminal
plasma, ovarian fluid, and different activation media. In
addition, one-way ANOVAs were performed to determine
whether sperm quality traits differed between the activa-
tion media.

The percentage of eyed embryos was analyzed using a
two-way repeated measures ANOVA model containing the
preincubation time (i.e. 0, 30, 60, 90, and 120 seconds) and
activating medium (freshwater, saline water, and Woynar-
ovich solution) main effects as well as the preincubation
time � activating medium interaction. When a significant
interaction was detected, the model was decomposed into
a series of lower-order models following Keppel [36]. Here,
the decomposed ANOVA models were run to (i) determine
the effect of preincubation time for each activatingmedium
using a series of one-way repeated measures ANOVA
models, and (ii) determine the effect of activating medium
for each preincubation time. These reduced models
involved only preplanned comparisons, so alpha-level
corrections for a posteriori comparisons were not
necessary.

3. Results

Themean (�SEM) sperm concentration of the fivemales
was 10.76 � 1.61 �109 cells mL�1 with values ranging from
6.37 to 14.89 � 109 cells mL�1. The mean values (�SEM) of
pH and osmolality were 8.04 � 0.03 (range: 7.93–8.13) and
248.3 � 8.60 mOsm/kg (range: 236–281 mOsm/kg) for
seminal plasma and 8.15 � 0.03 (range: 8.05–8.22) and
321.7 � 6.47 mOsm/kg (range: 307–343 mOsm/kg) for
ovarian fluid, respectively. Duration of sperm motility for
freshwater, saline water, and Woynarovich solution was
recorded at 48 � 5 seconds, 53 � 8 seconds, and
51 � 6 seconds, respectively. The motility parameters of
sperm from all the males for each activating medium were
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not significantly different. The mean (�SEM) percentage of
motile spermatozoa for freshwater, saline water, and
Woynarovich solution was 40.75 � 7.21%, 42.95 � 8.29%,
and 45.34� 5.91%, respectively. Themean (�SEM) values of
curvilinear, straight line, and average path velocity of the
sperm from all the males were 31.83 � 1.32 (range: 29.19–
33.20), 22.49 � 1.17 (range: 20.15–23.68), and 26.89 � 1.44
(range: 24.0–28.39) mm s�1 for these three activation
media. Here, activatingmedium had no significant effect on
any of the sperm motility parameters.

The two-way ANOVA model revealed a significant pre-
incubation time � activating medium interaction
(P< 0.001). The factorial model was therefore decomposed
into a series of one-way ANOVAs to determine the effect of
preincubation time for each activating medium and of
activating medium for each preincubation time (see
methods above). When the saturated model was decom-
posed to determine the effect of preincubation time for
each activating medium, the percentage of eyed embryos
(mean � SEM) ranged from 1.9 � 0.26% at 120 seconds to

43.6 � 9.85% at 0 seconds for freshwater, 56.1 � 6.33% at
120 seconds to 68.4 � 4.31% at 90 seconds for saline water,
and 42.2 � 7.91% at 90 seconds to 73.8 � 1.0% at 0 seconds
for Woynarovich solution (Fig. 1). Preincubation time was
significant for freshwater, such that the percentage of eyed
embryos declined across the preincubation time
(P < 0.001; Fig. 1A). On the contrary, preincubation time
had no effect on the percentage of eyed embryos when the
eggs were incubated in salinewater (Fig.1B), whereas there
was an effect for the Woynarovich solution (P < 0.001),
such that a significant decline was detected at 90 seconds
(Fig. 1C).

When the saturated model was decomposed to deter-
mine the activating medium for each preincubation time, a
significant effect was detected at all preincubation times;
0 (P < 0.05; Fig. 1D), 30 (P < 0.0001; Fig. 1E), 60
(P < 0.0001; Fig. 1F), 90 (P < 0.001; Fig. 1G), and
120 seconds (P< 0.001; Fig.1H). More precisely, freshwater
produced the lowest percentage of eyed embryos at all
preincubation times (Fig. 1D–H). Saline water and

Fig. 1. Effects of preincubation time (0, 30, 60, 90, and 120 seconds) of eggs before insemination on the percentage of eyed embryos in three different activating
media: freshwater (A), saline water (B), and Woynarovich solution (C). Triplicate samples were used for each treatments. Additionally, the effect of different
activating media on the percentage of eyed embryos is shown at 0 (D), 30 (E), 60 (F), 90 (G), and 120 seconds (H) of preincubation time. Error bars represent
standard errors. Bars without common superscript differed significantly (P < 0.05). FW, freshwater; SW, saline water; WS, Woynarovich solution.
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Woynarovich solution produced the highest percentage of
eyed embryos at 0 seconds (Fig.1D) and 30 seconds (Fig.1E)
before incubation. Furthermore, Woynarovich solution
produced the highest percentage of eyed embryos at
60 seconds (Fig. 1F), whereas saline water produced the
highest percentage at 90 seconds (Fig. 1G). No significant
difference was detected between saline water and Woy-
narovich solution at 120 seconds (Fig. 1H).

4. Discussion

During captive breeding, it is important to know how
long eggs can be fertilized in a given activatingmedium. For
majority of freshwater fish species, hatchery water is used
as an activating medium. However, in some cases, the
viability of eggs is suboptimal in freshwater. Thus, in these
cases, it may be necessary to find a better alternative,
especially if it is necessary to prolong gamete receptivity.
For instance, strongly adhesive eggs of common carp
(Cyprinus carpio), tench (Tinca tinca), European catfish
(Silurus glanis), African catfish (Clarias gariepinus), pike-
perch (Sander lucioperca), and sturgeons are activated in
freshwater, but after fertilization, different egg desticking
solutions (e.g. tannic acid, Woynarovich solution, saline
solution, urea, milk, proteolytic enzymes etc.) have been
used to remove egg adhesiveness [31]. Therefore, using egg
desticking solution as an activating medium for strongly
adhesive eggs would be more suitable than the hatchery
water, especially if there are adverse effects of that medium
on sperm motility parameters.

In the present study, the osmolality and pH values of
ovarian fluid of ide are reported for the first time. The
osmolality of ovarian fluid of ornamental common carpwas
reported to be as high as 290 � 13 mOsm/kg [37], which is
very close to results obtained in the present study. On the
contrary, the osmolality of seminal plasma (ranging from
236.0 to 281.67 mOsm/kg) was higher as compared to the
previous reports for this species (118.31–203.19 mOsm/kg;
[15]). Osmotic pressure of the seminal plasma can be
decreased by contamination of urine during milt collection
and it is frequently observed in many species [38]. How-
ever, like many freshwater fish species, the mean osmo-
lality of seminal plasma of ide was lower than that of the
ovarian fluid. In freshwater fishes, sperm are usually acti-
vated in lower osmotic pressure, where different ions, pH,
temperature, and osmolality of the activating medium
affect motility parameters [39,40]. The osmolality of
different activating media used in this study were less than
that of seminal plasma. Sarosiek et al. [41] found Lahn-
steiner’s buffer (100-mM NaCl, 10-mM Tris, 0.5% albumin,
pH 9.0, and 199 mOsm kg�1) is the most effective medium
for activating the sperm of golden ide. Another activating
medium containing 0.4% NaCl, 0.3% urea, 0.5% albumin and
characterized by pH 7.7 and 181mOsm kg�1 [42] was found
to increase the sperm motility period and velocity for the
same species [41]. The durations of sperm motility of two
freshwater fish, rainbow trout (Oncorhynchus mykiss) and
northern pike (Esox lucius), were found to lengthen as
osmolality increased from that of freshwater, but this trend
is not apparent in paddlefish (Polyodon spathula), vimba
bream (Vimba vimba), and common carp [5]. The osmolality

of saline water and Woynarovich solution was higher than
that of the freshwater treatment, and we did not use any
buffer to adjust pH. Results from our sperm analysis
showed that activating medium had no impact on sperm
motility parameters. Thus, the effect of different activating
medium on eggs was not related to changes in sperm
activity.

Here, our results indicated that preincubation and
activatingmedium influenced embryo viability at the eyed-
stage. The decomposed model showed that preincubation
time significantly effects the percentage of eyed embryos
for freshwater and Woynarovich solution. The eggs pre-
incubated in freshwater for 0, 30, 60, 90, and 120 seconds
produced a lower percentage of eyed embryos. In fresh-
water, the percentage of eyed embryos sharply declined to
4.23% after 60 seconds of preincubation, meaning that ide
eggs lose their fertilizing ability after 60 seconds of pre-
incubation in freshwater. In saline water, the percentage of
eyed embryos of ide increased at 30 and 90 seconds before
incubation, but it was not statistically significant than the
other preincubation time gradients. On the contrary, pre-
incubation of i.e. sterlet eggs for 30 to 60 seconds in
freshwater increased fertilization rates, especially when a
large volume of coelomic fluid remains with the eggs [43].
For ide, the amount of ovarian fluid that remains with the
eggs is very little and therefore, no positive effects of pre-
incubation were observed in freshwater, saline water, or
even in Woynarovich solution. Except for the use of saline
water, the best results in each treatment were obtained
with the shorter periods of preincubation. From 0 to
60 seconds, preincubation of eggs in Woynarovich solution
presented results similar or better than in saline water.
Therefore, there is no necessity of preincubation of eggs
before fertilization for this species.

In a natural spawning environment, the duration of
egg viability or fertilizing ability is likely stable, but in
an artificially produced environment, this “critical”
fertilization window can be easily manipulated. For
instance, we reported that eggs preincubated for
120 seconds in saline water or Woynarovich solution
produced over 50% of eyed embryos, which clearly in-
dicates that the fertilizing ability of ide eggs increases
in saline water or Woynarovich solution, as compared
to freshwater. Duration of fertilization capability of eggs
is largely dependent on the activating solution used for
fertilization [8,9,12,30]. For instance, _Zarski et al. [44]
reported that osmolality of the activating medium is
one of the most important parameters affecting egg
receptivity in common carp. In cyprinid species, acti-
vation medium with osmolality of 100 to 200 mOsm/kg
prolonged the duration of egg receptivity and increased
fertilization success [44]. Osmolality of saline water
(148.0 mOsm/kg) and Woynarovich solution (195.0
mOsm/kg) used in this study were significantly higher
than the freshwater activation treatment (77.67 mOsm/
kg) and within the range of suggested osmolality for
common carp [44]. Saline solution was found to in-
crease the fertilization rate of Northern pike eggs [45].
Leifritz & Lewis [46] reported that during artificial
fertilization, saline solution opens the micropyle of eggs
for a longer period as compared to freshwater. When
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we activated the eggs in saline water or Woynarovich
solution, the swelling process of eggs should be slower
than in freshwater due to higher osmolality. However,
for the marine species long rough dab, Hippoglossoides
platessoides limandoides, salinity and osmotic gradient
had no effects on the degree of egg swelling [47].
Therefore, further studies should address the effects of
osmolality on egg swelling process for freshwater
species.

Ide eggs are strongly adhesive in freshwater, but the
adhesiveness is usually decreasing when the eggs are
activated by medium characterized by a higher osmolality,
such as saline water or Woynarovich solution [44]. There-
fore, the size and shape of the micropyle and the egg sur-
face chorion remain unchanged for an extended period in
saline or Woynarovich solution than when activated in
freshwater. During artificial reproduction, strongly adhe-
sive eggs adhere to one another and make a solid mass that
interferes with gas exchange and imposes oxidative stress
on eggs [31]. This adhesive nature of the egg, apart from
possibilities to attach the egg to the substrate, is aggluti-
nating the sperm to the surface of egg chorion and hin-
dering sperm movement toward the micropyle.
Additionally, Woynarovich solution has been used for
elimination of egg adhesiveness for common carp [48],
white sturgeon (Acipenser transmontanus) [49], lake stur-
geon (Acipenser fulvescens) [50] and many other freshwater
species. Therefore, Woynarovich solution could be an
effective activation medium for strongly adhesive eggs for
artificial fertilization.

4.1. Conclusions

In the present study, we reported for the first time
the fertilizing ability of ide eggs in different activating
media. Although the duration of fertilizing ability of ide
eggs in freshwater was found to be similar to the other
cyprinid species (about 60 seconds), it has to be
emphasized that it can be manipulated by application of
saline water or Woynarovich solution. Together, this
proves that the duration of fertilizing ability is not fixed
for ide and it is strictly dependent on the activating
medium. Results from this study also suggest that pre-
incubation of eggs is not necessary for this species and
that saline water or Woynarovich solution could be the
best activating medium for ide eggs during captive
breeding.

Acknowledgments

This study was supported by the Ministry of Education,
Youth and Sports of the Czech Republic - projects “CEN-
AKVA” (No. CZ.1.05/2.1.00/01.0024) and “CENAKVA II”
(LO1205 under the NPU I program), the Grant agency of the
University of South Bohemia (no. 134/2013/Z), and the
Grant agency of the Czech Republic (no. 15-12034S). Partial
financial support from the University of Warmia and
Mazury, Poland (grant No. 0808.0801) is highly
appreciated.

References

[1] Kjørsvik E, Lønning S. Effects of egg quality on normal fertilization
and early development of the cod, Gadus morhua L. J Fish Biol 1983;
23:1–12.

[2] Trippel EA, Morgan MJ. Sperm longevity in Atlantic cod (Gadus
morhua). Copeia 1994;4:1025–9.

[3] Butts IAE, Trippel EA, Litvak MK. The effect of sperm to egg ratio and
gamete contact time on fertilization success in Atlantic cod Gadus
morhua. Aquaculture 2009;286:89–94.

[4] Suquet M, Billard R, Cosson J, Dorange G, Chauvaud L, Mugnier C,
et al. Sperm features in turbot (Scophthalmus maximus): a compar-
ison with other freshwater and marine fish species. Aquat Living
Resour 1994;7:283–94.

[5] Browne RK, Kaurova SA, Uteshev VK, Shishova NV, McGinnity D,
Figiel CR, et al. Sperm motility of externally fertilizing fish and
amphibians. Theriogenology 2015;83:1–13.

[6] Hoysak DJ, Liley NR. Fertilization dynamics in sockeye salmon and a
comparison of sperm from alternative male phenotypes. J Fish Biol
2001;58:1286–300.

[7] Liley NR, Tamkee P, Tsai R, Hoysak DJ. Fertilization dynamics in
rainbow trout (Oncorhynchus mykiss): effect of male age, social
experience, and sperm concentration and motility on in vitro
fertilization. Can J Fish Aquat Sci 2002;59:144–52.

[8] _Zarski D, Horváth Á, Bernáth G, Pali�nska- _Zarska K, Krejszeff S,
Müller T, et al. Application of different activating solutions to
in vitro fertilization of crucian carp, Carassius carassius (L.), eggs.
Aquaculture Int 2014;22:173–84.

[9] _Zarski D, Horvath A, Kotrik L, Targo�nska K, Pali�nska K, Krejszeff S,
et al. Effect of different activating solutions on the fertilization
ability of Eurasian perch, Perca fluviatilis L., eggs. J Appl Ichthyol
2012;28:967–72.

[10] Butts IAE, Roustaian P, Litvak MK. Fertilization strategies for winter
flounder: effects of spermatozoa density and the duration of gamete
receptivity. Aquat Biol 2012;16:115–24.

[11] Davenport J, Lønning S, Kjørsvik E. Osmotic and structural changes
during early development of eggs and larvae of the cod, Gadus
morhua L. J Fish Biol 1981;19:317–31.

[12] Saad A, Billard R. Composition et emploi d’un dilueur d’ insémina-
tion chez la carpe, Cyprinus carpio. Aquaculture 1987;66:329–45.

[13] Trippel EA. Estimation of male reproductive success of marine
fishes. J Northw Atl Fish Sci 2003;33:81–113.

[14] Jamróz M, Kucharczyk D, Haku�c-B1a _zowska A, Krejszeff S, Kujawa R,
Kupren K, et al. Comparing the effectiveness of Ovopel, Ovaprim,
and LH-RH analogue used in the controlled reproduction of ide,
Leuciscus idus (L.). Arch Pol Fish 2008;16:363–70.

[15] Cejko BI, Kowalski RK, Kucharczyk D, Targo�nska K, Krejszeff S,
_Zarski D, et al. Influence of the length of time after hormonal
stimulation on selected parameters of milt of ide Leuciscus idus L.
Aquaculture Res 2010;41:804–13.

[16] Cie�sla M, Jo�nczyk R, Gozdowski D, �Sliwi�nski J, Rechulicz J,
Andrzejewski W. Changes in ide Leuciscus idus (L.) females’ repro-
ductive parameters after stimulation with carp pituitary homoge-
nate (CPH) and Ovopel: the effect of domestication? Aquaculture Int
2014;22:77–88.

[17] Krejszeff S, Targo�nska K, _Zarski D, Kucharczyk D. Domestication
affects spawning of the ide (Leuciscus idus)dpreliminary study.
Aquaculture 2009;295:145–7.

[18] Wojda R. Production of stocking material of rheophilous fishes in
Poland in 1995-2002: possibilities and necessities of further in-
creases. Arch Ryb Pol 2004;12(Suppl. 2):359–69.

[19] Augustyn L. Restoration of rheophilic cyprinid fishes in the upper
and middle Dunajec river. Arch Ryb Pol 2004;12(Suppl. 2):279–86.

[20] Kupren K, _Zarski D, Kucharczyk D. Early development and allome-
tric growth patterns in ide Leuciscus idus (Linnaeus 1758). J Appl
Ichthyol 2015;31:509–17.

[21] Gomu1ka P, _Zarski D, Kupren K, Krejszeff S, Targo�nska K,
Kucharczyk D. Acute ammonia toxicity during early ontogeny of ide
Leuciscus idus (Cyprinidae). Aquaculture Int 2014;22:225–33.

[22] Witeska M, Sarnowski P, qugowska K, Kowal E. The effects of cad-
mium and copper on embryonic and larval development of ide
Leuciscus idus L. Fish Physiol Biochem 2014;40:151–63.

[23] Allner B, Wegener G, Knacker T, Stahlschmidt-Allner P. Electro-
phoretic determination of estrogen-induced protein in fish exposed
to synthetic and naturally occurring chemicals. Sci Total Environ
1999;233:21–31.

[24] Fenske C, Daeschlein G, Gunther B, Knauer A, Rudolph P, Schwahn C,
et al. Comparison of different biological methods for the assessment
of ecotoxicological risks. Int J Hyg Environ Health 2006;209:275–84.

M.A.M. Siddique et al. / Theriogenology 85 (2016) 849–855854



- 65 -

Eff ects of preincubation of eggs and activation medium on the percentage 
of eyed embryos in ide (Leuciscus idus), an externally fertilizing fi sh

[25] Kucharczyk D, Targo�nska K, _Zarski D, Kujawa R, Mamcarz A. A re-
view of the reproduction biotechnology for fish from the genus
Leuciscus. Arch Pol Fish 2008;16:319–40.

[26] Tadajewska M. Ide. In: Brylinska M, editor. Freshwater Poland fish.
Warsaw, Poland: Poland Copyright Science; 2000. p. 314–8 (in
Polish).

[27] Froese R, Pauly D, editors. FishBase. Germany: World Wide Web
Electronic Publication. www.fishbase.org; 2015. version (02/2015);
accessed 04.04.15.

[28] Kupren K. Thermal conditions for embryonic development of fish
from the genus of Leuciscus. Doctoral thesis. Olsztyn: University of
Warmia and Mazury; 2005. p. 95 (in Polish).

[29] Kottelat M, Freyhof J. Handbook of European freshwater fishes, Vol.
13. Berlin, Germany: Published by Kottelat, Cornol and Freyhof;
2007. p. 646.

[30] Kucharczyk D, Gomu1ka P, Krejszeff S, _Zarski D, Targo�nska K. The
effect of prepared activating liquid on the survivability of ide Leu-
ciscus idus (L.) embryos. Pol J Nat Sci 2010;25:200–8.

[31] Siddique MAM, Psenicka M, Cosson J, Dzyuba B, Rodina M,
Golpour A, et al. Egg stickiness in artificial reproduction of sturgeon:
an overview. Rev Aquaculture 2014. http://dx.doi.org/10.1111/raq.
12070. (Early view).

[32] Kujawa R, Kucharczyk D, Mamcarz A. A model system for keeping
spawners of wild and domestic fish before artificial spawning.
Aquac Eng 1999;20:85–9.

[33] Horvath L, Szabo T, Burke J. Hatchery testing of GnRH analogue-
containing pellets on ovulation in four cyprinid species. Pol Arch
Hydrobiol 1997;44:281–92.

[34] Ciereszko A, Dabrowski K. Estimation of sperm concentration of
rainbow trout, whitefish and yellow perch using a spectrophoto-
metric technique. Aquaculture 1993;109:367–73.

[35] SAS Institute. SAS System v.9.1. Cary, NC: SAS Institute Inc; 2003.
[36] Keppel G. Design and Analysis: a Researcher’s Handbook. Third

edition. Englewood Cliff, NJ: John Wiley and Sons; 1991.
[37] Glenn DW, Tiersch TR. Effect of extenders and osmotic pressure on

storage of eggs of ornamental common carp Cyprinus carpio at
ambient and refrigerated temperatures. J World Aquac Soc 2002;33:
254–67.

[38] Glogowski J, Kwasnik M, Piros B, Dabrowski K, Goryczko K,
Dobosz S, et al. Characterization of rainbow trout milt collected with

a catheter: semen parameters and cryopreservation success.
Aquaculture Res 2000;31:289–96.

[39] Alavi SMH, Cosson J. Sperm motility in fishes. (II) Effects of ions and
osmolality: a review. Cell Biol Int 2006;30:1–14.

[40] Butts IAE, Alavi SMH, Mokdad A, Pitcher TE. Physiological func-
tions of osmolality and calcium ions on the initiation of sperm
motility and swimming performance in redside dace, Clinostomus
elongatus. Comp Biochem Physiol Part A Mol Integr Physiol 2013;
166:147–57.

[41] Sarosiek B, Cejko BI, Glogowski J, Targo�nska K, _Zarski D,
Kowalski RK, et al. Spermatozoa motility and short-term sperm
storage of colourful orfe (Leuciscus idus aberr orfus). Ital J Anim Sci
2012;11:270–4.

[42] Babiak I, Glogowski J, Brzuska E, Szumiec J, Adamek J. Cryopreser-
vation of sperm of common carp, Cyprinus carpio L. Aquaculture Res
1997;28:567–71.

[43] Siddique MAM, Butts IAE, Psenicka M, Linhart O. Effects of pre-
incubation of eggs in freshwater and varying sperm concentration
on fertilization rate in sterlet sturgeon, Acipenser ruthenus. Anim
Reprod Sci 2015;159:141–7.

[44] _Zarski D, Cejko BI, Krejszeff S, Pali�nska- _Zarska K, Horváth Á,
Sarosiek B, et al. The effect of osmolality on egg fertilization in
common carp, Cyprinus carpio Linnaeus, 1758. J Appl Ichthyol 2015;
31:159–63.

[45] Rieniets JP, Millard JL. Use of saline solutions to improve fertilization
of northern pike eggs. Prog Fish Cult 1987;49:117–9.

[46] Leifritz E, Lewis RC. Trout and salmon culture (hatchery methods).
Calif Depart Fish Game Fish Bull 1976;164:128–30.

[47] Lønning S, Davenport J. The swelling egg of the long rough dab,
Hippoglossoides platessoides limandoides (Bloch). J Fish Biol 1980;
17:359–78.

[48] Schoonbee HJ, Brandt FD. Observations on some techniques
employed for the removal of egg adhesiveness of the common carp,
Cyprinus carpio, during induced spawning. Water SA 1982;8:145–8.

[49] Kowtal GV, Clark WH, Cherr GN. Elimination of adhesiveness in eggs
from the white sturgeon, Acipenser transmontanus: chemical treat-
ment of fertilized eggs. Aquaculture 1986;55:139–43.

[50] Bouchard III HJ, Aloisi DB. Investigations in concurrent disinfection
and de-adhesion of lake sturgeon eggs. N Am J Aquaculture 2002;
64:212–6.

M.A.M. Siddique et al. / Theriogenology 85 (2016) 849–855 855



Chapter 6



- 67 -

CHAPTER 6

FIRST REPORT ON FACULTATIVE PARTHENOGENETIC ACTIVATION OF EGGS IN STERLET 
STURGEON, ACIPENSER RUTHENUS

Siddique, M.A.M., Butts, I.A.E., Cosson, J., Linhart, O., 2016. First report on facultative 
parthenogenetic activation of eggs in sterlet sturgeon, Acipenser ruthenus. Animal 
Reproduction Science 168: 110–115.

According to the publishing agreement between the authors and publisher, it is allowed to 
include the paper in this Ph.D. thesis

https://www.elsevier.com/about/company-information/policies/copyright



Chapter 6



- 69 -

First report on facultative parthenogenetic activation 
of eggs in sterlet sturgeon, Acipenser ruthenus

Animal Reproduction Science 168 (2016) 110–115

Contents lists available at ScienceDirect

Animal  Reproduction  Science

journa l h om epa ge : w ww.elsev ier .com/ locate /an i reprosc i

First  report  on  facultative  parthenogenetic  activation  of  eggs
in sterlet  sturgeon,  Acipenser  ruthenus

Mohammad  Abdul  Momin  Siddiquea,∗, Ian  Anthony  Ernest  Buttsb,  Jacky
Cossona, Otomar  Linharta

a University of South Bohemia in Ceske Budejovice, Faculty of Fisheries and Protection of Waters, South Bohemian Research Center of
Aquaculture and Biodiversity of Hydrocenoses, Research Institute of Fish Culture and Hydrobiology, Zátiší 728/II, 389 25 Vodňany, Czech
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a  b  s  t  r  a  c  t

This  study  reported  facultative  parthenogenetic  cleavage  development  of sterlet  sturgeon
Acipenser  ruthenus  eggs  and  quantified  the  percentage  of  parthenogenetically  developed
eggs  in relation  to the fertilization  ability of different  females.  When  eggs  were  activated  in
freshwater,  5.1–13.7% of eggs developed  parthenogenetically,  while  among  those  activated
eggs 3.6–9.4%  developed to 2 cells,  0.4–4.5%  developed  to 4 cells, and  0–0.8%  developed  to
8 cells.  The  mean  percentage  of  fertilized  and  parthenogenetically  activated  eggs  among
the  females  was  negatively  correlated  (R2 = 0.71,  p  = 0.036),  which  indicates  that  partheno-
genetic  activation  rate  of sterlet  eggs  depends  on the  quality  of eggs in  terms  of fertilization
rate.

© 2016  Elsevier  B.V. All  rights  reserved.

1. Introduction

Parthenogenesis is a common form of asexual reproduc-
tion amongst arthropods and rotifers in which the offspring
develop from unfertilized eggs. It can also be found in
fish (Hubbs and Hubbs, 1932; Chapman et al., 2007, 2008;
Robinson et al., 2011), amphibians, and reptiles (Vrijenhoek
et al., 1989; Price, 1992; Watts et al., 2006; Booth et al.,
2012), as well as in crustaceans and decapods (Scholtz et al.,
2003; Buřič et al., 2011). Most organisms that reproduce
parthenogenetically also exhibit a phase of sexual repro-
duction. More specifically for facultative parthenogenesis,
asexual reproduction usually occurs in bisexual species
(Booth et al., 2012) and this form of parthenogenesis has

∗ Corresponding author.
E-mail addresses: siddique@frov.jcu.cz, tigermomin@yahoo.com

(M.A.M. Siddique).

been documented in a variety of multi-cellular organisms,
including fishes (Chapman et al., 2008; Booth et al., 2010).

In fish, parthenogenesis is only exhibited in the blacktip
shark Carcharhinus limbatus, hammerhead shark Sphyrna
lewini,  and Zebra shark Stegostoma fasciatum (Chapman
et al., 2007, 2008; Robinson et al., 2011). Facultative
parthenogenetic cleavage patterns in non-ovulated eggs of
Starry sturgeon Acipenser stellatus were first reported by
Dettlaff and Ginsburg (1950). Thereafter, no research has
been conducted on parthenogenetic cleavage development
in sturgeon. Thus, there is a need to further study this phe-
nomenon so that we can quantify unisexual development
in sterlet, as well as in other Chondrostei.

Ovulated eggs of sturgeon are deposited in their body
cavity. In some cases, these eggs can be activated in the
body cavity and parthenogenetic cleavage development
can be initiated before the eggs are released (Dettlaff et al.,
1993); thus, negatively affecting fertilization rate. Esti-

http://dx.doi.org/10.1016/j.anireprosci.2016.02.033
0378-4320/© 2016 Elsevier B.V. All rights reserved.
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Fig. 1. Percentage of parthenogenetically developed eggs of sterlet sturgeon, Acipenser ruthenus activated in freshwater.

mation of fertilization rate for acipenserid eggs is very
difficult because they possess 2–52 micropyles (reviewed
in Siddique et al., 2014). Due to having several microplyes,
polyspermic fertilization in acipenserid eggs is very com-
mon and can also be problematic for sustaining embryo
viability. Polyspermic eggs show unusual cleavage devel-
opment like parthenogenetically activated eggs, therefore,
there is a need to document parthenogenetically activated
eggs to distinguish their cleavage pattern from polyspermic
eggs.

Although the mechanism for parthenogenetic cleavage
development in acipenserid eggs is unknown, we spec-
ulate that egg quality should have an influence as eggs
released from supportive tissue during ovulation undergo
a decrease in fertilizing ability with storage time when
reared in vivo or in vitro (Rothbard et al., 1996; Bobe and
Labbé, 2010; Linhart et al., 2016), which may  produce
embryonic malformations (Bonnet et al., 2007). Thus, in
this study, our objectives were to examine parthenogenetic
cleavage development of sterlet sturgeon A. ruthenus
eggs and quantify the percentages of parthenogenetically
developed eggs in relation to egg quality, as evident by
fertilization percentage, from different females.

2. Materials and methods

Four mature males and six females were kept in two
separate tanks (volume 0.8 m3) with a water temperature
of 14–15 ◦C. To induce spermiation, males were admin-
istered a single intramuscular injection of carp pituitary
extract (CPE) at 4 mg  kg−1 body weight. Milt was  collected
48 h after injection by a plastic catheter (4 mm  diameter);
milt was collected before stripping the females and stored
in an icebox at 4 ◦C. Ovulation was induced with CPE by an
initial injection of 0.5 mg  kg−1 body weight and a second
injection of 4.5 mg  kg−1 body weight, 12 h after the first
injection. Eggs were collected by applying pressure to the

Table 1
pH and osmolality of coelomic fluid and percentages (mean ± SD) of fertil-
ized and parthenogenetically developed eggs in sterlet sturgeon, Acipenser
ruthenus.

Female pH Osmolality
(mOsmol kg−1)

Percentages of
fertilized eggs

Percentages of
Parthenogeneti-
cally activated
eggs

1 7.9 ± 0.2a 155 ± 2.6a 73.1 ± 4.3a 5.1 ± 0.2a

2 7.9 ± 0.1a 199 ± 3.5b 44.8 ± 12.8b 13.7 ± 0.6b

3 8.0 ± 0.3a 202 ± 3.6b 72.7 ± 1.3a 5.8 ± 2.9a

4 8.0 ± 0.2a 232 ± 5.2c 28.7 ± 12.3b 12.9 ± 1.0b

5 7.9 ± 0.2a 180 ± 3.1d 92.7 ± 6.0a 6.4 ± 4.2ab

6 8.0 ± 0.2a 185 ± 0.6d 74.1 ± 13.4a 9.1 ± 4.8ab

Note: Different letters depict significant differences within a column
(p < 0.05).

abdominal region 18–20 h after the second injection (Gela
et al., 2008; Chebanov and Galich, 2011). Pooled milt from
four males was  used for experimentation.

Sperm density and motility were analyzed according
to Siddique et al. (2015a). Mean (±SD) sperm motility
for the four males was 86.7 ± 6.7%, while mean sperm
density was 480 ± 51 × 106 sperm per mL.  Eggs from six
females were used in this study. Coelomic fluid from the
females was collected by a plastic dropper to measure
osmolality and pH with three replicates. Osmolality and
pH of the coelomic fluid were measured by a vapor pres-
sure osmometer (Model: 5600, Wescor. Inc., USA) and
microprocessor pH meter (Model: WTW  320, WTW  GmbH,
Germany), respectively.

For each female, 2 g of eggs were placed in 6 × 50 mL
plastic dishes; 3 dishes were used for the control (fertiliza-
tion with sperm) and 3 dishes were used for observation of
parthenogenetic cleavage development (without sperm).
For the control, 8 mL  of UV treated fresh water (pH 7.3)
and 50 �L of sperm were added simultaneously, while for
the parthenogenetic development treatment, eggs were
only activated with 8 mL of fresh water. The plastic dishes



- 71 -

First report on facultative parthenogenetic activation 
of eggs in sterlet sturgeon, Acipenser ruthenus

112 M.A.M. Siddique et al. / Animal Reproduction Science 168 (2016) 110–115

Fig. 2. Form and distribution patterns of furrows in parthenogenetically developed eggs of sterlet sturgeon, Acipenser ruthenus. (A–D) first cleavage to form
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Fig. 3. Form and distribution patterns of furrows in normally developed (A- 2 cells, B- 4 cells, C- 8 cells, D- 16 cells, E- 32 cells and F- 64 cells) and
polyspermic (G, H- 8 cells, and I- 16 cells) eggs of sterlet sturgeon, Acipenser ruthenus. Photographs were taken at 3× magnification.

were then placed on a shaker, with a constant rotation of
200 min−1 for 2 min. Following fertilization, the eggs were
transferred to plastic Petri dishes for incubation at 20 ◦C.

Cleavage of all control (inseminated and fertilized)
and activated (non-inseminated) eggs were observed
under a light microscope (3× magnification) at 3 h post-
fertilization or post-activation; cleavage for all the groups
was counted at 4 h post-fertilization or post-activation.
Sturgeon eggs can develop pathenogenetically even within
inseminated groups. At the early blastula stage of cleav-
age development, fertilized eggs are difficult to separate
from the polyspermic and parthenogenetically activated

eggs. Therefore, for the control group, only eggs that devel-
oped >64 cells after 4 h incubation were considered as
fertilized eggs and rest of the eggs that developed <64
cells were counted as unfertilized (including polyspermic
and parthenogenetically activated eggs). For the partheno-
genetic development treatment, the number of cells and
also the number of undeveloped eggs were counted and
quantified for 24 h (at 4, 6, 12 and 24 h post activation)
under a light microscope. For each replicate, 110–130
eggs/embryos were observed.

All data were analyzed using Statistica V 12.0 (Stat-
soft Inc, Tulsa, OK, USA). Data were tested for normality

2 cells; (E–H) second cleavage to form 4 cells; (I–L) third cleavage to form 8 cells in the animal hemisphere. Photographs were taken at 3× magnification.
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Fig. 4. Relationship between fertilized and parthenogenetically activated eggs from the six females of sterlet sturgeon, Acipenser ruthenus.

and homogenous variance using a Shapiro-Wilk and Lev-
ene’s test, respectively. All proportional data were arcsin
square-root transformed prior to analyses. Osmolality, pH,
fertilization rate, and parthenogenetic activation rate of the
different females were analyzed using a series of one-way
ANOVA models followed by Fisher’s LSD test. Addition-
ally, linear regression was used to examine the relationship
between the mean percentage of fertilized and partheno-
genetically activated eggs among the females. Data were
presented as mean ± SD. Alpha was set at p < 0.05.

3. Results and discussion

Osmolality and pH of coelomic fluid from six females
are presented in Table 1 . Osmolality, the percentage
of fertilized eggs, and parthenogenetically activated eggs
were significantly different among the females (p < 0.05;
Table 1). When the eggs were activated in freshwater,
5.1–13.7% of eggs developed parthenogenetically, while
among the activated eggs (in freshwater) 3.6–9.4% devel-
oped to 2 cells, 0.4–4.5% developed to 4 cells and 0–0.8%
developed to 8 cells (Fig. 1). Compared to fertilized eggs,
parthenogenetic cleavage development of the activated
eggs in fresh water started ∼40 to 60 min  later. When
we observed parthenogenetic cleavage in activated eggs,
at the same time, fertilized eggs had developed several
blastomeres (>64 cells). In parthenogenetically activated
eggs, the development of cleavages was unusual and often
exhibited an odd number of cells (e.g. 3 cells, 5 cells, or 7
cells). The developmental patterns of parthenogenetically
activated eggs are shown in Fig. 2. The arrangement of fur-
rows in parthenogenetically cleaving eggs was similar to
polyspermic fertilized eggs, but completely distinguishable
from normally fertilized eggs. Polyspermic eggs usually
develop abnormally and were not viable (Dettlaff et al.,

1993). The arrangement of furrows in normally fertilized
and polyspermic eggs are shown in Fig. 3. If embryos
develop from polyspermic eggs, most die during the incu-
bation period before gastrulation or few produce inviable
larvae with abnormal structures (Dettlaff et al., 1993). In
the case of parthenogenetically activated eggs, the devel-
opment of cleavage was limited to several blastomeres (up
to 8 cells) and then the embryo slowly died.

The mechanism for parthenogenetic activation of ster-
let sturgeon eggs remains an enigma. The membrane of
Acipenserid eggs is very sensitive and they can initiate
the activation process by “pricking” with a glass needle at
the micropylar field or even at the vegetal pole of the egg
(Dettlaff, 1962). In the present study, we avoided touch-
ing the eggs by hand or by any other means. A universal
feature of initiating egg activation at fertilization is a sub-
stantial increase in intercellular free Ca2+ in the egg cytosol.
In physiological conditions, intracellular Ca2+ levels can be
increased either by release from intracellular stores or by
influx from extracellular space (Vasilev et al., 2012). In
echinoderm, ascidian, and vertebrate eggs, the Ca2+ rise
occurs as a result of inositol trisphosphate mediated release
of Ca2+ from the endoplasmic reticulum (Runft et al., 2002).
Eggs activated by artificially increasing the intracellular
Ca2+ levels have suggested that Ca2+ serves as a signal to
initiate a number of metabolic and cytological changes in
fertilized eggs (Vasilev et al., 2012). The activation of oocyte
metabolism during the process of fertilization is shown
through a series of responses such as exocytosis of cortical
granules (Siddique et al., 2015a,b), involving modifications
in the glycoproteins of the vitelline layers, resumption of
meiosis, emission of the second polar body, formation and
migration of pronuclei, initiation of maternal mRNA trans-
lation and the synthesis of new DNA (Nuccitelli, 1991). All
these reactions originate due to a repetitive and transient
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rise in intracellular concentration of Ca2+ (Kline and Kline,
1992; Uranga et al., 1996). In the case of sterlet sturgeon, we
hypothesize that free Ca2+ in coelomic fluid may increase
free Ca2+ levels in eggs, and ultimately influence partheno-
genetic development.

In the present study, the mean percentage of fertil-
ized and parthenogenetically activated eggs among the
females was negatively correlated (R2 = 0.71, p = 0.036;
Fig. 4). Thus, parthenogenetic activation rate of sterlet
eggs depends on the quality of eggs in terms of fertiliza-
tion rate; eggs having less fertilizing ability have a higher
chance to develop parthenogenetically. In sterlet sturgeon,
the occurrence of polyspermic fertilization is reported
∼6.7% (Chebanov and Galich, 2011). Polyspermic fertil-
ization in acipenserid eggs is common due to possessing
several micropyles on the animal polar region. However,
beside polyspermic fertilization, parthenogenetic activa-
tion of sterlet sturgeon eggs is also a barrier for achieving
fertilization success and should be explored in further
details.

In conclusion, facultative parthenogenetic activation
of eggs in sterlet sturgeon is frequent and accounts for
5.1–13.7% of the total eggs when they are activated in fresh-
water. Additionally, the severity of this phenomenon is
highly dependent on the quality of eggs.
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GENERAL DISCUSSION

Fertilization strategies for externally fertilizing fi shes 

Th e fertilizing capacity of both marine and freshwater fi sh eggs gradually decrease in ovarian 
or coelomic fl uid and in water (Ginzburg, 1972; Dettlaff  et al., 1993; Hoysak and Liley, 2001; 
Liley et al., 2002; Żarski et al., 2012, 2014). Th erefore, estimation of egg receptivity is crucial 
for standardization of fertilization protocol for any fi sh species. We estimated egg receptivity 
period for two freshwater species sterlet sturgeon Acipenser ruthenus and Ide Leuciscus 
idus, and for a marine species sea bass Dicentrarchus labrax. We pre-incubated the eggs for 
diff erent time gradients and fertilized them by adding sperm to estimate the egg receptivity 
period.

Sturgeon eggs can be fertilized after many hours in water (Dettlaff  et al., 1993), and are 
considerably more resistant to the eff ects of fresh water (Ginzburg, 1972). Further, the 
duration of sperm motility for sturgeon species are longer than other freshwater species 
(Dettlaff  et al., 1993; Alavi and Cosson, 2005). In our fi rst experiment, when sterlet eggs 
were pre-incubated for 10 min in freshwater, there were no substantial changes in the cortical 
and pigmented granules. Micrographs from transmission electron microscope confi rmed that 
there were no indications of initiation of cortical reactions or the formation of perivitelline 
space in the pre-incubated eggs. Our results also showed that the interaction between pre-
incubation time and sperm to egg ratio was highly signifi cant, suggesting that the optimal 
sperm to egg ratio depends on pre-incubation time; higher sperm to egg ratios 430,000:1 and 
43,000:1 were better for obtaining high fertilization rates of sterlet. Polyspermic fertilization 
is very common in sturgeons and it might occur with adding high quantity of sperm as 
sturgeon eggs possess several micropyles (Dettlaff  et al., 1993; Vorob’eva and Markov, 1999; 
Debus et al., 2002). Th erefore, a low quantity of sperm and, 30 s to 1 min pre-incubation of 
sterlet eggs in fresh water prior to fertilization can enhance the fertilization rate and control 
the polyspermic fertilization.

In the second experiment on sea bass, pre-incubation of fresh and over-ripe eggs did not 
increase the fertilization rate due to forming perivitelline space in the egg cortisol within 
30 s after activation in seawater. Although, initiation of perivitelline space is only formed after 
fertilization in acipenserids (Dettlaff  et al., 1993; Linhart and Kudo, 1997), formation of the 
perivitelline space upon activation in seawater is a common feature for several marine fi sh 
species (Govoni and Forward, 2008; Sørensen et al., 2016). Th e activation of sea bass eggs 
started within a  few seconds after activation without sperm and proceeded slowly. At the 
initial stage of forming a perivitelline space, eggs were capable of being fertilized by sperm, 
but as the perivitelline space became larger in the later stages, it blocked the micropylar 
canal. Th e fertilization ability of over-ripe oocytes sharply declines and totally depends on 
the storage temperature and the time interval between ovulation and stripping (Migaud et 
al., 2013; Linhart et al., 2016). All oocytes in an ovary are not ovulated at the same time, 
therefore, over-ripe eggs can also be fertilized with a lower fertilization rate than the freshly 
ovulated eggs. However, the duration of egg receptivity period are the same for both freshly 
ovulated and over-ripe eggs.

In a natural spawning environment, the duration of egg viability or fertilizing ability is likely 
to remain stable. During captive breeding, diff erent activating media are often used to increase 
fertilization success. Most of these activating media such as Billard solution (0.45 g NaCl, 
0.1211 g Tris, 0.1126 g glycine, 0.0056 g CaCl2, 0.5% albumin, (50 mL), pH 9.0; 344 Osmkg-1; 
Billard et al., 1995), Lahnsteiner’s buff er (100-mM NaCl, 10-mM Tris, 0.5% albumin, pH 9.0, 
and 199 mOsm kg−1; Lahnsteiner et al., 1998) and some other media are designed to improve 
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motility parameters of sperm, while few studies have been conducted to manipulate the 
duration of egg fertilizing ability (Saad and Billard, 1987; Żarski et al., 2014). Th erefore, the 
activating medium should also be suitable for the eggs by increase of fertilizing ability and 
duration of egg receptivity. Our results showed that in an artifi cially produced environment, 
this “critical” fertilization window for Ide eggs can be easily manipulated by using diff erent 
activating solution. Th is manipulation of egg receptive period is also possible for other 
cyprinids to achieve higher fertilization success when the motility period of spermatozoa is 
short. For instance, saline solution was found to increase the fertilization rate of Northern 
pike eggs (Rieniets and Millard, 1987) by keeping the micropyle open for a  longer period 
(Leifritz and Lewis, 1986). On the other hand, using of de-sticking solutions such as saline 
water, Woynarovich solution etc. as an activating medium for strongly adhesive eggs can 
facilitate gamete interactions during fertilization (Siddique et al., 2016).

We examined parthenogenetic cleavage development of sterlet eggs and quantifi ed the 
percentages of parthenogenetically developed eggs. Th e unusual cleavage patterns of 
parthenogenetically activated eggs was similar to polyspermic fertilized eggs, but completely 
distinguishable from normally fertilized eggs. Like polyspermic eggs, parthenogenetically 
activated eggs usually develop abnormally and were not viable (Dettlaff  et al., 1993). Th e 
mechanism for parthenogenetic activation of sterlet eggs remains an enigma. Dettlaff  et al. 
(1993) reported that sturgeon eggs can be activated in the body cavity and parthenogenetic 
cleavage development can be initiated before the eggs are released. Th e parthenogenetic 
activation of sterlet eggs might be due to a substantial increase in intercellular free Ca2+ in the 
egg cytosol (Runft et al., 2002; Coward et al., 2003; Vasilev et al., 2012) or due to poor quality 
of eggs. Our results indicated that parthenogenetic activation rate of sterlet eggs depends on 
the quality of eggs in terms of fertilization rate. It means that eggs with lower fertilizing ability 
have a higher chance to develop parthenogenetically.

In summary, the duration of spermatozoa motility and egg receptivity period are varied 
among species. Egg receptivity period or fertilizing ability of eggs is closely related to the 
duration of sperm motility for any species. Pre-incubation of eggs before fertilization can 
enhance fertilization rate when a large volume of ovarian fl uid remains with the eggs. In control 
reproduction, manipulation of egg receptivity period is possible using diff erent activating 
solutions to facilitate the fertilization event. Th is thesis provided some basic knowledge about 
pre-incubation, egg receptivity period for few species and manipulation of egg receptivity 
period and documented a  diff erent mode of egg activation strategy, parthenogenetic 
activation of egg which can be useful for understanding of fertilization strategies of marine 
and freshwater fi sh species, their gamete biology and as well as to standardized fertilization 
protocol for these species in captivity.
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ENGLISH SUMMARY 

Fertilization strategies for externally fertilizing fi shes

Mohammad Abdul Momin Siddique

Morphological properties, species specifi c diff erences, development, and function of egg 
envelopes are of importance for a  better understanding of fertilization strategies as well 
as for captive reproduction. We reviewed morphology and the developmental stages of 
egg envelopes, mechanism of polyspermy block, and also the role of micropyle and cortical 
granules in polyspermy block for acipenserid eggs. Th e structure of the egg envelope is similar 
among the acipenserids, comprising an external envelope (thecal cells, basal lamina, and 
follicular epithelium), a fi ve-layered oocyte envelope (adhesive layer, alveolar layer, epilayer, 
and zona radiata externa and interna) and a layer of oocyte matrix and cortical granules. Th e 
development of acipenserid egg envelope within the ovary comprises fi ve stages, with further 
changes following fertilization. Moreover, we standardized the terminology used to describe 
the egg membranes which can minimize the confusions and be helpful for future work on 
acipenserids eggs as well as for other fi sh species.

Th e sperm to egg ratio (required to fertilize eggs) and eff ects of pre-incubation of eggs in 
freshwater before fertilization were studied to standardized fertilization protocols for sterlet 
Acipenser ruthenus. Pre-incubation time had no eff ect on fertilization success at 430,000:1 
and 43,000:1 sperm to egg ratios, while it was signifi cant at the 4300:1 and 430:1 ratios. Th e 
use of adequate experimental suboptimal sperm to egg ratio revealed a positive eff ect of pre-
incubation time, such that at the 430:1 ratio, 0.5 min pre-incubation increased the fertilization 
rate more than 10  min. Transmission electron microscopy showed that pre-incubation of 
eggs in water for <10 min did not trigger a cortical reaction, suggesting that a low sperm to 
egg ratio 0.5 to 1 min pre-incubation of eggs in freshwater prior to fertilization can enhance 
fertilization rate of sterlet (minimally do not change fertilization).

Th e eff ects of pre-incubation in seawater and the duration of egg receptivity were determined 
for fresh and over-ripe sea bass eggs. Our results revealed a signifi cant eff ect of pre-incubation 
time for both the fresh (P < 0.01) and over-ripe eggs (P < 0.01). Th e fresh eggs had a higher 
fertilization success than over-ripe eggs. Fertilization success of eggs signifi cantly declined 
for both of these treatments after 3 min of pre-incubation, clearly indicating that sea bass 
eggs are able to be fertilized by sperm for up to 3 min after release into seawater. 

Eff ects of pre-incubation of eggs and activation medium on the percentage of eyed 
embryos for Ide Leuciscus idus were examined. At the eyed-egg stage, pre-incubation time 
was signifi cant for the freshwater activation medium (P < 0.001), such that the percentage 
of eyed embryos declined across the pre-incubation time gradient. Activating medium 
had a  signifi cant eff ect on the percentage of eyed embryos for each pre-incubation time 
(P < 0.05). More precisely, freshwater produced the lowest percentage of eyed embryos at all 
pre-incubation times, whereas saline water and Woynarovich solution produced the highest 
percentage of eyed embryos at 0 s and 30 s before incubation. Examination of sperm traits 
showed no impact of activating medium on computer assisted sperm analysis parameters. 
Our results suggested that saline water or Woynarovich solution improve fertilization rate in 
Ide during fertilization.

We reported facultative parthenogenetic cleavage development of sterlet eggs and 
quantifi ed the percentage of parthenogenetically developed eggs in relation to the fertilization 
ability of diff erent females. When eggs were activated in freshwater (without adding sperm), 
5.1–13.7% of eggs developed parthenogenetically, while among those activated eggs 
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3.6–9.4% developed to 2 cells, 0.4–4.5% developed to 4 cells, and 0–0.8% developed to 8 cells. 
We documented the cleavage pattern of parthenogenetically activated and polyspermic eggs 
to distinguish them from normally fertilized eggs. Th e mean percentages of fertilized and 
parthenogenetically activated eggs among the females were negatively correlated, which 
indicates that parthenogenetic activation rate of sterlet eggs depends on the quality of eggs 
in terms of fertilization rate.

In conclusion, this thesis provides basic knowledge on gamete biology, role of egg receptivity 
period, eff ects of pre-incubation of eggs and diff erent activating medium which can be useful 
to understand the fertilization strategies of diff erent externally fertilizing fi shes as well as 
standardizing their fertilization protocol for captive reproduction. 
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CZECH SUMMARY

Strategie oplozování u ryb s vnějším oplozením

Mohammad Abdul Momin Siddique

Informace o morfologických vlastnostech, druhově specifi ckých rozdílech, vývoji a funkci 
obalů jikry mají velký význam pro pochopení oplozovacích strategií u ryb a jejich umělou 
reprodukci. Ve své práci jsem se zaměřil na zhodnocení morfologie a vývojových stadií obalů 
jiker, mechanizmus blokování polyspermie a také úlohu mikropyle a kortikálních granulí při 
eliminaci polyspermie jeseterovitých ryb. Struktury obalů jiker jsou u této čeledi ryb velmi 
podobné. Skládají se z  vnějšího obalu (thekální buňky, bazální lamina, folikulární epitel), 
pětivrstevného obalu oocytu (adhesivní vrstva, alveolární vrstva, epiteliální vrstva a zona 
radiata externa a interna), vrstvy matrixu oocytu a kortikálních granulí. Vývoj obalů jiker 
jeseterovitých ryb uvnitř ovarií probíhá v pěti fázích. Další změny pak následují po oplození. 
Věnovali jsme se i standardizaci terminologie používané pro popis membrán jiker. Jednotná 
terminologie může pomoci minimalizovat nejasnosti a může být využita v budoucích pracech 
zaměřených na výzkum jiker nejen jeseterovitých ryb, ale i dalších rybích druhů.

Tato práce se dále věnuje hledání vhodného množství spermií potřebného k oplodnění jikry a 
vlivu předinkubace jiker ve sladké vodě před jejich oplozením u sladkovodních druhů ryb. Tyto 
informace poslouží u jesetera malého (Acipenser ruthenus) k standardizaci reprodukčních 
protokolů. Z našich výsledků vyplývá, že při poměru spermií k jikře 430 000 : 1 a 43 000 : 1 nemá 
předinkubační doba žádný vliv na úspěch při oplození. Doba předinkubace je naopak důležitá 
v případě použití nízkého počtu spermií, a to 4 300 : 1 a 430 : 1. Při použití suboptimálního 
poměru spermie-jikra 430 : 1 s využitím předinkubační doby v délce 0,5 minuty bylo zjištěno 
vyšší procento oplozenosti jiker v  porovnání s předinkubací o délce 10 minut. Transmisní 
elektronová mikroskopie odhalila, že předinkubace jiker ve sladké vodě po dobu kratší než 
10 minut nespouští kortikální reakci. Z toho logicky vyplývá, že při nízkém poměru spermie-
jikra můžeme pomocí předinkubace jiker jesetera malého ve sladké vodě v délce 0,5–1 min 
zvýšit jejich oplozenost (v nejhorším případě se oplozenost nesníží). 

Vliv předinkubace v mořské vodě a délka trvání vnímavosti k oplození (receptivity) jiker byla 
určována pro čerstvě vytřené i přezrálé jikry u morčáka evropského. Naše výsledky odhalily 
významný vliv předinkubační doby u čerstvě vytřených (P < 0,01) i přezrálých jiker (P < 0,01). 
Čerstvé jikry se vyznačovaly vyšší oplozeností než přezrálé jikry. Oplozenost signifi kantně 
klesala v obou případech po 3 minutách předinkubace, což nasvědčuje tomu, že si jikry morčáka 
evropského zachovávají schopnost oplodnění spermatem do 3 minut po jejich uvolnění do 
mořské vody.

Dále byl určován i vliv předinkubace jiker a aktivačních medií na procento oplozenosti jiker 
v  očních bodech u jelce jesena (Leuciscus idus). V  tomto případě neměla předinkubační 
doba významný vliv na procento oplozenosti jiker v očních bodech při použití sladkovodního 
aktivačního media (P < 0,001). Procento oplozenosti jiker v  tomto stadiu vývoje postupně 
klesalo s  prodlužováním předinkubační doby. Druh aktivačního media měl signifi kantní vliv 
na procento oplozenosti jiker v očních bodech pro každou předinkubační dobu (P < 0,05). 
Při použití sladké vody bylo zaznamenáno nižší procento oplozenosti jiker v očních bodech 
bez ohledu na testovanou délku předinkubační doby, zatímco při použití slané vody a 
Woynarovichova roztoku bylo pozorováno vyšší procento oplozenosti jiker v očních bodech 
bez předinkubace a s  předinkubací v  délce 30  s, což bylo prokázáno analýzou parametrů 
spermií pomocí CASA software. 
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U jesetera malého jsme zaznamenali a kvantifi kovali fakultativní partenogenetické rýhování 
jiker v souvislosti se schopností oplození jiker u různých samic. Pokud byly jikry jesetera malého 
aktivovány ve sladké vodě (bez přidání spermatu), objevilo se partenogenetické rýhování u 
5,1–13,7 % jiker. Mezi jikrami aktivovanými oplozovacím médiem bez spermií se 3,6–9,4 % 
z nich partenogeneticky vyvinulo do stadia 2 buněk, 0,4–4,5 % z nich se vyvinulo do stadia 
4 buněk a 0–0,8 % z nich do stadia 8 buněk. Zdokumentován byl rovněž charakter rýhování 
jiker vyvíjejících se partenogeneticky nebo po polyspermickém oplození s cílem odlišit je od 
normálně oplozených jiker. Byla zaznamenána negativní korelace mezi procentem oplozených 
jiker a partenogeneticky se vyvíjejících jiker u jednotlivých jikernaček, což nasvědčuje tomu, že 
míra partenogenetického vývoje jiker u jesetera malého závisí na jejich kvalitě, je-li posuzována 
mírou oplození. 

Tato dizertační práce rozšiřuje základní znalosti o biologii gamet, době vnímavosti jiker 
k  oplození a vlivu předinkubace jiker v různých aktivačních médiích před oplozením. Tyto 
informace mohou být užitečné nejen pro pochopení oplozovacích strategií u několika druhů 
ryb s  vnějším oplozením, ale i pro standardizaci jejich oplodňovacích protokolů při umělé 
reprodukci.  
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