
Fakulta rybářství 
a ochrany vod 
Faculty o f Frshenes 
and Pro tectron 
of Watcrs 

Act. No. 09/0705/16 

Jihočeská univerzita 
v Ceských Budějovicích 
Universrt y of South Bohemra 
rn Ceské Budě J ovice 
Czcch Rcpublrc 

Vodňany, 61
h December 2016 

Announcement of the Vice dean for study affairs No. 2/2016 
Guideline for writing the Ph. O. thesis at the FFPW USB 

This announcement regulates the detailed guideline for writing the Ph.D. thesis at the 
FFPW USB, in relation to the Study and examination rules for doctoral study programs 
at the FFPW USB (hereinafter just Study and examination rules for DSP at the FFPW 
USB), the Article 17, paragraph 3. 

1) The Ph.D. thesis consists of: 

a) Cover page 
b) lntroductory page 
c) Studenť s declaration 
d) Page with general information (e.g. on the supervisor; consultant; the laboratory 

where the student has worked; Dean; faculty; thesis defense committee etc.) 
e) Content of the Ph.D. thesi s 
f) Chapter 1-Generallntroduction 
g) Chapter 2 to X - Published and accepted article; possible also manuscript 

submitted or prepared to be submitted to a journal 
h) Chapter X+1 - General Discussion, English Summary, Czech Summary, 

Acknowledgements, List of Publications, Training and Supervision Pian during 
Study, Curriculum vitae 

2) All chapters of the thesis (except for the Czech summary and Czech Ph.D. thesis title) 
must be written in English. The total extend of the thesis should be 60-120 pages. 
Thesis is to be prepared in Word software (Microsoft Office), including tables, graphs 
and images. Font style used is Calibri. Graphs and images (except for those which are 
part ofthe papers already published) must be also submitted in an image format (e.g. 
* jpg, *tiff, *bmp, *pdf) in a sufficient resolution. 

3) Own arrangement of the Ph.D. thesis : 
a) Cover page - The form of a Ph.D. thesis cover page is given by the valid graphic 

manual of the USB uniform style. There is no deviations permitted for the individua I 
elements on the cover page, the image size, format, colors, font style and alignment 
etc. The cover page is created just before printing the thesis . The cover page is the 
only part of the thesis printed in color. The student can add the own images or 
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graphics on the cover page. The images or other graphics must be supplied 
separately in *jpg, *tiff, *bmp or *pdf format, in a sufficient resolution and quality. 
lf the quality is not sufficient, the editor will ask the student to correct it. 

b) lntroductory page represents the first page of the thesis submitted to the study 
department just before sending the thesis to reviewers. The first page consists of 
the faculty logo in blue color USB uniform style and is located at the top of the page 
according to the USB uniform style. ln the top third of the page, there is the title of 
the thesis in English (font size 24, in bold, spacing 1, justified text). The space follows 
the title in English (font size 20, spacing 1) and it is followed by the title in Czech 
(font size 14, in bold, spacing 1, justified text). Slightly under the half of page, the 
full name ofthe author with no titles (the name(s) come(s) before the surname, font 
size 14, in italics, alignment to the left). The footer consists of following text: "Czech 
Republic, Vodňany, XXXX"; when XXXX represents the year of printing the thesis 
(font si ze 14, alignment to the left). The margins and alignment of the text in relation 
to the faculty logo are regulated by the USB uniform style. 

c) Studenťs declaration - follows the first page. The student declares that she/he 
elaborated the thesis on her/his own and that the thesis consists of the resu lts of 
her/his own research or research done in cooperation with other colleagues. The 
student also declares that the available literature sources were used for the thesis 
and that these are properly cited in the thesis. The student also agrees on 
publication of the thesis in 15 STAG and on comparison of the text in databases to 
detect possible plagiarism. The text of the declaration is situated at the bottom of 
the page (font size 12, in italics, justified text). The place and date of completion of 
the thesis represent the last line of the text. The exact graphics of this page can be 
seen in the annex of this announcement. 

d) Page with general information- This page consists of: i) the name and affiliation of 
the supervisor, ii) the name and affiliation of the consultant and/or supervisor
specialist, iii) the name of the director of laboratory or department where the 
student mostly worked on the thesis, i v) the name of the Dean of FFPW USB, v) the 
composition of the Committee for the defense of Ph.D. thesis including the 
reviewers of the thesis, vi) date, time and place of the defense of Ph.D. thesis, vii) 
name of the author and title of the thesis in English and Czech. This text is stated in 
the footer of the thesis: "Ph.D. thesis, USB FFPW, RIFCH, Vodňany, Czech Republic, 
XXXX, YYY pages, with the summary in English and Czech". XXXX = the year of 
elaboration of the thesis, YYY = total number of pages of the thesis. The exact 
graphics of this page can be seen in the annex of this announcement. 

e) Content of the Ph.D. thesis - The content consists of all chapters beginning with 
Chapter 1 (General introduction) including the name ofthe chapters and pagination. 
Subdivision of the chapters into subsections in the content is possible. For more info 
see annex of this announcement. 
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f) General introduction consists of a brief but concise literature review on the topíc 
of the thesis. The general introduction should cover by its content the existing 
knowledge in the scientific and technical literature on problem solved, respectively 
its shortcomings and challenges. The clear goals of the Ph.D. thesis in separate 
paragraph must be a part of this chapter. The text should contain, in a logical 
sequence, the references to chapters that include own published results or results 
to be published. lf the part or a ll literature review on the topíc of the Ph.D. thesis 
was published in a journal with IF, it is possible to shorten this chapter and replace 
it by the published review in a journal with IF. The font of the own text is Calibri, 
font size 12, spacing 1. The titles ofthe chapters are written in a Calibri font, in bold, 
si ze 12 to 14 depending on the Ieve I of chapters. The recommended extend of this 
chapter is 10-20 pages. There are further instructions concerning the Chapter 1: 

• Multi-digit numbers are not separated after three digits by space neither by 
comma (e.g. 6378 km, 2500000 x not 6 378 km; 6,378 km) 

• Using the decima! point according to the English texts - a decima! point is 
created using a dot rather than a comma (e.g. 1.5) 
- 27 oc (when using a sign of oc - do not use O in the above index but use a 

right sign which can be found in symbols) 
- Expressing the percentage of sth- do not use a space before% (e.g. 5%) 
- Separate the mathematical expressions +, -, ±, <, = by a space from both 

si des 
- Write a dash using a keyboard shortcut alt+ O+ 150. lt is used when stating 

the number range- there is no space before and after the dash (e.g. 8- 20) 
- lt is necessary to use the appropriate Sl units in the thesis. As a unit of 

concentration, use for example mg.kg-1 and not mg/kg. 

• Tables- indications and table names are placed above the table, e.g.: "Table 3. 
Mean ± S.D. weight (W) and condition factor (K) of the recaptured graylings 
before and after the experiment and thein specific growth rate (SGR)". A table 
can contain only horizontallines. 

• lmages- lndications and names of images are placed under the image, e.g.: 
"Figure 1. Map showing the locations of control (1, 2 and 9) and experimental 
(3-8) sections in the study area". The images can be in color, but the thesis is 
(except the cover) printed in black and white. The images in color will be 
included in the PDF versi on of the thesis, but they wi ll be converted to grayscale 
before printing. This fact must be taken into account ifthe author wants to refer 
to the color differences through the images, etc. 

• The method of citing the literature references 
- Literature references in the text are mentioned: i) if one author (Masopust, 

2000), ii) if two co-authors (Gingerich and Drottar, 1989), iii) if more than 
two co-authors (Huang et al., 2003; Velisek et al. 2006, 2007). The papers 
with the same reference in the same year are to be distinguished by letters 
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(e.g. Kocour and Policar, 2015a,b; Kocour et al., 2008a; Kocour et al., 2008b 
etc.). 

- ln the list of literature references, the first line is with hanging indent of 0,5 

cm. The list of references will be arranged in alphabetical order by authors' 
names. ln case of equal name of the first author, the publications will be 
arranged in the following order: i) chronologically from oldest to newest 
publication within the publications of a single author, ii) chronologically 
from oldest to newest publication within the publications of the same 
author with one co-author, iii) chronologically from oldest to newest 
publication within the publications of the same author with more than one 
co-author. The papers under the given category published in the same year 
are distinguished by the letters as they were referred in the text. 
o Example oj citing the periodicals (magazines I journls} 

Bradford, M.M., 1976. Rapid and sensitive method for quantitation of 
mikrogram quantities of protein utilizing principle of protein dye 
binding. Anal. Biochem. 72, 248-254. 

o Examp/e of citing the book and other publications 
Cheeseman, K.H., Slater, J.F., 1992. An introduction to free radical 

biochemistry. ln: Cheeseman, K.H., Slater, T.S. (Eds.), Free Radicals 
in Medicine. Churchilllivingstone, New York, pp. 481-493. 

Masopust, J., 2000. Clinical Biochemistry. Karolinum Praha, p. 429-429. 
(ln Czech) 

Kolarova, J., Velisek, J., Nepejchalova, L., Svobodova, Z., Kouril, J., 
Hamackova, J., Machova, J., Piackova, V., Hajslova, J., Holadova, K., 
Kocourek, V., Klimankova, E., Modra, H., Dobsikova, R., Groch, L., 
Novotny, L., 2007. Anaesthetics for Fish. RIFCH Vodnany, Methods, 
77. 19 pp. (ln Czech) 

o Example of citing the papers from conferences 
Tveteras, R., Heshmati, A., 1998. Patterns of productivity growth and 

market conditions in the Norwegian salmon farming industry 1985-
1993. ln: Eide, A., Vassdal, T. (Eds.), Proceedings of the 9th 
lnternational Conference of the lnternational Institute of Fisheries 
Economics and Trade, Tromso, July 8-11, 1998, pp. 896-906. 

- To make the preparation of the list of references easier, the template for 
EndNote program (the program for managing the references of literature 
sources) will be accessible at the FFPW USB website. When using the 
EndNote program when preparing the text of the thesi s and when selecting 
the downloaded tem plate cal led "PhD thesis FFPW USB", the references and 
the bibliography will be automatically formatted according to the desired 
style. 

g) Chapter 2 to X- These chapters contain the studenťs own results published in the 
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form of scientific publications (or these accepted or these submitted or these 
prepared to be submitted), respectively ether types of publication outputs 
translated into English if it i s appropriate for the content completeness of the thesis. 
The scientific publications are included in the form in which they were published in 
the journal with IF. lf included the manuscript or publication that are not regulated 
graphically by the publisher yet (articles submitted, accepted without DOl existence, 
or these prepared to be submitted), the same formatting as in Chapter 1 will be 

used. The students must ask the publisher for allowance to include the article 
(manuscript) in the Ph. O. thesis and they mention at the beginning of each chapter 
the date when they got the permission. The own permission to include the 
publication in the Ph.D. thesis (a printed e-mail response from the publisher is 
sufficient) for each publication will be submitted together with the Ph.D. thesis. The 
student asks for permission even for articles on ly sent to editors as well as for these 
in any state of the publishing process. lf the publisher do not give the necessary 
permission, the student passes on such statement to the study department before 
the Ph.D. thesis deadline, to the person responsible for DSP and then she/he will be 
informed about ether procedure. For each publication or manuscript, the author 
also indicates his participation on the work done (it means from the realization of 
the experiment to writing the relevant publication). 

h) Chapter X+l 
• General Discussion - ln this chapter, the issue of the topic of Ph.D. thesis in 

context with the own achievements and results available in the scientific 
literature is discussed. Text formatting is similar to that in the general 
introduction. The recommended extend is 5-10 pages. lt is necessary to avoid 
repeating the texts of the discussion cited in individua I publication outputs in the 
previous chapters. The ether part of this chapter represent the key conclusions 
of the thesis specified by the concise sentences and alternatively also the 
recommendations for further research directions in the field. 

• English Summary- This chapter summarizes the introduction, methods, results 
and conclusions of the thesis topic. lt is recommended to make a summary of 
the thesis as a whole, rather than the re-summary of each chapter with the 
published results. Range of the chapter i s 1-2 pages. 

• Czech Summary- lt i s a translation of the English summary of the thesi s. Czech 

summary must be written in accordance with the rules of Czech orthography. 

• Acknowledgements - thanks shall be given mainly to people who have 
participated in the activities associated with the solution ofthe Ph.D. thesis topíc 
and also to other persons at your discretion. As a part of this chapter, it is 
necessary to acknowledge the projects which the activities on student thesis 
were supported from. Maximal extent is 1 page. 

• List of Publications- a complete list of student publications until submission of 
the Ph.D. thesis. The list of publications i s formatted according to the instructions 
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in the general introduction. The publication list is divided according to the 
common rules for creating the lists of publications at the FFPW USB (e.g. peer
reviewed articles with IF- to mention the value of IF valid in the year when the 
publication released; Professional monographs and chapters in monographs; 
lnternational Conference etc.). The publications will be ordered chronologically 
from newest to oldest within a given category. lf more publications are listed in 
a given year, they will be ordered alphabetically by authors' names, regardless of 
their number. 

• Individua! Training and Supervision Pian during Study- includes year and a list 
of completed courses, seminars and fulfillment of other obligations of students 
(e.g. foreign internships, work experience, educational activities, presentation of 
results at conferences, etc.). Maximal extent is 2 pages. 

• Curriculum vitae- max. 2 pages. lf a student wishes to publish the CV with photo, 
it will be delivered separately in *jpg format. 

4) When writing the thesis, the students can use the sample thesis (which is in annex 
and makes an integral part of this Announcement) as a guideline, particularly with 
regard to formatting of particular parts of the thesis (including margin sizes). 

5) lf the thesis is not formally processed according to the requirements in this 
Announcement, it will be returned to the author for completion before sending it to 
reviewers. The author thus runs the risk of obtaining reviews with a delay which leads 
to inclusion the defense of the thesis in the next term. 

6) Additional conditions concerning writing the thesis, sending them to the reviewers 
and its defense are listed in Article 17 of the Study and Examination Rules for DSP at 
the FFPW USB. 

7) Rules for writing thesis at the FFPW USB were discussed and approved by the 
appropriate Departmental Board as well as bythe Dean's collegium ofthe FFPW USB. 

~~·~' j Vice dean for study affairs at the FFPW USB 
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Chapter 1 
 

General Introduction 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

1.1. Introduction 
 

Fish has traditionally been, and remain, an important part of human nutrition. It is one of 
the essential sources of high-quality animal proteins, amino acids, minerals and healthy fats 
(Omega 3) for billions of people worldwide, particularly in low-income and food-deficit 
countries (Easterling, 2007; FAO, 2014; Rice and Garcia, 2011). Nowadays, fish account for 
about 17% of the global population’s intake of animal protein and every year the consumption 
rate is growing in relation with expansion in the world's human population and economic 
development (FAO, 2014). The ever-increasing consumer demand for fish products has caused 
widespread overfishing of wild stocks and even extinction risk for some species (FAO, 2014). 
In turn, such large catches combined with the impacts of climate changes have led to the state 
that market can no longer be met by wild source alone. Fish farming is an alternative solution 
to supplement the growing commercial demand and reduce reliance on wild fisheries (Duarte 
et al., 2007). It involves raising fish in tanks, ponds, or ocean enclosures, providing a healthy, 
nutritional, high quality product (Li and Xu, 1995). Farming implies some forms of intervention 
in the rearing process (e.g., stocking, feeding, protection from predators); these management 
aspects result in a more stable and predictable supply than wild-catch fish. Like any actively 
developing production sector, successful and sustainable fish farming requires continuous 
improvement in various aspects of scientific knowledge and technological advances. For 
example, it is necessary to understand fish growth and reproduction, the size and age of 
spawning fish, mortality caused and rates, and many more (Bostock, 2011). In fact, a wide 
range of these issues have never received the proper amount of scientific attention and were 
studied only partially and in relatively few species. Accordingly, further innovative research is 
of strategic importance for solving practical problems that may arise during breeding 
manipulations under husbandry conditions.  

One of the most important keys to efficient breeding management of farmed fish is control 
of the reproductive processes, namely, sexual maturation, spawning, and production of high 
quality gametes. These controls can be accomplished by environmental manipulations, such 
as photoperiod, water temperature or spawning substrate (Mylonas et al., 2010); however, 
sometimes it is impossible or at least impractical to regulate the reproductive performance, 
as the ecobiology of some fishes is not well known or is difficult to re-create (e.g., spawning 
migration, depth, riverine hydraulics, etc.) (Mylonas et al., 2010). Several assisted 
reproductive technologies are applied so as to overcome these prooblems, for example in 
vitro gametogenesis, artificial insemination, multiple ovulations, in vitro fertilization and 
embryo transfer (Pukazhenthi et al., 2006; Swanson, 2006). To date, the most common and 
widely used method in many breeding programs is artificial insemination. This technique 
involves the collection of sperm and ova and their mixing together in various media that 
maintain spermatozoan motility (Bellard, 1988; Suquet et al., 1995; Williot et al., 2005). The 
primary advantage of the artificial insemination is that the genetic potential of the best males 
can be transferred to a large number of offspring (Clark, 1950). Captive maintenance may alter 
natural spawning and may result in losing the capacity for spontaneous mating as well as some 
forms of reproductive dysfunctions of many commercially important species, so artificial 
insemination becomes a prerequisite for offspring production (Billard, 1978; Billard et al., 
1974; Mylonas et al., 2010). In fish species such as sea bass, sea bream and Atlantic cod, the 
interest in artificial insemination is rising as the requirements for domestication and genetic 
selection increase (Billard, 1978; Moksness et al., 2004).  

 



 

Successful insemination depends on metabolism and appropriate functioning of gametes 
(Bromage and Roberts, 1995; Kjørsvik et al., 1990; Mylonas et al., 2003). Up until now, the fish 
farming industry has been mostly concerned about the quality of eggs rather than that of 
sperm (Carral et al., 2003; Gorshkov et al., 2004). Nevertheless, poor sperm quality can also 
be a limiting factor that can affect the efficiency of artificial egg fertilization and thus, the total 
production of fingerlings (Bobe and Labbé, 2010). Semen characteristics – its quality, 
productivity, ejaculate volume and spermatozoan concentration – are highly variable between 
species, breeds, individuals and even portions of sperm from the same male obtained at 
different times (Detlaf et al., 1993). Numerous studies have revealed that males reared in 
captivity often produce milt of lower quantity or quality (Billard, 1986, 1989; Mylonas et al., 
1998; Suquet et al., 1992). Repeated handling and stripping during the course of the spawning 
season may contribute to stress (Zohar and Mylonas, 2001). In addition, many other factors 
may be involved, e.g. biological characteristics of broodstock (Bezdicek et al., 2010; Hanus et 
al., 2011; Štolc et al., 2009), rearing conditions (Cerovsky et al., 2009; Jacyno et al., 2009), 
environmental pollutants (Adeparusi et al., 2010), physiochemical properties of water (e.g. 
pH, salinity, temperature, oxygen concentration, turbidity, flow rate and photoperiod), 
hatchery practices (Pankhurst and Van der Kraak, 1997; Sumpter et al., 1994), artificial 
induction of spawning, seasonal changes or post stripping (Alavi et al., 2008b; Mylonas et al., 
2003); all of these might affect semen quality at different levels of the broodstock husbandry 
or during collection (Dreanno et al., 1998; Linhart and Billard, 1994; Poupard et al., 1998) and 
storage of sperm in vitro (Hajirezaee et al., 2010). Hence, it is necessary to conduct sperm 
quality analysis before proceeding in a program of artificial insemination, especially when few 
males are used, so that the best samples can be selected (Bondari, 1983; Williot et al., 2000).  

Quality and fertilizing potential of an ejaculate generally is assessed by several criteria, such 
as sperm morphology, motility profiles, concentration, seminal plasma osmolarity and pH, 
viability, and membrane integrity (Billard et al., 2007; Cosson, 2004; Krol et al., 2006; Suquet 
et al., 1994). Among these parameters, sperm motility is the most commonly used and 
appears to best correlate with fertility (Cosson, 2008a; Martinez-Pastor et al., 2008; Rurangwa 
et al., 2004). For a long time, movements of spermatozoa were subjectively estimated under 
low magnification (10-20×) of a phase contrast or a dark field microscope (Guest et al., 1976; 
McMaster et al., 1992). However, such visual evaluations provide only a coarse, inaccurate 
analysis, as it allows only approximate appraisal of overall percentage of motile spermatozoa 
(Levanduski and Cloud, 1988) and duration of progressive movement (Duplinsky, 1982). Later, 
Cosson et al. (1985) introduced the use of computerized sperm tracking systems, which 
considerably improved the accuracy and made motility analysis of fish sperm more reliable 
(Billard and Cosson, 1992). This method includes video recording of sperm movement via a 
microscope, followed by processing the recordings, either manually using image software, or 
automatically (Cabrita et al., 2009; Fauvel et al., 2010). Assessment of sperm motility with the 
computer-assisted methodology, is rapid and sensitive, allows to statistical analysis of a very 
large number of spermatozoan characteristics on which to quantify different sperm motility 
parameters, such as sperm velocity, head displacement, linearity and straightness of tracks, 
as well as precise percentage of motile cells and duration of motility; these data cannot be 
collected manually (Cosson, 2008a; Kime et al., 2001; Rurangwa et al., 2004). One limitation 
of this type of quality assessment is that wave propagations of sperm flagella previously could 
not be identified and determined. However, more recently, this issue was solved by 
application of different types of high-speed video recording and stroboscopic light sources, 
which allowed observing both the head displacement and the successive positions of sperm 

 



 

flagellum. This advanced approach provides descriptions of flagella shape, beating frequency, 
variations in number and velocity of flagella waves, their length, amplitude and bend angle 
(Cosson, 2008a, 2010).  

The appropriate evaluation of gamete quality cannot rely on one single approach, as none 
of them alone can accurately predict reproductive success. Development of novel biological 
technologies for improved gamete storage and effective quality assessment, dedicated 
fertilization procedures and more reliable predictors of fertility, as well as optimization of 
conservation programs have become one of the highest research priorities. Despite 
considerable progress achieved in understanding factors which are involved in the control of 
gamete quality, the picture of the cellular and molecular mechanisms responsible for the 
observed variability in quality remains largely incomplete. There is clearly still much to be done 
in the fields of reproductive strategy and fish breeding industry in general. 
 
 
1.2. Fish reproductive system, spermatogenesis and sperm maturation  
 

The reproductive system of male fish include testes, testicular gland, testicular main ducts 
(vas efferentia), sperm ducts (vas deferens) and blind pouches (Lahnsteiner et al., 1993a; 
Lahnsteiner et al., 1993b, 1994; Legendre et al., 1996). The morphometry of testes and 
accessory organs varies between species. For instance, in teleosts, the sperm duct originates 
from the posterior region of each testis and leads to the urinary papilla located in between 
the anus and urinary ducts, i.e. is not a part of the nephric or Wolffian duct (Alavi et al., 2008a; 
Coward et al., 2002). In contrast, the efferent ducts of chondrosteans, develop in close 
association with the kidneys, so the testicular sperm is supposedly mixed with urine during 
passage (Krayushkina and Semenova, 2006; Wrobel and Jouma, 2004). The testes serve two 
main functions: they support spermatogenesis and produce androgens that are important for 
the regulation of reproduction (Miura, 1998). 

Reproductive cycle in fish is separated into two major phases, both controlled by the 
reproductive hormones of the brain, pituitary and gonad. It starts with spermatogenesis, 
when gametes proliferate mitotically, grow and differentiate, and continues with 
spermiogenesis; during the latter phase spermatozoa mature and are prepared for the 
release (Stanley, 1969; Stanley, 1971; Zirkin, 1975). In the course of the spermatogenesis, a 
few primordial germ cells are transformed into many highly differentiated spermatids 
carrying a haploid genome (Schulz et al., 2010). During the spermiogenesis, the spermatids 
proceed through a morphological metamorphosis, such as nuclear remodeling, organelle 
assembly and flagellum formation, and as a result, flagellated spermatozoa destined or 
capable of to contribute fertilization are produced (Billard, 1986; Pudney, 1995; Vizziano et 
al., 2008). Even though, fish spermatozoa in the testes are already morphologically 
developed, they may not be physiologically capable of becoming motile (Schulz et al., 2010). 
Following a species-specific reproductive cycle, spermatozoa are stored in the efferent duct 
system, where they meet the seminal fluid and mature, until spermiation and release occurs 
(Ciereszko, 2008; Lahnsteiner, 2003). As an example, the final process of spermatozoa 
maturation in salmonid fish occurs outside of testes, they acquire motility while passing along 
the sperm duct (Morisawa and Morisawa, 1986). Sperm maturation in this species and in 
mammals as well (Okamura et al., 1985) is mediated by extracellular concentrations of 
bicarbonate ions (HCO3-) and alkaline pH (7.8–8.15) of seminal plasma (Morisawa and 
Morisawa, 1988). It is postulated that these factors activate the adenylyl cyclase which leads 

 



 

to an increase of intracellular cAMP concentration and thus to activation of sperm motility 
through phosphorylation of some flagellar proteins (Morisawa et al., 1993; Tash, 1990; 
Visconti et al., 1995). For acquisition of motility in Japanese eel spermatozoa, the presence of 
K+ ions in addition to both external factors mentioned above is also required (Miura et al., 
1995; Ohta et al., 1997). On the other hand, bicarbonate ions were shown to inhibit sperm 
motility in flatfish through the action of carbonic anhydrase (Inaba et al., 2003).  

As seen above, maturating events are highly diversified between species and that is only a 
few species of teleost fish studied so far [rainbow trout, chum salmon, and Japanese eel 
(Miura and Miura, 2001; Morisawa and Morisawa, 1986)]. Further, chondrostean fishes have 
a quite divergent excretory-reproductive system, the physiological process underlying sperm 
maturation in this phylogenetic group of species has not been described at all. As already 
noted, the sperm and urinary ducts in sturgeon are not completely separated and testicular 
sperm released into Wolffian duct seems to be diluted with urine (Alavi et al., 2012). 
Apparently, it is exactly the dilution with urine that would explain the low osmolality, ionic 
concentration, and protein content in thinned sturgeon’s semen (Piros et al., 2002). In 
addition, it can be assumed that urine may play some role in the process of sturgeon 
spermatozoa maturation. Nevertheless, the existence of such a dilution process and 
moreover urine-involved sperm maturation remain to be established. 

Accordingly, one of the objectives of this study was to improve the understanding of the 
mechanism of the acquisition of potential for sperm motility in sturgeon. 
 
 
1.3. Activation of sperm motility 
 

In almost all animal species, it is usual for spermatozoa to become motile either during or 
immediately following their release from storage within the male body. In species utilizing 
external fertilization, such as many echinoderms (Trimmer and Vacquier, 1986), fishes (Stoss, 
1983) and amphibians (Hardy and Dent, 1986), spermatozoa, which are inactive in testis and 
seminal fluid, become motile once they are diluted into the surrounding water column at 
spawning.  

It was shown that spermatozoan activation and subsequent motility are controlled by 
external conditions originating from the composition of the surrounding medium (Cosson, 
2010; Morisawa, 1994). Among them are mainly environmental osmolality, ionic (K+, Ca2+, 
Mg2+) and gaseous components of external milieu and, in some cases, egg-derived sperm-
activating substances or specific proteins from egg chorion (Alavi and Cosson, 2006; Inaba, 
2007). For example, in salmon, as mentioned, the sperm activation results primarily from a 
combined regulation via an effect of external pH (Alavi and Cosson, 2005) and via an 
augmentation of the internal cAMP concentration (Morisawa et al., 1991). In trout, a large 
amount of data have demonstrated that K+ concentration, combined with osmolality are both 
responsible for the extracellular signaling that triggers motility (Cosson, 2004; Morisawa, 
1994). In herring, spermatozoa are not motile in seawater at spawning and activate only after 
sperm contact activating compounds released in the vicinity of eggs (Morisawa et al., 1992; 
Yanagimachi et al., 1992). In Nile tilapia, sperm motility is inhibited by a glycoprotein present 
in the seminal fluid and activation occurs when dilution is sufficient to significantly decrease 
seminal plasma concentration of this glycoprotein (Mochida et al., 1999). In other fish species, 
such as bitterling or fat minnow, it was revealed that initiation of sperm motility occurs after 
contacting activating chemicals generated by the micropyle area of the egg (Suzuki, 1958). 

 



 

Recent data published by Yanagimachi et al. (2013) showed that sperm attraction by egg, 
especially by its micropyle, are quite common to many fish species. In a group of marine 
flatfishes, such as turbot, it was shown that motility activation is under control of dissolved 
CO2 in equilibrium with HCO3- (Cosson et al., 2008b; Inaba et al., 2003). Another gas, NO, at 
very low concentrations induce motility of fathead minnow spermatozoa (Creech et al., 1998). 
It appears from the above list of examples that fish spermatozoa possess wide range of specific 
signaling pathways for motility activation, which are quite different in detail, even though 
most share a similar chain of events that involve specific activating molecules emanating from 
egg, ions fluxes, transduction of the signal inside the cell and/or activating response at the 
axonemal level (Darszon et al., 2008; Dzyuba and Cosson, 2014).  

The activation process can be distinguished temporally as follow: due to difference of 
osmolality between the seminal fluid and the surrounding medium (fresh or sea water), an 
osmotic and/or ionic signal is perceived at the sperm membrane level (Alavi and Cosson, 2006; 
Morisawa and Suzuki, 1980; Perchec Poupard et al., 1997). Thereafter, flagellar waves start 
their propagation from head to tip at high beat frequency, leading to the forward 
displacement of the spermatozoa for hydrodynamic reasons (Boryshpolets et al., 2013; 
Cosson, 2008a). 

 
1.3.1. Osmotic control of sperm motility activation 
 

Osmolality constitutes a wide-spread controlling signal involved in activation of motility 
among many species (Morisawa et al., 1991). Reduction in ambient osmolality is the main 
factor in initiation of spermatozoa motility in cyprinid fishes (e.g. carp) as well as in other 
freshwater fishes (Alavi and Cosson, 2005, 2006; Perchec Poupard et al., 1997). In the case of 
marine species, it is opposite: an increase of the surrounding osmolality from seminal fluid to 
seawater is the main agent triggering flagellar motility (Cosson et al., 2008b), although in 
several species, changes in the phosphorylation state of some flagellar proteins also may be 
involved (Zilli et al., 2008a, b). Alteration of environmental osmolality leads to a water 
movement through the cell membrane to equilibrate the concentrations of solute from both 
sides, eventually activating a biochemical cascade, which leads to spermatozoa motility 
(Krasznai et al., 2003). Such water transfer may alter cytoplasmic volume of spermatozoa that 
is accompanied by a reorganization of the elastic membrane structure and by 
hyperpolarization of the cell membrane (Krasznai, 2003). For example, in case of carp 
spermatozoa that swell subsequent to activation conditions (Dzuba et al., 2008; Dzuba and 
Kopeika, 2002; Perchec et al., 1995), hypo-osmotic shock leads to membrane potential 
alteration that induces opening of the voltage-gated potassium channels and thus, decrease 
of intracellular K+ (Krasznai et al., 1995). The K+ efflux causes membrane potential changes, 
which provoke an activation of stretch-dependent Ca2+ channels and initiation of sperm 
motility through a calmodulin-dependent signaling cascade (Krasznai et al., 1995; Krasznai et 
al., 2003; Perchec Poupard et al., 1997). In general, water transport can take place according 
to two possible options: passive diffusion, in some cases facilitated through water channel 
proteins (aquaporins), or actively, through ion co-transporters (Goodman, 2002). As in case of 
carp spermatozoa the osmolality response is very fast; it might be suggested that sperm 
swelling at the moment of activation results from water transport mainly through aquaporins 
and after due to water diffusion that constitutes a much slower process (Verkman, 1992). 
Taken together, it may be proposed that the first step of membrane reception of the 
osmolality signal in carp spermatozoa is relayed by a rapid communication of this signal to the 

 



 

sperm surface (Dzyuba and Cosson, 2014), due to involvement of aquaporins (Zilli et al., 2011), 
followed by a stretch-activated mechanism (Cosson, 2004; Cosson et al., 2008a; Zilli et al., 
2012). Similar suggestion of activation events was previously suspected for turbot 
spermatozoa (Cosson et al., 2008b).  

Some sub-populations of sperm having the ability to swell, were also reported in rainbow 
trout, but in this case, spermatozoa were incubated in hypotonic, non-activating solution 
(Cabrita et al., 1999). It is worth noting that in rainbow trout, spermatozoa do not possess 
aquaporins, and water transport is not a major process for spermatozoa activation (Bobe and 
Labbé, 2010). Hence, involvement of cell volume alteration in spermatozoa motility signaling 
pathways may be species-specific.  

The osmolality activating signal is reversible after re-exposure to the initial osmolality 
environment (Cosson et al., 1999); a second motility period can be observed in marine species 
as well as in freshwater fish species (Cosson, 2010). Even though, osmolality surrounding 
sperm cells is considered as the main signalling activation for fish sperm, other factors also 
may be required for activation of fish sperm motility. The osmolality represents a combined 
effect of ions and/or molecules (so-called solute) that contribute non-specifically to the molar 
composition of the medium surrounding spermatozoa; therefore, it is difficult to separate 
osmolality effects on sperm cells from the effects of ionic and gaseous composition (Alavi and 
Cosson, 2006; Cosson, 2004; Morisawa and Yoshida, 2005). In salmonids (trout or salmon) and 
in chondrosteans (sturgeon or paddlefish), the regulation of sperm motility is mostly 
attributable to a downward shift of the K+ ions concentration from seminal fluid to freshwater 
such that the accompanying osmotic pressure shift is not the most crucial (Morisawa, 1980; 
Morisawa, 1985, Cosson, 2004). These fish species possess a so-called ionic mode of sperm 
motility activation (Alavi and Cosson, 2006). Moreover, sturgeon spermatozoa have been 
shown to have their motility activated not only in hypotonic aquatic environment, but also in 
media isotonic, or even slightly hypertonic to the seminal fluid (Alavi et al., 2011; Cosson et 
al., 1999; Dzyuba et al., 2013). It seems that spermatozoa of fishes with ionic mode of motility 
activation are incapable of volume changes at their motility initiation and during their motility 
period. In this regard, also it is not clear, how these sperm cells maintain a constant volume 
under hypotonic conditions and if activation of stretch-dependent channels is involved. The 
present study attempts to verify some of the above suggestions and shed light on the 
mechanisms of volume changes in fish species with different modes of motility initiation.  

 
1.3.2. Signaling for motility activation in euryhaline fishes 
 

As mentioned above, motility activation of some fish spermatozoa is not so strictly 
dependent on environmental osmolality. This is also the particular case for euryhaline fish, 
such as medaka, where motility may be initiated in media with osmolality ranging from 25 to 
686 mOsm.kg-1| (Yang and Tiersch, 2009). Euryhaline fishes can acclimate to wide range of 
salinities, from freshwater to seawater or even higher (Laudet et al., 2012; Panfili et al., 2004) 
where they can reproduce and possess unique sperm osmotic sensitivity. In the tilapia, 
Sarotherodon melanotheron heudelotii, sperm can modulate their regulatory mechanism 
according to rearing salinity of the broodfish (Legendre et al., 2008). It was shown that 
reproductive success of this species under varying salinities is ensured by expression of testis 
genes (Avarre et al., 2014). Experiments using demembranated sperm of another euryhaline 
tilapia, Oreochromis mossambicus, revealed that Ca2+ ions play a key role in this adaptive 
ability and are necessary for activation of sperm motility (Linhart et al., 1999; Morita et al., 

 



 

2003, 2004). Here, motility activation requires an increase in the intracellular Ca2+ ions 
concentration, but signaling pathway by which Ca2+ mobilization and, ultimately, motility 
occurs is different in sperm of freshwater- and seawater-acclimatized tilapia (Morita et al., 
2003, 2004). Under hypotonic conditions, such increase was found to occur via intracellular 
Ca2+ stores released by osmotic shock (Morita et al., 2003). Therefore, it is proposed that 
acclimation of motility regulatory mechanisms in tilapias takes place due to the modulation of 
the flow of Ca2+ supply. So far, the respective roles of osmolality and Ca2+ in the control of 
sperm activation of euryhaline fish are not fully clear. In the current work, the adaptive 
mechanisms enabling reproduction of euryhaline tilapia in a broad range of salinities has been 
explored.  

 
1.3.3. Involvement of ionic components in the activation cascade 
 

Rise of internal Ca2+ concentration is also known to regulate motility initiation in sperm of 
puffer fish (Oda and Morisawa, 1993), ascidians (Nomura et al., 2000; Yoshida et al., 1994; 
Yoshida et al., 2002), carp (Krasznai et al., 2000) and Salmonidae (Boitano and Omoto, 1992; 
Cosson et al., 1989; Kho et al., 2001). According to the present knowledge, the general 
signaling pathway controlling motility is viewed as a cascade of interactions between small 
molecules and catalysts leading to phosphorylation of protein controlling sperm flagella 
motility (Cosson, 2008b). At motility activation, the main signals responsible for the transfer 
of information from the membrane to the axoneme are involving membrane polarization, Ca2+ 
entry in the sperm cell, intracellular cAMP rise and phosphorylation of some specific protein 
components of the axoneme, depending on species (Cosson, 2008b; Dzyuba and Cosson, 
2014). 

The signaling pathway at motility activation was extensively studied in salmonid fishes, 
especially in trout (Morisawa et al., 1983). Motility activation of mature salmonid and 
chondrostean spermatozoa is inhibited by low concentration of potassium ions and decrease 
in extracellular K+ concentration triggers the initiation of flagellar motility (Cosson, 2004; 
Morisawa and Suzuki, 1980; Morisawa and Morisawa, 1986). The decrease in extracellular K+ 
is the first signal, which induces K+ efflux that in turn leads to hyper-polarization of the plasma 
membrane (Blaber and Hallett, 1988; Boitano and Omoto, 1991) and Ca2+ influx through 
dihydropyridine-sensitive calcium channel (Cosson et al., 1989). Subsequently, cAMP is 
produced (Morisawa and Okuno, 1982) that induces phosphorylation of axonemal proteins 
via a tyrosine-protein kinase, which in turn initiates flagellar motility (Hayashi et al., 1987). 

Interestingly, the addition of extracellular Ca2+ promotes initiation of trout sperm motility, 
even in the presence of up to 10 mmol.l-1 K+ (Cosson et al., 1991; Tanimoto et al., 1994). In 
addition, motility can be suppressed by addition of Ca2+ channel blockers (Tanimoto et al., 
1994). Thus, the increase in internal Ca2+ rather than efflux of K+ was considered to play a major 
role in the initiation of motility. On the other hand, Boitano and Omoto (1991) showed that 
the membrane potential is associated with motility initiation. Therefore, this set of results 
suggests that membrane hyper-polarization and Ca2+ influx may contribute independently to 
an increase of the cAMP production. However, there are several species where cAMP is not 
needed in this process, such as striped bass spermatozoa for example (He et al., 2004). This 
proposed model has only speculative value, as some of steps remain to be elucidated, such as 
the involvement of water channels in salmonid sperm.  

In some conditions, K+ inhibition of salmon sperm motility can be by-passed (Morita et al., 
2005) by its exposure to a hyper-osmotic shock prior to transfer into a K+-rich swimming 

 



 

solution. More recently, such K+ by-pass effect (osmolality dependent) was shown to be 
accompanied by a transient increase of intracellular Ca2+ concentration followed by protein 
phosphorylation steps leading to motility (Takei et al., 2012).  

Despite the similarity between modes of sperm activation, cascade of signal transduction 
at motility initiation in chondrostean spermatozoa in contrast to salmonids is not fully studied. 
There is only a hypothetical model based on observations for salmonids sperm (Alavi et al., 
2011). However, there might be variance between these species. For example, it was recently 
discovered that sturgeon spermatozoa could remain in the quiescent stage even in a K+-free 
solution, just due to the hypertonicity of this solution (Judycka et al., 2015). The present study 
was designed to explore the process of motility initiation and its regulation in sturgeon 
spermatozoa. 

 
1.3.4. Phenomenology of the initiation step of flagellar movement 
 

Fish sperm motility is acquired under the control of many extrinsic and intrinsic factors and 
relys on the specialized structure of the sperm flagellum called “axoneme” (Cosson, 2010). 
Fish spermatozoa belong to a simple "aquasperm" consisting of a head that is comprised of a 
nucleus, mid-piece with centrioles and mitochondria, and a motility device, the axoneme of 
the flagellum (Cosson, 2008b; Jaspers et al., 1976; Lahnsteiner and Patzner, 2008). The 
behavior of the flagellum actually determines the guideline of a spermatozoon. The flagellar 
membrane of sperm in some fish, salmonid and sturgeon among them, have fins that extend 
along most of the length on each side of the flagellum (Billard, 1983; Cosson et al., 1999). It 
was recently shown that the presence of these lasteral extensions contributes to improved 
swimming performance of fish spermatozoa (Gillies et al., 2013). The ultra-structure of a 
sperm flagellum comprises an axoneme, built as a scaffold of nine double microtubules 
constituting the periphery of a cylinder with two single microtubules in the center (Gibbons, 
1981). The biochemical composition of the axoneme is a complex arrangement of at least 500 
different protein subunits used by the flagellum for its operation (Diniz et al., 2012; Piperno, 
1991). Each microtubule doublet includes a continuous alignment of molecular motors – 
dynein-ATPases, which are in charge of generating mechanochemical forces leading to sliding 
of microtubules relative to each other (Spungin, 1991). The functioning of the axonemal 
mechanics suggests that peptidic connections intervene in such a way that some intrinsic 
proteolytic enzymes transiently hydrolyze them (Gagnon et al., 1984). While knowledge has 
been largely accumulated on the motor components, little is known about the elements 
regulating the bending processes. Efficient forward propagation of spermatozoa relies on the 
capacity of flagella to generate waves that result from dynein dependent microtubule sliding 
resulting from dynein-ATPase activity. Each bend formed at the head-tail junction travels 
along the flagellum towards the tip, inducing a forward translation of the whole sperm cell in 
opposite direction (Cosson and Prokopchuk, 2014). The wave propagation is supported by a 
bending/relaxing cyclic mechanism that spread in the wave and transmits the powering action 
of the dynein-ATPase motors all along the axoneme (Cosson and Prokopchuk, 2014). 
Translational drive exercised on the spermatozoon is due to the thrust of its own flagellum on 
the milieu surrounding the sperm cell. During the movement of sperm of many different 
species, flagella generally describe a pseudo-sine wave shape.  

At spawning, fish males shed sperm into surrounding water at the same time as females 
deliver ova and typically, spermatozoa musts reach the egg within their lifetime – a very brief 
period (seconds to minutes). Therefore, highly efficient flagella must become fully active 

 



 

immediately on contact with water and propel the sperm cell at high initial velocity. So, right 
after activation, fish spermatozoa beat with their flagella at very high frequency up to 70–
100 Hz to achieve this goal. This function implies a fast consumption of the ATP stored within 
the spermatozoon (Cosson, 2010, 2013). 

Taking into account such a rapid transition of sperm cells into a fully active state, the 
earliest and most significant steps of flagellar activation is almost impossible to capture by an 
observer. For instance, during experimental activation of sperm motility directly in a drop of 
swimming solution set on the glass slide of a microscope, it is necessary to achieve a 
homogenous suspension of spermatozoa quickly. However, in practice, the efficient mixing of 
sperm samples by an expert experimenter takes several seconds, and consequently flagellar 
wave initiation occurs exactly during such a procedure. Even with the very rapid mixing, it is 
difficult to obtain correct focus on the object (spermatozoon) immediately, when applying 
photo or video microscopy methods for evaluation of sperm quality, so usually, recording 
starts after a delay of 3–5 s. (Cosson, 2008a). In contrast to fish spermatozoa, some studies 
allowing description of flagella behavior at motility initiation were performed on sea urchin 
(Gibbons and Gibbons, 1980; Goldstein, 1979; Ohmuro et al., 2004) and arenicola (Pacey et 
al., 1994a; Pacey et al., 1994b) spermatozoa. It is worth mentioning that most of the 
knowledge about flagellar function and wave propagation comes from the use of sea urchin 
(Brokaw, 1990; Gibbons, 1972; Gibbons, 1986), or Chlamydomonas (a green unicellular algae) 
and its numerous motility mutants (Brokaw and Kamiya, 1987; Goldstein, 1982; Ringo, 1967). 

As emphasized above, in many species, the main signal that activates fish sperm motility is 
osmotic. Previously, it was shown that an osmotic shock of extreme amplitude received by 
carp sperm cells could relieve the inhibition of movement and with delayed response (at 3–
4 minutes after mixing), trigger their motility after incubation in media with an osmolality of 
400 to 3200 mOsm.kg-1 (Perchec Poupard et al., 1997). Based on this pioneer study, a specific 
experimental situation was designed in the current work so as to induce a delay between 
mixing and sperm motility activation. This approach was applied to various fresh water species 
and allowed to investigate by high-speed video techniques, the detailed and quantitative 
description of the initiation of flagellar waves specifically in sturgeon spermatozoa. 

 
 

1.4. Objectives of the thesis 
 

The current study was devoted to the comprehensive investigation of the process of sperm 
motility initiation in fishes and pursuing the following objectives: 
1. To study the processes underlying the spermatozoa maturation. 
2. To investigate the coping mechanisms in fish spermatozoa with osmotic and ionic 

activating mode, as well as in spermatozoa of euryhaline fishes, to various osmotic 
conditions. 

3. To describe the regulation and initiation of flagellar beating in chondrostean spermatozoa. 
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General Discussion 
 

Prior to becoming an actively fertilizing unit, fish spermatozoon formed in testes pass a 
chain of manifold events: from maturation, when sperm cell acquires the potential for 
activation (Morisawa and Morisawa, 1986), to first flagellum beating in spawning 
environment. So far, the mechanisms underlying this progression and capacity of fish 
spermatozoa to adapt to external changes are poorly understood. The current study 
attempted to shed light on the regulatory processes and response arrangements of fish 
spermatozoa during the course of maturation and motility initiation.  

The reproductive cycle in fish males is separated in the spermatogenesis and maturation 
phase (spermiation), which are controlled by the reproductive hormones of the brain, 
pituitary and testes. Spermatogenesis presents a series of differentiation changes during 
which spermatozoa are formed in the testes. Even though these cells are completely 
morphologically formed, they are non-functional and need to acquire the capacity to initiate 
flagellar motility (Schulz et al., 2010). This maturational step involves various biochemical and 
cellular events, which vary among species; also there is an anatomical diversity among taxa as 
to the anatomical localities where maturation occurs. Sperm maturation can be controlled a 
hormonally and this mechanism is widely used to stimulate final physiological maturation of 
fish spermatozoa in vitro (Redondo-Muller et al., 1991).  

The process of sperm maturation has been well investigated in many animal species, 
especially in humans and domestic mammals (de Lamirande et al., 1997; Marengo, 2008; 
Sostaric et al., 2008). Mammal spermatozoa are produced in the testis, then transported to 
the proximal cauda epididymis; during this epididymal transit and storage, they come into 
contact with seminal plasma and thereby acquire the functional competence after a series of 
morphological, biochemical and physiological changes (Darszon et al., 2011; Mortimer, 1997), 
especially regarding flagellar and acrosomal functions. It was shown that fluid homeostasis 
during spermatogenesis and sperm maturation is critical for male fertility (Huang et al., 2006). 
Similarly, in fish spermatozoa, seminal plasma components protect mature sperm viability 
during storage (Ciereszko, 2008). In the cauda epididymis, sperm acquires the ability to move 
in a propulsive manner, but the functional maturation of spermatozoa is still not completed 
as they are unable to fertilize eggs (Eddy, 2006). It is only after ejaculation into the female 
reproductive tract, the spermatozoa go through several physiological changes, called 
capacitation, that render them competent for fertilization (Visconti et al., 2002). The 
regulation of human sperm capacitation includes participation of bicarbonate, calcium ions, 
reactive oxygen species, cyclic AMP, different protein kinases and protein phosphatases, and 
the extracellular signal-regulated protein kinase (de Lamirande et al., 1997; O'Flaherty et al., 
2006). 

For a long time, maturation of fish spermatozoa has not been considered as a limiting factor 
for success in fish reproduction, therefore, it was described only in a few teleost species, such 
as rainbow trout, chum salmon, and Japanese eel (Miura et al., 1995; Miura and Miura, 2001; 
Morisawa and Morisawa, 1986, 1988). Acquisition of sperm motility in these species occurs in 
response to an increase in environmental pH and/or concentrations of bicarbonate ions, 
indicating that substances in the sperm duct and ionic constituents of seminal fluid are 
involved in the acquisition of motility of teleostean sperm (Table 1). This feature was also 
confirmed in carp, where spermatozoa maturation can be mimicked in vitro by incubation in 
specific ions solutions (Redondo-Muller et al., 1991).  

 



   
   

Up to the present study, the processes of spermatozoa maturation in sturgeon was not 
understood. There were only suggestions in literature that a mechanism of sperm maturation 
in sturgeon occurs via increase of pH via eSRS22 (a homologue of carbonic anhydrase 
regulation of ion and acid-base balance) or cAMP similar to teleost (Alavi et al., 2012). 
However, the current study on sturgeons showed that in contrast to salmonids, extracellular 
pH does not initiate sperm maturation (Chapter 2). This work described for the first time the 
sperm maturation process in sturgeons, establishing its localization and main components.  

Sturgeons possess a primitive organization of excretory system that is different from 
teleostean species: the efferent ducts from the testes come in direct contact with the kidneys. 
Sperm maturation occurs outside the testes after dilution with urine (Chapter 2), and involves 
the participation of high molecular weight substances as well as calcium ions present in 
seminal fluid and/or urine (Table 1). Significant differences were observed between testicular 
sperm and sperm collected from Wolffian ducts, where sperm naturally mixes with urine. 
Testicular spermatozoa did not become motile in a swimming environment, but did acquire 
this capacity after in vitro incubation in urine or seminal fluid from Wolffian duct in a 
temperature and time-dependent manner. In addition, removal of high molecular weight 
substances from Wolffian duct seminal fluid, as well as addition of soybean trypsin inhibitor 
prevented maturation of testicular sperm in such seminal fluid (Chapter 2).  

The present study revealed that during the maturation process, sperm motility is affected 
in its sensitivity to calcium ions. Later, Bondarenko et al. (2016) showed that motility of 
sturgeon testicular spermatozoa could be activated only when the intra- and extra-cellular 
Ca2+ concentration are high, suggesting the regulation of sperm maturation by Ca2+ influx into 
the cell and subsequent loading of some Ca2+ stores. Altogether, it provides the first evidence 
for the presence of Ca2+ stores in sturgeon spermatozoa. In a similar fashion, at least two Ca2+ 
stores have been detected in mammalian spermatozoa: one localized in the acrosome and 
another in the redundant nuclear envelope (Costello et al., 2009; Darszon et al., 2011). 
Sturgeon spermatozoa possess an acrosome, which is atypical compared to teleost fish, who 
lost their acrosome during evolution (Psenicka et al., 2011). It is a single membrane-delimited 
specialized organelle that is necessary for sperm/egg fusion at fertilization. In mammalian 
spermatozoa, the formation of the acrosome take place during maturation phase (Darszon et 
al., 2011). For sturgeons, there are no data on this account, though it can be assumed that 
acquisition of acrosomal competence could also occur during the sperm maturation. The 
modification of acrosome during sperm maturation is of great interest and requires further 
detailed investigation, furthermore, sturgeon sperm due to its specific features constitutes a 
perfect model for these studies. 

The ability for spermatozoa to swim and penetrate the egg is dependent on their degree of 
maturation (Blandau and Rumery, 1964). Insufficient sperm maturation may also result in 
defective embryonic development (Fournier-Delpech et al., 1979). This study is a pioneering 
work in the field of sturgeon sperm maturation and there are plenty of questions that should 
be answered for better understanding of spermatozoa maturation process at cellular and 
molecular levels.  

Following the maturation steps, ejaculation from the spermatic ducts expose gametes to 
the exsternal environment during spawning where they encounter various biological and 
physical conditions, which regulate their activation and motility. In the first place, it is osmotic 
constituent of the external environment. In freshwater fish species, spawning occurs in low 
osmotic conditions, while in marine fishes, sperm is diluted in hypertonic seawater (Table 1). 
The present study showed that alteration of environmental osmolality affects the fish sperm 

 



   
   

in different ways, depending on the species and modes of spermatozoan motility activation, 
either by an osmotic or ionic mode. Following activation by ambient water, it is crucial for cells 
to control their internal osmolality, membrane tension and hydrostatic pressure (Zonia and 
Munnik, 2007). Accordingly, in response to osmotic stress caused by hypotonicity, 
spermatozoa of freshwater fishes regulate the flow of water across their cell membrane and 
increase their cytoplasmic volume during the short motility period. However, the tendency of 
spermatozoa to swell due to environmental osmolality change during the motility period is 
species-specific (Chapter 3) and occurs only in spermatozoa having elastic cell membrane, as 
in carp sperm. Spermatozoa of this species increase their volume several-fold as a result of 
water influx (Perchec Poupard et al., 1997). In contrast, no sperm volume changes were 
observed in sterlet or in brook trout spermatozoa, both of which having an ionic mode of 
motility activation. From these observations, it may be concluded that spermatozoa of 
salmonid and sturgeon quickly react to the osmolality by initiating their flagellar motility, but 
also very efficiently control the volume changes concomitantly engendered by osmotic stress. 
In addition, there might be some differences in the water influx rates.  

In carp as well as in puffer fish, a marine species, osmoregulation functions have been 
attributed to stretch-activated channels present in the sperm membrane, the latter being 
considered as prerequisite for water diffusion and motility activation (Krasznai, 2003). Similar 
mechanosensitive channels were also shown to be active in bacteria, where very slight 
changes in external osmolality are sufficient to shift the osmotic pressure across the plasma 
membrane that generate stretch and compression forces along the plane of the lipid bilayer 
(Chaumont et al., 2005; Kung, 2005). However, water diffusion is a very slow process (Chen 
and Duan, 2011) relatively to sperm processes discussed in this thesis, so in the present study 
it was hypothesized that sperm swelling could result from water influx through membrane 
water channels proteins, called aquaporins, with further activation of stretch-dependent 
channels and motility activation (Chapter 3). When such aquaporins are involved, the control 
of the osmolality response is highly accelerated and this process was recently demonstrated 
to be active in marine fish spermatozoa (Zilli et al., 2011). Later, several molecular species of 
aquaporins were characterized in fish spermatozoa, revealing that some aquaporins may re-
localize at initiation or during the motility period (Chauvigné et al., 2015). In the recent past, 
the presence of aquaporins was also established in salmonid sperm cells (Takei et al., 2015). 
Likewise, aquaporins were shown to be important in sperm of other species (Martinac, 2004) 
and that they might function as osmosensors and volume regulators in cells of animals, plants, 
fungi and bacteria (Hill et al., 2004). 

Due to the absence of stretch indications during activation and the motility period, 
activation of stretch-dependent ion channels do not seem to intervene in case of sturgeon 
and salmon spermatozoa. Thus, it remains unclear how sperm of these species can maintain 
a constant volume under hypotonic conditions. One of the possible explanations could be the 
involvement of ion co-transporters, as suggested in Chapter 3. Similar regulation of swelling 
by means of regulatory volume decrease was proposed for mammalian sperm (Yeung et al., 
2006). This topic, however, needs further investigation. 

It is known that long-term exposure of cells to a low osmotic condition may have negative 
effects on membrane (Gao and Critser, 2000). During the motility period in hypotonic 
conditions, flagellar morphology was strongly affected in spermatozoa of all three species 
studied and discussed in Chapter 3. Due to the osmotic shock received by sperm cells, their 
flagella undergo serious modifications developing bubbles along the flagellum membrane or 
loops at the distal part of the flagellum (Chapter 3). Formation of such loops and blebs on 

 



   
   

membranes were previously described in carp (Perchec et al., 1996; Perchec Poupard et al., 
1997) and pike (Hulak et al., 2008) spermatozoa. Obviously, these defects represent a serious 
handicap for flagellar motility, which contributes to a lower swimming efficiency and a 
reduction in the duration of the motility. Alteration of extracellular osmolality detected by 
spermatozoa causes a rapid change in intracellular ionic concentration and, consequently, 
flagellar axoneme waves are firstly reduced and then fully stop. Nevertheless, Dreanno et al. 
(1999) and Cosson et al. (1999) showed that this process is reversible. Based on the 
examination of other cell types (Langridge and Kay, 2006), it can be suggested that 
spermatozoa might use formation of blebs as a physiological condition to expand their total 
cell surface and increase their intracellular volume without bursting.  

Sperm motility initiation is a very complex and highly organized process that involves the 
reception of external activating signal, its transduction to axonemal machinery and, 
ultimately, the activation of axonemal structures. The nature of an external signal inducing 
the sperm motility is highly dependent on the reproductive environment and behavior of 
fishes. In most freshwater fish species, regulation occurs mostly due to a decrease of 
environmental osmolality (Perchec Poupard et al., 1997); therefore, such hypotonic induction 
is accompanied by a reorganization of the membrane structure and hyperpolarization of the 
cell membrane (Krasznai, 2003). In other freshwater species, such as salmonid and sturgeon, 
the regulation of sperm motility activation is mostly attributed to a decrease of the 
extracellular K+ concentration at sperm transfer from seminal fluid into freshwater (Table 1); 
here osmolality as well as K+ concentration are much lower (Cosson, 2004; Morisawa and 
Suzuki, 1980). In some conditions, K+ inhibition can be by-passed (Chapter 5) by pre-exposing 
sturgeon sperm to a high osmolality shock prior to its transfer to K+-rich swimming media. It 
is suggested that these spermatozoa may be activated by use of an unexpected signaling 
pathway, independent from regular ionic stimulation (Chapter 5). However, this issue remains 
to be further clarified. Similar outcomes were also obtained for salmon spermatozoa (Morita 
et al., 2005). In case of salmonids, it was shown that such K+ by-pass effect (osmolality 
dependent) is accompanied by a transient intracellular Ca2+ concentration rise (Takei et al., 
2012) followed by protein phosphorylation cascade leading to sperm motility. More recent 
results demonstrated that for the maintenance of salmonid fish sperm motility under normal 
conditions, the water influx across the plasma membrane is crucial, whereas water influx 
resulted from osmotic shock-induced membrane permeation is critical for the motility 
initiation of pre-treated sperm (Takei et al., 2015). Altogether, the K+ by-pass effect described 
above, as well as general cascade of events occurring at motility activation, have been studied 
in more detail in salmonid than in sturgeon. Most of main ideas about the signaling and 
regulation of motility process in sturgeon species are stated by analogy to knowledge acquired 
in salmonids, such as, for example, the model of signaling pathway for sperm motility 
activation in sturgeons that was proposed by Alavi et al. (2011). However, as the current study 
clearly demonstrated, sturgeons and their spermatozoa, have original and specific features 
that definitely stimulate great scientific interest and therefore need a deeper investigation.  

As mentioned above, in freshwater teleosts, the release of spermatozoa into the hypotonic 
external milieu induces a membrane hyperpolarization (Krasznai, 2003), which occurs mainly 
because of variation in the internal K+ concentration combined with variation in Ca2+ 
concentration (Alavi and Cosson, 2006). According to numerous studies performed on trout 
spermatozoa (Morisawa et al., 1983; Morisawa and Suzuki, 1980; Tanimoto et al., 1994), 
internal response to these external triggers show the following sequence: a hypo-osmotic 
signal or a decrease of environmental K+ ions provoke the opening of specific membrane K+ 

 



   
   

channels and induce K+ efflux, which eventually leads to hyper-polarization of the plasma 
membrane (Blaber and Hallett, 1988; Boitano and Omoto, 1991). These result in a Ca2+ influx 
(Cosson et al., 1989) through dihydropyridine-sensitive calcium channels and a transient 
increase of cAMP (Table 1), which induces phosphorylation of axonemal proteins. This 
subsequent cAMP-dependent phosphorylation of axonemal proteins and dynein light chain 
triggers the initiation of flagellar motility (Hayashi et al., 1987; Inaba et al., 1999). It should be 
noted that in cyprinids, the intracellular signaling is cAMP-independent (Table 1; Krasznai et 
al., 2000), therefore, a different cascade of events is probably involved.  

In contrast, sperm motility of marine fishes is activated by hyper-osmotic shock (Table 1) 
caused by an increase in osmolality from seminal fluid to sea water (Cosson et al., 2008a). 
Similar to what happens in freshwater fish, the hyperosmotic signal firstly increases 
intracellular Ca2+ concentration (Oda and Morisawa, 1993) due to a Ca2+ influx across the 
plasma membrane, or Ca2+ release from intracellular stores, or as a result of cytosol 
concentration following massive water efflux by aquaporins (Zilli et al., 2012). Although in 
some species, changes in the phosphorylation state of some flagellar proteins may be involved 
(Zilli et al., 2008a, b). The activation of the axonemal machinery in such case is a direct result 
of the increase of Ca2+ and other ions (Cosson et al., 2008a, b), or by Ca2+/calmodulin- (Krasznai 
et al., 2003; Morita et al., 2004) or cAMP-dependent (Zilli et al., 2008b) protein 
phosphorylation of structural components of axonemal dyneins, kinases, and phosphatases 
anchored in the axoneme and in the radial spoke proteins (Table 1; Zilli et al., 2012).  

As an example, influx of Ca2+ ions across the plasma membranes as a prerequisite for 
motility activation in hypertonic media, has been demonstrated in spermatozoa of seawater-
acclimated euryhaline tilapia, Oreochromis mossambicus (Linhart et al., 1999; Morita et al., 
2004), sea bass and tuna (Cosson et al., 2008a, b). The Ca2+ ions apparently bind to flagellar 
proteins in order to activate motility (Morita et al., 2010). It was proposed that an increase in 
internal Ca2+ concentration induces Ca2+/calmodulin-kinase-dependent regulation, including 
protein phosphorylation for activation and control of dynein activity in the flagellar axoneme 
(Morita et al., 2010). At the same time, even in the presence of high external Ca2+ 
concentration, spermatozoa of freshwater-acclimated tilapia do not swim in hypertonic 
conditions (Morita et al., 2003). It seems that the increase in internal Ca2+ concentration here 
is independent from extracellular Ca2+ ions and results from the mobilization of intracellular 
Ca2+ stores, which are quite probably located in the neck region of the sperm head (Morita et 
al., 2010). Altogether, it was assumed that during acclimation of tilapia from fresh- to sea-
water, their sperm adapt to conditions of high salinity by losing Ca2+-independent pathways 
of motility activation (Linhart et al., 1999). 

On the other hand, the present experimental study performed on a closely related tilapia 
species, Sarotherodon melanotheron heudelotii, led to the discovery that extracellular Ca2+ 
appears to be necessary for activating the sperm motility of tilapia reared in fresh water even 
in hypotonic conditions (Chapter 4). Moreover, the higher the salinity or the more hypertonic 
ambient media at spermatozoa activation, the higher extracellular concentration of Ca2+ ions 
is required. It is worth noting that in this tilapia species, the sperm of fish reared in either 
fresh-, sea- or hypersaline water can be activated in swimming milieus whatever their tonicity, 
provided that a sufficient Ca2+ concentration is present (Chapter 4); this specificity appears to 
contradict the observations of Morita’s group (Morita et al., 2003) on a related species. Hence, 
the results obtained in the present study indicate that osmolality is not the factor inhibiting 
sperm motility inside the testis in the Sarotherodon melanotheron heudelotii, but further 
investigations are needed to identify the precise nature of that factor.  

 



      

Table 1. Triggers of sperm maturation and motility initiation in different fish species. ND – not determined; FWF – freshwater fish; MF – marine 
fish.  

 
  

Family Maturation mediator 
Motility activation  

References Motility activation factor Osmolality 
(mOsm/kg) 

[Ca2+]-ion 
dependency 

cAMP 
dependency 

Freshwater 
     Cyprinidae 
 
 
     Salmonidae 

 
 
     Acipenseridae 
      
     Anguillidae 

 
isotonic ionic (K+ or Na+) milieu 

 
hypo-osmolality 

 
<300 

 
+ 

 
- 

 
Krasznai et al., 2000 
Krasznai, 2003; 
Redondo-Muller et al., 1991 

increase in environmental pH 
and/or concentrations of 

bicarbonate ions 

decrease of extracellular K+ 
and hypo-osmolality 

<300  increase + Morisawa and Morisawa, 
1986, 1988  

high molecular weight 
substances of urine and Ca2+ 

decrease of extracellular  K+ 
concentration 

≤300 + - Chapter 2;  
Linhart et al., 1999 

increase in environmental pH hyper-osmolality >300  ND ND Miura et al., 1995 

Marine water 
Scophthalmidae 
 
     Serranidae  
 
     Moronidae  
 
     Herring  
 

 
ND 

 
hyper-osmolality 

 
≥300 

 
+ 

 
- 

 
Chauvaud et al., 1995 

 
ND 

 
hyper-osmolality 

 
>300  

 
+ 

 
- 

 
Billard, 1978 

 
ND 

 
hyper-osmolality 

 
>300 

 
+ 

 
- 

 
He et al., 2004 

 
ND 

 
egg molecules and 

extracellular K+ in the 
micropyle area 

 
>300 

 
+ 

 
- 

 
Cherr et al., 2008 
Morisawa et al., 1992; 
Yanagimachi et al., 1992 

Euryhaline  
     Cichlidae 
 

 
ND  

 
changes of osmolality and 
extracellular Ca2+ (higher 
with higher maintenance 

salinity) 

 
<300 (FWF) 

 
 

>300 (MF) 

 
weakly 

dependent 
 

+ 

 
- 
 
 
- 

 
Linhart et al., 1999;  
Legendre et al., 2008 
Chapter 4 
 

 



   
   

In contrast to other externally fertilizing fish species (Cosson, 2010), tilapia spermatozoa 
possess quite long durations of motility (>2 hours regardless the fish rearing salinities) 
(Chapter 3). Similar feature has been also reported in case of medaka (Oryzias latipes), another 
euryhaline fish species, where swimming duration after sperm activation was observed to last 
as long as 7 days, whatever the osmolality of the swimming medium (from 25 to 686 
mOsm/kg) (Yang and Tiersch, 2009). Furthermore, sperm motility in tilapia could be 
reactivated at the end of a swimming period simply by addition of extra Ca2+ (Chapter 4). Thus, 
it appears that reduced or stopped sperm activity at the end of the motility period do not 
result from limiting energy reserves; in contrast, such “exhausted” spermatozoa might exhibit 
significantly high production rate of ATP that would be enough to sustain its consumption by 
the flagella machinery as shown in several other species (Cosson, 2013). Overall, the 
mechanisms by which calcium is involved in the maintenance and restoration of sperm 
movement in this euryhaline tilapia (S. melanotheron heudelotii) remain to be elucidated. 

Reaction of flagella with respect to osmotic signal has been quite well documented 
regarding its biochemical aspects, but this event has only recently been examined in detail 
(Chapter 6). Fish sperm activation is a very rapid phenomenon occurring immediately when 
sperm cells are dispersed in a swimming medium for microscopic observation (Cosson, 2010). 
Technically, it is very challenging to capture this brief event for detailed analysis (Cosson, 
2008). Nevertheless, experimental situations explained in Chapter 6 allow inducing a delay (up 
to several seconds period) between mixing and activation of fish sperm. In such condition, it 
was possible to investigate the appearance of the initial flagellar bends, their development 
and position along the flagellum (Chapter 6).  

Previously, detailed description of flagellar behavior at motility initiation were published 
only for spermatozoa of a few species, such as sea urchin (Gibbons and Gibbons, 1980; 
Goldstein, 1979; Ohmuro et al., 2004) and arenicola (Pacey et al., 1994a; Pacey et al., 1994b). 
The present work describes for the first time the precise chronology of motility initiation in 
fish spermatozoa (Chapter 6). In most cases, appearance of the first bend occurs in the 
proximal region of the flagellum close to the head, yet this event was rarely observed in the 
very distal part (Chapter 6). In all cases, this first bend progresses toward the flagellar tip and 
is immediately followed by a second but reverse bend on the opposite side of the flagellum, 
and so forth, although the sperm cell remains non-progressive. It is only when a number of 
bends propagated along the flagellum length become numerous that the cumulative thrust of 
these bends develop the real progressive displacement of the sperm cell. Apparently, a 
minimal level of flagellar propulsive power is required for spermatozoa to be propelled 
forward. This assumption was indirectly confirmed by measurements of beat frequency in 
spermatozoa showing that right after motility triggering, sperm flagella beat at a low 
frequency but beat frequency rises very rapidly, so that after a few seconds, the value is two-
fold higher (Chapter 5). The total period needed for the flagellum to switch from immobility 
with rigid shape to full activity with regular propagating bends ranges from 0.4 to 1.2 seconds 
(Chapter 6). 

In sturgeon, starting from the earliest stages of motility initiation, the wave propagation 
along the flagellum and new wave formation proceed in a helical manner leading to a 3-
dimensional rotation of the whole spermatozoon (Chapter 6). It was previously shown that 
the flatness of waves of a fully motile flagellum is not perfect and that waves slightly deviate 
out of plane of fish sperm (Cosson, 2010). Such slight distortion was related to the ability of 
sperm cells to remain swimming in the vicinity of any surface (Cosson et al., 2003). 
Development of helical waves was also described in tunicate and sea urchins sperm flagella 

 



   
   

(Ishijima, 2012), though according to Gray (1953) such helical propulsion has lower efficiency 
in terms of forward velocity of the spermatozoa, while swimming in a single plane is more 
advantageous, as it partly prevents dispersion of spermatozoa far from the egg. 

Right after activation and during the first phase of motility period, waves that are propagate 
along the whole length of the sperm flagellum, generally describe a pseudo-sine wave shape. 
Wave shape of fish spermatozoa also partly results from the physical constraints imposed by 
the external milieu. One such constraint is viscosity, which affects sperm cells near the egg 
surface, i.e. ovary fluids or jelly-like layers that surround eggs in some fish species (Cosson, 
2010).  

In-depth understanding of the ultrastructure and biochemical aspects as well as the 
mechanisms of functioning of sperm flagella is of great interest, primarily for medical and zoo-
technical fields but also from a fundamental point of view. 

 
Conclusions 
 

This thesis includes five publications where the processes of maturation of fish 
spermatozoa, their adaptability to different physical and biochemical circumstances, the 
extra- and intra-cellular signaling as well as the regulatory mechanisms of motility activation 
in fish spermatozoa were investigated.  

 
The main conclusions from these studies are: 
1. Sperm maturation in sturgeons occur outside the testes via dilution of sperm by urine 

at its release into Wolffian duct. This process involves the participation of high molecular 
weight substances as well as calcium ions that are present in seminal fluid and/or urine. 
This study also provides the first evidence for the presence of Ca2+ stores in sturgeon 
spermatozoa. 

2. Spermatozoa of freshwater fishes with ionic and osmotic modes of motility activation 
respond in a species-specific manner to the ambient osmotic changes. In hypotonic 
condition, spermatozoa with osmotic mode change their volume during the activation 
and motility period. 

3. In euryhaline tilapia, spermatozoa of fish reared in fresh-, sea- or hypersaline water can 
be activated in hypotonic, isotonic or hypertonic conditions of swimming milieu, 
provided that Ca2+ ions are present at various levels. In general, regardless the fish 
rearing salinity, the mechanism of sperm activation in this euryhaline tilapia remains the 
same. 

4. In sturgeon spermatozoa, motility can be prevented by a sufficient K+ concentration, but 
this inhibition can be by-passed by a pre-application of a hyperosmotic treatment 
immediately followed by hypo-osmotic shock: in such conditions, spermatozoa might be 
activated by an unexpected signaling pathway, independent from ionic stimulation. In 
addition, after such treatment, sturgeon spermatozoa motility becomes insensitive to a 
large extracellular K+ concentration. 

5. At motility initiation in sturgeon spermatozoa, the first few bends formed at the basal 
region are propagated toward the flagellar tip, but gradually subside when reaching the 
mid-flagellum. This behavior is repeated several times until the bend amplitude 
gradually reaches a similar value, eventually leading to sperm progressive displacement. 
Estimated period needed to switch from resting to full efficient forward motility is very 
short, ranging 0.4–1.2 s. 
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English Summary 
 

Flagellar movement initiation, signaling and regulation of fish spermatozoa: physical and 
biochemical control 

 
Galina Prokopchuk 

 
One of the most important keys to effective breeding management of farmed fish is control 

of reproductive processes: sexual maturation of broodstock, spawning procedures, and 
production of high quality gametes. Successful insemination depends on metabolism and 
appropriate functioning of gametes, in particularly of sperm. Semen characteristics – its 
quality, productivity, ejaculate volume and concentration – are highly variable between 
species, breeds, individuals and even portions of sperm from the same male obtained at 
different times. Despite considerable progress in understanding of factors involved in the 
control of gamete quality, the picture of the cellular and molecular mechanisms responsible 
for the observed variability in quality remains largely incomplete. 

Prior to become an actively fertilizing unit, fish spermatozoon formed in testes undergo a 
sequence of manifold events: from maturation, when sperm cells acquire the potential for 
activation, to first flagellar beat in spawning environment. So far, the mechanisms underlying 
this progression and abilities of fish spermatozoa to adapt to external changes are poorly 
understood. The current study attempted to explain the regulatory processes and responses 
of fish spermatozoa during maturation and motility initiation.  

The first objective of this study was to improve the understanding of the mechanism 
underlying the acquisition of potential for sperm motility in sturgeon. Sturgeons have a 
primitive organization of the excretory system that is unique to this fish group: the efferent 
ducts coming from the testes directly contact the kidneys. The physiological process 
underlying sperm maturation in this species previously has not been described. Our results 
showed that sperm maturation in sturgeons occur outside the testes because of dilution of 
sperm by urine (Chapter 2) and involves the participation of high molecular weight substances 
as well as calcium ions present in seminal fluid and/or urine. We demonstrated that testicular 
spermatozoa motility was not activated in a swimming environment, but acquired this 
capacity after in vitro incubation in urine or seminal fluid from Wolffian duct in a temperature 
and time-dependent manner. The present study also revealed that during the maturation 
process, sperm motility is affected in its sensitivity to calcium ions. 

Following the maturation steps and the release from storage within the male, spermatozoa 
of fish species with external fertilization encounter at their activation various biological and 
physical circumstances, which in some cases constitute an external signal for motility 
initiation, but also may influence their motility period. Thence, the second aim of the present 
study was to investigate the coping mechanisms in fish spermatozoa with osmotic and ionic 
activating mode, as well as in spermatozoa of euryhaline fishes, to various environmental 
conditions.  

We showed that alteration of environmental osmolality affects the sperm in different ways, 
depending on fish species and modes of spermatozoan motility activation, either osmotic or 
ionic mode (Chapter 3). In response to osmotic stress caused by hypotonicity, carp 
spermatozoa regulated the flow of water across their cell membrane and increased their 
cytoplasmic volume during their short motility period. In contrast, no sperm volume changes 
were observed in sterlet or in brook trout spermatozoa, both of which have an ionic mode of 

 



   
   

motility activation (Chapter 3). From these observations, it is assumed that spermatozoa of 
salmonid and sturgeon quickly react to the osmolality signal by initiating their flagellar 
motility, but also very efficiently control the volume changes concomitantly engendered by 
osmotic stress. 

Euryhaline fishes can acclimate to wide range of salinities, from freshwater to seawater or 
even higher, and spermatozoa of these species can modulate their regulatory mechanism 
according to rearing salinity of the broodfish. In the present study, we examined the 
mechanism by which sperm motility triggering can adapt to such a broad range of 
environmental salinity. Our results demonstrated that spermatozoa of euryhaline tilapia, 
Sarotherodon melanotheron heudelotii, reared in fresh-, sea- or hypersaline water can be 
activated in hypotonic, isotonic or hypertonic conditions of swimming milieu, provided Ca2+ 
ions are present at various levels (Chapter 4). It was established that the higher the fish rearing 
salinity or the more hypertonic ambient media at spermatozoa activation, the higher 
extracellular concentration of Ca2+ ions is required. We have also found that regardless of the 
fish rearing salinity, the mechanism of sperm activation in this euryhaline tilapia remains the 
same. The results obtained in the present study suggest that osmolality is not the main factor 
inhibiting sperm motility inside the testis in the S. melanotheron heudelotii. 

A third aim of this study was to investigate the regulation of motility initiation and describe 
flagellar beating initiation in chondrostean spermatozoa. In salmonids and sturgeons, the 
regulation of sperm motility activation is mostly attributed to a decrease of the extracellular 
K+ concentration at sperm transfer from seminal fluid into freshwater, where osmolality as 
well as K+ concentration are much lower. We detected that in sturgeon spermatozoa, K+ 
inhibition can be by-passed (Chapter 5) if sperm cells are exposed to a high osmolality shock 
prior to being transferred to K+-rich swimming media. In addition, after such treatment, 
sturgeon spermatozoa motility becomes insensitive to a large extracellular K+ concentration. 
Thus, we hypothesized that sturgeon spermatozoa may be activated by use of an unexpected 
signaling pathway, independent from regular ionic stimulation (Chapter 5). 

The successive steps in activation of sturgeon spermatozoa were investigated by high-
speed video microscopy, using specific experimental situation, where sperm motility initiation 
was delayed in time up to several seconds (Chapter 6). At motility initiation, the first couple 
of bends formed at the basal region are propagated toward the flagellar tip, but amplitude 
gradually diminishes upon reaching the mid-flagellum. This behavior is repeated several times, 
until a stage where the amplitudes of bends gradually reach similar value, which eventually 
leads to sperm progression. Starting from the earliest stages of motility initiation, the wave 
propagation along the flagellum and formation of new waves proceeds in a helical manner 
leading to a 3-dimensional rotation of the whole spermatozoon of sturgeon. The total period 
needed for the flagellum to switch from immobility with rigid shape to full activity with regular 
propagating bends ranges from 0.4 to 1.2 seconds (Chapter 6). 

In conclusion, the results of the current study bring valuable pieces of information into the 
general understanding of the processes of maturation of fish spermatozoa, their adaptability 
to different physical and biochemical circumstances, the extra- and intra-cellular signaling as 
well as the regulatory mechanisms of motility activation in fish spermatozoa. These data 
present a great interest  from a fundamental scientific point of view, as well as for practical 
applications as in vitro maturation of testicular sturgeon sperm can be used as practical tool 
for artificial reproduction in case of the death of the male donor. 

 



   
   

Czech Summary 
 

Iniciace pohybu bičíku, signalizace a regulace pohyblivosti spermií ryb: fyzikální a 
biochemické řízení  

 
Galina Prokopchuk 

 
Jedním z klíčových faktorů pro úspěšný chov ryb je možnost řízení reprodukčních procesů: 

pohlavního dospívání generačních ryb, výtěru ryb a tvorby vysoce kvalitních pohlavních 
produktů. Úspěšné oplození závisí na metabolizmu a příslušné funkčnosti gamet zejména 
spermatu. Vlastnosti spermatu – jeho kvalita, oplozeníschopnost, objem a koncentrace 
spermií jsou velmi proměnlivé mezi druhy, plemeny, jedinci a dokonce i dávkami jedince v 
různých obdobích. I přes značný pokrok v porozumění faktorů účastnících se řízení kvality 
gamet zůstává celkový obrázek buněčných a molekulárních mechanizmů odpovědných za 
pozorovanou variabilitu kvality z velké části neúplný.  

Před tím než se spermie vznikající ve varlatech stane oplozeníschopnou, prochází celou 
řadou jednotlivých procesů od zrání, kdy spermie získává potenciál pro svoji aktivaci, až k 
prvním pohybům bičíku spermie v místě výtěru ryb. Dosud zůstává mechanizmus těchto 
procesů, včetně schopnosti adaptability na okolní změny prostředí, z velké části neobjasněn. 
Cílem této práce je tedy objasnit některé tyto řídící procesy a odezvu rybích spermií na tyto 
procesy během jejich dozrávání a počátku aktivace jejich pohybu. 

Prvním cílem bylo lépe porozumět mechanizmům, které umožňují získat potenciál 
pohyblivosti spermií u jeseterů. Jeseteři mají poměrně jednoduchou organizaci testikulárního 
vylučovacího systému, který je pro tuto skupinu ryb jedinečný: semenné kanálky jdoucí z varlat 
ústí přímo do ledvin. Fyziologický proces zodpovědný za dozrávání spermií u této skupiny ryb 
nebyl dosud znám. Naše výsledky ukazují, že k dozrávání spermií u jeseterů dochází mimo 
varlata po naředění spermatu močí (kapitola 2) za účasti sloučenin s vysokou molekulovou 
hmotností a za účasti vápníkových iontů přítomných v seminální plazmě a/nebo moči. 
Prokázali jsme, že pohyblivost testikulárních spermií nebyla stimulována v aktivačním médiu, 
ale stalo se tak po in vitro inkubaci těchto spermií v moči nebo seminální plazmě z Wolffova 
kanálku v závislosti na teplotě médií a čase inkubace. Bylo rovněž prokázáno, že schopnost 
pohyblivosti testikulárního spermatu během dozrávaní je ovlivňována citlivostí na koncentraci 
vápníkových iontů.           

Po procesu dozrávání a uvolnění spermií ze sběrného místa uvnitř těla samce jsou spermie 
ryb s vnějším oplozením při jejich aktivaci ovlivňovány celou řadou dalších biologických a 
fyzikálních jevů, které v některých případech slouží jako vnější signál pro aktivaci pohyblivosti, 
ale také mohou ovlivnit délku této pohyblivosti. Dalším cílem této práce bylo tedy porozumět 
aktivačním mechanizmům u spermií ryb s iontově osmotickým způsobem aktivace i ryb 
euryhalních při různých podmínkách prostředí. Prokázali jsme, že změna okolní osmolality 
ovlivňuje spermie různým způsobem v závislosti na druhu ryb a mechanizmu aktivace 
pohyblivosti spermií – osmotickém nebo iontovém (kapitola 3).  V reakci na osmotický stres 
způsobený hypotonickým prostředím je u spermií kapra obecného regulován tok vody přes 
jejich buněčné membrány a zvyšován jejich cytoplazmatický objem v průběhu krátkého 
období jejich pohyblivosti. Na druhou stranu změna v objemu cytoplazmy nebyla pozorována 
u spermií u jesetera malého nebo sivena amerického, u kterých je iontový způsob aktivace 
pohyblivosti spermií (kapitola 3). Na základě těchto pozorování je předpokládáno, že spermie 
lososovitých a jeseterovitých ryb rychle reagují na změnu osmolality počátkem pohyblivosti 

 



   
   

bičíku, ale velmi účinně řídí změny v objemu cytoplazmy současně vyvolané osmotickým 
stresem. 

Euryhalní ryby jsou takové, které jsou schopny pobývat v širokém spektru salinit vodního 
prostředí od sladkovodního po mořské i vyšší a spermie těchto druhů mohou upravovat 
regulační mechanizmy podle aktuální salinity, ve které se generační ryby nacházejí. V této 
práci jsme zkoumali, jakým způsobem se spouštěcí mechanizmus pohyblivosti spermií může 
adaptovat na tak široké spektrum salinit okolního prostředí. Naše výsledky ukazují, že spermie 
euryhalní tilápie, Sarotherodon melanotheron heudelotii, chovaná ve sladké, mořské nebo 
hyperslané vodě může být aktivována hypotonických, isotonických nebo hypertonických 
podmínkách za předpokladu přítomnosti vápníkových iontů (Ca2+) o různých koncentracích 
(kapitola 4). Bylo zjištěno, že čím vyšší je salinita prostředí, kde jsou ryby chovány, nebo čím 
vyšší jsou okolní hypertonické podmínky, tím je požadována vyšší mimobuněčná koncentrace 
Ca2+ iontů. Bylo rovněž zjištěno, že bez ohledu na salinitu, ve které jsou ryby chovány, zůstává 
mechanizmus aktivace spermií u této euryhalní tilápie stejný. Výsledky naznačují, že 
osmolalita není hlavním faktorem inhibujícím pohyblivost spermií uvnitř varlat této tilápie.    

Třetím cílem v této práci bylo objasnit regulaci počátku pohyblivosti spermií a popsat 
počátek pohybu bičíku u chrupavčitých ryb. U lososovitých a jeseterovitých ryb je regulace 
aktivace pohyblivosti spermií přisuzována snížení koncentrace iontů mimobuněčného draslíku 
(K+) při přechodu spermií ze seminální plazmy do sladké vody, kde je koncentrace draselných 
iontů mnohem nižší. Zaznamenali jsme, že u spermií jeseterů může být inhibice draselnými 
ionty K+ překlenuta (kapitola 5) při pre-expozici spermií vyššímu osmotickému šoku před jejich 
přechodem do prostředí média bohatého na K+. Po takovém ošetření se navíc aktivace 
pohyblivosti spermií jeseterovitých stává necitlivá k vysoké koncentraci mimobuněčných iontů 
draslíku. Domníváme se, že spermie jeseterovitých mohou být aktivovány pomocí 
neočekávaných signálních drah, a to nezávisle na normální iontové stimulaci (kapitola 5).   

Postupné kroky aktivace spermií jeseterů byly sledovány s pomocí vysokorychlostní video 
mikroskopie užitím specifické experimentální situace, kdy počátek pohyblivosti spermií byl 
zpožděn v čase až o několik sekund (kapitola 6). Při počátku pohybu spermie se první vlny 
vznikající v bazální části bičíku začínají šířit směrem ke špičce bičíku, ale amplituda postupně 
slábne směrem ke středu bičíku. Toto chování se několikrát opakuje až do doby, kdy amplitudy 
vln postupně dosáhnou podobných hodnot, což případně vede k posunu spermie. Od 
počátečních fází pohybu bičíku postupuje šíření vln napříč bičíkem a vytváření nových vln 
probíhá šroubovitým způsobem vedoucím k třídimenzionální rotaci celé spermie jesetera. 
Celkový čas potřebný pro přechod bičíku z imobilního stavu s tuhým tvarem do plné aktivity s 
pravidelným šířením vln se pohybuje v rozmezí 0,4 až 1,2 sekund (kapitola 6). 

Je možné konstatovat, že výsledky této práce přinášejí cenné informace pro obecné 
porozumění procesům dozrávání rybích spermií, jejich schopnosti přizpůsobit se různým 
fyzikálním a biochemickým okolnostem, extra i intra celulární signalizaci i regulačním 
mechanizmům aktivace pohybu. Tyto informace jsou velkým přínosem pro základní výzkum i 
pro možnost praktického využití, neboť in vitro dozrávání testikulárního spermatu jeseterů lze 
využít při umělé reprodukci v případě úhynu samčích dárců. 
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