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Preface to the Second Edition

Terrence R. Tiersch

The fate of this planet is governed by the demands and activities of its human population,
and from these demands and activities the twin themes of the present volume emerge. We have
sought to address the agricultural and conservation aspects of cryopreservation in aquatic species
-- fields that are still very much in development. This book is designed as a comprehensive
single-volume compendium of information on cryopreservation in aquatic species. It may be
used as a textbook, general reference, or research guide. Our goal was to provide a broad
overview of the principles, procedures, and perspectives necessary for development and
application of the technology of cryopreservation. We have chosen to follow the guiding
principle of the first edition to present not only what we know now, but also what we do not
know. Thus this edition is not intended to be a final or complete work, and indeed future
volumes could follow with more detailed information on genetic improvement for aquaculture
and protection of natural resources, and greater emphasis on programmatic development and
commercialization.

In preparing this volume, we wished to facilitate interaction among the groups needed for
beneficial and effective use of cryopreservation in aquatic species. We hope that it will act as a
catalyst for continued growth of an international cryopreservation community in aquatic species,
and that it will serve a useful role in education and research, and most importantly, in the
development of lines of communication among the different groups working in this field. These
were the hopes for the first edition (its success in meeting these aspirations can be assessed by
other) and remain as our primary goals for this edition.

Overview of the Contents of the Second Edition

This edition now encompasses 101 chapters (there were 55 in the first edition) organized
into 11 sections (9 previously). The initial section provides basic principles for the collection and
maintenance of high-quality gametes. The second section is new and addresses methods for
assessment of gamete quality including new technologies in microfluidics. This area was
expanded into a new section because of its importance to future development in the field. The
third section addresses some basic applied aspects of cryobiology including vitrification. The
fourth and fifth sections address cryopreservation of gametes and early life stages of vertebrates
(expanded to cover sharks and amphibians), and the sixth Section addresses these topics
including oocytes in aquatic invertebrates. The seventh section provides technical information on
the full spectrum of research activities related to cryopreservation and incorporates a discussion
of pathway development rather than protocol enhancements. Section eight addresses the linkage
of cryopreservation to genetics and includes contributions on sample pooling, strain recovery
with all-paternal inheritance, intracytoplasmic sperm injection into eggs, and the supporting role
that cryopreservation can provide for other research.

Because cryopreservation is in effect a means of time travel it is necessary to be
concerned with the future as well as the present. Although many aquatic species are in rapid
decline, we need to develop comprehensive programs, not just emergency plans that provide
temporary solutions. Section nine is in recognition that future investment of money, time, and

XXiii



often priceless resources require us to ensure collection of appropriate biological data and
development of effective databases. To provide specific examples, currently active germplasm
repositories are described, and the regulatory aspects of sample transfers and disease prevention
are discussed. This section has been expanded to include contributions on programmatic
development from the public and private sectors, and from several resource centers involved in
biomedical research. Section ten is new and provides updates from around the world to illustrate
the needs, and type of work and programs that are being pursued internationally. Section eleven
includes contributions addressing economics, cryopreservation in livestock, risk perception,
conservation policy, access and benefit sharing, and high-throughput processing. With
cryopreservation we literally project our mistakes forward in time. Therefore we considered it
essential to provide technical information along with perspectives for the future, and to call
attention to the need for a thoughtful evaluation of ethical questions.

It is important at this juncture to call attention to the fact that essentially no publications
(other than this book) address the ethical considerations specifically relevant to cryopreservation
of aquatic germplasm. One possible explanation for this dearth of literature is that these
discussions will develop over time as cryopreservation in aquatic species becomes more visible
to the public and to those involved in reproduction of amphibians, fish, and shellfish. In addition,
this would involve a considerable amount of work to cover the tremendous diversity of activities
involved with aquatic species ranging from conservation, hatcheries, and fisheries management
(e.g., environmental ethics), to commercial aquaculture (e.g., business ethics), to disease and
pathogens (e.g., veterinary ethics), to biomedical models (e.g., research ethics).

One as yet unexplored route to a straightforward formulation of relevant approaches to
aquatic species cryopreservation is to look to the world of “practical ethics” (e.g., LaFollette
2003). This is a relatively new branch of ethical science that provides tools for assembling
relevant fields of ethical thinking into a focused composite addressing a specific entity. For
example, this approach has been used to assemble what is now recognized as the field of
“science ethics” or “scientific integrity”. Bodies of relevant ethical thinking such as those dealing
with conflicts of interest, the definition of authorship, identifying plagiarism, protection of
intellectual property, animal care and use, proper data management, and what constitutes
informed consent have been assembled into a working framework that is becoming routinely
accepted by researchers around the world, and is widely available in a number of textbooks (e.g.,
Macrina 2005) and websites (e.g., International Council of Medical Journal Editors,
www.icmje.org). Such an approach would be an extremely valuable first step in codifying the
ethical considerations material to aquatic species cryopreservation. A good example of a starting
document is a recent paper that brings together the components pertinent to “agricultural ethics”
(CAST 2005). At this point, a simple consensus concerning a list of the relevant activities and
ethical disciplines in the area of aquatic species cryopreservation, and eventually the broader
area of aquatic germplasm and genetic resources, would constitute valuable accomplishments.

We hope that this volume can assist development in these and other related areas, and
anticipate that this volume will be used mainly in teaching, research, and program development.
For use in the classroom, it could be adapted as a textbook for a one-semester, upper-division
seminar course. The organization and length of this book do not readily lend themselves to the
usual 15-week semester, but material can be tailored to meet the needs of the students (Table 1,
next page). Classroom discussions could be strengthened by inclusion of published articles that
relate to the selected weekly topics.
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Table 1. Example outline for use of this book as a text in a one-semester seminar course.

Weeks Topic Section
1 Class overview: Preface and Introduction I
2 Basics of aquatic species reproduction I
3,4 Basic principless of cryopreservation and methods I, VII
5 Gamete quality assessment I
6 Cryopreservation of sperm of vertebrates v
7,8 Cryopreservation of eggs and embryos of fishes \
9 Cryopreservation of invertebrates Vi
10 Data collection and databases IX
11 Biosecurity and regulatory concerns XI
12 Economics, valuation, and market creation XI
13 Repository development and ethical considerations IX, XI
14 International perspectives X
15 High-throughput processing and pathways XI

Researchers should have the easiest time navigating through this text. Those new to the
field or working with new species can begin research efforts with approaches used for related
species, although it is important to learn from one’s own successes and failures rather than
simply repeating the work of others. Administrators, businesses, funding agencies, and
politicians could make use of this volume to gain a basic understanding of the various factors
that are necessary to build a cryopreservation program. As with all technologies, most of the real
work takes place after researchers have demonstrated technical feasibility. Like any other tool,
cryopreservation presents costs and benefits, and is best employed with careful planning and
integration with existing programs.

Notes on the Structure of the Second Edition

The first edition never appeared in electronic format, so all of the original chapters are
retained in this edition in revised or annotated forms, and are interspersed with the 46 new
chapters. We have attempted to clearly differentiate original and new material. The status of each
chapter is indicated by a banner across the top of the first page which indicates if this is a new
contribution, or an original chapter that was: 1) revised by the authors, 2) annotated by the
original authors, or 3) annotated by the Editorial Board to encompass relevant developments in
the past 10 yr. The annotated bibliographies appear under a line at the end of the original
references, and include articles published since 2000 as well as other useful articles published
before then that were not included in the original References. For the most part, obvious cross-
references among chapters were not made in the text because electronic formatting allows easy
searches within the document. It is for this reason that an Index was not included with this
edition. Each chapter was intended to be self-contained and therefore includes a References
section and an auto-citation statement at the bottom of the first page. However, the author
addresses are located in the front of the document rather than in each chapter. There is a single
video in this edition found in the last chapter (accessible by a link in the legend for Figure 1) that
shows the operation of high-throughput processing equipment.
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Acknowledgements for the Second Edition

Aquatic species cryopreservation has expanded greatly since the publication of the first
edition of the book in 2000 and is rounding into a field of study in its own right. The volume of the
associated scientific literature has doubled in that time and a number of high-profile programs have
begun including the creation of the National Animal Germplasm Program by the United States
Department of Agriculture. This second edition is intended to integrate that development and to
point toward the future. Production of this edition has been a large undertaking. The new material in
this edition is by itself larger than the original book, and the original chapters have all been revised
or annotated. Given the size of this volume and our desire to make the information widely available,
we decided to prepare it as an electronic (CD) version only.

Beyond the challenges posed by the scope of this edition, this project was delayed by the
effects of two destructive hurricanes here in Louisiana, and represents 2.5 yr of work by a very
dedicated group of people. First we thank the 97 authors involved in the writing of new chapters or
revising of original chapters. They were a pleasure to work with. Our Editorial Board included
Huiping Yang, Jon Daly, Mike Christensen, Rafael Cuevas-Uribe, Noel Novelo, E Hu, Doug
Kuenz, and Shaunna Harris. We are very grateful for their many hours of volunteer service to this
project. Others making valuable contributions to the production of this edition were Christian
Quitadamo, Kouassi Da Costa, Katherine Gautreaux, Kenneth Whitfield, Harvey Blackburn, and
John Hargreaves. We are especially grateful to Kim Daly for creating the cover art for the CD.

We are also grateful for reviews by colleagues in federal and state agencies, academic
institutions, and the private sector. Craig Browdy, Book Editor for the World Aquaculture Society,
assisted with production. We thank Ron Becker and Chuck Wilson of Louisiana Sea Grant for their
continued support of this work. We worked very hard to try to communicate with all original
authors, but this was not possible in all cases. We apologize to anyone that we missed who would
have wanted to contribute to this edition. This volume will make its debut at a special session to be
held March 2011 in New Orleans during the annual meeting of the United States Chapter of the
World Aquaculture Society.

This second edition is dedicated to Connor and Nolan Tiersch (who are now old enough to
understand this work) and to all those who will inherit the results of decisions we make as
individuals or as groups, and those decisions that we do not make. The use of cryopreservation
continues to present us with a challenge to link wisely the past, present, and future.

Mardi Gras 2011 Terrence R. Tiersch
Christopher C. Green
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Foreword to the First Edition

William E. Knapp
(Former Chief, Division of Fish Hatcheries, U.S. Fish and Wildlife Service)

Most of us have seen those television commercials where bustling people suddenly
become motionless and silent upon someone’s mention of “E. F. Hutton”, an investment firm
whose financial advice is presumably so highly regarded as to freeze even the busiest among us.
But most of us are probably unaware that the “E. F. Hutton” of the Pacific Northwest has recent
spoken clearly about the valuable roles that cryopreservation and experimentation must play in
the future of hatchery operations.

The Northwest Power Planning Council recently reported to the United States Senate that
“The stereotype of the hatchery and production manager pumping out fish for possible harvest
opportunities without awareness of the environmental context of that production or concern for
the potential ecological effects no longer exists.” The Council went on to note the valuable roles
that cryopreservation techniques and hatchery experimentation play in preserving species faced
with imminent demise and stressed that without immediate protection, those species will become
extinct.

Many of us in the fish business have been delivering these messages for the better part of
the last decade, but have not succeeded in freezing resource managers and politicians long
enough to get their attention. Perhaps now that an organization of stature has delivered those
same messages to the Congress of the United States, the role of cryopreservation as a tool in
managing wild and hatchery fish will be better understood and appreciated, and accepted more
broadly.

When you cut to the chase, cryopreservation of the reproductive products of fish is
essential for four separate but related reasons. First, as the number of species listed as threatened
or endangered grows and, more importantly, as prospects for recovering those species in the
near-term diminish, it is increasingly important that fishery biologists and fishery managers take
advantage of all of the tools at their disposal to conserve species and biological diversity. In this
regard, while cryopreservation remains an imperfect tool in some respects, it nonetheless offers
unique opportunities to preserve genetic material and thus conserve genetic diversity. Second, as
requirements for maintaining captive broodstock and for selecting brood fish from the wild
become increasingly stringent, with respect to ensuring genetically representative parents and
avoiding adverse effects on wild fish, it is desirable to have genetic “reserves” on hand
cryopreserved. Those reserves can be invaluable in optimizing the genetic diversity of young fish
produced by following carefully developed mating strategies, thus enhancing their fitness and
prospects for survival in the wild. Third, as requirements for maintaining captive broodstock
become more complex and necessitate having more space available at hatcheries to maintain
distinct broodstock in isolation, as is happening for Atlantic salmon in hatcheries in Maine and
for Pacific salmon throughout the Northwest, it becomes increasingly advantageous to have
genetic reserves on hand to reduce needs to maintain live brood fish on station. Fourth, and
perhaps most important, as both our knowledge of fish genetics and our capabilities to
genetically engineer fish expand, it simply makes good sense to have available repositories of
genetic material that are as diverse as possible, especially since diversity among and within
species in the wild continues to decline.
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So why has interest in applying the principles and techniques of cryopreservation not met
with the same warm reception that greeted earlier efforts to apply this technology to plants,
livestock, and mammals and birds of ecological importance? And why are seed banks so
common in agriculture, horticulture and other botanical areas and in management of captive
animals in zoos, but not in fishery management in general and captive propagation of fish in
particular? While there are several explanations, the one that most often limits the application of
cryopreservation in fishery management is the fear that use of this tool to provide a genetic
“safety net” will somehow compromise ongoing efforts to conserve and restore habitat. This
concern can be traced back to the belief that it was the availability of captive propagation that
encouraged wanton and reckless destruction of native habitats and over-harvest of wild fish
throughout this country for the past 130 yr. When this belief is examined closely, two things
become clear. First, our forefathers’ faith in the abilities of hatcheries to produce large numbers
of fish did, in fact, contribute to the widely held notion that hatcheries could compensate for
severe reductions in natural populations. Second, even if that faith had not burned warmly, our
ancestors would have nonetheless harnessed waterways for commerce, flood control, navigation
and power. Their unbridled and relentless desires to manifest their destiny and exercise dominion
over nature would have obscured and overshadowed their concerns about maintaining viable
fisheries, and, in fact, did in many places regardless of their often misplaced faith in hatcheries.

Today we know there are no “free lunches” when it comes to managing and appropriating
water resources. While captive propagation and cryopreservation serve as valuable tools for
conserving and maintaining biological diversity, there is little argument in the fishery science
and fishery management communities that the tool of first choice is protecting natural habitat
and, wherever possible, restoring native habitats. Nonetheless, opposition to developing and
applying cryopreservation remains, predicated on the belief that having a versatile tool of this
type encourages decision-makers to disregard the importance of conserving and restoring habitat.
This is not so.

The voice of reason is being heard more loudly and clearly, and the right messages are
getting to the right people with increasing frequency. Cryopreservation works and more
experimentation is needed to perfect this tool. Cryopreservation does not threaten nor conflict
with habitat protection and restoration; rather, it complements it. At the same time,
cryopreservation is not a universal cure for all that ails our nation’s fisheries. In the hands of the
right professionals and used in the right ways, cryopreservation can work to conserve genetic
diversity and enhance the fitness and survival of wild and hatchery fish.

It is for this reason that the U.S. Fish and Wildlife Service, Division of Fish Hatcheries,
provided funding for this first volume on cryopreservation in aquatic species. It is our hope in
compiling and making this information available that advances can be realized and applied to the
safeguarding of our fishery resources for the future.

XXX



Introduction to the Second Edition

Terrence R. Tiersch

Agquatic species cryopreservation has grown substantially in the past decade since
publication of the first edition of this book. Cryopreservation has progressed from its original
status as something of a research diversion or oddity, to a quirky unexploited technology with
unrealized promise, to its current status as a viable strategy available for incorporation into
broader programmatic frameworks as a supporting technology, with the potential to launch
commercial development into new areas such as improvement, maintenance, and distribution of
genetic resources. Despite this vigorous growth and progress, problems still remain before
repositories based on cryopreservation can begin to provide more than basic utility, typically in
self-contained programs. Successful entities and activities need to develop interconnections;
projects must combine into programs which can coalesce into systems capable of crossing from
research to large-scale application and cooperation across commodities and countries. As such, a
roadmap is needed to identify routes available for future application of this technology.

In addition, scientific study in this area, although burgeoning, requires a blueprint to lay
out plans for unification and codification as a true research field. “Those attempting to utilize the
available literature on cryopreservation in aquatic species will encounter a number of problems.
The literature is distributed across numerous journals and disciplines, and there is a lack of
standardization in terms, protocols and reporting of results. Those new to the field are often
confronted with successful protocols that cannot be repeated, unsuccessful experiments that
cannot be interpreted, and contradictory findings even within a single species.” Such was the
assessment of the state of the scientific literature for aquatic species cryopreservation in the first
edition of this volume in 2000. With the rapid expansion of this literature in the past decade (see
below), this situation could be considered to be even worse today.

Moreover, cryobiology remains a developing science with a rudimentary theoretical
framework, and cryopreservation research is often empirical with advances made by trial and
error. It should also be noted that the term “fish” is an artificial collective of more than 25,000
species characterized more by differences than by similarities. To discuss cryopreservation
within fish or aquatic species is thus a balancing act of attempting to generalize observations into
basic principles while recognizing the considerable diversity that exists across these organisms.
As such, a basic philosophical approach should be developed by those working in the field. Until
a consensus can be reached, an initial working approach could include the following concepts:

1) Be aware of the differences among entities such as species and user groups;

2) Focus on the commonalities across groups and technologies;

3) Generalize technology development to the extent possible;

4) Target broad application of findings, and

5) Work to reduce barriers to communication and integration across communities

(e.g., species, commaodity groups, or private and public sectors).

Further compounding these difficulties in utilizing the aquatic species cryopreservation
literature is the lack of standardization in protocols, terminology, and reporting. Because of this
hodgepodge, it is problematic or impossible to make valid direct comparisons among the results
of most published studies (Table 1).

Tiersch, T. R. 2011. Introduction to the Second Edition. In: Cryopreservation in Aquatic Species, 2™ Edition. T. R.
Tiersch and C. C. Green, editors. World Aquaculture Society, Baton Rouge, Louisiana. Pp. 1-17.



Table 1. Examples of major factors under-appreciated for aquatic species that need to be defined, controlled, and reported to enable
direct comparisons of sperm cryopreservation results for standardization and application (based on Yang et al. 2010).

Step or Factors to be .
: Relevance to cryopreservation
process defined
Source of Strain and source Variation among populations or mutant lines can influence results
ﬁg:;ar‘:s’ and Size and age Can affect gamete quality and quantity (report body weight, length, age)
conditi%’ning Maturity Reproductive condition (report sperm volume, or testis mass, and GSI*)
Culture conditions Water quality parameters, temperature, salinity, and light:dark cycles
Male selection Using best males may not represent normal variation (report selection criteria)
Sample Initial quality Major influence on post-thaw quality (requires assessment and definition)
ha”d“n% Sperm density Can affect cryopreservation and fertilization (a major uncontrolled variable unless set)
reparation, . . . .
gndpfreezing Cryoprotectant Type and final concentration is a critical factor (should be defined and reported)
process Motility Sperm motility prior to addition of cryoprotectant (should be defined and reported)
Equilibration time Requires tight control of methods and temperature (should be defined and reported)
Packaging Affects heat transfer (type, size, and materials should be defined and reported)
Biosecurity Such as sealing of containers and disinfection (should be defined and reported)
Cooling rate Critical cryobiological factor (should be defined with start and finish temperatures)

Storage time

Duration can differentiate freezing and super-cooling (should be defined and reported)

Egg collection
and use of
thawed sperm
samples for
fertilization

Pooling of eggs
Thawing process
Post-thaw motility

Fertilization method

Sperm-to-egg ratio

Egg quality
Fertilization rate

Hatching rate

Sometimes used to provide sufficient numbers for experiments (should be reported)
Warming temperature, duration, and rate (should be defined and reported)
Necessary to estimate effects of cryopreservation (should be defined and reported)
Can influence gamete activation especially for thawed sperm (should be reported)
Concentration and volume of sperm for fertilization (should be defined and reported)
Fresh sperm can be used to evaluate fertility of eggs (should be reported)

Reporting of exact definition of fertility criteria should be compulsory

Reporting of absolute or relative values should be identified (report both)

*GSI, gonadosomatic index, the percentage of testis weight in relation to the body weight.
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More insidious is the problem caused by usage of particular terms such as “percent motility” or
“percent fertilization” to represent a spectrum of widely varied activities and endpoints that are
partially reported or not defined; such terms are often directly compared with the assumption that
the conclusions are meaningful. This is a basic impediment to the pursuit of scientific research
and has been addressed in a number of sections and chapters throughout this volume.

In brief, cryopreservation addresses the freezing, cryogenic storage and thawing of living
material. Gametes or early life stages (e.g., embryos and larvae) are collected and suspended in
an extender solution. The material to be frozen is usually evaluated for quality (e.g., motility of
sperm) and can be maintained by refrigeration prior to the actual freezing and thawing processes.
Fertilization success of gametes and subsequent development of early life stages are the first
demonstration of cryopreservation success. Numerous factors such as cooling and thawing rates
can influence formation of ice crystals, cell dehydration and maintenance of cell integrity. The
addition of permeating cryoprotectant agents (e.g., dimethyl sulfoxide, methanol or glycerol) can
minimize cell damage associated with ice formation. Most cryoprotectants, however, are toxic to
cells and must be diluted with an extender solution prior to the addition of sperm. Cryoprotectant
concentration and equilibration time (for the cryoprotectant to permeate the cell) can influence
cryopreservation success. Moreover, this process can be species-specific or male-specific
(although the exact magnitude and sources of variation are yet to be identified), and it can even
depend on the timing when sperm are collected during the spawning season. These factors can
lead to fertilization success rates that are variable among and within species. Previous reviews on
fish sperm cryopreservation notwithstanding (e.g., Horton and Ott 1976, Scott and Baynes 1980,
Stoss 1983, Billard et al. 1995, Rana 1995, Tiersch and Mazik 2000, Cabrita et al. 2009) the
literature on this subject remains fragmented and disjointed, and protocols for cryopreservation
vary considerably from study to study.

With respect to the human dimension, cryopreservation researchers working with aquatic
species comprise a heterogeneous lot. Consider the variation presented by the authors of this
volume, who likely provide a representative sample (perhaps even a healthy percentage) of the
total population of active workers around the world. The more than 140 authors represent more
than 20 countries (including some 25 states in the United States) and at least 75 different
organizations and departments ranging from veterinary and medical schools to land-grant
schools and community colleges to tribal governments to state, provincial and federal agencies to
private organizations. Numerous disciplines are represented including conservation and
molecular genetics, animal breeding, histology, endocrinology, physiology, basic cryobiology,
veterinary medicine, animal science, oceanography, fisheries, hatcheries and aquaculture. These
authors report on more than 70 species of amphibians, fishes, bivalves, gastropods, crustaceans
and polychaetes. In contrast, much larger, more homogeneous groups often pursue study of
cryopreservation within a single species (e.g., cattle, swine, or humans).

These and other issues have driven the genesis of this second edition. This volume
recognizes protocol development as the foundation for the current status of this field, but places
it in the context of pathway development (rather than the typical, narrow, single-entity research
approach), and proceeds from there into commercial application and programmatic development.
These activities will require a broad, comprehensive picture to emerge as this field moves
forward, and it is hoped that this volume can at least serve to open some of the necessary
discussions. This edition has added two new sections (gamete quality analysis, and international
perspectives) and is not directly organized along the steps in the cryopreservation process. As
such, cryopreservation process steps are presented across multiple sections (Figure 1).
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Protocol Sections 11, 111, 1V, V, VI, VI
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Sections I, 11, VII, V, VI

Sections I, 11, 111, 1V, VI

Sections I, V, VI, VII, X, XI

Figure 1. An outline of major steps in cryopreservation process and the corresponding sections in
this volume in which the material is presented.

Likewise, this volume addresses multiple steps required for technology application and
industry and programmatic development. This information is also distributed across the various
sections of the volume (Figure 2, next page).
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Sections I1, V, VI, VII, IX, X, XI

Sections VII, X, XI

Sections 11, XI

Sections II, 1V, VII, XI

Sections 11, VI, VII

Sections I, VII, IX, X, XI

Sections I, 111, VII, VIII, 1X, X, XI

Sections IX, X, XI

Sections IX, X, Xl

Figure 2. An outline of major steps in application and programmatic development and the
corresponding sections in this volume in which the material is presented.

Despite the problems described above, cryopreservation has been successfully applied, at
least in sperm, in numerous aquatic species. In many cases research groups have reinvented
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protocols or developed alternative methods to yield comparable results. Fortunately, to facilitate
the transition in aquatic species to commercial-scale application there are multi-million dollar
industries already in place for cryopreservation of livestock semen which can provide
methodologies, equipment, and insights. Cryopreservation of fish gametes gradually increased in
the four decades since Blaxter (1953) reported the freezing of sperm to hybridize spring and fall
spawning herring. Within the past 15 yr, the number of studies has expanded to the point where
considerable uncertainty exists even in the number of aquatic species for which sperm has been
cryopreserved (reported for example as between 50 and 200 species) and a current estimate is
needed. Cryopreservation technology has enhanced hatchery and aquaculture operations by
providing flexibility in spawning of females, greater control in breeding programs, and the
ability to store favorable genes for extended periods. In addition, concern for native fish
populations has resulted in examining sperm cryopreservation as a way to preserve genetic
material and transfer genes between wild and hatchery populations.

A review on cryopreservation of fish sperm in the Introduction of the first edition of this
book summarized 185 reports (including abstracts, conference proceedings, technical reports,
book chapters, and 138 peer-reviewed journal articles) published between 1953 and 1996. It was
found that research on sperm cryopreservation had at that point been described in print for at
least 83 fish species from 35 families. The majority of publications were on economically
important species, focused primarily on the salmonids, cyprinids and catfishes. These studies
addressed freshwater (49%), marine (31%), brackish (7%) and anadromous (13%) fishes, or
when viewed by categories, commercial and sport fisheries (51%), cultured ornamental and food
fishes (39%), wild (non-sport) fishes (7%) and threatened and endangered species (3%). These
basic trends likely hold true today, but there has been a great increase in the global nature of this
work and expansion into amphibians and invertebrates. It would be very useful for cross-sector
stakeholders to gather and census the numbers, types, and activity levels of global efforts in
aquatic species. Indeed, it is likely that an international society and journal could now be
developed in the area of aquatic germplasm and genetics. A basic illustration of this growth can
be seen in the number of peer-reviewed publications addressing cryopreservation, which since
the year 2000 is equal or larger to the number of all publications prior to that time (Figure 3).
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Figure 3. Six decades of peer-reviewed publications addressing fish sperm cryopreservation.
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As the gaps in communication within the international community become ever smaller,
increased exchange of information will accelerate research and application in cryopreservation.
We should be aware that application will bring the potential for rapid changes in other fields. For
example, cryopreservation can assist development and distribution of improved lines, including
those produced by gene transfer. Therefore the availability of cryopreservation could accelerate
application and distribution of genetically modified organisms. It is not unreasonable to assume
that new product forms will emerge and current regulations may not be adequate. For example,
consider the ease of transport of millions of transgenic oyster embryos in a few frozen straws
compared to the transport of even a few hundred broodstock oysters. We have also seen a great
increase in interest from members of the biomedical fish community since 2000. Large genetic
screening projects utilize mutagenesis strategies that can yield thousands of new research lines,
and this coupled with transgenesis and other technologies has produced a conservatively
estimated current inventory of some 20,000 research lines maintained as live populations in
zebrafish Danio rerio alone.

Given that cryopreservation is not perfected as yet, we should give consideration to the
use of low-quality samples including non-motile sperm. Techniques such as intracytoplasmic
injection (ICSI) of sperm can allow fertilization that would otherwise not be possible. There is,
moreover, reason to suggest (while it is perhaps surprising to do so in a book on
cryopreservation) that most germplasm repositories based on cryogenic storage in liquid nitrogen
will eventually fail. Technical problems, accidents, loss of key personnel, political pressures, and
changes in priorities can result in loss of cryogenic repositories. These problems would be
compounded in developing countries where the expense of liquid nitrogen could inhibit
repository maintenance. Efforts should be made to identify methods that complement cryogenic
storage. Development of techniques such as ICSI for use in aquatic species could thus not only
reclaim damaged sperm, but would also open the door to use of other less-costly methods of
storage such as freeze-drying.

Fortunately, as indicated above, the published resources in aquatic species and for
cryopreservation in general have expanded greatly since 2000. There are currently at least 30
high-quality reference works available in book form (most appearing in the past 10 yr) that
address cryobiology, cryopreservation technology, and spermatology (Table 2, next page). In
addition, there are now at least 60 reviews in a variety of forms specifically addressing relevant
topics in aquatic species (Table 3). This provides a wealth of information for students and
practitioners.

The benefits of cryopreservation as they are typically currently viewed include at least
five aspects of improvement for existing industries (some indicated above) and for creation of
new industries. First, cryopreservation can be used to improve existing hatchery operations by
providing sperm on demand and simplifying the timing of induced spawning. Second, frozen
sperm can enhance efficient use of facilities and create new opportunities in the hatchery by
eliminating the need to maintain live males, potentially freeing resources for use with females
and larvae. Third, valuable genetic lineages such as endangered species, research models, or
improved farmed strains can be protected by storage of frozen sperm. Fourth, cryopreservation
opens the door for rapid genetic improvement. Frozen sperm can be used in breeding programs
to create improved lines and shape the genetic resources available for aquaculture. Finally,
cryopreserved sperm of aquatic species will at some point become an entirely new industry itself.



Table 2. Books addressing topics relevant to cryobiology and cryopreservation including those addressing aquatic species.

Title Citation

Life and Death at Low Temperatures Luyet and Gehenio 1940
Biological Effects of Freezing and Supercooling Smith 1961
Cryobiology Meryman 1966

Current Trends in Cryobiology Smith 1970

The Frozen Cell

The Freezing of Mammalian Embryos

Low Temperature Preservation in Medicine and Biology

ATCC Preservation Methods: Freezing and Freeze-Drying

Fish Evolution and Systematics: Evidence from Spermatozoa

Advances in Low-Temperature Biology

Cryopreservation and Freeze-Drying Protocols

Reproductive Tissue Banking: Scientific Principles

Action Before Extinction

Cryopreservation in Aquatic Species (first edition)

Cryobanking the Genetic Resource: Wildlife Conservation for the Future?
Low Temperature and Cryogenic Refrigeration

Life in the Frozen State

The Sperm Cell

Spermatology

Advances in Biopreservation

Cryopreservation and Freeze-Drying Protocols, 2nd edition

Vitrification in Assisted Reproduction

Theory and Techniques of Fish Spermatozoa and Embryos Cryopreservation
The Fish Oocyte

Fish Spermatology

The Effects of Low Temperature on Biological Systems

Sperm Banking: Theory and Practice

Sperm Biology

Methods in Reproductive Aquaculture Marine and Freshwater Species
Reproductive Biology and Phylogeny of Fishes, Volumes A and B
Fundamentals of Cryobiology

Fertility Cryopreservation

WHO Laboratory Manual for the Examination and Processing of Human Semen

Wolstenholme and O’Connor 1970
Elliott and Whelan 1977
Ashwood-Smith and Farrant 1980
Simione and Brown 1991
Jamieson 1991

Steponkus 1993

Day and McLellan 1995

Karow and Critser 1997

Harvey et al. 1998

Tiersch and Mazik 2000

Watson and Holt 2001

Kakac et al. 2003

Fuller et al. 2004

De Jonge and Barratt 2006
Roldan and Gomendio 2007
Baust and Baust 2007

Day and Stacey 2007

Tucker and Liebermann 2007
Chen 2007

Babin et al. 2007

Alavi et al. 2008

Grout and Morris 2009

Pacey and Tomlinson 2009
Birkhead et al. 2009

Cabrita et al. 2009

Jamieson 2009

Zhmakin 2009

Chian and Quinn 2010

World Health Organization 2010




Table 3. Book chapters, review articles, workshop proceedings (“W Proceeding’), and conference proceedings (“C Proceeding™)

addressing topics relevant to cryobiology and cryopreservation of aquatic species.

Short Title Type Citation
Cryopreservation of fish spermatozoa and ova Article Horton and Ott 1976
Cryogenic preservation of fish and mammalian spermatozoa Article Mounib 1978
Cryopreservation of the sperm of some freshwater teleosts Article Stein and Bayrle 1978
Some data on gametes preservation and artificial insemination in teleost fish ~ C Proceeding Billard 1978
Reproduction and artificial insemination in teleost fish C Proceeding Billard 1980

Preservation of gametes of freshwater fish

A review of the biology, handling and storage of salmonid spermatozoa
Cryogenic storage of gametes of carps and catfishes

Cryopreservation of spermatozoa of freshwater fishes of Asia
Cryobiology and the storage of teleost gametes

Cryopreservation of fish sperm

Fish gamete preservation and spermatozoan physiology
Cryopreservation and fertility of fish, poultry and mammalian spermatozoa
Some factors affecting the preservation of salmonid spermatozoa
Artificial insemination and gamete management in fish

Artificial insemination and the preservation of semen

Live preservation of fish gametes

Fish sperm cryopreservation in Taiwan

Conservation and preservation of genetic variation in aquatic organisms
Cryopreservation of aquatic gametes and embryos

Cryopreservation of fish spermatozoa

Preservation of gametes

Cryopreservation of fish spermatozoa: effect of cooling methods
Cryopreservation of fish semen

Cryopreservation of finfish and shellfish sperms

Cryopreservation of embryos in the oyster and clam

Cryoconservation du sperme et des embryons de poissons
Cryopreservation and aquaculture: a case study with penaeid shrimp larvae
Cryopreservation in Aquatic Species

Cryopreservation of gametes in aquatic species

Techniques of genetic resource banking in fish

C Proceeding
Article
Article
Article

C Proceeding
Chapter
Chapter

C Proceeding
Article
Article
Chapter
Chapter
Article
Chapter

C Proceeding
Chapter
Chapter

C Proceeding
C Proceeding
Article
Article
Article
Article

Book
Special issue
Chapter

Erdahl and Graham 1980
Scott and Baynes 1980
Withler 1980

Withler 1981

Harvey 1982

Kopeika and Novikov 1983*
Stoss 1983

Graham et al. 1984

Erdahl et al. 1984

Billard 1988

Watson 1990

Leung and Jamieson 1991
Chao 1991

McAndrew et al. 1992

Rana 1995a

Rana 1995b

Rana 1995c¢

Rana and Gilmour 1996
Maisse 1996

Chao 1996

Chao et al. 1997

Maisse et al. 1998
Subremoniam and Arun 1999
Tiersch and Mazik (editors) 2000
Lahnsteiner (editor) 2000
Billard and Zhang 2001




Short Title Type Citation
Cryopreservation of finfish and shellfish gametes and embryos Article Chao and Liao 2001
Cryopreservation in aquarium fishes Avrticle Tiersch 2001

Main improvements in semen and embryo cryopreservation for fish and fowl W Proceeding Blesbois and Labbe 2003
Biosecurity and regulatory considerations for aquatic species Chapter Tiersch and Jenkins 2003
Cryopreservation of gametes and embryos of aquatic species Chapter Zhang 2004
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Future development of a germplasm industry will require integrated practices for sample
collection, refrigerated storage, freezing, thawing, rules for use and disposal, transfer
agreements, and database development. Indeed the development of this new industry continues
to be constrained by factors including the technical requirements for scaling-up to commercial
operations during the transition from research, and the absence of uniform quality control
practices, industry standards, marketing and price structures, and appropriate biosecurity
safeguards (e.g., Figure 2).

However, moving forward in the future will involve more than increasing the scale and
types of our activities; we will need to change the way we view these technologies and their
utility and value forms. For example, cryopreservation is a technology that provides new ways to
generate, maintain and distribute genetic resources. These resources represent a bankable form of
wealth. For example, as indicated above, within aquatic biomedical models, genetic resources
(e.g., newly characterized mutations or phenotypes) are discovered, catalogued, studied, and
integrated into “omic” platforms with each step along this pathway increasing the informational
value. Practical utility provides additional value when this genetic information can be
manipulated and studied in living organisms (e.g., fish). Thus because of tremendous research
effort, the genetic resources associated with biomedical model fishes are increasing rapidly in
information value, but are increasingly limited in utility value because of the constraints imposed
by maintaining these ever-expanding genetic resources as live populations.

Germplasm is another form of wealth that can be viewed simply as the gametes necessary
to perform matings, or more expansively as an exchange currency allowing creation,
maintenance and transport of the informational and utility values of genetic resources. If we view
this as an economic system, the ability to accumulate, store, and catalog germplasm represents a
readily transferable form of wealth that is bankable. In our current system we are over-invested
in informational value, constrained in utility value, and essentially without investment in
exchange currency. This equation can be balanced by taking advantage of the opportunities
offered by establishment of large, interactive germplasm repositories to bank genetic resources.
To fully open new mechanisms for accruing value from genetic resources, germplasm banking
must be on a scale of thousands or tens of thousands of samples This can only be accomplished
by development of high-throughput cryopreservation approaches integrating biological variables,
cryobiological principles, equipment and facility development, process control for sample
handling, inventory and databasing, quality control and assessment, standardization and
establishment of industrial standards, and institution of biosecurity systems — in short, more than
simply freezing a few sperm samples. This would also involve a conceptual shift from an
informational (theoretical) bias to an expansion of utility value by recognizing the essentially
unexploited value of germplasm.

As a practical example, the substantial genetic improvement in global dairy herds has
been accomplished almost entirely through the use of cryopreserved sperm to enable selective
breeding of bulls to serve as a means to improve milk yields in their daughters. This has
produced a multi-billion dollar global market for germplasm where the genetic resources
(germplasm) are worth more than the individual bulls they originated from. Genetic information
(e.g., data on milk production) is converted into utility value (more efficient dairy herds) through
cryopreserved germplasm (the exchange currency). Discussions within aquatic species
communities are needed to facilitate the transfer of conceptual approaches that have succeeded in
organisms such as livestock by looking for linkages across current needs and opportunities in
facilities, equipment, and protocols. High-throughput should be scalable to the needs of
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individual laboratories and should strive to establish a central pathway that can accommodate all
current levels and methods of application, while simultaneously funneling these activities into a
standardized approach that incorporates new technologies such as microfluidics and micro-
devices (e.g., see new chapter by Park et al.). This process should also take advantage of
industrial methods supported by commercial vendors of specialized equipment, supplies and
reagents, and industrial-level service providers for cryopreservation, storage and quality control.

Matters such as these have been actively considered in fields outside of aquatic sciences.
In fact, books such as Improving Cattle by the Millions: NAAB and the Development and
Worldwide Application of Artificial Insemination (Herman 1981) should be required reading for
all who wish to apply cryopreservation to aquatic species. That book provides a history of the
National Association of Animal Breeders (NAAB) and their activities with dairy and beef cattle
throughout the 20th century. It is interesting to note (as done in the first edition of this book) that
early in the century, arguments against the use of artificial insemination in cattle included:

1) Reaction to the word “artificial” which lead to claims that such work was against the

laws of God or nature.

2) The fear that it would produce abnormal offspring.

3) The concern that it would alter sex ratios.

4) The concern that it would spread disease.

5) The concern that mistakes would result in contaminated bloodlines.

6) The concern that it required too much time and effort.

7) The concern that it would cost too much.
It is perhaps significant that as we continue to move into the 21st century we find these same
objections directed against the application of cryopreservation to aquatic species. Given that
these and other arguments were refuted or easily remedied, it is clear that there is more than
technique that can be transferred from livestock to aquatic species.
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Gonads and Gametes of Fishes

Harry Grier and Carole Neidig

Overview

Teleosts that may be cultured as food fish, and whose gametes are worth cryopreserving
for aquaculture or genetic conservation, primarily share a common reproductive mode: external
fertilization. Gametes are shed into the aqueous, external environment where fertilization and
egg development occur. Some of these teleosts are lower fishes (e.g., families Salmonidae,
Esocidae, Siluridae and Cyprinidae) and others are higher fishes (e.g., order Perciformes).
Differences in gonadal morphology between lower and higher teleosts are minor, but notable. In
males and females, gametes are derived from a germinal epithelium (Grier 2000, Parenti and
Grier 2004, Grier et al. 2009) that is composed of germ cells and somatic cells. Germinal
epithelia rest upon a basement membrane, as do all epithelia, which also separates them from the
stromal (females) or interstitial (males) compartments of the ovaries and testes. This is expressed
in numerous histology textbooks (see Grier and Lo Nostro 2000) that epithelia rest upon a
basement membrane, but the epithelium is considered to be only the epithelial cells.

In females, the germ cells within the germinal epithelium are oogonia and meiotic
oocytes; primary oocyte growth commences within the germinal epithelium after meiotic arrest
and prior to the completion of folliculogenesis, as in common snook Centropomus undecimalis
(Grier 2000, Figures 6 and 7). The somatic cells in the germinal epithelium are epithelial cells
that become prefollicle cells when associated with germ cells. Finally, they become follicle cells
surrounding an oocyte at the completion of folliculogenesis. An ovarian follicle (Grier 2000) is
strictly composed of the oocyte and follicle cells; it is an epithelial derivative. The follicle is
surrounded by a basement membrane and theca. Further, this definition of an ovarian follicle
reflects upon the conserved process of folliculogenesis among fish and mammals. This is the
textbook definition of an ovarian follicle (see Grier 2000, Grier and Lo Nostro 2000, Grier et al.
2009) and supports a unified terminology between vertebrates (Grier and Lo Nostro 2000) that is
based on homology of biological structure. This definition is at odds with the variable-by-author
definitions of an ovarian follicle presented in the fish literature that generally include a basement
membrane and always include the theca (see Grier 2000, Grier and Lo Nostro 2000).

The definition of an ovarian follicle is not based on it being a functional unit, in
acknowledgment of the physiological role the theca plays in oocyte and follicle development, as
in recent reviews (Le Menn et al. 2007, Lubzens et al. 2010). Based on new information, the
process of folliculogenesis, the “functional unit,” composed of the follicle, basement membrane
and theca, has been defined as a “follicle complex” (Grier 2000, Grier and Lo Nostro 2000). As a
result of inconsistent terminology in the fish reproductive literature, a tiered staging schema for
oocyte development was developed (Grier et al. 2009). Six, stable oocyte stages were defined,
beginning with the mitotic division of oogonia and ending with ovulation. Terminology in use
was retained and redefined according to new information. Similarly, the same was done for male
fish (Grier and Uribe 2009) based on changes in the male germinal epithelium being used to
define annual reproductive phases. The new oocyte staging schema, developed for saltwater,
perciform fish, has potential to become universal; it has been applied to a freshwater, siluriform
catfish the spotted pimelodus Pimelodus maculatus (Quagio-Grassiotto et al. unpublished) with

Grier, H. and C. Neidig. 2011. Gonads and Gametes of Fishes. In: Cryopreservation in Aquatic Species, 2™
Edition. T. R. Tiersch and C. C. Green, editors. World Aquaculture Society, Baton Rouge, Louisiana. Pp. 19-32.
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appropriate modification. The staging schema is potentially universal as its “Stages” are
subdivided into “Steps” (Table 1). The “Steps” are eliminated or moved in different positions to
suit individual species or systematic groupings of species. For example, the “oil droplets” step
was eliminated from the P. maculatus staging as has to be done for all ostariophysan fish (i.e.,
silurids, cyprinids, gymnotids, characids). Also, changes in the steps within the “Stage Oocyte
Maturation” were needed. However, the process of folliculogenesis is precisely the same
between P. maculatus and C. undecimalis. Folliculogenesis is a conserved process.

A notable difference between male and female gamete development is that in males
numerous, isogenic sperm develop within a spermatocyst whose borders are formed by somatic
cells, the Sertoli cells. The spermatocyst equivalent in females is the ovarian follicle that has a
single germ cell surrounded by somatic follicle cells. A second distinguishing character of the
female germ cell is meiotic arrest, which is conserved throughout the vertebrates. During meiotic
arrest, oocyte growth and maturation occur with arrest being broken only at the end of oocyte
maturation, just prior to ovulation. Meiosis then proceeds to metaphase of the second meiotic
division when a second arrest occurs which lasts until fertilization.

General Organization of the Testis

In males, germ cells are spermatogonia, spermatocytes, spermatids and sperm. In fish,
spermatogenesis occurs within spermatocysts, and sperm are released into the lumina of
anastomosing tubules (lower fishes) or lobules (higher fishes) (Grier 1993, Parenti and Grier
2004). The difference between anastomosing tubules and lobules is a matter of degree rather than
kind, but this is significant because there are also systematic implications in the evolution of
testis types in fish. The teleost testis is divided into germinal and interstitial compartments
(Callard 1991, Grier 1993), with separate functions of the two compartments reflected by the cell
types of which they are composed (Figure 1). The interstitial compartment contains the blood
supply to the testis, contractile myoid cells and androgen-secreting Leydig cells (Figure 2B).
Myoid cells have the characteristics of smooth muscle cells and form an incomplete layer over
the surface of the germinal compartment (Grier 1993). In northern pike Esox lucius, the muscle
cells are attached to each other via macula densa (Grier et al. 1989). Presumably, their
contractions, particularly around the testis ducts, aid in expelling sperm during spawning.

Figure 1. Diagram of anastomosing tubular
(left) and lobular (right) fish testes. The
interstitial compartments () of the testes are
stippled while the germinal compartments are
white, labeled anastomosing tubules (AT) or
branching lobules (L). Lobules terminate at
the periphery of the testis. Sperm drain into
the main duct (MD). Note that anastomosing
of the germinal compartment in the lobular
testis type can occur medially, but does not
occur at the periphery of the testis.
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In the germinal compartment in the fish testis, dual functions of spermatogenesis and
sperm storage take place (Grier 1993, Grier and Taylor 1998). As indicated above, germinal
compartment morphology in fishes has been used to distinguish two testis types: the
anastomosing tubular testis, and the lobular testis. In the anastomosing tubular testis the germinal
compartment forms a highly interconnected, anastomosing system of considerable complexity
(Figure 1). At the periphery of the testis, the germinal compartment forms loops that double back
and unite with the anastomosing network tubules. This testis type has only been observed in
lower fishes such as bowfin Amia calva and Florida gar Lepisosteus platyrhinchus (Holostei),
rainbow trout Oncorhynchus mykiss (Salmoniformes), northern pike and chain pickerel Esox
niger (Esociformes) (Grier 1993) and goldfish Carassius auratus (Cypriniformes) (Grier
personal observation). Many species that have the anastomosing tubular testis type have been
domesticated for hundreds of years (goldfish for example) and others are important in
aquaculture as commercial food or game fish (e.g., pink salmon Oncorhynchus gorbuscha,
rainbow trout, and northern pike).

As characteristic of higher fishes (Grier 1993, Parenti and Grier 2004), the germinal
compartments are arranged as lobules that terminate blindly at the periphery of the testis (Figure
1). However, lobular testes may also form anastomosing networks, near the ducts. In common
snook the testicular lobules branch as they grow in length prior to the spawning season (Grier
and Taylor 1998). Subsequently, anastomosing may occur as the juxtaposed, lobule lateral walls
join and their lumina become confluent (Grier and Taylor 1998). This process of lobular
elongation, branching and formation of anastomoses between lobules leads to the formation of a
highly complex germinal compartment. As this occurs, there is also a functional shift from total
sperm production to spermatogenesis and sperm storage. It is probable that the process of
testicular growth, or recrudescence, prior to the fish being reproductive occurs by the same
mechanism in all species of fish with lobular testes. Scant information is available, but this
appears to be the case in perciform fishes such as red drum Sciaenops ocellatus (Grier et al.
1987), speckled sea trout Cynoscion nebulosus (Brown-Peterson et al. 1988) and blue tilapia
Oreochromis aureus (Grier and Abraham 1983). All of these species are multiple spawners that
produce clutches of eggs during the spawning season. In teleosts that spawn only once during a
reproductive season, or have a very restricted spawning season, the process of testicular
maturation is completed prior to spawning and the entire testis essentially becomes a sperm
storage organ, as is the case in the striped mullet Mugil cephalus (Grier unpublished).

In either anastomosing tubular or lobular testis types, the germinal epithelium contains
two cell types: the Sertoli cells, and the germ cells that give rise to sperm. Most fishes important
to aquaculture fertilize eggs externally, and although sperm morphology can vary among taxa, it
is generally classified as “teleostean aquasperm” (Figure 2A, next page) (Jamieson 1991).
Typically, aguasperm have spherical nuclei, and in scanning electron micrographs, the mid-piece
is difficult to distinguish (Figure 2A, B). Generally, there is a single flagellum for motility, but
some fish sperm are biflagellated (Mattei 1970, 1991, Jamieson 1991).
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Figure 2. (Top panel) Scanning electron micrograph showing the basic morphology of teleost
aquasperm as exemplified by redbelly tilapia Tilapia zilli. The spherical nucleus (n) is <2 um in
diameter; the mid-piece (mp) is nearly indistinct; flagella (f) are seemingly tangled within the main
testis duct (bar = 4um).

(Middle panel) Transmission electron micrograph showing testis structure in striped mullet Mugil
cephalus typical of fish in general. Leydig cells (LE) and myoid cells (M) are found in the interstitial
compartment. The basement membrane that separates the interstitial compartment from the
germinal compartment of the testis is not clearly visible in the micrograph. The germinal
compartment depicts individual spermatogonia (SG") and spermatogonia within spermatocysts
(SG) enclosed by Sertoli cell (SE) processes. Nuclei of mature sperm (SP) are spherical, and closely
associated flagella are present. Sperm reside within the lumen of the lobule. Meiotic spermatocytes
(SC) can be distinguished from secondary spermatogonia by the latter still having nucleoli
(arrows), which disappear during meiotic prophase. A lipid globule (l) is visible within the Sertoli
cell cytoplasm (bar = 5um).

(Bottom panel) Light micrograph of an ovarian lamella in cross section from common snook.
Oocyte staging uses a letter system and updated nomenclature (Grier et al. 2009). The germinal
epithelium (GE) lines the periphery of the lamella that borders upon the ovarian lumen or cavity.
Previtellogenic, primary growth oocytes have intensely staining basophilic ooplasm and are
primarily located beneath the germinal epithelium from which they originated. One primary
growth oocyte is in the perinucleolar step of primary growth (PGpn), and small, spherical nucleoli
are observed around the periphery of its germinal vesicle. Right to left, oil or lipid droplets (I) begin
to appear, initially being somewhat scattered in the ooplasm of a growing oocyte. Developing yolk
globules, as small, dense structures, are peripheral to the lipid or oil droplets (I) which encircle the
germinal vesicle during early secondary growth (SGe). They are larger and more prominent than
previously, but become even larger yet in full-grown oocytes (SGfg). The ooplasm remains “zoned”
with oil droplets surrounding the germinal vesicle and are intermixed with dark-staining yolk
globules that extend to the oocyte perpiphery. Small, clear vesicles (not labeled) at the oocyte
periphery are cortical alveoli, present in all fish oocytes. Higher magnification would reveal that
these are intermixed, particularly, with small yolk globules. A secondary growth, full-grown oocyte
is approximately 450 um in diameter. Nucleoli (arrows) tend to remain clustered at the periphery of
the nucleus. The oocytes are enclosed by a chorion (ch) or zona pellucida, which is most notable in
the full-grown oocyte. A postovulatory follicle complex (POC) is seen, indicating recent ovulation
(bar =100 pm).

Spermatogenesis

Germinal epithelium is unique among epithelia because within this tissue a specialized
cell division, called meiosis, occurs. This consists of two successive divisions during which the
organismal diploid chromosome number is reduced by half, becoming the haploid germ cell
number. In the male germinal epithelium, there is a succession of germ cell stages that begins
with spermatogonia and progresses through primary and secondary spermatocytes, spermatids
and finally sperm. Spermatogonia are the progenitor diploid cells that divide by mitosis within
the germinal epithelium to maintain their presence or enter into meiosis, becoming destined to
produce sperm. Primary spermatogonia are surrounded by Sertoli cell processes, whereas
secondary spermatogonia are confined to a spermatocyst and will become meiotic primary
spermatocytes. The transition of secondary spermatogonia into meiotic primary spermatocytes is
marked by the disappearance of the nucleoli (Figure 2B). The cell resulting from the first meiotic
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division is a haploid, secondary spermatocyte. Secondary spermatocytes immediately enter into
the second meiotic division producing a spermatid.

New spermatids, within a spermatocyst, synchronously begin the process of
spermiogenesis. Centrioles migrate to the periphery of the cell, and the centriole located at a
right angle to the spermatid outer membrane becomes the basal body that forms the flagellum,
the motile apparatus of the mature sperm. As the flagellum elongates, the nucleus begins to
change shape as chromosomes condense. A nuclear indentation, or a fossa, generally forms,
accepting the two centrioles as the flagellum continues to elongate. The mitochondria enlarge
and migrate to surround the proximal end of the flagellum. This orientation of mitochondria and
flagellum forms the mid-piece of the mature spermatozoan (Figure 3, next page). Meanwhile, the
spermatid cytoplasm also migrates posteriorly and is cast off as the residual body, which is
phagocytized by Sertoli cells. Residual body phagocytosis is found in all vertebrate groups and
has been proposed to signify homology of Sertoli cells (Grier 1993) among vertebrates.

Within vertebrates, fish are the most reproductively diverse, which is reflected in sperm
morphology, particularly in internally fertilizing fishes (Billard 1970, Mattei 1970, 1991,
Jamieson 1991, Burns et al. 1995, 2009, Burns and Weitzman 2005). External fertilization is
characteristic of most finfish considered to be suitable for aquaculture. And, with few exceptions,
aquasperm of all these species have a basic morphology that is surprisingly uniform: all lack an
acrosome, all have a rounded nucleus, short mid-piece and a flagellum for motility (Figures 2A,
and 3A, B, C). Sperm nuclei are generally about 2 um in diameter. The flagellum extends from
the basal body. Typically, the midpiece consists of spherical mitochondria encircling the
proximal portion of the flagellum (Figure 3).

General Organization of the Ovary

The ovaries of lower fishes, such as the salmonids and sturgeons, are suspended from a
dorsal mesentery, the mesovarium. The ovary is composed of numerous ovigerous lamellae that
project into the coelom forming the gymnovarian ovary. In contrast to lower fishes, the ovaries
of higher fishes possess a central lumen into which the ovarian lamellae project. This is the
cystovarian ovary. Lamellae consist of stroma in which smooth muscle-like cells and blood
vessels occur, in a large extravascular space (Grier et al. 2009). Numerous follicles (an oocyte
and surrounding follicle cells) are separated from the stroma by a basement membrane. Outside
the basement membrane there is a theca, divided into a theca interna and a theca externa (Grier et
al. 2009). The theca interna becomes vascularized during follicle growth while the theca externa
borders on the extravascular space in which granulocytes are common.

Fish ovarian lamellae are bounded by an active germinal epithelium in which oogonia and
oocytes undergoing folliculogenesis occur (Grier 2000, Parenti and Grier 2004, Grier et al.
2009). Changes in the rate and occurrence of folliculogenesis that are related to fish reproductive
modes such as synchronous and group synchronous spawning, are yet to be documented.
However, it is known that primary oocyte growth, identified by ooplasmic basophilia (Grier et al.
2009), begins prior to the completion of folliculogenesis in common snook (Grier 2000). Upon
ovulation, oocytes become eggs and are shed into the ovarian lumen from where they pass
through a gonoduct into the surrounding water during spawning. It is not appropriate to refer to
“oviducts” in fish because they lack Millerian ducts (Uribe et al. 2005). The analogous structure
through which eggs pass to the exterior in fish is called a gonoduct.
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Figure 3. Typical aquasperm from three species of externally fertilizing fishes. (A) Longitudinal
section through the sperm of the yellow perch Perca flavescens showing the relationship between
the nucleus (n), basal body (bb), and flagellum (f) or axoneme. Oblique sections through nearby
sperm nuclei reveal that they are circular. This structure is modified by a ventral fossa into which
the centriolar complex fits. Bar = 1um. (B) Longitudinal section through a spermatozoon of the
common snook Centropomus undecimalis. In cross section, the nucleus is “C”-shaped, but here a
longitudinal section is presented. The nucleus surrounds the centriolar complex on three sides. The
complex consists of the basal body (bb), which forms the flagellum, and the proximal centriole (pc).
The centrioles are connected by electron-dense material (arrow), probably representing structural
proteins. Spherical mitochondria (m) form a ring around the flagellum in the mid-piece. Bar =
0.5um. (C) A nuclear (n) fossa is ventrally present in sperm nuclei of the goldfish Carassius auratus
and accepts the centriolar complex, of which only the basal body (bb) is seen here. Mid-piece
mitochondria (m) are pleomorphic and may branch. These encompass the flagellum (f). Goldfish
sperm have the unusual traits of having clear areas in the nucleus that are apparently devoid of
condensed DNA and of having vacuolated cytoplasm (*) surrounding the proximal end of the
flagellum (f). (Bar = 0.5 um)
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A histological section taken through part of an ovarian lamella in common snook, a
multiple-spawning teleost (Figure 2C), reveals follicles with oocytes in various stages of
development. Primary oocyte growth commences when basophilia, detected by the common
hematoxylin and eosin stain, is observed within growing oocytes. When oocytes in primary
growth begin to develop oil droplets and cortical alveoli, the zona pellucida, egg envelope or
chorion (terms that are considered to be synonymous) also begins to develop. Secondary oocyte
growth, vitellogenesis, is solely the incorporation of yolk globules into an oocyte. It is defined
(Wallace and Selman 1990) as the: 1) hepatic synthesis of vitellogenin; 2) delivery of
vitellogenin to the oocyte surface via the circulatory system; 3) uptake of vitellogenin by the
oocyte via receptor-mediated indocytosis, and 4) translocation of vitellogenin to forming yolk
bodies (multivesicular bodies) and its subsequent cleavage into yolk and formation of yolk
globules. Vitellogenesis is uniform among the teleosts. It does not include processes that may
also be concurrent in a growing oocyte, such as formation of cortical alveoli. Production of
cortical alveoli is a separate process that occurs via a different intra-oocyte synthetic pathway
than vitellogenesis and involves endoplasmic reticulum and Golgi (Guraya 1986). Sometimes,
cortical alveoli develop prior to the appearance of oil droplets in oocytes, as in mummichog,
Fundulus heteroclitus (Selman and Wallace 1989), or after oil droplets appear, as in common
snook (Grier, unpublished), and after the commencement of vitellogenesis, as in European
seabass, Dicentrarchus labrax (Mayer et al. 1988).

Given the variability in the appearance of cortical alveoli during oocyte growth in
teleosts, their positioning as “Steps” in oocyte growth “Stages” can be altered to adapt the tiered
staging schema (Grier et al. 2009) to different species of fish. Then, the “Cortical Alveolus Step”
may be placed before or after the “Oil Droplets Step” (as in Table 1), or it may be incorporated
into the “Early Secondary Growth Step”. Variability in oocyte developmental patterns are easily
encompassed by the tiered staging schema in which the frequently used “Cortical Alveolus
Stage” (Selman et al. 1986, Begovac and Wallace 1988, Selman and Wallace 1989, Lyman-
Gingerich and Pelegri 2007) is subsumed as a final step within the Primary Growth Stage for
common snook. Or, it can be moved prior to the Oil Droplets Step for F. heteroclitus, or
incorporated into secondary growth, as for D. labrax. Teleosts are the most reproductive diverse
vertebrates, and therefore it should not be expected that a rigid oocyte staging schema would
apply to all species. However, the tiered oocyte staging schema (Grier et al. 2009) defines stable
“Stages” that are subdivided into flexible “Steps” that render this representation of oocyte
development as adaptable. Moreover, the staging schema is the only one that starts at the
beginning (mitotic division of oogonia) and finishes at the end (ovulation and formation of a
postovulatory follicle complex).

Oocyte development has been typically described using numbering systems, but these
vary (West 1990). To circumvent this problem, our hatchery (Neidig et al. 1999) developed a
lettering system to describe stages of vitellogenesis in common snook. The letters reflect oocyte
development that can be observed in wet-mount biopsies obtained under hatchery conditions
using a transmitted-light microscope. The stages were developed so that the aquaculturist could
see if oocytes were undergoing maturation prior to ovulation and strip-spawning. However, since
the development of this staging, new information has become available necessitating an update
of the schema’s nomenclature and adaptation to histological sections of biopsies. As multiple
definitions for processes occurring during oocyte development had to be considered, the “tiered
staging” is applied here to oocyte development, particularly maturation, in wet mounts (Grier et
al. 2009) (Table 1).
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In C. undecimalis, oocyte stages can be assessed from a small biopsy of oocytes taken
from the ovary using a silicon-tubing catheter inserted in the gonoduct oviduct and by applying
slight suction. This wet-mount method for oocyte assessment can also be applied to other large
fish species that produce pelagic eggs that are about 0.8 mm in diameter. Biopsy samples are
placed on a 1 x 3-inch microscope slide, a few drops of water are added, and a coverslip is
placed over the sample and slight pressure applied with a blunt instrument or pencil eraser.
Pressing down on the coverslip flattens the growing oocytes sufficiently for light to pass through
them for evaluation, but the oocytes may burst if too much pressure is applied. Oocytes are
examined using a brightfield, compound microscope at 10-x and 40-x magnification. Cortical
alveoli cannot be observed within oocytes in wet mounts (Figure 4), and oil droplets are not
visible until they began to fuse during maturation, at which time they can be used for
interpretation. Oocytes in maturation can be readily discerned, and if a fish is near ovulation the
oocytes will be clear. Wet-mount oocyte stages were also verified in histological sections of the
biopsies.

The common snook is a saltwater, subtropical species that scatters pelagic eggs
containing an oil globule for neutral or slightly positive buoyancy in the water column.
Unfortunately, the germinal vesicle is usually displaced to the oocyte periphery when using the
wet mount method. This “artifact” should not be taken as a marker for germinal vesicle
migration. Germinal vesicle migration can be verified histologically. In view of this, the
coalescence of oil droplets to become oil globules (Grier 2009) is much more reliable as an
indicator of oocyte development, and can be more easily observed than the germinal vesicle and
its migration, because oil globules possess black borders (Figure 4). The coverslip method,
originally described by Neidig et al. (2000), allows rapid assessment of oocyte maturation and
the timing of spawning without the use noxious fixatives and clearing agents.

Stage PG (primary growth) is the earliest oocyte stage observable in wet mounts. It is
divided into five “Steps” that are easily discerned as the oocytes are clear in wet mounts or are
well-stained in histological sections. Nucleoli are clearly discerned in primary growth oocytes,
but not after vitellogenesis commences and the germinal vesicle appears as a “lighter,” central
area in oocytes (Figure 4A). When first formed, the oil/lipid droplets also could not be evaluated
in brightfield wet mounts as they were too small or masked by dense, opaque yolk globules. Like
cortical alveoli, they can be observed in histological sections. Therefore, histology has been
useful in determining that nucleoli were in the perinuclear position throughout vitellogenesis.
Subsequently, yolk also began to form as lipid yolk continued to accumulate. When an oocyte
has reached maximum diameter, it is full-grown (SGfg) and capable of initiating oocyte
maturation (OM) upon appropriate hormonal stimulus. The four “Steps” of OM are OMegv,
OMgvm, OMgvb and OMmr (Table 1).

Oocyte Maturation

For aquaculture, reproductive fish can be spawned by three methods: 1) natural
spawning; 2) induction of ovulation by hormone application followed by strip spawning, or 3)
induction of ovulation by hormone application after which the fish are allowed to spawn
naturally. We refer to this latter process as “induced natural spawning”. Before spawning can
occur, oocytes must undergo maturation within the follicle and ovulate into the body cavity for
(cytoplasmic) and germinal vesicle (nuclear) maturation (Patifio and Sullivan 2002, Grier et al.
2009), not just the migration of the germinal vesicle and its breakdown subsequent to the
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resumption of meiosis. Frequently, this is referred to as “final oocyte maturation” or “final
maturation,” but these terms are “irrelevant and misleading” (Patifio and Sullivan 2002). They
are replaced by “oocyte maturation” or simply “maturation”. The changes taking place during
oocyte maturation (Table 1) can be defined by letters (Grier et al. 2009) that have been updated
from Neidig et al. (2000).

Table 1. Stages and Steps of oocyte growth and maturation as observed in histological sections and
wet-mount preparations of ovarian biopsies. The “Oogonia Proliferate” and “Chromatin
Nucleolus” stages have been omitted. Each Stage and Step of oocyte development has a code listed
in bold letters. Upper case letters indicate “Stages” while lower case letters indicate “Steps”.
Modified after Grier et al. (2009, Science Publishers: SciPub.org).

Growth and Defining characteristics and code:
maturation (Stages in upper case letters and steps in lower case letters)
stages/steps

Primary Growth/
one-nucleolus

PGon: oocyte is in primary growth (basophilic, blue staining ooplasm in
hematoxylin and eosin sections) with one nucleolus.

Primary Growth/
multiple nucleoli
Primary Growth/
perinucleolar
Primary Growth/
oil droplets
Primary Growth/
cortical alveolar
Early Secondary
Growth
Late Secondary
Growth
Secondary

Growth/full-grown

Oocyte Maturation/

eccentric germinal
vesicle

Oocyte Maturation/

germinal vesicle
migration

Oocyte Maturation/

gv breakdown and
meiosis resumes
Ovulation

PGmn: two or more nucleoli occur within the germinal vesicle (gv).

PGpn: multiple nucleoli are arranged around the periphery of the gv.
Initially, they are spherical.

PGod: Oil (lipid) droplets completely encircle the gv. This step in Primary
Growth is eliminated for Ostariophysan as oil droplets are lacking.

PGca: cortical alveoli in ooplasm. Initially, they may not be restricted to
periphery of the oocyte.

SGe: small yolk globules appear near periphery of the oocyte.

SGI: some yolk globules reach maximum size, but different sized yolk
globules are present, smaller ones tend to be between cortical alveoli.
SGfg: Maximum diameter oocyte with a central germinal vesicle (gv) for
most species/ooplasm filled with yolk globules/cortical alveoli (not seen in
wet mounts) are peripheral beneath the chorion or zona pellucida.
OMegv: Qil droplets become oil globules as they coalesce around the central
gv/yolk not clearing. Qil globules have dark perimeters while the gv
perimeter is diffuse in wet mounts. Oil globules coalesce until a single
globule exists and gv is displaced to eccentric position. Yolk not clearing.
OMgvm: Yolk globules clearing, becoming liquid/gv migration (ooplasm
between it and single oil globule).

OMgvb and OMmr: ooplasm clear, gv breakdown and meiosis resumes, to
arrest in metaphase of the second meiotic division/oocyte is preovulatory.

OV: Oocytes emerge from the follicle, becoming eggs. Free-flowing eggs.
upon slight abdominal compression (hatchery strip spawn) or spawning fish.

Application of Techniques

During ovulation, chemical signals (pheromones) attract males for spawning. The

aquaculturist, (insensitive to pheromones), must be diligent in monitoring fish to detect oocyte
maturation for spawning when ovulation occurs. If strip spawning is to take place after hormonal
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stimulation, it is convenient to be able to monitor the progression of oocyte maturation and
ovulation. Depending on the species, there may be a variable time interval during which eggs
must be fertilized following ovulation before they become non-viable. Therefore, the culturist
must be aware of the biology of the fish being spawned in order to collect samples for the wet-

mount technique (Neidig et al. 2000) (Figure 5).

Figure 4. Stages of oocyte maturation illustrated by
the coverslip method that has been applied to fresh
ovarian biopsies. All photographs were taken at 40-x
magnification (size bars were not included as the
oocytes were artificially spread to reveal the major
cytoplasmic details of maturation used in staging
under hatchery conditions).

A) Full-grown and secondary growth oocytes (*) have
a uniformly dense ooplasm, generally with a clear,
central area indicating the location of the nucleus or
germinal vesicle. In OMegv (oocyte maturation -
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eccentric germinal vesicle step), the
first visible event of maturation, is the
presence of numerous oil globules (0)
that become fewer and larger as
maturation progresses. The nucleus
(n) in these oocytes is central, but may
be peripheral due to its displacement
using the wet mount technique. The
finality of OMegv is a single oil
globule and the germinal vesicle
immediately next to it, as in the lower
right of the micrograph. The ooplasm
is uniformly dense. Oil globules have
dark rims whereas the nucleus border
is diffuse rendering them excellent for
interpretation of maturation.

B) The OMgvm Stage/Step is
characterized by clearing ooplasm
which is mottled because of protein
yolk (p) that has not yet cleared.
Early on, there may be multiple oil
globules, but they coalesce into a
single globule; the nucleus disappears
during this stage, entering prophase
of the first meiotic division. Qil
globules may not be spherical due to
the amount of pressure applied to the
coverslip. Excessive pressure can
cause oocytes to burst; a new sample
may have to be examined.

C) Preovulatory oocytes in the OMmr
Stage/Steps have a completely clear
ooplasm and single oil globule; oocyte
diameter is now about 750 um.
Curved lines within the ooplasm
(arrows) are characteristic of
common snook preovulatory oocytes
and eggs and represent oocyte
cytoplasm.
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Our work centered on common snook which always spawn in the early to late evening
(Taylor et al. 1998). Because of this, and as a hatchery protocol, oocyte biopsies were obtained
every hour as evening approached on the day following injection with human chorionic
gonadotropin (500 1U/Kg) or implantation of time-released pellets of gonadotropin releasing
hormone (10 pg per d) (Neidig et al. 2000) until the Stage OMmr (Table 1) was reached.
Thereafter, fish were checked at 0.5-hr intervals for ovulation, or freely flowing eggs, using
slight abdominal pressure. Upon ovulation, the fish were strip-spawned. As a note of caution,
brood fish suffer stress due to handling. Therefore, it must be emphasized that they should be
disturbed as little as possible and only then to gain information relative to the hatchery setting.

The wet mount technique was used for real-time evaluation of oocytes undergoing
maturation. After an ovarian biopsy was obtained, it was immediately evaluated. In Step OMegv,
multiple oil droplets became fusing oil globules that had a dark halo around them (Figure 4A).
The oocyte germinal vesicle was a diffuse light area. Oil globules and the germinal vesicle were
easily distinguished in fresh biopsies. The finality of the OMegv Stage/Step (Figure 4A), was
characterized by the presence of a single oil droplet, without apparent ooplasmic clearing.
Induced spawning techniques using hormones can cause the last part of the OMegv Stage/Step to
be skipped, as eggs can be released with multiple rather than single oil globules. The normal
situation is the formation a single oil globule during ooplasm clearing and germinal vesicle
migration (OMgvm Stage/step) (Figure 4B). During this stage, the ooplasm had become
translucent but had numerous “blotches” of dark protein yolk globules. In Stage/Step OMmr (the
preovulatory oocyte), the ooplasm was completely translucent aside from a reticulated pattern
produced by basophilic ooplasm extending between clear yolk globules from the periphery of the
oocyte (Figure 4C). This reticulated pattern is not typical in other species of saltwater fish such
as red drum in which preovulatory oocytes have a single pool of fluid, hydrated yolk.

Sperm cells are an excellent choice for cryopreservation. They contain little cytoplasm in
which ice crystals can form. Aquasperm of mature fish are approximately 2 um in diameter, and
have a rounded nucleus with a basal indentation into which the centriolar complex fits. A few
mitochondria surround the proximal end of the flagellum. In at least one species of saltwater fish,
the common snook, cryopreserved sperm (stored for 1 yr) had fertilization comparable with fresh
sperm when used with eggs from strip-spawned females (Tiersch et al. 2004). Cryopreservation
has potential for considerable application in aquaculture and holds promise in sex-changing
species, such as serranid fishes. In many protogynous groupers (that naturally change sex from
female to male), it is difficult to obtain males, which are always larger and older than females
and sometimes inhabit deep water making live capture difficult. If ripe males were captured at
sea, enough sperm could be collected and cryopreserved to fertilize numerous spawns at facilities
that would be otherwise separated geographically, or by seasonality, from naturally ripe males.
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New Chapter

Spermatogenesis in Fish: A Structural and Functional Basis for Applied Research

Marcelo C. Leal, Rafael H. Nobrega and Luiz R. Franca

Introduction

In all groups of vertebrates studied, ranging from fishes to mammals, spermatogenesis
proceeds similarly throughout three distinct phases: 1) spermatogonial proliferation, which
expands the number of premeiotic cells, 2) meiosis of spermatocytes, and 3) spermiogenesis that
involves the differentiation of spermatids into spermatozoa (Russell et al. 1990, Schulz and
Miura 2002, Hess and Franga 2007). This process is dependent on the continuous activity of
spermatogonial stem cells, which are the only stem cells in the body that undergo self-renewal
throughout life and transmit genetic information to the offspring (Hofmann 2008). Hence,
spermatogonial stem cells are considered as the foundation of spermatogenesis and are
responsible for sustaining male fertility in vertebrates. Recently, increased knowledge of these
cells associated with development of germ cell transplantation techniques has offered great
potential value in areas, such as the study of spermatogenesis, production of transgenic animals,
cryopreservation of spermatogonial stem cells, preservation of the genetic stocks of valuable
animals and endangered species, and in reproductive medicine (Brinster 2007).

In this chapter, we will focus on the basic organization of the germinal epithelium in
fishes, morphology of the different types of germ cells, and on some functional aspects of fish
spermatogenesis. Also, we address characterization of normal spermatogenesis that would be
helpful for diagnosis and study of disturbances of this process that lead to impaired male fertility
in fish. Many of the alterations in this process influence spermatozoa structure, such as DNA
organization and condensation, flagellum formation, and mitochondrial defects. Therefore,
knowledge of the basic aspects and nomenclature of fish spermatogenesis is of fundamental
importance for applied research, such as semen cryopreservation.

Organization of the Testis and Spermatogenesis

Similar to other vertebrates, the basic organization of the testis is highly conserved in
fishes. The major components of this organization with respect to the following discussion are
depicted in Figure 1 (next page). The testis is divided into two major compartments: 1) the
tubular compartment composed by the seminiferous epithelium, where the Sertoli cell-germ cell
units called cysts are located, the tunica propria composed by the basal lamina and peritubular
myoid cells, and the seminiferous tubule lumen filled with fluid secreted by Sertoli cells, and 2)
the intertubular compartment containing the steroidogenic Leydig cells, connective tissue cells,
and blood vessels (Pudney 1993, Le Gac and Loir 1999). In the seminiferous epithelium,
spermatogenesis takes place within cysts or spermatocysts, which are formed when a single
spermatogonium is completely surrounded by cytoplasmic projections of Sertoli cells (somatic
cells) (Pudney 1993). The cells resulting from differentiating mitotic divisions of this single
spermatogonium remain usually interconnected by cytoplasmic bridges that synchronize the
development of the members of the same germ cell clone (Pudney 1993, Le Gac and Loir 1999).
Thus, in this cystic type of spermatogenesis, a given Sertoli cell is normally in contact with only
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one germ cell type or clone. This is the main difference in relation to the non-cystic
spermatogenesis, as occurs in amniote vertebrates (anuran amphibians, reptiles, birds, and
mammals), where several clones at different stages of development are distributed along basal,
lateral, and adluminal surfaces of a Sertoli cell.
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Figure 1. Schematic representation of the spermatogenic process in fish. Nine histological cross
sections are shown in the center surrounded by corresponding schematic drawings that serve to
depict progressive developmental stages within the germinative compartment of the testis.
Spermatogenesis takes place within cysts distributed along the basement membrane (BM) of the
seminiferous epithelium. The process begins when cysts are formed by Sertoli cells (SE) completely
surrounding type A undifferentiated spermatogonium (lower left of figure). Cells resulting from the
incomplete mitosis of the differentiating spermatogonia remain connected by cytoplasmic bridges,
developing in a clonal fashion according to the following sequence (proceeding counter-clockwise
from lower left): type A undifferentiated spermatogonium to type A differentiated spermatogonia
(SPG A) — type B early spermatogonia to type B late spermatogonia (SPG B) — leptotene/zygotene
spermatocytes (L/Z) — pachytene spermatocytes (P) — diplotene spermatocytes (D) — secondary
spermatocytes (S) — early spermatids (E1) — intermediate spermatids (E2) — late spermatids (E3)
— spermatozoa (SZ). Note that in cystic spermatogenesis, a given Sertoli cell is usually in contact
with only one germ cell clone. The diagram also illustrates the peritubular myoid cells (MY), and
Leydig cells (LE).

Based on recent investigations for the spermatogonial phase (Leal et al. 2009) the
following nomenclature is suggested for the progression of fish germ cells during
spermatogenesis: primitive/undifferentiated type A spermatogonium give rise to primary/type A
differentiated spermatogonia which give rise to secondary/type B spermatogonia (several
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generations; the number of generations is species specific) which give rise to
preleptotene/leptotene/zygotene spermatocytes which give rise to pachytene spermatocytes
which give rise to diplotene spermatocytes which undergo metaphase | resulting in secondary
spermatocytes which undergo metaphase Il leading to early spermatids, intermediate spermatids,
late spermatids and finally, spermatozoa.

Questions and Perspectives

As it occurs in mammals (Russell et al. 1990), it seems that the number of mitotic
divisions of the undifferentiated type A spermatogonium, before spermatocytes are formed,
changes with phylogenetic relationships. In this regard, stereological investigations have shown
that there are different numbers of spermatogonial generations in fish belonging to different
orders (NGbrega et al. 2009). Although there is no reliable marker to distinguish the
spermatogonial generations in mammals and fish, nor a consensus concerning the terminology to
address the different spermatogonial generations in fish, some criteria such as cell and nuclear
size, nuclear morphology and the number of cells per cyst have been used to differentiate early
spermatogonia from the more differentiated ones.

The development of germ cells, from spermatogonia to spermatozoa, is strictly regulated,
and requires a specific microenvironment that is created by Sertoli cells (Schulz and Miura 2002).
In this way, survival depends ultimately on the interactions between Sertoli cells, and between
Sertoli cells and germ cells (Batlouni et al. 2009). These interactions are crucial to provide the
structural and physiological support necessary for germ cell development during
spermatogenesis in fish (Pudney 1993).

As an illustrative aspect we mention that many possible alterations can occur during
spermatogenesis (in somatic or germ cell elements), causing reductions in sperm production or
quality, and leading eventually to infertility. For instance, it has been reported that abnormal
recombination of homologous chromosomes may occur during meiosis (Leal et al. 2007). Also,
defects on the spermatid structure may be due to problems during spermiogenesis, and
environmental factors such as the presence of toxic substances or endocrine disruptors (e.g.
pseudo-estrogens) may affect spermatogonial differentiation (Ortiz-Zarragoitia et al. 2005,
Khatchadourian et al. 2007). Therefore, although only briefly overviewed in this chapter, we
hope that knowledge of fish spermatogenesis can prompt research on alterations or disturbances
regarding the functionality of spermatozoa that take place during the freezing and thawing
processes in addition to those that can occur during the spermatogenic process.
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Induced Ovulation and Spermiation, and Factors Influencing Gamete Quality of
Fishes

Edward Donaldson, Igor 1. Solar and Brian Harvey

Introduction

The recent dramatic worldwide declines in natural fish stocks (New 1997), largely
resulting from overexploitation and anthropogenic changes in the environment, have led to
increasing interest in the creation of gene banks for wild aquatic organisms (Harvey 1996).
Furthermore, the global growth of intensive aquaculture has increased the need for efficient and
effective means of conserving fish gametes (Donaldson 1997). The successful conservation and
utilization of conserved gametes are dependent on a supply of high quality gametes. Thus, it is a
truism that milt quality is never improved by cryopreservation and that the successful utilization
of cryopreserved sperm is dependent on the availability of ova of high quality.

Gamete quality is influenced by a number of factors during broodstock maturation, by
methods used to induce gamete production, and by methods utilized during gamete collection. In
this chapter, we describe current methods for the induction of ovulation and spermiation and
several factors that influence gamete quality, and therefore, the ultimate success of the
conservation process.

Induced Ovulation and Spermiation

In some species, such as the salmonids (Oncorhynchus spp.), ovulation and spermiation
occur spontaneously in broodstock held in captivity. In other species where either males or
females do not undergo final gamete maturation in culture, it is necessary to manipulate the
environment (e.g. temperature, photoperiod, or salinity) or utilize endocrine technologies to
ensure gamete availability. Even in salmonids, where spontaneous ovulation and spermiation
occur in captivity, endocrine technologies are being used to obtain gametes earlier than would
normally be possible, to synchronize final maturation ensuring that all ova are ovulated and to
maximize milt yield.

Induced ovulation and spermiation technologies, first developed six decades ago, have
evolved rapidly in recent yr from the use of simple, gonadotropin-containing, pituitary
homogenates (Von Ihering 1937) or partially purified piscine gonadotropin preparations
(Donaldson et al. 1972) to the use of potent synthetic analogs of gonadotropin releasing hormone
(GnRH) (Donaldson 1996). The gonadotropin(s) present in the traditional pituitary homogenate
act directly at the level of the ovary or testis. The use of homologous pituitary preparations or
gonadotropins can be very successful, but the species-specific nature of the gonadotropins results
in varying success in related species. The quality of pituitary glands can vary depending, for
example, on the state of maturation of the donor fish and the methods used to preserve the
glands, although procedures have been developed to standardize potency (Yaron et al. 1984,
1985). Furthermore, the cost of good quality pituitary glands has escalated in recent yr.

The gonadotropin releasing hormones act at the level of the pituitary gland by stimulation
of the synthesis and release of endogenous gonadotropin(s). Structurally, the nonapeptide
analogs of GnRH are derived from the natural GnRH decapeptides. Typically, the potent agonist
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analogs are modified from the original GnRH structure by substitution with an appropriate D
amino acid in position 6 and by deletion of the terminal glycine in position 10 and its
replacement with an ethylamide. Over a dozen natural GnRH peptides have been identified to
date in species ranging from tunicates to mammals, with the greatest variety occurring in the
teleosts (Sherwood et al. 1993). Several GnRH analogs derived from the mammalian GnRH
(mGnRH) structure have been utilized successfully in fish. These mammalian GnRH analogs
were originally (and still can be) referred to as luteinizing hormone releasing hormone analogs
(LHRHa). Other GnRH analogs which have been shown to be effective in fish include those
derived from chicken Gallus gallus Il GnRH and salmon Oncorhynchus spp. Gonadotropin
releasing hormone analogs, which have been successfully used in a wide variety of fish, include
the [D-Ala’, Des, Gly*®] LHRH ethylamide and the [D-Arg®, Des, Gly*’] salmon GnRH
ethylamide. Thus the [D-Ala®, Des, Gly*’] LHRH ethylamide analog (LHRHa) has recently been
utilized to increase milt volume in the Mediterranean sea bass Dicentrarchus labrax (Sorbera et
al. 1996) (Figure 1).

In many fish species, such as salmonids, LHRHa is effective in inducing ovulation and
spermiation, while in some other fish species, especially carps and catfishes, there is significant
dopaminergic inhibition of gonadotropin release from the pituitary gland (Peter et al. 1988). In
these species, the LHRHa or GnRHa is co-administered with a suitable dopamine antagonist.
Dopamine antagonists that have been used successfully in conjunction with LHRHa or GnRHa
include pimozide, domperidone (Peter et al. 1988), metoclopromide (Yaron 1995) and sulpiride.

GnRHa or LHRHa can be administered to fish in a variety of ways. Intraperitoneal or
intramuscular injection of an aqueous solution is the most common route, but suspensions of
LHRHa in lipid and suspensions of microencapsulated LHRHa can also be injected. LHRHa can
also be incorporated into controlled-release cholesterol (Crim and Glebe 1994) or polymer
(Zohar 1988, Solar et al. 1995) pellets that can be implanted into broodstock. Oral administration
of GnRHa in combination with a dopamine antagonist has also been successfully utilized to
induce ovulation in the Thai carp Puntius gonionotus (Sukumasavin et al. 1992). Finally,
ultrasound has been utilized to enhance uptake of LHRHa into fish immersed in a solution of
LHRHa.

In the future, we can expect further developments in the control of ovulation and
spermiation in fish that are based on the manipulation of feedback control of gonadotropin
synthesis and release. Thus, antiestrogens such as tamoxifen have been used in fish to induce
ovulation (Donaldson et al. 1981). Recently, we have shown that the aromatase inhibitor
fadrozole can inhibit estrogen biosynthesis in the coho salmon Oncorhynchus kisutch (Afonso et
al. 1997) and aromatase inhibitors may thus provide a further means of inducing ovulation and
spermiation in fish.

Factors Influencing Gamete Quality

Males

The quality of milt, and therefore its suitability for cryopreservation, is influenced by a
wide variety of factors. Above all, it is important during stripping of milt to avoid contamination
with urine, feces, water or mucus. This can be achieved by wiping the male after removal from
the water, and by elimination of urine by gentle pressure before collecting milt. Alternatively, the
sperm duct can be catheterized with a polyethylene cannula prior to stripping (Rana 1995). The
avoidance of contamination is particularly important when the milt is not frozen immediately.
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Figure 1. Controlled ovulation by manipulation of the hypothalamic-pituitary-gonadal axis.
Modified from Donaldson and Devlin (1996), gonadotropin terminology according to Swanson
(1991).

Thus, in Scotland, in studies where milt from Atlantic salmon Salmo salar was transported back
to the laboratory for cryopreservation, catheterization was used on a regular basis (K. Rana
personal communication). On the other hand, we have achieved high fertility rates with regular-
stripped milt that was cryopreserved immediately after stripping in the field using a liquid
nitrogen dry shipper. If milt must be stored or transported prior to cryopreservation it is
important that it be stored under optimal conditions (i.e. in a thin layer to facilitate oxygen
diffusion), in a plastic bag, under oxygen, at an appropriate temperature for the species. In
salmonids, this would be on ice but protected from direct contact with the ice (Cloud et al. 1990).
Where milt is to be stored for an extended period, the addition of low levels of an appropriate
antibiotic can lengthen the storage period (Stoss 1983).

There is a shortage of hard experimental data on factors that influence milt quality during
broodstock maturation. However, several factors may be of importance including broodstock diet
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and time of milt collection during the spawning season. With regard to the latter, there is some
evidence (e.g. in rainbow trout Oncorhynchus mykiss) that milt quality declines toward the end
of the spawning season (Moccia and Munkitrick 1987). This may result from a delay between
spermiation and stripping. In anadromous species such as the salmonids, salinity during final
maturation can be important. Milt quality can be lower in salmonids from salt water compared to
those from fresh water (e.g. in chum salmon Oncorhynchus keta) (Stoss and Fagerlund 1982). In
addition, elevated rearing temperatures in salmonids during gametogenesis can reduce gamete
quality. However, this may be more serious in females than in males.

Females

Pre-stripping factors that can influence egg quality include broodstock diet, rearing
temperature, water quality (e.g. salinity), pre-ovulatory stressors, timing of ovulation during the
spawning season and time elapsed between ovulation and stripping. In salmonids and other
species, diet (e.g. vitamin content, trace mineral content, lipid composition and content) can exert
a major influence on egg quality; however, much remains to be learned if cultured fish are to
match or exceed the egg quality found in nature. Elevated salinity during final oocyte maturation
and ovulation in salmonids can have a negative influence on egg quality. The exposure of
rainbow trout females to chronic, intermittent or acute stress during oogenesis can result in lower
fertility (Campbell et al. 1992). We have evidence that the stress hormone cortisol, which is
synthesized in the interrenal cells, is transferred from the mature female into the oocytes
(Stratholt et al. 1997). However, the elevation of cortisol concentration in newly ovulated coho
salmon eggs by immersion in cortisol, prior to fertilization, did not reduce survival to hatch
(Stratholt et al. 1997). It is generally accepted that egg quality declines in the latter part of the
spawning season. This may be caused by a variety of factors including overripening (delay
between ovulation and stripping) and deterioration in fish health especially in salmonids that
undergo post-spawning mortality.

Post-stripping factors that can influence egg quality and fertility include time between
stripping and fertilization and storage conditions (e.g. temperature, oxygen level). The time
between stripping and fertilization is a critical factor and ideally, freshly stripped eggs should be
used when fertilizing with cryopreserved milt. When eggs are stored, they should be stored at the
optimal temperature for the species (just above 0 °C for salmonids). They should also be stored
under oxygen no more than three layers deep, to facilitate oxygen diffusion. The addition of
antibiotics can extend the storage period as seen in rainbow trout (Stoss and Donaldson 1982).

Field Trial

Recently, a field trial was conducted on the cryopreservation of milt from sockeye
salmon Oncorhynchus nerka as part of a study on the feasibility of creating a gene bank for
Pacific salmon stocks in British Columbia. In this unpublished study, freshly stripped milt was
cryopreserved immediately in nitrogen vapor, at a diluent-to-milt ratio of 3:1, in 10-mL straws
utilizing a LN, dry shipper. The frozen milt was thawed 1 d later and used immediately to
fertilize freshly stripped eggs. The ratio of spermatozoa per egg was 4 x 10° sperm per egg (one
10-mL straw per 4,000 eggs). The fertilization rate, evaluated at the eyed stage, was >70% of the
control rate (99%) achieved using freshly stripped milt with the same batch of eggs.
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Conclusions

It is evident that gamete quality plays an important role in the success of milt
cryopreservation and its importance cannot be overemphasized. The field trial indicated that the
cryopreservation of fresh milt under field conditions can be used as a basis for the development
of a viable gene bank and that similar procedures could also be utilized to conserve high quality,
high value milt from aquaculture broodstock.
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Annotated Bibliography of Developments in the Last Decade

Research on gamete quality, induced ovulation, and spermiation in aquatic species has
been extremely active since 2000. The following references are representative of the literature
available in this area, and include review publications on egg and sperm quality, parent-egg-
progeny relationships in teleost fish, effect of stress on reproduction and gamete quality;
neuroendocrinology in teleost fish reproduction, including regulation of oocyte maturation in
fish, GnRH treatments in finfish reproduction, the use of Ovaprim in ornamental fishes, GnRH in
salmoniform and pleuronectiform fishes, and perspectives on gonadotropins in teleosts;
broodstock and hormonal manipulations in fish reproduction, including spawning induction in
common carp. The remaining references include gamete quality assessment of additional species
for which hormonal induction was integral to the study design in hormonal induction for final
oocyte maturation, ovulation, and spawning.
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Biochemical Characteristics of Seminal Plasma and Spermatozoa of Freshwater
Fishes

Andrzej Ciereszko, Jan Glogowski and Konrad Dabrowski

Introduction

Quality of fresh milt and appropriate cryopreservation techniques are critical to obtain
good quality frozen sperm. Appropriate cryopreservation of teleost fish milt should produce
sperm with similar structural and functional integrity as that of fresh sperm, including motility,
genome packaging, mitochondria and membranes. In the case of acipenserid fishes, which
possess a sperm acrosome (Jamieson 1991), integrity and functions of the acrosome must also be
preserved. Damage to any one of these components seriously impairs or eliminates the ability of
cryopreserved spermatozoa to successfully fertilize the egg. Therefore, there is a need to
understand the role of all these components of fish sperm in fertilization to evaluate the
conditions before cryopreservation and the impact of cryopreservation on sperm structure and
function.

Final quality of fresh milt depends on conditions of spermatogenesis and sperm
intratesticular storage. Another critical factor is time of storage of sperm in the spermatic duct.
Sperm samples collected at the beginning or end of the spermiation period may be of low quality
(Billard and Cosson 1992). The cause of poor sperm quality at the beginning of the spawning
season is not known, while a low quality of semen at the end of spermiation may be caused by
aging. The usefulness of aged gametes for cryopreservation is low (Billard 1986). Even if the
quality of sperm is excellent, often the procedure of milt collection may introduce detrimental
contaminants into sperm suspensions. Short-time exposure of sperm to small concentrations of
impurities such as urine or feces may have little effect on the fertilizing ability of fresh semen,
but may modify sperm characteristics important to successful cryopreservation. Better
knowledge of seminal plasma components is important to understand events leading to
production of good quality gametes and to identify factors that disturb sperm function.

Semen consists of seminal plasma (or seminal fluid) and spermatozoa. Seminal plasma
has a unique composition containing substances supporting sperm cells and some substances
reflecting function of the reproductive system and spermatozoa. In this chapter we summarize
available data on the composition and possible function of seminal plasma components,
including those with proven or potential importance for cryopreservation. We also present those
aspects of sperm biochemistry which are related to cryopreservation. Information on fish sperm
biology and cryopreservation has been covered in previous reviews (Scott and Baynes 1980,
Stoss 1983, Morisawa 1985, 1987, 1994, Billard 1986, 1988, 1990, 1992, Billard and Cosson
1990, 1992, Leung 1991, Leung and Jamieson 1991, Linhart et al. 1991, Piironen 1994, Suquet
et al. 1994, Billard et al. 1995a, 1995b, Rana 1995a, 1995b). We attempt to combine this
information in a functional manner and point out the areas of investigation requiring further
advancement.

Ciereszko, A, J. Glogowski and K. Dabrowski. 2011. Biochemical Characteristics of Seminal Plasma and
Spermatozoa of Freshwater Fishes. In: Cryopreservation in Aquatic Species, 2" Edition. T. R. Tiersch and C. C.
Green, editors. World Aquaculture Society, Baton Rouge, Louisiana. Pp. 46-79.
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Seminal Plasma

The main role of seminal plasma is to create an optimal environment for storage of
spermatozoa. Frequently storage may take place for several mo, for example in rainbow trout
Oncorhynchus mykiss and yellow perch Perca flavescens (Billard 1986, 1992, Ciereszko et al.
1998). The conditions of storage should protect sperm fertilizing ability, motility and maintain
metabolism to preserve viability and energetic resources for sperm activation (Piironen 1994). In
the case of fish with acrosomal spermatozoa, the acrosome must also be preserved. In fish with
internal fertilization, constituents of seminal plasma may support spermatozoa during their
movement to ova (Yao and Crim 1995). It is also argued that seminal plasma, together with
ovarian fluid, have beneficial functions for spermatozoa during external fertilization by creating
a favorable micro-environment for sperm movement (Billard 1986). Each of these fluids limit
hypo-osmotic shock of sperm or maintain a favorable pH for motility and fertilization.

Seminal fluid in most teleost fishes is a secretory product of the testes and of the
spermatic ducts (Loir et al. 1990, Lahnsteiner et al. 1993a, 1994). This is due to the fact that
teleost fishes, with some exceptions (suborders Gobioidei and Blennioidae, and Clarias
gariepinus), have no accessory glands (Ginsburg 1972, Stoss 1983, Van den Hurk et al. 1987,
Patzner 1991). Some seminal plasma components are not secretory products, but originate from
damaged spermatozoa and cells of the testes or spermatic duct. Disturbances in composition of
seminal plasma will lead to impairment of spermatozoa storage and therefore will decrease
quality. This will in turn likely result in decreased suitability for cryopreservation.

Mineral Composition of Fish Seminal Plasma

Fish seminal plasma contains mainly mineral compounds and low concentrations of
organic substances. Three ions predominate in seminal plasma: sodium, potassium and chloride.
Their concentrations range between 75 and 175 mM for sodium, 32 and 86 mM for potassium,
and 112 and 183 mM for chloride (Morisawa 1985, Suquet et al. 1994). Calcium and magnesium
ions also contribute significantly to ionic composition of seminal plasma, their concentrations are
usually in the range of 1 to 2 mM. Although osmolality of seminal plasma is similar to that of
blood (Morisawa 1985, Suquet et al. 1994, Koldras et al. 1996), there are significant differences
in particular ion concentrations between these body fluids. Generally, potassium concentrations
in seminal plasma of freshwater fishes are higher than those in blood plasma. This high
potassium concentration in seminal plasma possibly results from the presence of a blood-testis
barrier (Viljoen and van Vuren 1992) and absorption of sodium and secretion of potassium by
the epithelium of the spermatic duct (Marshall et al. 1989). All these ions are involved in
regulation of sperm motility either by their participation in osmolality of seminal plasma or by
their direct or modulating effect on sperm activation (Scott and Baynes 1980, Billard and Cosson
1992). Micromolar concentrations of trace metals, such as zinc and boron ions have also been
detected in fish seminal plasma, but their role is not certain at present (Schmehl et al. 1987). Zinc
ions may have a potential role in the sperm physiology of fish, including phosphorylation of
sperm proteins, and involvement in sperm motility and acrosome reactions. Involvement of zinc
in these processes was described in the sperm of other aquatic animals (Clapper et al. 1985,
Ahluwalia et al. 1991, Morisawa 1994).
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Two Mechanisms of Sperm Motility Inhibition by Seminal Plasma Mineral second Substances

At present, two main mechanisms involved in keeping spermatozoa immotile were
described in freshwater fish. The first mechanism, which operates in salmonids, is based on
potassium ion concentration. Sperm motility is suppressed by a high concentration of potassium
ions and is triggered by a decrease in the concentration of this ion. The mechanism, which
operates in other fish species, is based on osmotic pressure. Sperm motility is suppressed by high
osmotic pressure (isotonic to seminal plasma) and is triggered by lowered osmotic pressure. Both
mechanisms of motility initiation consist of a cascade of events. The details of these cascades are
not yet fully understood. Acquisition of potential for sperm motility is accompanied by an
increase of pH of seminal plasma due to an increase of bicarbonate concentration (Morisawa and
Morisawa 1988, Morisawa et al. 1993, Ohta et al. 1997). Initiation of sperm motility may also be
modulated by substances (peptides or proteins) originating from fish eggs (Morisawa 1994).

The concentration of potassium ion in salmonid seminal plasma is in the range of 25 to 40
mM (Morisawa 1985, Suquet et al. 1994). Potassium ion at a concentration of 40 mM is used for
extension of salmonid milt to obtain sperm suspensions with non-activated spermatozoa. This
procedure has also been employed for motility studies of rainbow trout sperm (Billard and
Cosson 1992). The central role of potassium ions in regulation of sperm motility in salmonids
has been well established and confirmed in numerous studies (Billard 1992). However, Billard
and Cosson (1992) reported that at the beginning and the end of spermiation of rainbow trout,
potassium ions were not effective for motility inhibition. It is likely that this ion does not act
alone in the control of motility. It is well known that other ions including sodium, calcium and
magnesium may interact with the potassium ion. For example, potassium inhibition can be
overcome by sodium, calcium and magnesium ions (Billard and Cosson 1992). At present, the
molecular mechanisms for interrelationships among these ions have not been elucidated.

The general model of the mechanism of sperm motility initiation in salmonids includes
potassium efflux and an increase in intracellular calcium. This ion movement triggers a rise in
intraspermatozoal cAMP within 1 sec (Morisawa and Ishida 1987) and subsequent
phosphorylation of a protein with a molecular mass of 15 kDa (Hayashi et al. 1987, Jin et al.
1994). Target sites for this protein are located in the basal region of the flagellum (Morisawa
1994). This suggests that interaction of phosphorylated 15 kDa protein with the flagellum may
have a direct effect on initiation of sperm movement.

The potassium ion in cyprinid seminal plasma, unlike in salmonids, has no specific role in
keeping spermatozoa in the quiescent state. In fact, it can increase the velocity and frequency of
sperm motility of common carp Cyprinus carpio (Billard and Cosson 1992) and other fish (Lin
and Dabrowski 1996). It is currently believed that osmotic pressure is critical to keep sperm
immotile in cyprinid fishes. The mechanism of activation of cyprinid spermatozoa is not well
understood and no cellular sec messengers have been identified (Perchec Poupard et al. 1997). It
has been suggested that potassium and chloride ions play a central role in the perception or
transduction of the osmotic signal for activation (Krasznai et al. 1995, Perchec Poupard et al.
1997).

Strong inhibition of sperm motility by potassium ions has also been shown in acrosomal
spermatozoa of lake sturgeon (Acipenser baeri and A. fulvescens) and paddlefish Polyodon
spathula (Gallis et al. 1991, Cosson and Linhart 1996, Toth et al. 1997). This suggests that
potassium ions have a critical role in keeping spermatozoa of acipenserid fishes in a quiescent
state, similar to salmonids. It seems however, that the mechanism of sperm motility regulation
based on osmotic pressure may operate in acrosomal spermatozoa of sea lamprey Petromyzon
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marinus (Ciereszko et al. unpublished data) and Arctic lamprey Lethenteron japonicum
(Kobayashi 1993) where no inhibitory effect of potassium ions was observed for sperm motility.

The mechanism of control of sperm motility may be modified by cryopreservation.
Dimethyl sulfoxide (DMSO) abolished potassium ion inhibition of motility in rainbow trout
spermatozoa (Scott and Baynes 1980). It was also observed that DMSO could trigger sperm
motility in common carp (Perchec-Poupard et al. 1997). Mechanisms of this action of DMSO on
spermatozoa motility are unknown. This action may be in part responsible for the poor capacity
of motility initiation in cryopreserved common carp (Perchec-Poupard et al. 1997). Recent data
have confirmed the low usefulness of DMSO in cryopreservation of common carp semen
(Babiak et al. 1997). It was found that dimethyl acetamide (DMA) was clearly superior to
DMSO.

Application of Seminal Plasma Mimicking Solutions as Semen Extenders for Cryopreservation

The first step of cryopreservation is the extension of cooled milt with solutions containing
cryoprotectants (or the cryoprotectant is added later) to allow the cryoprotectant to penetrate into
sperm cells before freezing. For successful cryopreservation, it is critical to prevent any
activation of spermatozoa during this step. Two approaches have been used to develop the
composition of extenders. The first approach involves a formulation of complex extenders
mimicking the composition of seminal plasma, or use of physiological salt solutions developed
for fish (Stoss 1983, Erdhal 1986, Erdhal and Graham 1987, Rana et al.1990). The sec approach
involves the formulation of simplified extenders. In some cases, (e.g. salmonids), complex and
simple extenders each produce similar cryopreservation success (Stoss 1983). At present, due to
the trial and error nature of most cryopreservation attempts of fish semen, there are no clear
criteria related to sperm physiology concerning the choice of simple or complex extenders for
cryopreservation of milt for a particular species.

In some experiments, extenders mimicking the physiological solutions of fish have been
proven to be clearly superior to simple extenders as seen in sperm cryopreservation of northern
pike Esox lucius (Babiak et al. 1995). Extenders inhibiting sperm motility are especially justified
when milt cannot be obtained by stripping, such as in the case of channel catfish Ictalurus
punctatus (Tiersch et al. 1994, Christensen and Tiersch 1997) where a modified Hanks’ balanced
salt solution (HBSS), was used for extraction of spermatozoa from homogenized testis and as an
extender. The use of HBSS also allowed refrigerated storage of thawed semen. A similar
approach was used by for European catfish Silurus glanis (Linhart et al. 1993). In this study, milt
was stripped into an immobilizing solution that later served as an extender. Immobilizing
solutions may diminish the deleterious effect of urine contamination, as suggested for short-term
sperm storage of turbot Scophthalmus maximus (Chereguini et al. 1997). Use of balanced salt
solutions may also be beneficial when prolonged equilibration time, allowing better penetration
of cryoprotectant, is employed for cryopreservation. In such a case, balanced salt solutions may
protect sperm during the equilibration step.

Simple extenders, very often consisting of sugar and cryoprotectant, have been
successfully employed for cryopreservation of fish semen. For example, an extender consisting
of 0.6 M sucrose and 10% DMSO has been used for rainbow trout (Holtz 1993, Ciereszko and
Dabrowski 1996), an extender consisting of 0.3 M glucose and 20% glycerol has been used for
whitefish Coregonus muksun ( Piironen and Hyvarinen 1983, Piironen 1987), and an extender
consisting of 0.3 M glucose and 10% DMSO for amago salmon Oncorhynchus rhodurus and
masu salmon Oncorhynchus masou (Ohta et al. 1995). Simple extenders (frequently

49



Biochemical Characteristics of Seminal Plasma and Spermatozoa of Freshwater Fishes Ciereszko et al.

supplemented with egg yolk) were used for brown trout Salmo trutta and Arctic charr Salvelinus
alpinus (Piironen 1993). Solutions mimicking fish body fluids can contain several compounds.
For example, the fish extender (#6) used by Erdhal (1986) contained nine substances plus the
cryoprotectant. For this reason, these are costly and their preparation is time-consuming.
Therefore, simple extenders are recommended for use whenever possible. A method is often
worth reevaluating if complex extenders can be replaced by simple extenders. Reevaluation their
method of cryopreservation in northern pike milt (Glogowski et al. 1997b) found that a simple
extender consisting of 0.6 M sucrose, 15% DMSO and 10% egg yolk could replace a previously
used complex extender (Babiak et al. 1995).

It has recently been suggested that during cryopreservation the ATP stores necessary for
activation of sperm cells could be seriously diminished (Billard et al. 1995a). This may be one of
the reasons why cryopreserved spermatozoa have lower quality than fresh samples. One
proposed strategy to reverse this problem has been to oxygenate thawed sperm suspensions
(Tsvetkova et al. 1995). Oxygenation was also shown to restore freezing resistance of stored milt
(Magyary et al. 1996). Recovery of ATP stores of cryopreserved sperm may be critical to future
research directed to increase the yield of cryopreservation (Billard et al. 1995a). We share this
point of view and think that it may be beneficial to test the usefulness of sperm extenders by
studying their effects on preservation of the ATP pool in spermatozoa. The preserving effects
may take place as early as during extension of semen before freezing, because damage was
detected to sperm cells during this step of cryopreservation (Lahnsteiner et al. 1992b).

Low Molecular Weight Organic Substances

Hormones and Pheromones

The most important steroid hormones in fish seminal plasma seem to be testosterone (T)
and 11-ketotestosterone (11-KT) produced by Leydig cells (Loir 1990), and 17a-hydroxy, 20B3-
dihydroprogesterone (17,20P) produced mainly by spermatozoa (Sakai et al. 1989) and
spermatogenic cells (Vizziano et al. 1996). The spermatic duct epithelium may also be involved
in the secretion of steroids (Schulz 1986, Lahnsteiner et al. 1993a). Seminal plasma
concentrations of steroid hormones were related to season (Baynes and Scott 1985, Koldras et al.
1996), thus they may be used for monitoring the progress of spermatogenesis. In masu salmon,
17,20P may have a critical role in the acquisition of sperm motility (Miura et al. 1992). Its action
is mediated through an increase in spermatic duct pH caused by bicarbonate, which in turn
increases cCAMP content in spermatozoa (Morisawa and Morisawa 1988).

Steroid glucuronides, especially 5p3-pregnane-3a.-17a-diol-20-one-glucuronide have been
identified in semen of African catfish Clarias gariepinus and zebrafish Danio rerio. They are
synthesized in the testis (by Leydig cells) in both species, but additionally in African catfish they
are produced by seminal vesicles (Van den Hurk and Resink 1992). These steroids function as
pheromones in stimulating ovulation in females. Prostaglandins have also been identified in milt
and the possibility of their production by fish spermatozoa has been postulated (Labbe et al.
1995).

Cholesterol

Cholesterol has been identified in the seminal plasma of freshwater fish (De Kruger et al.
1984, Billard et al. 1995a, Lahnsteiner et al. 1995b). Its role may be linked either to steroid
hormone biosynthesis (Lahnsteiner et al. 1995b) or to its incorporation into cholesterol esters of

50



Biochemical Characteristics of Seminal Plasma and Spermatozoa of Freshwater Fishes Ciereszko et al.

sperm membranes. However, there are no available experimental data supporting these
suggestions.

Glycerol
Glycerol has been detected in the seminal plasma of six teleost fish species (Piironen and

Hyvarinen 1983). These authors explained its presence in seminal plasma, by analogy to
mammals, as an indicator of high lipolytic activity in the testis. Glycerol concentration was
highest in sperm of whitefish and lowest in rainbow trout. It is intriguing that glycerol, which is
usually a poor cryoprotectant for fish semen (Scott and Baynes 1980, Stoss 1983, Ciereszko et al.
1993), is effective for cryopreservation of whitefish milt (Piironen and Hyvarinen 1983, Piironen
1987). High concentrations of glycerol in whitefish milt were related with its high applicability
as a cryoprotective agent for sperm of this species (Piironen and Hyvarinen 1983). It is worth
noting that glycerol is produced in high concentrations (up to 0.4 M) by some marine arctic
fishes and has a role in their biology as a colligative antifreeze (Raymond 1992). It is tempting to
speculate that this cryoprotectant may be especially effective for cryopreservation of sperm in
these species.

Vitamins

Ascorbic acid (vitamin C) has been found in the seminal plasma of teleost fish (Ciereszko
and Dabrowski 1994). Its concentration in seminal plasma (20 to 40 mg/L) is 4- to 8- fold higher
than in blood. Teleost fishes, like humans, nonhuman primates, bats and guinea pigs, cannot
synthesize ascorbic acid, because they lack L-gulonolactone oxidase, an enzyme of the ascorbic
acid biosynthesis pathway (Dabrowski 1990). This enzyme is present in the kidney of
chondrosteans, therefore acipenserid fishes can synthesize vitamin C (Dabrowski 1994).
Ascorbic acid in seminal plasma of teleost fishes originates from the diet and its concentration in
this fluid can be regulated by dietary treatment (Ciereszko and Dabrowski 1995). It is protected
from oxidative damage by high molecular weight substances from seminal plasma, most likely
proteins (Liu et al. 1995). Low levels of vitamin C in rainbow trout seminal plasma are
associated with poor quality of spermatozoa, including reduced sperm concentration, motility,
and fertilizing ability (Ciereszko and Dabrowski 1995, Dabrowski and Ciereszko 1996). Other
signs of vitamin C deficiency included disturbances in seminal plasma composition, such as a
decrease in protein concentration and anti-proteinase activity in seminal plasma (Ciereszko et al.
1996b). These results suggest that ascorbic acid is involved in optimal functioning of the male
reproductive system. The mechanism of vitamin C action on male reproduction of fishes is not
known, but it is possible that its anti-oxidative action may be critical for protection of
spermatozoa from oxidative damage. Such a mechanism has been found for mammalian
spermatozoa (Fraga et al. 1991). It has also been shown in mammals that ascorbic acid may be
important for protection of sperm membrane integrity (Aurich et al. 1997) and for survival of
sperm after cryopreservation (Beconi et al. 1993).

The presence of other vitamins in semen is not well documented. Our observation
suggests that it is possible that carotenoids can be transferred from diets to milt (see below). The
presence of carotenoids in rainbow trout milt was reported (Czeczuga 1975, Storebakken and No
1992), but the relationship of this provitamin of vitamin A to semen biology is not known.
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Free Amino Acids

Both protein-bound and non-protein free amino acids have been detected in seminal
plasma of Euroasian perch Perca fluviatilis and salmonids (Schmehl et al. 1987, Linhart et al.
1991, Lahnsteiner et al. 1993a, 1994, 1995b). There are substantial differences between blood
and seminal plasma free amino acids (Billard and Menezo 1984). The role of free amino acids in
sperm physiology is unclear. They may contribute to seminal plasma osmolality (Billard and
Menezo 1984) and have a positive role in sperm vitality (Lahnsteiner et al. 1994). Differences in
amino acid composition in seminal plasma and in comparison of seminal plasma and blood
plasma amino acids between rainbow trout and common carp have been shown (Billard and
Menezo 1984). These authors related the above differences between these species to sperm
physiology (duration of sperm motility, shorter for rainbow trout and longer for common carp, as
well as to the mechanism of motility regulation) and the function of the reproductive system
(constant presence of spermatozoa with good fertilizing ability throughout the year in common
carp and a rapid decline of sperm quality at the end of spermiation in rainbow trout).

Sugars
No polysaccharides have been found in seminal plasma of fishes (Lahnsteiner et al.

1992a). However monosaccharides, mainly hexoses such as fructose, galactose, and glucose
have been identified in this fluid. Glucose concentrations are usually higher than those of the
other two hexoses (Piironen and Hyvarinen 1983, Billard et al. 1995a, Lahnsteiner et al. 1995b).
Additionally, xylose has been found in seminal plasma of cyprinids (Lahnsteiner et al. 1994). In
mammals, fructose and glucose are used as an energy source by spermatozoa (Mann and
Lutwak-Mann 1981). The importance of these sugars in fish semen is not clear. Their presence in
seminal plasma has been connected to the high energy demand of the testes during
spermatogenesis or for lipid synthesis of spermatozoa (Piironen and Hyvarinen 1983, Soengas et
al. 1993). Monosaccharides may be secreted by the spermatic duct (Lahnsteiner et al. 1992a).
Hexoses may accumulate in spermatozoa during storage in the spermatic duct and maybe later
used as energy sources for motility through generation of ATP via glycolysis (Lahnsteiner et al.
1993b). The occurrence of this pathway is probably indicated by the presence of lactate in
seminal plasma (Lahnsteiner et al. 1995b). Likely, seminal plasma monosaccharides cannot be
used after ejaculation by sperm cells in the conditions prevalent with external fertilization.
However, in the case of fish with internal fertilization, seminal plasma sugars supplemented with
nutrients present in the fluids of the female reproductive tract could possibly be used after
ejaculation (Stoss 1983).

Citric Acid

Citric acid was found in seminal plasma of freshwater fishes (Baynes et al. 1981,
Piironen and Hyvarinen 1983). The concentration of citric acid is strongly correlated with sperm
concentration, which may indicate its relationship to sperm physiology (Piironen and Hyvarinen
1983, Piironen 1985). Citric acid may also contribute to osmolality of seminal plasma (Piironen
1994). It has been suggested that citric acid, due to its ability to chelate calcium and magnesium
ions in seminal plasma, may be an important part of the mechanism responsible for keeping
spermatozoa in the quiescent state (Scott and Baynes 1980, Baynes et al. 1981).
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Other Organic Substances

Organic acids such as lactate, pyruvate, ketoglutarate, malate, isocitrate, and oxaloacetate,
have been identified in fish seminal plasma (Gosh 1985, Linhart et al. 1991, Billard et al. 1995a).
These substances (along with citrate) are metabolites of glycolysis or the Krebs cycle. Possibly
their presence, together with oxidoreductase coenzymes, NAD(H) and NADP(H), reflects
metabolic activity of spermatozoa or the testes and spermatic duct. The involvement of
spermatozoa in metabolism of the organic compounds and coenzymes was indicated by their
changes in the spermatozoa and seminal plasma of common carp after 24 hr of storage (Gosh
1985).

Large Molecular Weight Organic Substances

Lipids

Various lipid classes have been found in seminal plasma and their levels are highly
variable among fish species, for example from 0.007 g/L for Arctic charr Salvelinus alpinus to 1
g/L for Euroasian perch (Piironen and Hyvarinen 1983, Piironen 1994). Low levels of
triglycerides were found in seminal plasma of cyprinids (Lahnsteiner et al. 1994). As opposed to
salmonids, this was associated with a lack of enzyme systems in cyprinid fish sperm to catabolise
triglycerides and a lack of secretion of lipids by the spermatic duct. Seminal plasma lipids were
associated with metabolism in spermatozoa (Piironen 1994) and with maintaining integrity of
lipid composition of sperm membranes (Loir et al. 1990).

Proteins

Protein concentrations in seminal plasma of most fishes are generally low (<2 g/L) with
few exceptions. However, in turbot Scophthalmus maximus, for example, a mean concentration
of 8.8 g/LL was established (Suquet et al. 1993, 1994). Protein concentrations in fish seminal
plasma are lower than in mammals (Mann and Lutwak-Mann 1981). Fish seminal plasma
proteins may have a multiple source of origin. Immunological methods have identified many
similar proteins in blood and seminal plasma of rainbow trout (Loir et al. 1990). Several serum-
like proteins were bound to spermatozoa. It has yet to be established if the serum-like proteins of
seminal plasma are derived directly from blood or are produced in the reproductive system. The
spermatic duct has been found to secrete proteins (Lahnsteiner et al. 1993a). A general protective
role toward spermatozoa has been postulated for seminal plasma proteins (Billard 1983).

There are not many data available concerning characterization of seminal plasma
proteins. At present, the only two protein groups distinguished in this fluid have been
lipoproteins and anti-proteinases. These proteins can be visualized and quantified by
electrophoretic methods. Other seminal plasma proteins that have been described are enzymes,
and these have only been characterized by their activities.

Lipoproteins
Lipoproteins have been identified in rainbow trout seminal plasma at concentrations of

32.9 + 9.5 mg/L (Loir et al. 1990). They were identified as being high density-like (HDL-like)
lipoproteins, because they co-migrated with serum HDL during electrophoresis. At least six
lipoproteins were identified in seminal plasma after electrophoresis. Among these proteins, two
of them with molecular masses 14.5 kDa and 29.0 kDa predominated. Both these lipoproteins
were observed to be bound with spermatozoa. It was proposed that seminal lipoproteins
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interacted with the sperm plasma membrane to maintain lipid composition during storage in the
spermatic duct (Loir et al. 1990). It is possible that this may be important for spermatozoal
survival through freezing and thawing, because it is well known that optimal lipid arrangement
in sperm membranes is important for successful cryopreservation (Parks 1997).

Anti-proteinases

Anti-proteinase activity has been detected in seminal plasma of teleost fishes and
preliminary data suggest that several proteins might contribute to this activity (Dabrowski and
Ciereszko 1994). Our recent results concerning separation of seminal plasma proteins by use of
chromatography and electrophoresis (Figures 1 and 2) confirmed that there were at least five
proteins with anti-trypsin activity in rainbow trout seminal plasma (Ciereszko et al. unpublished
data). Most of these had high molecular weights and probably could be classified as serine
proteinase inhibitors (serpins). Three of these proteins could be visualized after electrophoresis
with the use of Atlantic cod trypsin as a target serine proteinase, and only one could be
visualized with the use of bovine trypsin (Figure 2). These proteins may be related to blood
plasma proteins because they co-migrated with similar serum proteins (Ciereszko et al.
unpublished data). These proteins could also be visualized with Coomasie brilliant blue protein
staining, which suggests that they are one of the main proteins of seminal plasma. Other seminal
anti-proteinases were detected using ion-exchange chromatography. Recently, a proteinase
inhibitor of the serpin family was identified in common carp seminal plasma with a molecular
mass of 62 kDa, which resembled mammalian o;-antiproteinase (Huang et al. 1995). At present,
it is not known if this protein occurs in other teleost fish species. Thus it is now clear that there is
a group of quantitatively important proteins with anti-proteinase activities in fish seminal
plasma.
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Figure 1. lon-exchange chromatography of rainbow trout seminal plasma. Three antiproteinase
fractions (I-111) are seen when cod trypsin is used for identification (closed circles). The first two
fractions can be visualized electrophoretically (See Figure 2).
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Figure 2. Electrophoretic profiles of antiproteinases of seminal plasma of rainbow trout (white
bands) with use of bovine trypsin (left) and cod trypsin (right). Note non-specific esterase (dark
band).

The role of serine proteinase inhibitors of seminal plasma is not known, but they likely
participate either in protection of spermatozoa from proteolytic attack or in control of
physiological events in semen where proteolysis is involved. Protection of spermatozoa may be
important for successful storage in the spermatic duct. This suggestion is supported by the
observation that anti-trypsin activity (as well as protein concentration) in rainbow trout seminal
plasma decreased at the end of the reproductive season (Ciereszko et al. 1996b). It was shown for
Mediterranean sea bass Dicentrarchus labrax, that at the end of the season a decrease in sperm
motility occurred as well as sperm fitness for storage and cryopreservation (Billard 1986). A
decrease of anti-proteinase activity toward the end of the reproductive season seems to parallel
oncoming events leading to proteolytic destruction of spermatozoa by macrophages or Sertoli
cells (Billard and Takashima 1983, Lahnsteiner et al. 1993a). If this assumption is correct, it
implicates control by seminal plasma serpins, the serine proteinases of phagocytic cells.

At present, knowledge about the potential physiological role of proteolytic events in
teleost fish sperm is not clear. But during recent years some evidence has accumulated
suggesting that sperm motility may be regulated in this manner. It has been found that sperm
motility may be inhibited by some serine proteinase inhibitors (Cosson and Gagnon 1988, Inaba
and Morisawa 1991). Moreover, chymotrypsin-like and trypsin-like proteinases were purified
from sperm of chum salmon Oncorhynchus keta and are found to be localized along sperm
flagella (Inaba and Morisawa 1992, Inaba et al. 1993). If seminal plasma proteinase inhibitors
could interact with these proteinases, it would suggest that these inhibitors could be involved in
maintaining sperm cells in a quiescent state. If so, it would be an additional regulatory
mechanism, in addition to high osmotic pressure or potassium ion concentration, to maintain
sperm immotility. This corresponds to the postulated presence of a peptide with a role in keeping
spermatozoa in a quiescent state in seminal plasma of carp (Billard 1986). However, until now
such a protein or peptide has not been isolated or characterized.

The role of proteolytic activity in seminal plasma is not well understood. The presence of
proteolytic activity (measured by azocoll hydrolysis) has been described for seminal plasma of
teleost fishes (Lahnsteiner et al. 1993a, 1995b). However, further characterization of this activity
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is necessary to evaluate whether it is inhibited by seminal plasma anti-proteinases. It is unlikely
that this proteolytic activity is related to trypsin-like proteinase, because no trypsin-like activity
was found, at least in free form in seminal plasma of teleost fish (Ciereszko at al. unpublished
data). This confirms earlier studies of that were unable to detect trypsin-like activity in seminal
plasma (Breton et al. 1974). Miltpain, a new cysteine proteinase has been described from the milt
of chum salmon (Kawabata and Ichishima 1997). At present, there are no data on the presence of
natural inhibitors of this enzyme in fish semen.

Trypsin-like activity in spermatozoa and anti-trypsin activity in seminal plasma have
been found in semen of lake sturgeon and paddlefish (Ciereszko et al. 1994, 1996a). In
mammals, a trypsin-like enzyme, acrosin, is located in the acrosome and involved in the
acrosome reaction and penetration of the egg envelope (De Jonge et al. 1989). The acrosome
reaction has been described in lake sturgeon spermatozoa (Cherr and Clark 1984), but no
penetration of the egg envelopes was observed due to the presence of micropyles in eggs.
Trypsin-like activity in lake sturgeon and paddlefish spermatozoa resembles the mammalian
acrosin. It is possible that proteinase inhibitors of sturgeon seminal plasma may control this
enzyme, as seen in mammals. The anti-proteinase inhibitors of seminal plasma in fish with
acrosomal spermatozoa may be involved in the control of the acrosome reaction. In acrosomal
spermatozoa of sea lamprey Petromyzon marinus, however, we found chymotrypsin-like activity
instead of trypsin-like activity (Dabrowski et al. unpublished data). The lack of a micropyle in
lampreys suggests the potential role of the chymotrypsin-like activity in the acrosome reaction
and in egg penetration. At present, a mechanism of control of chymotrypsin-like activity is not
known due to lack of data concerning proteinase inhibitors in sea lamprey semen.

Enzymes
Numerous enzymes have been detected in seminal plasma. We found esterase activity

after electrophoresis (one or two bands) of teleost fish seminal plasma (Figure 2), which
confirmed earlier data (Breton et al. 1974). This enzyme co-migrated during electrophoresis in
the same position as the esterase from blood plasma (Ciereszko et al. unpublished data) and may
be similar to an enzyme previously detected in fish blood serum and plasma (Ellis and Grisley
1985). About twenty enzymes of low activity have been identified in seminal plasma (Breton et
al. 1974, De Kruger et al. 1984, Lahnsteiner et al. 1993a, 1995b, Billard et al. 1995a). Their
origin and role are unclear. Likely, they originate from testes, accessory glands, and the
spermatic duct, or some may originate from blood. It is unclear if these low activity enzymes are
secretory products of the reproductive system and have a role in supporting or protecting
spermatozoa or if they originate from apoptotic epithelial or sperm cells. In the latter case,
activity of these enzymes may have a diagnostic value for describing damage to spermatozoa.

Other Peptides and Proteins

An androgen-binding protein was found in seminal plasma of rainbow trout (Foucher and
Le Gac 1989), which was similar to steroid-binding proteins present in other vertebrates
(Foucher et al. 1992). This androgen-binding protein is involved in the control of
spermatogenesis and may participate in the acquisition of sperm motility (Miura et al. 1992). It is
possible that some other proteins of seminal plasma may have anti-oxidative properties, because
they can protect ascorbic acid from oxidative destruction (see above). It is not clear if these
properties may be attributed to already described proteins or to unknown proteins. The presence
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of several small peptides has been reported for common carp seminal plasma, but their role is
unknown (Billard and Menezo 1984).

Seminal Plasma Substances Originating from Spermatozoa

At least ten proteins were recognized in seminal plasma of rainbow trout that were
antigenically related to sperm proteins and co-migrated during electrophoresis with membranous
or flagellar sperm proteins (Loir et al. 1990). These proteins were present in seminal plasma,
sometimes in noticeable amounts, at the end of the spermiation period. This suggests that they
originated from spermatozoa and were released from damaged sperm into seminal plasma.
Levels of one of these proteins, with a molecular weight of 42 kDa, may be related to sperm
quality and suitability of spermatozoa for cryopreservation (Maisse et al. 1988, Malejac et al.
1990). The amount of this protein may be related to sperm quality, because rainbow trout
ejaculates with the best fertility after cryopreservation exhibited a lack of this protein in seminal
fluid (Loir et al. 1990).

Two enzymes of sperm origin were identified in seminal plasma. Activities of these
enzymes usually were low in seminal plasma and several times higher in spermatozoa. Seminal
plasma enzyme concentrations may increase as a result of damage to sperm membranes. For this
reason they may be used in evaluation of sperm quality. The activity of aspartate
aminotransferase (AspAT) and lactate dehydrogenase (LDH) could be employed for this purpose
(Schmehl et al. 1987, McNiven et al. 1992). For example, an excellent regression (r* = 0.995)
between LDH activity in seminal plasma and percentage of killed spermatozoa of rainbow trout
(McNiven et al. 1992). We found that AspAT activity of milt of rainbow trout and whitefish
increased in seminal plasma and decreased in spermatozoa after short-term storage on ice,
indicating a transfer of AspAT from spermatozoa to seminal plasma (Ciereszko and Dabrowski
1994). The possible origin of low molecular weight seminal plasma substances from
spermatozoa has been discussed earlier.

Correlation between Seminal Plasma Mineral and Organic Substances and Fertilization Success

No single parameter of milt, including sperm motility, has been proven to be an
unequivocal predictor of sperm fertilizing ability. However, many parameters of seminal plasma
show moderate correlation with sperm fertilization rate. A positive correlation has been found
between fertilization rate of Atlantic salmon Salmo salar spermatozoa and osmolality (r = 0.57),
concentrations of sodium (r = 0.60), potassium (r = 0.48) and glucose (r = 0.42), and
sodium/potassium ratio (r = 0.52) (Aas et al. 1991). These authors suggested the threshold value
of 87 mM of sodium in seminal plasma of Atlantic salmon for an adequate fertilization rate.

A positive correlation between seminal plasma parameters and semen quality suggests
that this relationship might be useful for evaluating quality of cryopreserved fish semen. For
example, in a study of four parameters of seminal plasma (glucose, glycerol, sodium and
potassium), concentrations of glucose correlated significantly with fertilization success of
thawed semen (r = -0.63). A negative correlation between concentration of glucose and sperm
fertilizing ability was unexpected in respect to data for fresh semen of Atlantic salmon (Aas et al.
1991). It was suggested that this correlation (and the one for glycerol) could indicate
deterioration of the mineral and metabolic regulation capacity within the testes (Piironen 1987).
This agrees with data demonstrating the importance of glucose metabolism during
spermatogenesis (Soengas et al. 1993). On the other hand, data showing the importance of
sodium and potassium agree with results for Atlantic salmon and indicate that these ions may be
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related to semen quality and suitable for cryopreservation. A positive correlation (r = 0.63) was
found between seminal plasma osmolality and post-thaw fertility rate of rainbow trout semen
(Lahnsteiner et al. 1995a, 1996c¢), which agrees with data for fresh semen of Atlantic salmon
(Aas et al. 1991). However, these authors found a negative correlation (r = -0.60) between
seminal plasma pH and post-thaw fertility rate. In their experiment it appeared that a decline in
sperm fertilizing ability occurred in milt samples with pH higher than 8.2. Other seminal plasma
components affected fertilizing ability to a less, but significant extent. The relationship between
fertilization rate and seminal fluid triglycerides was described by a positive linear regression.
Relationships between LDH and B-D-glucuronidase activities were described by negative
quadratic regressions. The nature of these regressions was not clear. High LDH activity is likely
an indicator of sperm damage, whereas levels of triglycerides may reflect secretory functions of
spermatic duct epithelium and B-D-glucuronidase may indicate the beginning of degeneration
processes and the senescence of semen (Lahnsteiner et al. 1996c¢). These results suggest that
further studies are necessary to elucidate which seminal plasma characteristics are related to
sperm quality and which reflect a functioning of the fish reproductive system.

Contamination of Seminal Plasma

Even small amounts of contaminants can seriously affect the biochemical parameters of
seminal plasma and if undetected may produce false results. The most effective milt collection
method is the use of a catheter, although in practical conditions milt is usually collected by
stripping. This latter method may lead to contamination of milt with water, slime, feces, blood,
or urine. All of these contaminants, with urine potentially being the most serious, may lead to a
decrease of sperm quality and decrease the usefulness of semen for cryopreservation. This
presumption is based on the harmful nature of contaminants, but their effects on sperm
cryopreservation have not been studied. It is recommended by most investigators that any
contaminated milt should be discarded, however it is difficult to detect minute amounts of
contamination.

Contamination of milt with slime may seriously affect biochemical parameters of seminal
plasma and sperm function. Skin mucus of fish contains many potential contaminants, including
proteins (Hjelmeland et al. 1983, Zilberg and Klesius 1997). However, contamination of milt
with skin mucus and water can easily be avoided by practicing care during stripping.

Contamination of milt by feces may happen quite often but can be monitored visually.
Even small amounts of feces produce an increase of alkaline phosphatase activity in seminal
plasma (Ciereszko and Dabrowski 1994). Consequently, activity of this enzyme may be an
indicator of fecal contamination.

The presence of blood in milt can be monitored visually, however synthetic carotenoids
present in some commercial diets can produce a pink color in milt which may make it difficult to
distinguish blood contamination (Ciereszko and Glogowski unpublished data). The concentration
of protein and anti-proteinase activity in blood is greater by more than 20-fold than that of
seminal plasma (Loir et al. 1990, Ciereszko et al. 1996b). Therefore, blood contamination of milt
may increase amounts of these components in seminal plasma.

Contamination of stripped milt with urine seems to be the most serious problem because
it is difficult to detect. This contamination can be partially decreased by clearing the bladder
before milt collection using a technique described by Piironen (1994). Due to the low osmolality
of urine, its addition to milt of freshwater fishes may cause partial activation of sperm that results
in a decrease of ATP concentration in spermatozoa and decreased sperm motility (Percherc et al.

58



Biochemical Characteristics of Seminal Plasma and Spermatozoa of Freshwater Fishes Ciereszko et al.

1995a, 1995b). It is possible that semen samples classified as being of poor quality have been
activated by urine during sampling (Billard et al. 1995a). Urine contamination of milt may be
monitored by a decrease in milt potassium levels and osmolality (Rana 1995b).

Biochemical Aspects of Spermatozoa Related to Cryopreservation

Membrane Lipids

Composition and arrangement of sperm membrane lipids are important factors in
determining sperm cell resistance to cryopreservation stress (Mann and Lutwak-Mann 1981,
Hammerstedt et al. 1990, Parks 1997). Extensive studies on sperm lipids and their relationship to
sperm quality and cryopreservation have been carried out in mammals. The major lipid classes
found in mammalian sperm are phospholipids, glycolipids and sterols. The lipid composition of
mammalian sperm membranes differs from that of somatic cells. One characteristic feature of
sperm lipid composition is the presence of long-chain polyunsaturated fatty acids, such as
docosahexaenoic (22:6) and docosapentaenoic (22:5) acids, in the phospholipid fraction.

The high proportion of polyenoic acyl chains of sperm phospholipids is related to the
likely occurrence of membrane lipid peroxidation. This makes the sperm membrane highly
susceptible to damage, especially when semen is subjected to storage. Sperm lipids determine
susceptibility of spermatozoa to cold shock and to thermotropic phase behavior of membranes.
This topic has been recently reviewed by Parks (1997). Two aspects of sperm lipid composition
have been linked to cold shock. These include cholesterol to phospholipid ratio and unsaturation
index of phospholipid-bound acyl chains. Cholesterol to phospholipid ratio appeared to be
positively correlated with cold shock resistance. Unsaturation index of phospholipid-bound acyl
chains was negatively correlated with tolerance to cooling.

Fatty acid composition of different phospholipids from several fish species has been
extensively studied, and significant species-to-species differences were recorded (Drokin 1993,
Labbe et al. 1995). It was also reported that the cholesterol to phospholipids ratio was
significantly higher in sperm of marine fishes than it was in the sperm of freshwater fishes
(Drokin 1993). This difference in ratio was suggested to be related to a higher resistance to
cryopreservation stresses in sperm of marine fishes.

Several differences in the phospholipid composition of the plasma membrane of
spermatozoa have been described between rainbow trout and mammals (Labbe et al. 1995). In
rainbow trout these authors found lower sphingomyelin content and higher levels of
phosphatidylserine and phosphatidylethanolamine. Phospatidylinositol is one of the most
saturated phospholipids in mammals. On the contrary, in rainbow trout these phospholipids
contain high amounts of unsaturated fatty acids. It remains to be determined how these
differences in lipid composition are related to differences in sperm biology and fertilization
between mammals and fish.

In a separate experiment, the effects of long-term acclimation of rainbow trout to 8 °C
and 18 °C, and two dietary treatments (diets supplemented either with corn or fish oil) were
tested on the characteristics of sperm plasma membranes (Labbe et al. 1995). These authors
found that fatty acid profiles of phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol and phosphatidylserine classes were affected by the fatty acid profiles of the
broodstock diets. These authors concluded that sperm membranes have the ability to incorporate
the fatty acids that are most available in the diet. However, this ability is limited by the need for
polyunsaturated n-3 fatty acids. This indicates that lipid composition of sperm membranes may
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be controlled to some extent by diet. The rearing temperature only slightly affected the sperm
phospholipid fatty acids. Thus, temperature and diet manipulation caused modifications of sperm
membranes that were not significant enough to produce changes in membrane fluidity.

In a similar experimental design, the effect of rainbow trout thermal acclimation on sperm
cryopreservation and lipid composition of plasma membranes was tested (Labbe and Maisse
1996). Fish were acclimated to either 8 °C or 18 °C during gametogenesis, and transferred to 13
°C at the beginning of the spawning period. It was found that the fertilizing ability of
cryopreserved sperm from fish reared at 18 °C was more than twice (60 to 80% fertilization) that
of fish reared at 8 °C (20 to 30% fertilization) up to 42 d after the transfer. Cholesterol content of
plasma membranes, expressed as cholesterol to protein and cholesterol to phospholipid ratios
were lower for fish reared at 18 °C than for those reared at 8 °C. These changes were seen up to
42 d after transfer, but not longer, which corresponds to the results of the above cryopreservation
trials. This finding was confirmed by a negative correlation (r = -0.55) between sperm
fertilization rate and cholesterol to phospholipid molar ratio. These data indicate that in rainbow
trout low cholesterol/phospholipid ratio correlates with cryopreservation resistance of
spermatozoa. This does not agree with the general relationship established for mammals though,
where sperm resistance to cooling is related to high cholesterol to phospholipid ratio. It has been
noted, however, that this relationship may be characteristic only for mammals, because rooster
sperm, which are tolerant to rapid cooling, have a low value of cholesterol to phospholipid ratio
as well (Parks 1997).

Changes of the cholesterol content of the plasma membranes in fish transferred from 18
°C to 13 °C were interpreted by Labbe and Maisse (1996), in agreement with the concept of
homeoviscous adaptation (Sinensky 1974), as an active adaptation of the membrane to preserve
fluidity as temperature decreased. This interpretation is based on the fact that changes in the
cholesterol to phospholipid ratio were restricted to 42 d after transfer and were not seen later. In
the conclusion of their paper, Labbe and Maisse (1996) proposed that “’the response of trout
spermatozoa to acclimation temperature depends both on the acclimation length and on the range
of temperature used, and that in very specific conditions, sperm fertilizing ability can be
significantly improved. A low membrane cholesterol level might be one parameter responsible
for sperm ability to withstand cryopreservation.” Germ cells seem to be a sensitive target to
environmental cues. These cues can act during gametogenesis rather than during storage of
mature spermatozoa in the spermatic duct.

These results indicate that the fertilizing ability of sperm and their usefulness for
cryopreservation may depend on environmental conditions. In the future this should lead to
development of specific procedures for sperm and broodstock handling to improve the quality of
fresh sperm and success in cryopreservation.

Effect of Cryopreservation on Sperm Composition

During the last three decades, studies on biochemical characteristics of mammalian and
avian sperm have been carried out to evaluate changes in sperm cells during cryopreservation
(Pace and Graham 1970, Strzezek at al. 1981a, 1981b). The central assumption in these studies is
that damage to sperm cells during cryopreservation can be monitored by measuring the levels of
substances, most often enzymes, before and after cryopreservation. Localization of these
substances in spermatozoa should point out which structure has been damaged. The role of these
substances in sperm metabolism should allow better understanding of metabolic changes in
sperm caused by cryopreservation. Such information could be crucial for optimization of
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particular steps in cryopreservation technology. Searching for biochemical parameters related to
sperm injury seems to be particularly justified in fish sperm since, unlike in mammals, damage to
sperm membranes cannot be easily monitored by light microscopy.

Attempts have been made to select constituents of spermatozoa as potential markers of
sperm injury in brook trout Salvelinus fontinalis and rainbow trout (Schmehl et al. 1987). The
experimental design was based on a comparison of seminal plasma composition before and after
plunging of milt into LN,. A number of low molecular weight substances have been shown to be
released from damaged spermatozoa, including potassium and phosphorus and free amino acids.
However, due to small differences between levels of these substances before and after damage,
inconsistency of the results between species, and the time-consuming assay procedures, the
authors did not recommend these as markers of sperm injury. Two enzymes did show promise,
though. The activities of AspAT and LDH increased more than nine times after thawing, and
determination of the activities of these enzymes was easy and sensitive. Therefore, these
enzymes were chosen as the most applicable for evaluation of spermatozoa damage.

The activities of enzymes and the concentrations of organic compounds were evaluated in
fresh and cryopreserved semen of rainbow trout (Lahnsteiner at al. 1996a). The activities of
isocitrate dehydrogenase, malate dehydrogenase, L-lactate dehydrogenase, ATPase, and the
concentrations of creatine phosphate and ATP were significantly lower in thawed semen than in
non-frozen semen. On the other hand, the activities of adenylate kinase and pyruvate kinase and
the concentrations of ADP, lactate, pyruvate, glucose and triglyceride did not change as a result
of cryopreservation. The authors suggested that some sperm enzymes could have been denatured
by the cryopreservation process. The effect of freezing and thawing on sperm metabolism can be
monitored by selection of enzymes released from spermatozoa during this process and used as
indicators of damage to sperm. For example, the decrease in activities of enzymes of the
tricarboxylic cycle (isocitrate, dehydrogenase and malate dehydrogenase), together with a
decrease in ATP concentration, may indicate disturbances in sperm energy production necessary
for motility. This coincides with lower percentages of motile sperm and changed parameters of
movement of cryopreserved sperm as compared to fresh (Lahnsteiner et al. 1996a, Ciereszko et
al. 1996c¢). A special caution is necessary when certain sperm enzymes are selected as indicators
of injury to sperm structures, because they may be denatured by cryopreservation, yielding an
underestimation of their release from spermatozoa.

Some enzyme activities of fresh semen can be used to predict cryopreservation success. A
significant negative correlation between post-thaw sperm fertilizing ability and activity of acid
phosphatase, and a positive linear regression for activity of adenylate kinase were found in
rainbow trout (Lahnsteiner et al. 1996¢). These data suggest that activity of the adenylate kinase
may be used as a predictor of suitability of spermatozoa for cryopreservation. However, the use
of acid phosphatase for this purpose is not clear due to the negative relationship of this enzyme
with sperm quality.

It has been shown that proteins are released from spermatozoa after cryopreservation.
Using electrophoresis, many sperm proteins of Atlantic salmon were observed in seminal plasma
after thawing without cryoprotectants (Yoo et al. 1987). This release was decreased when
glycerol or DMSO was introduced to the semen. This confirms the cryoprotective role of these
substances. Our recent data (Glogowski et al. unpublished data) showed that proteins released
from rainbow trout spermatozoa after cryopreservation may be observed using SDS-PAGE
electrophoresis (Figure 3). Within fractions released from sperm, a protein of 42 kDa dominated.
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There is a possibility that this protein may be the same one observed by Maisse at al. (1988) and
Malejac et al. (1990) and can be used as an indicator of suitability of semen for cryopreservation.

Figure 3. Loss of proteins from rainbow trout spermatozoa because of cryopreservation. Data for
two individual males are presented. Lanes 1 and 8 are molecular weight markers (94, 67, 30, and
14.4 Kda). Lanes 2 and 5 are seminal plasma diluted 1:3 with extender, lanes 3 and 6 are
extracellular fluid obtained after extension of milt before cryopreservation, and lanes 4 and 7 are
extracellular fluid obtained after thawing. Note the presence of a 43 kDa protein in lanes 4 and 7.

Changes in enzymatic activity of sperm as a result of cryopreservation have been studied
for several fish species. A decrease in AspAT activity was observed in cryopreserved sperm of
rainbow trout when compared to fresh sperm (Malejac et al. 1990). The activities of AspAT and
acid phosphatase in sperm of Northern pike were affected by freezing technique (straws vs.
pellets) and cryoprotectant used (DMSO, glycerol, or DMA) (Glogowski et al. 1997b). Activities
of both enzymes were lowest when extenders containing DMA were used. Activities of AspAT
and acid phosphatase released from spermatozoa after thawing correlated negatively with
fertilization rates of these spermatozoa (Figure 4). Changes in activity of both enzymes were
observed in the milt of brook trout, brown trout and rainbow trout in response to
cryopreservation technique (Glogowski et al. 1996). Activity of AspAT in cryopreserved
spermatozoa correlated negatively with fertilization success in all three species. Similar results
were found for bream Abramis brama (Glogowski et al. 1997a). Activity of LDH as an indicator
for damage to cryopreserved rainbow trout spermatozoa has also been reported (Lahnsteiner et
al. 1996b). A negative correlation (r =-0.774) was found between LDH liberated from
spermatozoa and the percentage of motile spermatozoa. Also, the activity of LDH depended on
cryopreservation procedures. Because LDH is located inside the mitochondria of rainbow trout
sperm cells, its activity may be an indicator of damage to the mid-piece region of spermatozoa.
Additional studies on localization of other sperm enzymes are necessary in fish to relate enzyme
liberation from sperm to the damage of a particular sperm structure.
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Figure 4. Correlation between sperm fertilizing ability (measured by percent eyed embryos
produced) and leakage of acid phosphatase (AcP), (open points), and aspartate aminotransferase
(AspAT), (closed points), from northern pike spermatozoa after thawing. Correlation coefficients
were -0.76 (P < 0.01) for acid phosphatase and —0.59 (P < 0.05) for aspartate aminotransferase.

Studies on changes of sperm biochemical parameters provide new insights into the nature
of the cryopreservation process. New information includes identification of substances released
from sperm, their relation to sperm structure and function, and changes of metabolism of sperm
cells as a result of cryopreservation. Further studies in this area are warranted. However, none of
the biochemical characteristics of milt studied so far may be universally used as a practical
parameter of sperm quality.

Cryopreservation of Acrosomal Spermatozoa

The acrosome is a specialized sperm organelle designed to facilitate penetration of egg
envelopes by spermatozoa. The penetration involves morphological events (acrosome reaction)
combined with activation of acrosome enzymes with a lytic activity toward egg envelopes. This
sperm structure is absent (with few exceptions) in teleost fish spermatozoa, but is present in the
acipenserids and other ancient fishes. Therefore, successful cryopreservation of acrosomal
spermatozoa has to produce intact acrosomes after thawing. Recently trypsin-like activity was
detected in lake sturgeon spermatozoa, which is similar to acrosin (one of the most universal
acrosomal enzymes) (Ciereszko et al. 1994, 1996¢). This acrosin-like enzyme appeared to be
prone to denaturation by low temperatures. Its activity decreased to 10 to 20% when sperm
pellets were frozen without cryoprotectant. However, freezing of semen on dry ice in the
presence of DMSO and subsequent storage in liquid nitrogen resulted in successful conservation
of acrosin-like activity (Ciereszko et al. 1996a, 1996b, 1996¢). These results indicate that
acrosin-like activity is a potential candidate for monitoring of acrosome changes after
cryopreservation of lake sturgeon spermatozoa.
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Conclusions

Seminal plasma creates optimal conditions for storage of semen in the reproductive
system where spermatozoa are kept in a quiescent state, their functional properties (motility and
genomic packaging) are protected and metabolism is supported. Numerous components of
seminal plasma are involved in these functions. Mineral components such as potassium, sodium
chloride, and calcium in salmonids have a principal role in protecting sperm cell immotility and
later in insuring initiation of movement at the time of release. Other ions and organic substances
(free amino acids and citric acid) probably have a modulating role in sperm motility. Seminal
plasma sugars, lipids and glycerol support metabolism of spermatozoa. The proteins of seminal
plasma are possibly involved in protecting the integrity of sperm membranes (lipoproteins) and
controlling proteinases of the reproductive tract or spermatozoa (antiproteinases). Ascorbic acid
is likely involved in normal spermatogenesis, sperm storage, and protection of sperm functions.
Some seminal plasma components may originate from cells of the reproductive system and
spermatozoa, and possibly reflect metabolism or damage to these cells. Changes in concentration
of any these components may have a diagnostic value regarding the reproductive system and
spermatozoa.

Studies of sperm biochemical parameters provide new insights into the nature of the
cryopreservation process. Recently collected information includes identification of substances
released from sperm (of small and larger molecular weights) after freezing and thawing, their
relation to sperm structures and functions (for example, a decrease of sperm ATP stores), and
changes of metabolism of sperm cells, including identification of enzymes which may be
denatured by cryopreservation. This information is being used to modify cryopreservation
techniques. For example, oxygenation of sperm suspensions is proposed to rebuild ATP stores of
fresh and cryopreserved sperm.

Some components of semen composition can be controlled by external factors such as
diet and temperature. This relates both to seminal plasma (ascorbic acid) and spermatozoa
(lipids). Opportunity to control, to some extent, the composition of semen opens new areas of
research directed toward enhancing these sperm features which are important for successful
cryopreservation. Such attempts have been already successfully initiated for sperm membrane
lipids.
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Summary of Recent Developments and Advances by Authors

After 2000, a few major reviews were published on this topic. Cosson (2004) summarized
the current knowledge concerning ionic and osmotic factors controlling motility of fish
spermatozoa. Rurangwa et al. (2004) described both sperm motility measurements and semen
quality indices, and their relationship to seminal plasma characteristics. Alavi and Cosson (2006)
summarized the effects of ions and osmolality on sperm motility. Using this information and
published latter references I wrote a review titled “Chemical composition of seminal plasma and
its physiological relationship with sperm motility, fertilizing capacity, and cryopreservation
success in fish” (Ciereszko 2008). This review consists of three parts and was intended to update
the information presented in 2000. Below | will summarize the main points of this review
supplemented with results of recently published papers.

In the first part of the review (Ciereszko 2008) updated information concerning chemical
and biochemical parameters of seminal plasma as semen quality indicators is provided, with
special emphasis on enzymes, lipids, minerals and antioxidants. Low levels of vitamin C in
seminal plasma of the rainbow trout have been found to be associated with a high percentage of
abnormal embryos in the offspring (Ciereszko et al. 1999a). Moreover, uric acid has been
identified in fish seminal plasma. Uric acid has a potential role in protection of fish spermatozoa
against oxidative damage (Ciereszko et al. 1999b). Recently, Lahnsteiner et al. (2010) described
antioxidant systems of brown trout (Salmo trutta f. fario) semen and confirmed the presence of
high concentrations of uric acid in seminal plasma of this species.

Ingermann et al. (2001) established that salmonid seminal plasma has a low buffering
capacity. The authors link this phenomenon with the facilitation of the role of sperm duct
epithelium in semen pH regulation, and thus, in the sperm’s acquisition motility upon exposure
to water.

The second part of the review deals with proteins of seminal plasma that can potentially
be used as indicators of semen quality. Compared to the data of 2000, new proteins have been
identified. Mochida et al. (1999) described the presence of a sperm immobilizing factor in tilapia
that is secreted in Sertoli cells and spermatic duct. This protein is able to interact with
spermatozoa (Mochida et al. 2002a). Proteolytic enzymes (gelatinases) were identified in
seminal plasma (Kowalski et al. 2003a). These enzymes exhibit species-specific electrophoretic
profiles and belong mostly to metalloproteases and serine proteases. Ubiquitin has been found in
fish semial plasma and testis (Osaki et al. 1999, Mochida et al. 2002b). Therefore it is likely that
ubiquitin-mediated proteolysis is present in the fish male reproductive tract. Compared to 2000,
knowledge concerning serine proteinase inhibitors has been markedly extended (Ciereszko et al.
1998). Two serpins have been identified in rainbow trout (Mak et al. 2004) and carp seminal
plasma (Wojtczak et al. 2007a). These inhibitors are characterized by a suicide inhibition
mechanism and may be involved in the protection of spermatozoa from proteolytic attack of
proteases in seminal plasma, damaged spermatozoa or blood cells. There are at least two protease
inhibitors other than serpins in seminal plasma that remain to be identified (Kowalski et al.
2003b, Wojtczak et al. 2003). Seminal plasma of percid fishes are characterized by unique
profiles of serine protease inhibitors (Nynca et al. 2010a). Recently transferrin has been
identified and found together with serine protease inhibitors, to be a major protein of carp
seminal plasma (Wojtczak et al. 2005). Transferrin is probably involved in iron transportation to
developing germ cells. Transferrin is recognized as a multi-task protein with antioxidative and
antimicrobial protection activities. Polymorphism of transferrin was found to be linked to carp
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sperm motility characteristics and has been recently purified and characterized (Wojtczak et al.
2007b, Dietrich et al. 2010b).

Carboxylesterases have been identified in fish seminal plasma (Ciereszko 2008). These
enzymes can be potentially involved in detoxication of xenobiotics. Lahnsteiner et al. (2004)
described seminal plasma proteins of molecular mass < 50 kDa capable of prolonging and
stabilizing of sperm viability. Proteins of 54, 47, and the 16 kDa were identified as major
proteins involved in sperm viability prolongation (Lahnsteiner 2007). However, positive effects
of other unknown components of the seminal plasma on sperm viability have been suggested by
this author as well. New proteins recently identified in fish seminal plasma include
apolipoprotein C (Nynca et al. 2010b) and parvalbumin (Dietrich et al. 2010b). The latter is
present both in seminal plasma and spermatozoa and presumably is a part of Ca*"-mediated
mechanisms of sperm activation in carp.

Li et al. (2009) provided a comprehensive review concerning sperm proteins in teleostean
and chondrostean (sturgeon) fishes. These authors demonstrated specific effects of
cryopreservation on proteins of sperm of common carp (Li et al. 2010). Eleven specific proteins
related to the cryopreservation process have been identified, three as specific membrane proteins
(N-ethylmaleimide-sensitive fusion protein attachment protein alpha, cofilin 2, and annexin A4)
involved in membrane trafficking, organization, and cell movement; six as cytoplasmic enzymes
(S-Adenosylhomocysteine hydrolase, Si:dkey-180p18.9 protein, lactate dehydrogenase B,
phosphoglycerate kinase 1, transaldolase 1, and esterase D/formyl-glutathione hydrolase)
involved in cell metabolism, oxidoreductase activity, and signal transduction; and two as
transferrin variant C and F.

The third part of the review deals with factors affecting seminal plasma composition and
semen quality. Numerous factors have been identified, including season, temperature, salinity,
nutrition, antinutritional factors, stress, hormonal stimulation, and milt contamination. Seasonal
changes in proteins and antiprotease activity have been described with emphasis on
demonstrating their lower values at the end of the reproductive season (Ciereszko et al. 2004,
Wojtczak et al. 2007¢c). However, such changes were not observed for seminal plasma ions
(Alavi et al. 2008). The latter recorded seasonal changes for osmolality though (Alavi et al.
2010). Phase-shifted phototermal cycles produce significant changes in seminal plasma
parameters (Tate and Helrfich 1998). Temperature adaptation changes have been reported for
seminal plasma low molecular weight compounds of carp (Emri et al. 1998) and Arctic charr
(Atse et al. 2002). Acclimation to sea water may modulate the composition of seminal plasma,
including glucose concentrations (Atse et al. 2002) and osmolality (Linhart et al. 1999). It is well
known that the maturation of spermatozoa is related to an increase of seminal plasma pH and
fluidization of milt. Such phenomena are also observed after hormonal stimulation (Clearwater
and Crim 1998). Differences in hormonal stimulation protocols can influence specific changes in
seminal plasma composition (Linhart et al. 2003a). Although direct evidence is lacking, it is
likely that endocrine disruptors will modify composition of seminal plasma, because their effects
on sperm parameters have already been reported (Jobling et al. 2002, Gill et al. 2002).

Compared to information published in 2000 concerning the contamination of milt a
description of blood cells in milt has been reported (Ciereszko et al. 2004). Linhart et al. (2003b)
demonstrated the activation of tench (Tinca tinca) spermatozoa by urine. Poupard et al. (1998)
provided further information concerning depletion of intracellular ATP stores due to urine
contamination of carp semen. Dreanno et al. (1998) reported data concerning the deleterious
effects of urine on sperm of marine fish. Sequential stripping of fish milt influences osmolality of
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seminal plasma. In rainbow trout an increase in osmolality was observed due to a decrease in
urine contamination of milt (Dietrich et al. 2005).

Data concerning nutritional effects on fish semen are very limited (Izquierdo et al. 2001).
Most data concerns anioxidants (see above) and unsaturated fatty acids. These fatty acids have
been shown to affect sperm volume and concentration of sea bass (Asturiano et al. 2001).
Henrotte et al. (2010) demonstrated dietary effects of n-3/n-6 ratio on biochemical composition
of Eurasian perch semen.

Plant-derived ingredients of fish diets contain numerous antinutritional substances,
including gossypol. Gossypol is a yellow pigment indigenous to the cotton plant genus
Gossipium with potent male contraceptive activity. Exogenous gossypol inhibits motility of
yellow perch (Ciereszko and Dabrowski 2000) and sea lamprey sperm fertilizing ability
(Rinchard et al. 2000). Feeding experiments conducted on diets containing cottonseed meal have
resulted in a gradual increase of gossypol in the fish reproductive tract and its binding to seminal
plasma proteins (Dabrowski et al. 2000, 2001). Soybean contains phytoestrogens, such as
genistein and daidzein. These substances are endocrine-disrupting agents possessing estrogenic
activity in vitro. Bennetau-Pelissero et al. (2001) have demonstrated that feeding rainbow trout
with genistein-enriched diets accelerates testicular development and a decreases sperm motility
and concentration at spawning. Feminization of males has been reported as well (Kiparissis et al.
2003, Pollack et al. 2003). Discharges from paper industry, such as wood pulp and mill effluent
from bleached kraft mills are another source of phytoestrogens, especially for fish in rivers
(Kiparissis et al. 2001).

Stress can significantly affect fish reproduction especially in aquaculture conditions
(Schreck et al. 2001, Bayunova et al. 2002). The direct effect of stress on fish semen is related to
its dilution effects. Allyn et al. (2001) have demonstrated a decrease in semen osmolality of
white bass exposed to transportation stress. Such a decrease produced a premature sperm
activation, an effect similar to that produced by the contamination of milt with water or urine.

Recently, Lahnstainer and Radner (2010) identified lysozyme activities and
immunoglobulin concentrations in seminal plasma and spermatozoa of different teleost species.
These proteins appeared to be related to sperm viability and motility.
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New Chapter

Sperm Nuclear Basic Proteins and Sperm Chromatin Organization in Fish

Juan Ausio, Naria Saperas and Manel Chiva

Overview

Sperm nuclear basic proteins (SNBPs) have been shown to consist of three main types:
histone (H type), protamine-like (PL type) and protamine (P type). Fishes represent a unique
group of vertebrates in that it includes species that contain representative proteins of each type.
Phylogenetically, the different SNBP types exhibit a sporadic distribution that is not random and
is the result of vertical evolution. Each of the SNBP types bind to DNA in a distinctive way
providing the nuclei with a highly compacted chromatin organization that is characteristic of the
sperm head. An improved understanding of the packing of chromatin has implications for
aquaculture. The diverse nature of the SNBPs involved in fish sperm provides an excellent tool
for further understanding chromatin epigenetics.

The Main SNBP Types

In the eukaryotic nucleus DNA is found associated with chromosomal proteins forming a
nucleoprotein complex called chromatin (van Holde 1988). This complex enables the
compaction of large eukaryotic genomes within the limited space of the nucleus. It also allows
for an elaborate regulation of gene expression. Therefore, the nucleus has a highly dynamic
nature (Schneider and Grosschedl 2007) where the chromatin exists in an equilibrium between
different association states. In this process, individual and often extended chromatin fibers
(euchromatin) serve as a template for transcription, and fibers with a different extent of
association (heterochromatin) are involved in gene silencing. Thus, heterochromatin represents
the most condensed state of chromatin. In a given cell there is a constitutive heterochromatin
fraction that is common to different cell types such as the chromatin localized at centromeres and
telomeres. Another heterochromatin fraction varies within chromosomal domains in different
cell types and among chromosomes (for instance X-chromosome inactivation in mammals) and
is referred to as facultative heterochromatin (Trojer and Reinberg 2007). The chromatin
organization of the sperm nucleus represents an extreme situation in which almost all the
chromatin is fully compacted and heterochromatinized.

The high extent of compaction of sperm chromatin is achieved by three types of
structurally different chromosomal proteins generically referred to as sperm nuclear basic
proteins (Ausio 1999). The three types as indicated above include the histone type (H type), the
protamine type (P type) and the protamine-like type (PL type) (Ausié 1999). These types can be
differentiated by electrophoretic analysis (Figure 1A). The name histone was coined by Kossel to
describe the tissue (histos) and peptone nature of the extracts prepared from the nuclei of goose
erythrocytes (Kossel 1884) and the proteins they represent correspond to H type SNBPs. Proteins
of the H type (Figure 1A, lane 1) can be grouped into two major groups, core histones

Ausio, J., N. Saperas and M. Chiva. 2011. Sperm Nuclear Basic Proteins and Sperm Chromatin Organization in
Fish. In: Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch and C. C. Green, editors. World
Aquaculture Society, Baton Rouge, Louisiana. Pp. 80-91.
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Figure 1. Structural characterization of the three main types of SNBPs in fish. (Left panel) Acetic acid (5%)-urea (2.5 M) -polyacrylamide
gel electrophoresis of the SNBPs of fish species representative of each of the three main types. Lane 1: Ictalurus punctatus (channel
catfish) (H type); lane 2: Mullus surmuletus (red mullet) (PL type); lane 3: Oncorhynchus keta (chum salmon) (P type); CM: chicken
erythrocyte histones used as a marker. PL-1: protamine-like I; P: protamine. The position of the histones H1/H5, H2A, H2B, H3 and H4 is
indicated in the left hand side of the gel. (Middle) Amino acid sequences representative of each of the main SNBP types: Ictalurus histone
H1x (from I. punctatus, accession number: AAQ99138) (Evans et al. 2005); Mullus PL-1 (from M. surmuletus, accession humber:
QO08GKO9) (Saperas et al. 2006); protamines (salmine) from O. keta (Hoffmann et al. 1990). The boxes highlight the sequence
corresponding to the winged helix domain (WHD) of these proteins and the numbers correspond to the amino acid location along the
sequence. (Right) Tertiary structure organization of the trypsin-resistant WHD of linker histones (H1/H5) (Ramakrishnan et al. 1993,
Cerf et al. 1994) (upper image) in comparison to the predicted tertiary structure for the WHD of the PL-I protein of M. surmuletus
(Saperas et al. 2006). C and N denote the C- and N-terminal ends respectively.
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and linker histones. The former includes histones H3, H4, H2A, H2B and their non-allelic
variants (Ausio 2006). They have an amino acid composition that is rich in lysine and arginine
(10-15 mol % of each) and their molecular masses range from 10,000 to 14,000. They contain a
histone fold domain (Arents and Moudrianakis 1995) that is flanked by N- and C-terminal tail
domains that exhibit a disordered conformation in solution.

The linker histones or histones of the H1 family have a lysine-rich amino acid
composition (20-30 mol %) with molecular masses of around 20,000. The primary structure of
these proteins often exhibits a high extent of microheterogeneity (Cole 1987). Their distinctive
tertiary structure feature is the winged helix domain (WHD) (Ramakrishnan et al. 1993) (Figure
1) which is surrounded by N- and C-terminal tails. These disordered regions have been shown to
adopt an important secondary structure organization upon interaction with DNA (Roque et al.
2005, Vila et al. 2001a,b).

Protamines were first described in fish. The name was used by Miescher in 1874 to refer
to an “organic base” extracted from the nuclei of the sperm of salmon (Miescher 1874). Over the
years these proteins have been extensively characterized (Felix 1960, Ando 1973, Oliva and
Dixon 1991). The protamine type (Figure 1, left, lane 3) consists of a structurally heterogeneous
group of arginine-rich proteins which are usually smaller than histones (4,000 < M, < 10,000).
They lack any secondary structure in solution but it is possible that like histone H1, they adopt a
helix-like organization upon interacting with DNA. In addition to arginine these proteins may
also contain cysteine, an amino acid that is seldom found in any other chromosomal proteins.
Cysteine-containing protamines are ubiquitously present in the sperm of some chondrichthyans
(Kasinsky 1989, Saperas et al. 1997, Chiva 1995, Wouters-Tyrou et al. 1998). Like histone H1,
protamines can in certain instances, exhibit amino acid sequence microheterogenity (Lewis et al.
2003) (Figure 1, middle).

The Fish SNBP Types and Their Phylogenetic Distribution

The H, P and PL type SNBPs are widely distributed throughout the animal kingdom
(Bloch 1976, Kasinsky 1989, Ausié 1995, Eirin-Lopez et al. 2006) and organisms containing
proteins representative of each type are found in protostomes and deuterostomes (Ausi6 1999,
Eirin-Lopez et al. 2006). It has now been demonstrated that the H and PL types are structurally
and phylogenetically related through linker histones (histones of the H1 family). An H — to — PL
—to — P transition has been proposed to be involved in the evolution of these chromosomal
sperm proteins and is now well documented. Although several reversions between types appear
to have occurred in the course of evolution, SNBPs of the P-type are generally more abundant in
species at the higher tips of the phylogenetic tree (Ausid 1999).

In fish, species containing proteins representative of each of the three main SNBP types
are present (Saperas et al. 1994, Saperas et al. 1996, Saperas et al. 1997) (Figure 2). Species of
the H-type contain histones that are compositionally almost indistinguishable from the histones
that are found associated with chromatin of somatic tissues as reported in agnathans (Saperas et
al. 1997) and in Cypriniformes (Munoz-Guerra et al. 1982). Nevertheless, quite often the linker
histone/core histone stoichiometry is slightly higher (Saperas et al. 1993a) as would be expected
from the role of linker histones in the folding of the chromatin fiber and from the silent nature of
the transcriptionally inactive sperm chromatin.
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Interestingly, the PL-I proteins that have been observed in fish have been found to be
related to histone H1x in other vertebrates (Frehlick et al. 2007). Histone H1x is a replacement
linker histone associated with chromatin that is refractory to micrococcal nuclease digestion and
whose gene occupies a solitary location in the genome and gives rise to polyadenylated mRNA
transcripts (Happel et al. 2005). These are characteristics that are commonly shared with PL
proteins (Eirin-Lopez et al. 2006, Saperas et al. 2006). Of note, histone H1x has been identified
in the sperm of the channel catfish Ictalurus punctatus (Frehlick and Ausi6, unpublished) which
is a fish representative of the H-type (Figure 1).

Fish protamines are very variable in the number and composition of their amino acids.
While most teleost protamines are higly arginine rich (50-70 mol %) (Ando 1973, Oliva and
Dixon 1991, Frehlick et al. 2006) chondrichthyan protamines are compositionally more variable
and often include lysine and cysteine as well as arginine (Kasinsky 1989, Saperas et al. 1997,
Chiva 1995). In addition to their structural variability, fish protamines exhibit different extents of
sequence microheterogeneity presumably arising from the presence of multiple copies of the
protamine genes. While microheterogeneity has been well documented in different species of the
orders clupeiformes (Ando 1973) and salmonifiormes (Oliva and Dixon 1991) (Figure 1) other
fish species (such as the yellow perch Perca flavescens ) (Chao and Davies 1992) contain only
one or two protamine genes (Chao and Davies 1992). Although the functional implications of
such protamine microheterogeneity are not clear, it has been suggested that it arises at the onset
of gene duplication (Hunt et al. 1996) which is involved in the evolution of protamine genes
(Oliva and Dixon 1991).

It is evident that the P type is the most extensively represented group of SNBPs in fish
(Figure 2). Hence, it is not surprising that the first early characterization of protamines was in
this group of vertebrates (Miescher 1874). The H- and PL- types are by far less abundant. While
SNBPs of the H-, PL- and P type are all present in sperm of the external fertilizing species
referred to as aquasperm in the sperm classification of Jamieson (Jamieson 1991), sperm from
the internally inseminated species (introsperm) only contain SNBP of either the PL- or P type
(see next section for further discussion).

As it was initially shown, the sporadic distribution of the three SNBP types (Saperas et al.
1993a) illustrated in Figure 2 is not random (Saperas et al. 1994). It can be explained by a
process of vertical evolution resulting from a repeated and independent loss of expression of
protamine genes (or loss of the genes themselves) that took place during the diversification of the
orders of this group (Saperas et al. 1994). Indeed, with only two exceptions (Scorpaeiformes and
Perciformes) the distribution of SNBP types is uniform within each order (Figure 2).

Further support for the vertical nature of SNBP evolution in fish comes from the
observation that fish protamines, despite their relatively simple highly arginine-rich (as high as
70 mol %) amino acid composition (Saperas et al. 1994), provide excellent molecular
phylogenetic markers that unequivocally allow one to trace the evolution of teleosts. It has been
shown that the amino acid sequences of these proteins, despite their apparent compositional
simplicity, can be used to obtain molecular phylogenies closely resemble those based on the
morphological and anatomical characteristics of the species belonging to this group of fish
(Frehlick et al. 2006). This is partly because like other reproductive proteins (Swanson and
Vacquier 2002), protamines are among the most rapidly evolving of proteins (Oliva and Dixon
1991, Lewis et al. 2003) and hence can be used to distinguish between closely related species. A
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Figure 2. Distribution of the different types of SNBPs among the main fish classes and orders. The
phylogenetic tree has been drawn according to Nelson (2006). The classes are highlighted by boxes.
H: (H type); P: (P type) and PL: (PL type). P* designates protamines containing cysteine. For a
more detailed distribution regarding individual fish species, the reader is referred to Table 2 in
Saperas et al. (1994).

clear example of this can be found in the reliability with which protamines allowed the tracing of
the phylogeny of closely related species of sticklebacks (Giménez-Bonafé et al. 2000).

Sperm Chromatin Organization and Nuclear Compaction

Different chromatin structures result from the interaction of the three main SNBP types
with DNA (Figure 3). Histones and SNBPs of the H type organize chromatin into discrete
nucleosome structures in which approximately 200 bp of DNA are wrapped about a histone core
consisting of two histone H2A-H2B dimers and an H3-H4 tetramer. In the resulting repetitive
nucleosomal organization, linker histones (histone H1 family) bind to the linker DNA connecting
adjacent nucleosomes and in doing so they induce the folding of the nucleosome arrays into a
300-A chromatin fiber (van Holde 1988) (Figure 3 H). This fiber can fold onto itself and produce
highly condensed structures consisting of interdigitating 300 A fibers (Daban 2003).
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Figure 3. Chromatin organization resulting from the association of DNA (grey double helix) with
the three main types of SNBPs.

Protamines bind to the major groove of DNA (Subirana 1991) resulting in
nucleoprotamine complexes that are essentially neutrally charged and in which the DNA is
tightly packed (Figure 3, P) (Balhorn 2007). The presence of cysteine in some protamines such
as in chondrichthyans contribute to enhance the intercomplex association resulting in an
extremely tight DNA organization (Balhorn et al. 1992). The first level of chromatin structure
resulting from the interaction of protamine-like proteins such as fish PL-I with DNA is less clear.
A hypothetical model exists (Figure 3) that takes into consideration the presence of the winged
helix domain in these proteins and the ability of this domain to bind to supercoiled (intertwisting)
DNA (Frehlick et al. 2007). Accordingly (as shown on the left side of Figure 3, PL), intertwined
strands of DNA would be bound by PL-I proteins. The highly charged nature of the N- and C-
terminal disordered ends of these proteins would neutralize the DNA charge producing
nucleoprotein fibers of about 300 A that would otherwise be similar to those produced by SNBPs
of the P type. In the red mullet M. surmuletus PL-I accounts for >90% of the chromosomal
protein component in the mature sperm (Figure 1A, lane 2) (Saperas et al. 1993b, Saperas et al.
2006). Fibro-granular structures of 250 + 50 A in diameter have been observed in early
spermatids of this fish (Saperas et al. 1993b). Of note, it has been theoretically demonstrated that
DNA condensation upon charge neutralization by interaction with SNBPs results in the
formation of fibers of a relatively constant diameter of about 300 A (Subirana 1992). This
phenomenon appears to be independent of any specific protein-DNA interactions or of the
structural nature of the specific SNBP involved (Casas et al. 1993).
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Further compaction of chromatin beyond the 300 A fibrogranular structures leads to the
highly compacted, electron opaque, nuclear organization which is observed in the nucleus of the
spermatozoa (Figure 4).

H

Figure. 4. Electron microscopy images of sections through the sperm heads of spermatozoa from
fish species representative of each of the three main SNBP types. H, histone type, channel catfish;
PL, protamine-like type, red mullet; P, protamine type, European seabass. C, centriole; DC, distal
centriole; I, midpiece indentations; li, inclusions in midpiece indentations; M, mitochondria; N,
nucleus. The bar is 0.5 pm.

The intermediate transitions that lead to this final highly condensed nuclear stage are
quite diverse. For instance, in the European seabass Dicentrarchus labrax a representative fish of
the P type, the initial 300 A fibers are organized into coarse granules of 1500 = 500 A in the ripe
sperm (Figure 4) (Saperas et al. 1993b). However, in the red mullet, a fish representative of the
PL type, the chromatin fibers further coalesce into fibroglobular structures of 500 + 100 A that
lead to the highly compacted nucleus of the mature sperm (Figure 4) (Saperas et al. 1993b). In
this later instance the 500-A nucleoprotein bundles appear to exhibit a highly intertwined
organization (Figure 3, PL, right side) (Saperas et al. 20006).

Regardless of the details of the transitions that lead to the final compacted state of the
sperm nucleus, it is the basal starting organization of the chromatin fiber at the onset of
spermiogenesis that ultimately determines the extent of nuclear compaction (Ausio et al. 2007).
Thus, whereas the chromatin fibers resulting from the association of the DNA with either one of
the H-, PL- or P types have a similar cross-sectional diameter, the nucleosomal organization
resulting from the H-type reduces the efficiency with which the DNA molecules are packed by
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approximately two fold (Ausio et al. 2007) as can also be seen in Figure 4 when comparing
panels P and PL with H which corresponds to the sperm nucleus of the channel catfish that
contains only histones (Figure 1, left, lane 1).

In addition to packing the DNA and erasing the somatic histone epigenetic component
(Ausid 1995), the chromatin-driven nuclear compaction of spermatozoa probably provides
protection against external damaging agents (such as ionizing radiation, or changes in ionic
strength of the media) in the journey of the sperm from the male body in search of the egg
(Caron et al. 2005). In fish, this may be especially important for externally fertilizing species
where the sperm (aquasperm) has to swim in either marine or fresh water environments while
being exposed to potentially damaging physical and chemical agents. It is interesting to note in
this regard that a significant amount of the freshwater fish contain SNBPs of the H-type. It was
proposed on this basis, that this may reflect the stronger DNA binding affinity of the arginine-
rich protamines and PLs (Ausio et al. 1984, Hélene and Lancelot 1982) which make the
nucleoprotamine complexes more resilient to dissociation by ionic strength and hence more
suitable for a marine environment (Nandi et al. 1979). Unfortunately, the H type SNBP has also
been identified in marine species (Figure 2) (Saperas et al. 1994).

Despite this, it is possible that the stronger DNA binding affinity of the arginine-rich
protamines compared to histones might have played a critical role in allowing the transition from
external to internal fertilization (introsperm) (Kasinsky et al. 1985, Kasinsky 1989, Kasinsky
1995). While the three H, PL and P SNBP types are observed in externally fertilizing fish and
other vertebrates, only the P-type is found in internally fertilizing species suggesting that the
transition to internal fertilization may have imposed an important constraint to the reversibility
(H—PL— P transition) between the three SNBP types that was described at the beginning of the
preceding section.

Conclusions and Future Perspectives

As described in this chapter, the SNBPs associated with chromatin in the sperm of
different fish species and the chromatin complexes arising (nuclear compaction) are quite
variable but fall within three well defined H-, PL- and P-types. Each of these types exhibits a
characteristic chromatin folding that results in a different extent of nuclear compaction. From a
practical point of view, understanding the chemical nature of the SNBPs involved in chromatin
compaction of different fish species may be important for designing cryopreservation methods
for the purpose of species conservation and aquaculture.

From the point of view of basic research, at a time when chromatin and its epigenetics are
receiving a lot of attention, the sperm of the fish with SNBPs of the H type provide a unique
system not only to address some of the questions still standing in the field of vertebrate
spermiogenesis but also to better understand fundamental processes involving chromatin itself.
For instance, does the wave of histone H4 acetylation that precedes replacement of histones by
protamines during spermiogenesis in fish of the P type also take place in fish of the H-type?
Because the chromatin in the mature sperm is fully heterochromatinized, the analysis of the
histone post-translational modifications in the H-type sperm may prove to be insightful in
defining the modifications associated with facultative and constitutive heterochromatin. The
characterization of the linker histones involved may also be relevant in this regard.
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New Chapter

Spermatozoal Ultrastructure of Ark Clams of the Superfamily Arcacea

Wan-Xi Yang and Jun-Quan Zhu

Introduction

The bivalve superfamily Arcacea (the ark shells) includes 62 species and 18 genera in
China (Xu 1997). Many species, such as Tegillarca granosa, Tegillarca nodifera, Scapharca
broughtoni, and Estellarca olivacea have economic importance and commercial value. Culture of
these species is developing fast in the eastern coast of China, and in vitro fertilization of ark
clams (family arcidae) will be used widely in next decade. But in general, cryopreservation of
bivalve sperm is relatively less studied than for fish species, and clams are less studied than other
bivalves such as oysters.

Knowledge of bivalve sperm will assist cryopreservation in ark clams. In the past several
decades, the systematic status, biogeography, and phylogenetic relationships of molluscs have
been broadly studied based on morphological comparisons (e.g., Appleton and Brackenbury
1997, Galtsoff and Philpott 1960, Healy et al. 1998, Ropstorf et al. 2002). Compared to the
wealth of information on gastropod spermatozoan structures, there are relatively few studies on
bivalve sperm (Erkan and Sousa 2002, Daniel 1971, Franzen 1983, Grande et al. 2000, Jesperson
et al. 2001, Longo et al. 1967, Popham 1979, Sousa and Oliveira 1994a,b, Sousa, et al. 1995). In
previous studies of the Family Arcidae, we investigated spermatozoan ultrastructure of
Semimytilus subcrenata (Zhu and Yang 2000) and Tegillarca granosa (Zhu et al. 2002). We
discovered that obvious structural differences existed between these species in the acrosome and
the nucleus. We also observed structures exhibiting only minor differences between species
within the same genus (Zhu and Yang 2000, Zhu et al. 2002). Currently it appears that sperm
ultrastructure within the superfamily Arcacea shares characteristics with the Family Arcidae. As
would be expected, mature spermatozoa consisted of a head with a cone-shaped acrosome, a
round nucleus and a tail region. As we have proposed previously, the morphology of acrosome
and nucleus are adaptations to external fertilization (Zhu and Yang 2000, Zhu et al. 2002). The
purpose of this chapter is to report ultrastructural features of four primary ark clam species
(Tegillarca granosa, T. nodifera, Scapharca broughtoni, and Estellarca olivacea) with
supplemental information on two other species (S. subcrenata and Barbatia virescens) to assist
eventual cryopreservation of their sperm in the future.

Yang, W.-X. and J.-Q. Zhu. 2011. Spermatozoal Ultrastructure of Ark Clams of the Superfamily Arcacea. In:
Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch and C. C. Green, editors. World Aquaculture Society,
Baton Rouge, Louisiana. Pp. 92-99.
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Sample Collection and Processing

Sample Collection

Ark clams live in various habitats, such as muddy, sandy-muddy, and rocky intertidal
zones, or sub-tidal zones at about 3-50 m of depth. Testis and sperm were collected for electron
microscopy observations. The volume of collectable sperm was generally low, with a range of
0.5-1 mL in most species. Scapharca broughtoni was larger than the other species, and sperm
volume was about 2 mL at each collection.

Sample Processing

Processing was based on methods described by Zhu et al. (2008). Briefly, the testes and
sperm were collected, minced into pieces ~1 mm square, and placed into vials containing cold (4
°C) 2.5% glutaraldehyde in filtered sea water. Fixation lasted for 2 hr, and the testes were
washed with filtered sea water, and post-fixed for 1 hr with 1% osmium tetroxide in filtered sea
water at 4 °C.

The key step was to avoid osmotic shock, we used filtered sea water to replace
conventional phosphate-buffered saline used for electron microscopy sample processing. Ark
clam tissues have a high osmotic pressure because they live in sea water. This osmotic
sensitivity was described for electron microscopy of sperm of Pacific oysters Crassostrea gigas
(Dong et al. 2005).

After fixation, the testes were dehydrated by incubation in a series of increasing ethanol
concentrations (50%, 70%, 95% and 100%), and infiltrated with mixtures (1:1, 1:3 for 1-2 h
each) of propylene oxide and epoxy resin (Epon 812, Electron Microscopy Services, Inc.
Hatfield, Pennsylvania, USA) before being transferred to pure resin at room temperature for 1 hr
before embedding, followed by incubation for 48 hr at 60°C. Ultrathin sections (600-900 A,
golden/gray interference color) were made using a LKB2088 microtome (Stockholm, Sweden).
Sections were stained with 4% uranyl acetate at room temperature for 1 hr, counter-stained with
lead citrate at (0.2%) room temperature for 4.5 min, and sections were examined with a
transmission electron microscope (JEM-100CX I, Jeol, Tokyo, Japan) with an accelerating
voltage at 75 kV.

Morphologic Measurement of the Acrosome and Nucleus

To characterize the acrosome and nucleus, we selected typical longitudinal sections,
measured numerical values as parameters of morphological comparison, including length of the
acrosome (linear length from the posterior edge to the anterior of nucleus), the width of the base
of the acrosome (the width of the border between the acrosome and nucleus), the length of the
nucleus (linear length from the anterior to posterior), the width of the nucleus (at the widest
point).
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General Morphology of Spermatozoa

The spermatozoa of ark clam are of the type I “aquasperm” (Jamieson 1991). The mature
spermatozoa consists of a head beneath of a cone-shaped acrosome, a round nucleus and a tail
region. Morphologic parameters and structural features among six species within the Family
Arcacea are summarized in Table 1.

Morphology of the Acrosome and Subacrosomal Space

The acrosome was located at the anterior of the nucleus and was in general cone-shaped
in longitudinal section. The size, height, and tip shape of the acrosome were different among
four species (Figure 1): S. broughtoni had the tallest acrosome, E. olivacea had the shortest, with
T. granosa and T. nodifera between. The acrosomal basal width of S. broughtoni was largest, and
that of T. nodifera was smallest. The tip shape of the E. olivacea acrosome was the most rounded,
and that of T. granosa was the most pointed. In longitudinal sections, the acrosomes of all four
species showed a conical or inverted V-shape. The tip of the acrosomes in T. nodifera, S.
broughtoni and E. olivaceais were flat and the tops were thin, whereas other locations along the
acrosome were thicker (Figure 1). No extra cytoplasm existed between the acrosome and plasma
membrane. The outer acrosomal membrane was adjacent to the plasma membrane, whereas the
inner acrosomal membrane abutted dense material in the subacrosomal space.

The subacrosomal spaces in all four species were divided into two regions;
electron-dense and electron-transparent. In T. granosa, T. nodifera and S. broughtoni, there was
an axial rod in each electron-dense area, which occupied most of the subacrosomal space. In the
other three species, there was also a basal plate between the base of the acrosome and the top of
the nucleus.

Nuclear Morphology

Measurement of nuclei showed that there were differences in the lengths and widths
among the species (Table 1). The nuclei of E. olivacea were the longest, while those of T.
nodifera were the shortest. The nuclei of S. broughtoni were the widest, while those of T.
nodifera were the most narrow. The nuclei of the four species, although different in breadth and
length (Table 1), maintained a generally rounded appearance. The anterior and caudal poles of
the nuclei tended to flatten out in the four species. The chromatin appeared condensed in all
spermatozoa viewed by TEM, although some electron-lucent areas were observed in T. nodifera
and E. olivacea. In the basal portion of the nuclei in all four species, there was deep V-shaped
nuclear fossa, an electron-dense centriolar complex, and the initial portion of the axoneme. The
anterior of the nuclei were relatively flattened and no anterior nuclear pocket was observed in the
four species. The ratio of nuclear length to width of Scapharea subcrenata was similar to
Estellarea olivacea, and that of Barbatia virescens was similar to Tegillarea nodifera. Among the
six species, only Barbatia virescens had an anterior nuclear pocket. Estellarea olivacea had the
highest ratio of acrosome-to-nucleus length, and Barbatia virescens ranked second.
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Table 1. Comparison of morphologic parameters (mean + SD) and structural features among six species of the superfamily Arcacea (this
includes the two primary species of this chapter plus published values for two other species for comparison).

Tegillarea Tegillarea Estellarea Scapharea Scapharea Barbatia
granosa nodifera olivacea broughtoni subcrenata virescens
Parameter (n=6) (n=8) (n=8) (n=8) (n=6) (n=4)
Length of acrosome (um) 0.671£0.028 0.522+£0.020 0.410+0.011 0.754+0.009 0.761 £0.024 0.484 £0.017
Width of acrosome (pm) 0.878£0.019 0.770+£0.020 0.824+0.029 1.107+0.017 0.965+0.026  1.320 +0.064
Ratio of length to width of acrosome 0.766 £0.033  0.677+£0.016 0.500+0.015 0.682+0.011 0.792+0.037  0.368 +0.009
Area (length by width) of acrosome 0.589+£0.029 0.404+0.025 0.339+£0.018 0.834+£0.018 0.734+£0.030 0.642£0.051
Length of nucleus (um) 1.429+£0.056 1.459+0.027 1.682+0.035 1.544+0.027 1.483+0.029 1.571+0.013
Width of nucleus (um) 1.492 £0.066 1.538+0.016 1.725+0.026 1.740+£0.044 1.490+0.033  1.600 = 0.027
Ratio of length to width of nucleus 0.960£0.020 0.949+0.016 0.975+0.014 0.890+£0.019 0.997+0.020 0.949+0.018
Area (length by width) of nucleus 2.149£0.178 2.245+0.055 2.906=+0.097 2.690+0.102 2.130+0.080 2.426 + 0.046
Ratio of acrosome to nucleus length 2.155+£0.142 2.822+0.114 4.123+0.136 2.049+£0.036 1.957+£0.062 3.142+0.107
Striation in acrosome no no no no no yes
Anterior nuclear pocket no no no no no yes
Number of mitochondria 5 5(4) 54) 5 54) 5(6)
Zhu and Yang Zhu and Yang
Source This study This study This study This study (2004) (2004)




Tegillarcagranosa  Tegillarcanodifera  Estellarcaolivacea Scapharca broughtoni

- | X

Figure 1. Sperm head ultrastructure of four ark clam species. AC: acrosome; AR: acrosomal rod; BP: basal plate; M: mitochondria; N:
nucleus.
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Midpiece Morphology

All four species shared midpiece features. The proximal centriole was located at the
base of the posterior nuclear fossa, while the distal centriole was typically surrounded by five
mitochondria. Sometimes four motochiondria were observed in T. nodifera, S. broughtoni, and
E. olivacea (data not shown). The base of the distal centriole was closely attached to the
nuclear membrane. Except for mitochondria, only few cytoplasmic inclusions existed in the
short middle piece. In longitudinal sections, only two of the mitochondria could be observed,
while in cross section, all five mitochondria could clearly be observed.

Endpiece Morphology

The endpiece of the spermatozoon, which was slim and whip-like was composed of the
axoneme and plasma membrane. The axoneme had the typical 9+2 structure (data not shown).
No other cytoplasmic inclusions were observed in the end piece except the anoneme itself.

Conclusions

Mature spermatozoa of the four species shared similar morphology, contained a
cone-shaped acrosome, a round nucleus, a short midpiece typically with five mitochondria, and
a tail region. In the subacrosomal space, there was a small amount of cytoplasm in the form of
an axial rod and a basal plate. The chromatins were compacted, and the nucleus was solid with
an inverted, shallow V-shaped posterior invagination and lacked an anterior invagination. The
midpiece was short, with five spherical mitochondria surrounding the distal centriole. The
axoneme had the typical 9+2 structure. Our conclusion is that the spermatozoa were of Type |
“aquasperm”, and the morphology of the acrosome and nucleus are adaptations to external
fertilization. These structures are similar to those in other bivalves for which sperm
cryopreservation has been described (e.g. Dong et al. 2005, Tiersch and Mazik 2000).
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New Chapter

Physiological Modifications to be Considered for Amphibian Sperm
Cryopreservation

Dario Krapf, Emma D. O’Brien and Silvia E Arranz

Introduction

Amphibians include over 4,500 species within three major lineages: caecilians,
salamanders, and anurans. These lineages are linked by several unique physiological traits. The
most prominent being the lifestyle of many amphibians: the aquatic gill-breathing larval stage
and the aquatic or terrestrial lung or skin-breathing adult stage.

It is now generally accepted that there has been a major population decline of amphibians
in many parts of the world over the last 25 yr. The decline has been particularly evident in
Australia and parts of Latin America. Although the causes of this decline are still poorly
understood, it has been generally ascribed to pollution, increased UV-B radiation associated with
thinning of the ozone layer and to a pathogenic chytrid fungus implicated in the decline of many
species (Frias-Alvarez et al. 2008).

In the face of the inevitable further loss of species and populations, the use of amphibian
sperm cryopreservation arises as potentially valuable approach, not as an economic resource, but
for the conservation of amphibian biological and genetic diversity. Moreover, this approach
would significantly reduce the number of males in captive breeding programs. Relatively few
studies have investigated the effects of freezing and thawing of anuran sperm (Browne et al.
1998, Browne et al. 2002d, Browne et al. 2002a, Browne et al. 2002b, Browne et al. 2002c,
Constanzo et al. 1998, Sargent and Mohun 2005, Fitzsimmons et al. 2007, Mansour et al. 2009).
Despite the low number of studies, the general feasibility of cryopreserving amphibian sperm
with successful recovery of motility capacity and fertility is evident.

Different strategies have been used to assess successful recovery after cryopreseration of
amphibian sperm. Among them, sperm integrity and recovery of motility were widely used.
However, due to the current status of our knowledge, this could lead to misinterpretation of
actual sperm ability to fertilize an egg. In-vitro fertilizations with cryopreserved anuran sperm
have been, in every case, far from similar to control samples using fresh sperm. In the light of
these observations, this chapter will not revise amphibian sperm cryopreservation protocols, but
will try to point out physiological modifications that, if properly considered in cryopreservation
techniques, could result in a significant improvement of recovery rates.

Modifications Related to Extracellular Osmolarity Variation

Amphibian Ringer solution has been widely used for preparation and handling of anuran
sperm suspensions (Cabada 1975b, Wolf and Hedrick 1971). Isotonicity of this solution
maintains sperm viability (Cabada 1975a). This solution among others, such as Leibovitz L-15
medium, arose as a foundation for addition and testing of different protocols for cryopreservation
(Sargent and Mohun 2005). In addition, sperm flagellum hyper-activation is inhibited in isotonic
media. Exposure of sperm to hypotonic media triggers flagellar activation. This event is
correlated with the activation of cAMP-dependent protein kinases (E. O’Brien, Institute of

Krapf, D., E. D. O’Brien and S. E. Arranz. 2011. Physiological Modifications to be Considered in Amphibian
Sperm Cryopreservation. In: Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch and C. C. Green,
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Molecular and Cell Biology of Rosario, Argentina, unpublished data). Consequently, sperm
maintenance in isotonic medium would prevent energy waste prior to cryopreservation. Isotonic
solutions also prevent acrosome breakdown that rapidly takes place after exposure to hypotonic
media (Martinez and Cabada 1996). Highly diluted solutions also produce a rapid motility
decrease in spermatozoa of Xenopus (Inoda and Morisawa 1987), newt (Hardy and Dent 1986),
and freshwater fishes (Morisawa et al. 1983b) probably as a result of sperm structure changes. In
this regard, although hypotonicity promotes flagellar activation, osmotic damage to the cellular
structures may result in a limitation for the duration of sperm motility and acrosome integrity.

Effect of Egg Jelly Components on Sperm Physiology

Among the different techniques employed for sperm preparation, mincing of the testes in
a solution containing egg jelly components has been evaluated (Tian et al. 1997). The use of this
solution is related to the requirement of the jelly coat for amphibian fertilization, as reported
more than 50 yr ago (Kambara 1953). It is now known that components of the egg jelly of the
toad Bufo arenarum induce capacitation-like changes in homologous spermatozoa (Figure 1)
(Krapf et al. 2007, Krapf et al. 2009), in analogy with the concept developed in mammals
(Yanagimachi 1994). However, long exposure to
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Figure 1. Working model of cellular changes elicited in Bufo arenarum sperm capacitation and
subsequent triggering of the acrosome reaction. See text for details. Abbreviations:

chol, cholesterol; SOC, store-operated Ca?* channel; VDCC, voltage-dependent Ca®* channel; mib,
mibefradil; tmAC, transmembrane adenylyl cyclase; PKA, protein kinase A; ATP, adenosine
triphosphate.

this solution renders sperm without fertilizing capacity (Fontdevila et al. 1991, Krapf et al.
2007), due to a loss of acrosomal responsiveness to acrosome reaction agonists (Krapf et al.
2009). The cascade of events leading to acquisition of fertilizing capacity of the toad sperm,
promoted by incubation in diffusible egg jelly components, is acquired through an increase of
protein tyrosine phosphorylation and a decrease of sperm cholesterol content (Krapf et al. 2007),
even when sperm are incubated in isotonic solutions. As stated above, the onset of
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phosphorylation would result in a reduction of available ATP. Moreover, cholesterol loss
produces a more labile sperm due to fluidization of the plasma membrane, with reduced
tolerance to temperature variations.

Changes of Extracellular lonic Environment

Spermatozoa are extremely sensitive to alterations in the environment. As soon as sperm
are released from the body, orchestrated events begin, so as to prepare for the opportunity to
fertilize an egg that these cells are endowed with. Because the aim of cryopreservation is to
extend the interval between sperm release and fertilization, every effort in minimizing the
triggering of these events would be valuable.

Testicular plasma of frogs (Inoda and Morisawa 1987) and toads (E. O’Brien,
unpublished data) are of similar osmolarity to that of amphibian Ringer medium (250
mOsmol/kg). However, the ionic composition of these media is not similar. A major difference
arises from K concentration: Ringer medium contains 2 mM of this ion, while testicular plasma
of Xenopus contains ~ 70 mM (Inoda and Morisawa 1987), and that of Bufo contains ~40 mM
(E. O’Brien, unpublished data). Although the overall osmolarity is not affected, as testicular
plasma and Ringer medium each approximate 250 mOsmol, we have observed a membrane
hyper-polarization of about 30 mV promoted by the sudden extracellular lowering of K that
sperm encounter when they are released from the testes. Moreover, when incubated in testicular
plasma, sperm remain immotile. In this regard avoiding replacement of electrolytes with sugars
(Browne et al. 2002d) could avoid physiological alterations that reduce post-thaw recovery.

Motility regulation pathways are not the same across aquatic species. In salmonids, sperm
motility is initiated by a decrease in K' concentration, regardless of the extracellular osmolality
(Morisawa et al. 1983a). In contrast, osmolarity seems to regulate activation of cyprinid fish
sperm, where hyposmotic solutions relative to seminal plasma promote flagellar motility
(Morisawa et al. 1983b). In the freshwater teleost Nile tilapia Oreochromis niloticus, a seminal
plasma glycoprotein was shown to possess sperm immobilizing activity. It is not known if
similar factors are present in seminal fluids from other freshwater species.

Role of Calcium and Bicarbonate in Sperm Physiology

Calcium and bicarbonate are each key regulators of sperm capacitation, acrosome
reaction, and flagellar motility in mammals. Despite the biological relevance, the molecular
mechanisms underlying these processes are still poorly understood. It has been suggested that all
three events depend on the intracellular rise of cAMP induced by bicarbonate ions (Visconti et
al. 1995, Okamura et al. 1985). More recently, it has been shown that bicarbonate ions directly
stimulate soluble adenylyl cyclase in a pH-independent manner (Chen et al. 2000).

The presence of HCOj5' is required for in vitro capacitation of mouse sperm (Visconti et
al. 1995) and for acceleration of the flagellar beat (Wennemuth et al. 2003). In amphibians,
HCOj3™ was recently shown to promote tyrosine phosphorylation of sperm proteins leading to the
acquisition of a transient fertilizing capacity (Krapf et al. 2007). Therefore, the presence of this
ion in amphibian sperm solutions could promote a capacitated state that is acquired only once in
the sperm lifetime. Consequently, post-thaw fertilizing capability of sperm pre-exposed to
HCO3™ would be diminished.
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Extracellular calcium is necessary for acrosome reaction in all species studied (Ishihara et
al. 1984, Darszon et al. 2006, Witte and Schafer-Somi 2007). Calcium also controls the
swimming behavior of sperm and of other motile cells that use the axonemal engine (Carlson et
al. 2003). Decades of study have not revealed how Ca " targets the axonemal components to
alter ciliary and flagellar waveforms and thus produce responses to external stimuli (Smith
2002). In common carp Cyprinus carpio, membrane hyperpolarization leads to Ca** influx and
initiation of sperm motility (Krasznai et al. 2000). In mammals, external Ca** seems to bind an
unidentified extracellular protein that is required for HCO3; ~ to engage CAMP-mediated
activation of motility (Carlson et al. 2007).

Few reports exist on the requirements for calcium and bicarbonate in amphibian sperm
motility. In the urodele Cynops pyrrhogaster activation of Ca** channels were necessary to the
initiation of flagellar activation (Watanabe et al. 2003). In fishes, as in anuran amphibians,
osmolarity is the main factor promoting sperm motility (Cosson 2004) but the requirements for
calcium and bicarbonate have not yet been determined. Although sperm motility almost seems to
be activated in a species-specific manner, all described mechanisms involve the activation of a
calcium channel, leading to a Ca** influx and the initiation of sperm motility. Nowadays, it is
clear that extracellular bicarbonate and calcium are both associated with sperm motility and
should be taken into account to improve fertilization rates. Moreover, voltage-dependent Ca*
channels have been shown to be involved in the intracellular Ca* rise observed during acrosome
reaction in the Amphibian Bufo arenarum (Figure 1)(Krapf et al. 2009). It is still unclear whether
same or different Ca®* waves control sperm motility and acrosome reaction of vertebrate species.

Physiological Changes After Spermiation

The working model for the control of Bufo arenarum sperm physiology during
fertilization is outlined in Figure 1 above. This model includes modulation of sperm
responsiveness to physiological stimuli (vitelline envelope, VE) that takes place during
acquisition of fertilizing capacity upon contact with egg jelly components. A voltage-dependent
Ca“* channel acts as a key element of the VE signal transduction. The activity of this channel
could be subject to regulation during acquisition of fertilizing capacity (i.e., cholesterol depletion
and tyrosine phosphorylation promoted by egg jelly components as bicarbonate). Once in an
active form, the opening of this calcium channel promotes depletion of intracellular Ca®* stores
that precedes acrosomal exocytosis. Because sperm capacity to respond to the VE is present only
for a short time, exposure to jelly components should only be restricted to in vitro fertilizing
steps. Moreover, hyposmotic shock caused by fertilization media triggers activation of sperm
transmembrane adenylyl cyclases (tmAC), increasing intracellular concentrations of cAMP. This
increase in turn activates protein kinase which modulates sperm flagellar beating, in a process
that requires extracellular calcium (O’Brien et al., unpublished results). It is still unclear whether
independent Ca®* waves govern flagellar beating and the acrosome reaction. Understanding how
egg jelly components induce signaling events, as well as the function of the jelly components in
supporting fertilizing capacity of amphibian sperm warrants further investigation. This
knowledge would be valuable in improving cryopreservation techniques.
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New Chapter

Evaluation of Extenders for Refrigerated Storage of Koi Carp and Goldfish Sperm

Donald W. Glenn 111, R. Paul Lang and Terrence R. Tiersch

Problems and Approaches to Gamete Storage

Refrigerated storage of sperm can be an effective tool to improve genetic research and
lengthen the time between collection of sperm and use for fertilization of eggs. Extenders,
usually consisting of a salt solution with added organic compounds, are used to dilute and
preserve sperm. By adjusting the osmolality of an extender, sperm can be held immotile, and
activation of eggs can be delayed (e.g., Glenn and Tiersch 2002) lengthening their useable
lifetime. The extent of extender dilution can alter sperm concentration and thus affect
fertilization. An activating solution (an extender with low osmolality) has been occasionally used
with sperm and eggs of freshwater fish to lessen the degree of osmotic shock that can occur
when solutions of different osmolality are mixed (Cognie et al. 1989, Drokin et al. 1994). The
pH of an extender can also affect motility and fertilization (Roubaud et al. 1984). Extenders are
occasionally used with cryoprotectants for additional protection during cold storage, and various
osmolalities, pH, and dilutions have been used with different degrees of success. Studies of
refrigerated and cryopreserved sperm of common carp Cyprinus carpio have dealt with survival
and motility (e.g., Sneed and Clemens 1956, Withler 1980). Many of the reports addressing
extenders and refrigerated storage in carp and other species are hard to find, inconsistent in
reporting of results and conclusions (Rana 1995), and presented in several languages (see
References). In addition, experimental methods are often dissimilar and difficult to repeat. This
chapter is intended to show some of the problems and opportunities encountered when choosing
an extender for refrigerated storage and cryopreservation. We chose to illustrate the process with
a literature review and experimental work addressing common carp and goldfish.

Common carp have been selectively bred for more than 200 yr to produce domesticated
ornamental varieties called koi carp. Superior koi possess distinctive coloration and markings,
and individuals can be valued at greater than US$50,000. Traits of koi depend on environment,
bloodline, and type of feed. Goldfish Carassius auratus are hardy, fast growing, easily
maintained, and spawn readily in captivity. Millions of goldfish are bred each yr for sale as
ornamental fish and baitfish. Improvement of procedures for selective breeding of koi and
goldfish could increase the quality and value of these fish and expand our understanding of the
heredity of colors and patterns. The demand for breeding husbandry of koi and goldfish will
increase as the demand for ornamental ponds increases in private homes and businesses,

Like many other species of fish, koi and goldfish can be bred naturally in ponds or
artificially through the use of fresh, refrigerated or cryopreserved sperm. Natural propagation of
carp (sometimes stimulated by hormonal injections) has proved to be economical and efficient
for commercial and research purposes. However, artificial spawning can increase the number of
fry and provide greater control of specific broodstock crosses, and thus can be more economical
and efficient than natural spawning. Artificial spawning using stored sperm can reduce the
number of male broodstock required, thereby maximizing space in the hatchery. Sperm from one
male can fertilize eggs from several females over time (even after the death of a valuable male).

Glenn IIl, D. W., R. P. Lang and T. R. Tiersch. 2011. Evaluation of Extenders for Refrigerated Storage of Koi Carp
and Goldfish Sperm. In: Cryopreservation in Aquatic Species, 2" Edition. T. R. Tiersch and C. C. Green, editors.
World Aquaculture Society, Baton Rouge, Louisiana. Pp. 107-124.
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Fertilization capacity of common carp eggs with refrigerated sperm has been found to equal that
obtained with fresh sperm (Hulata and Rothbard 1979), and sperm can be collected off-site and
transported to the laboratory or hatchery for artificial propagation.

Study of artificial breeding with refrigerated sperm requires examination of how
extenders and sperm interrelate. The storage of sperm can be increased by dilution in extenders
which are used to supply ionic and osmotic conditions appropriate to prevent activation during
storage and handling. Osmolality and dilutions interact with extenders to affect motility and
storage. The effects of potassium and osmolality on motility has been studied in sperm of
freshwater cyprinids including goldfish (Morisawa et al. 1983). Frog Ringer’s solution was used
to store common carp sperm for 30 d at 3-5°C (Sneed and Clemens 1956), and sperm from
common carp, crucian carp Carassius carassius, and dace Tribolodon hakonesis were held in
300 mOsmol/Kg NaCl (Morisawa et al. 1983). Sperm of common carp was stored at 4°C for 12
d in extenders containing various amounts of KCI, NaCl, glucose, and DMSO (Chen et al. 1992).

The present study evaluated Hanks’ balanced salt solution (HBSS), calcium-free (C-F)
HBSS (Tiersch et al. 1997), and solutions of NaCl and NaHCOs for refrigerated storage of
goldfish and koi sperm. Hanks’ balanced salt solution has been used for storage of sperm of
marine fishes such as Cynoscion nebulosus (Wayman et al. 1996) and Pogonias cromis
(Wayman et al. 1997), and freshwater fish such as channel catfish Ictalurus punctatus
(Christensen and Tiersch 1996). We sought to test the effect of dilution rates and osmolality
changes with these extenders on motility and fertilizing ability of refrigerated sperm. This
chapter begins with a literature review of extenders tested for refrigerated storage of common
carp to illustrate the wide range of protocols and formulations available, and then provides the
experiments used to test a panel of extenders. The research objectives were to evaluate the: 1)
relationship among osmolality of body fluids, extender and sperm activation; 2) effect of
extender osmolality on refrigerated storage; 3) effect of sperm dilution on refrigerated storage,
and 4) fertilization with stored sperm.

A Review of Extenders and Sperm Refrigeration in Common Carp

Extenders have been used in most studies with sperm storage (Table 1). Undiluted sperm
often quickly loses fertilizing ability due to contamination with urine (Tiersch et. al. 1997), lack
of oxygen and nutrients for storage, and bacterial contamination (Belova 1982, Billard et al.
1995). Ribonucleic acid levels decreased in undiluted sperm over 24 hr when stored at 4-6 °C,
decreasing fertilization (Nedovesova 1983). Suspension in extenders can reduce these problems,
although excessive dilution can itself reduce quality (Paniagua-Chavez et al. 1998). Optimum
osmolality and dilution must be studied for each extender, and several have produced high
motility, fertilization and hatch (summarized in Appendix, end of chapter). Some extenders used
for common carp are frog Ringer’s solution (FR), phosphate buffer (PB), Alsever’s solution (A),
Cortland’s fluid (C), and modified Cortland’s fluid (mC). Motility was sometimes prolonged
with addition of antibiotics and supplemental oxygen (Saad et al. 1988). Stirring was not
recommended due to sperm fragility, and storage at lower concentrations was suggested (Belova
1981). Samples were stored at 0 to 33 °C (Musselius 1951, Bhowmick and Bagchi 1971), most
commonly at ~4 °C, over a range of 3.5 to 720 h. Motility and fertilization were not different
from fresh controls (Hulata and Rothbard 1979, Jahnichen 1981, Rothbard et al. 1996). Overall,
refrigerated storage requires optimization of osmolality, dilution rate, container type, and
temperature to maintain fertilization rates comparable to control samples.
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Table 1. Extenders used for refrigerated storage of sperm from common carp Cyprinus carpio.

Frog Diluent for
Ringer’s  Phosphate Not Not Alsever’s  Cortland’s freezing Milk-yolk
Ingredients (g/L)  solution buffer specified specified  solution fluid bull’s semen diluent
NaCl 6.50 4.00 7.25
KCI 0.14 0.38
CaCl, 0.12
CaCI2-2H20 0.23
CsHs07Naz-2H,; 8.00 720.00
O
NaHCO; 0.20 1.00
NaH,PO, 0.01 15.00
NaH,PO4-H,0 0.41
Na,HPO4-12H,0 20.00
Na3CgH50-2H,0 30.00
KH,PO, 2.00
MgSO,4-7H,0 0.23
CsH1206 2.00
yolk 200.00 200.00 100.00
milk 900.00
fructose 12.50
glucose 20.50 1.00
streptomycin 1.00
penicillin 1.00x10° 1U
pH 7.40 7.60
Reference Sneed and Sneedand Sneedand Kossmann Moczarski Moczarski  Moczarski Moczarski
Clemens  Clemens  Clemens 1973 1973 1973 1973 1973

1956 1956 1956




Table 1. continued.

Modified
Ingredients Cortland’s  Ringer’s Not Rinsing Saline Na- Not
(g/L) fluid fluid specified  solution solution Salt citrate specified
NaCl 1.88 6.00 4.00 7.31 2-100.00
KCI 7.20 14.91
CaCl, 0.23 0.01
NaHCO; 1.00
CsHs07Na3 2-100.00
NaH;PO4-H,0 0.41
MgSO,4-7H,0 0.23
ethanol 10-20.00
urea 3.00
glucose 1.00
streptomycin 50.00
bipenicillin 5.00x10* 1U
Tris HCI 4.73
Tris 2.42
pH 8.00 8.00
Osmolality 380
Reference Moczarski Moczarski Moczarski  Hulata and Saad et al. Magyary Magyary Redondu-

1973 1973 1973 Rothbard 1988 et al. et al. Muller et

1979 1991 1991 al. 1991




Table 1. continued.

Calcium-free
Ingredients Hanks’ balanced
(g/L) D-15 D-16 D-17 D-19 D-20 D-21 salt solution
NaCl 8.00 10.00 9.00 9.00 8.00 8.00 8.00
KCI 0.50 0.50 0.50 1.00 1.00 2.00 0.40
NaHCO3; 0.35
NazHPO4 0.06
KH,PO, 0.06
MgSO,4-7H,0 0.20
glucose 15.00 15.00 15.00 15.00 15.00 15.00 1.00
Osmolality 305
Reference Chenetal. Chenetal. Chenetal. Chenetal. Chenetal. Chenetal. Glenn 1998!

1992 1992 1992 1992 1992 1992

*Koi carp.
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A Research Approach to Gamete Storage

Fish Maintenance and Gamete Collection

For these experiments, mature male and female koi and goldfish were maintained at the
Aquaculture Research Station of the Louisiana Agricultural Experiment Station, Baton Rouge.
Only broodstock exhibiting spawning characteristics were selected. Spawning condition was
indicated by free-flowing sperm in males, and swelling of the urogenital region in females.
Female goldfish were selected for injection based on the presence of rounded bellies, swollen
vents and spawning behavior in the presence of males. Female koi were catheterized to assess
condition of oocytes. If nuclei were located near the periphery in a majority of the eggs
(observed by naked eye), the females were considered to be more likely to respond to hormonal
treatment (described below). Fish were not fed for 2 d prior to spawning. For collection of
gametes, fish were anesthetized with tricaine methanesulfonate (MS-222, Argent Chemical
Laboratories, Redmond, Washington, USA), and the urogenital papilla was wiped dry. Sperm
were hand-stripped and collected into a syringe to avoid contamination with blood and feces.

To stimulate spawning, females received single injections of luteinizing hormone-
releasing hormone ethylamide (Peninsula Laboratories, Inc., Belmont, California, USA), at 10
ug/Kg, and of metoclopramide, a dopamine antagonist (Sigma Chemical Corp., St. Louis,
Missouri, USA), at 20 mg/Kg (Rothbard 1994). Males did not receive this treatment. Eggs were
collected after injection between 9 and 12 hr for koi and 6 to 9 hr for goldfish in a dry bowl,
coated with vacuum grease (Dow Corning Corp., Midland, Michigan, USA) to avoid adhesion to
the bowl. Eggs were fertilized on separate 100 x 15 mm disposable Petri dishes (Baxter
Healthcare Corp., McGaw Park, Illinois, USA) and placed in a recirculating system until percent
eyed embryos and hatch were evaluated (koi and goldfish eggs are naturally adhesive when
placed into water and activated). Petri dishes were placed in a mesh screen and held vertical to
increase oxygen circulation and to avoid sediment accumulation.

Percent Estimation of Sperm Motility

Although subjective, motility is the method most commonly used to evaluate quality of
fish sperm, which are typically not motile before dilution in water. Once activated, carp sperm
swim rapidly for a short time (usually for 30-40 sec) (Billard et al. 1995). A 2-uL sample of
semen from each male was examined using dark-field microscopy at 200-x magnification
immediately following activation with 20 uL of deionized water. Percent motility took into
account initial movement and duration of the motility within each activated sample. Sperm
vibrating in place were not considered to be motile.

Osmolality and Sperm Activation

Osmolality influences the initial activation and duration of sperm motility. By
determining the osmolality of body fluids, the environment for non-motile sperm can be better
understood. Blood samples from 33 koi (male and female) and 4 goldfish (male) were collected
and allowed to clot. Plasma (10 uL) was used to determine osmolality with a vapor-pressure
osmometer (model 5500, Wescor Inc., Logan, Utah, USA) to aid in preliminary formulation of
extenders. Osmolality was also determined from 10 uL samples of seminal plasma from koi (n =
20) and goldfish (n = 9).

The effect of osmolality on motility was evaluated using dilution of 2-uL sperm samples
with 20 uL of graded test solutions (Bates et al. 1996). The solutions were prepared from C-F
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HBSS by use of reagent-grade chemicals (Sigma Chemical Corp.): 8.00 g of NaCl, 0.40 g of
KCI, 0.20 g of MgSQO4+7H,0, 0.06 g of NazHPO4, 0.06 g of KH,PO4, 0.35 g of NaHCO3, 1.00
g of glucose, and sufficient deionized water to yield the desired osmotic pressure. Removal of
CaCl,*2H,0 from the standard formulation of HBSS was necessary to avoid a gelatinous
condition from forming which suppressed motility as observed in the sperm of razorback sucker
Xyrauchen texanus (Tiersch et al 1997). Sperm from five koi males were diluted at 1:10
(sperm:C-F HBSS) (305 mOsmol/kg). Test solutions ranged from 50-391 mOsmol/Kg in
increments of ~25 mOsmol/kg. Sperm from five goldfish were diluted at 1:7 (sperm:C-F HBSS)
(310 mOsmol/kg) prior to the experiment. Test solutions ranged from 18-416 mOsmol/kg in
increments of ~20 mOsmol/kg. The osmolality of the sperm activation medium was determined
by a 10-uL sample taken immediately after motility estimation from the microscope slide and
analyzed by osmometer. Percent motility was used to determine the osmolality at the threshold
activation point (defined as 10% motile sperm) and the complete activation point (highest
osmotic pressure yielding the highest percent of motile sperm).

Extender Osmolality and Refrigerated Storage

Maintenance of sperm in a non-motile state (allowing activation when diluted in water)
for long periods is affected by the osmotic pressure of the surrounding environment. Sperm
samples (0.2 mL) from six koi males were aliquotted into 50-mL disposable plastic beakers
(B2722-50A, American Scientific Products, Illinois, USA). The extender (C-F HBSS) was
prepared at six osmolalities: 209, 245, 270, 308, 357, or 397 mOsmol/Kg and added to the
beakers with sperm at a final dilution of 1:7 at a final volume of 1.6 mL. An undiluted control
(0.2 mL) was also included for each male. All beakers (42 total) were stored at 4 °C. Motility
was assessed daily until sperm could no longer be activated.

Sperm Dilution and Refrigerated Storage

Sperm dilution with an extender can prolong fertilizing ability through time. Based on the
osmolality storage experiment, C-F HBSS with an osmolality of 305 mOsmol/Kg was chosen for
this study. Six dilution ratios (1:0, 1:1, 1:3, 1:7, 1:15 and 1:20) were tested. Sperm samples (1.2
mL) from five koi males were collected. A sperm sample (0.2-mL) from each male was added to
4 mL of C-F HBSS (yielding a dilution ratio of 1:20) and was aliquotted into 50-mL disposable
plastic beakers. An additional 0.5-mL sample from each male was placed into beakers to serve as
undiluted controls. The remaining 0.5 mL of undiluted sperm from each male was used for serial
dilutions with C-F HBSS. All beakers were stored at 4 °C and contained 0.5 mL of sperm-
extender medium. Motility was assessed daily until sperm could no longer be activated.

Based on the goldfish activation studies, solutions of C-F HBSS, NaCl, and NaHCO;
were prepared at 310 mOsmol/Kg for use as extenders. The NaCl solution contained 1g of NaCl
in 100 mL of deionized H,0 (18 MQ/ cm; Barnstead Nanopure D4741 ion-exchange system,
Dubuque, lowa). The NaHCO3solution contained 1.5 g of NaHCO3 in 100 mL of deionized
H,0. Sufficient deionized water was added to obtain an osmolality of 310 mOsmol/kg. Sperm
(0.1 mL) was aliquotted into 15-mL centrifuge tubes (Baxter Scientific Products, McGaw Park,
Illinois, USA; C3920-15). Extender (0.7 mL) was added to centrifuge tubes containing sperm
from each of five males. Undiluted sperm (0.1 mL) from each male was used as a control. The
first day of storage was designated as “0 d”. The samples were held in a refrigerator at 4 °C, and
were mixed by manual inversion at 24-hr intervals. Motility was assessed daily.
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Fertilization Capacity with Stored Sperm

Eggs from female koi (n = 2) were hand-stripped into dry, greased bowls and dispensed
(0.25 mL) into 100 x 15 mm disposable Petri dishes. One day prior to stripping of eggs, fresh
sperm from 6 males was collected and maintained diluted (1:7) with C-F HBSS (306
mOsmol/Kg). On the day of egg collection, fresh sperm was collected undiluted. Sperm-extender
media was added undiluted to eggs (0.20 mL) or diluted (0.20 mL) and activated immediately
following stripping of eggs. Water (10 mL) at 23 °C was added to initiate motility and activate
eggs. Eggs were incubated in a recirculating system at 23 °C. The concentration of spermatozoa
of four males was estimated by hemacytometer to be 1.3 x 10° sperm per mL.

Eggs from goldfish (n = 5) were hand stripped immediately following dilution of sperm
with extenders (C-F HBSS, NaCl, and NaHCO3), and were placed in 100 x 15 mm disposable
Petri dishes. Sperm-extender media (0.02 mL) or undiluted sperm (0.003 mL) was added to 0.1
mL of eggs. Water (10 mL) at 29 °C was added to initiate motility and activate eggs. Sperm-
extender media was prepared 30 min prior to stripping of eggs, and was added and activated
immediately following collection of eggs. Inseminated eggs were incubated in a recirculating
system at 29 °C. The percentage of eyed embryos at 24 h was calculated by dividing the number
of eyed eggs (recognizable by black pigmentation) by the total number of eggs in the Petri dish.

Recommended Statistical Analysis

All percent motility values were arcsine-square-root transformed before statistical
analysis. The osmotic pressures of blood plasma and seminal fluid were compared using a
Student’s t-test assuming equal variances (Microsoft Excel 5.0, Microsoft Corp.). In sperm
activation with different osmolalities, the threshold activation point was compared to the
complete activation point using a paired Student’s t-test (Excel 5.0). In the koi osmolality and
dilution studies, a repeated measures analysis of variance (SAS 6.10, SAS Institute Inc., Cary,
North Carolina, USA) was used to test the effects of osmolality (209, 245, 270, 308, 357, 397
mOsmol/Kg, or undiluted) and dilution (1:0, 1:1, 1:3, 1:7, 1:15 or 1:20) on motility over time. In
the goldfish storage study, a repeated measures analysis of variance was used to test the effect of
extender (C-F HBSS, NaCl, and NaHCO3) and time on sperm motility. In the goldfish
fertilization study, a two-way analysis of variance was used to test the effect of extender (C-F
HBSS, NaCl, and NaHCO3) and individual female (n = 5) on percent eyed embryos. For all
analyses, Duncan’s multiple range test was used to determine if significant differences (P < 0.05)
existed among treatment means.

Results for Gamete Storage

Osmolality and Sperm Activation

Koi sperm motility decreased as the osmolality of C-F HBSS increased (Figure 1). The
threshold activation point (10% motile sperm) occurred at 252 mOsmol/Kg, and the complete
activation point (highest observed motility) occurred at 162 mOsmol/kg. Osmolality at complete
activation was significantly higher (P < 0.0001) than at threshold activation. The osmolality that
prevented activation was higher than the osmolality of seminal fluid (mean + SD: 266 + 19
mOsmol/Kg) but lower than the osmolality of blood plasma (286 + 7 mOsmol/Kg). The osmotic
pressures of these fluids were significantly different (P < 0.0001). In the zone of incomplete
activation, a reduction of 10 mOsmol/Kg increased motility by ~10%.
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Goldfish sperm motility also decreased as osmotic pressure increased (Figure 1).
threshold activation occurred at 253 mOsmol/kg, and complete activation occurred at 179
mOsmol/Kg (P < 0.0001). The osmolality of seminal fluid (253 + 23 mOsmol/Kg) was lower
than the osmolality of the blood plasma (274 £ 5 mOsmol/Kg).
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Figure 1. Percent sperm motility of koi (circles) and goldfish (squares) across a range of C-F HBSS
osmolalities. Threshold activation is indicated by dashed horizontal lines; complete activation is
indicated by dashed vertical lines. Each point represents the mean value for five fish.

Extender Osmolality and Refrigerated Storage

Motility was assessed for 26 d (Figure 2) and the osmolality of C-F HBSS influenced
storage time of koi sperm at refrigerated temperatures. At 5 d, the motility of sperm stored at
270, 245, and 308 mOsmol/Kg was significantly higher (P = 0.0001) than that of sperm stored
undiluted or at 209, 357, or 397 mOsmol/Kg. Samples at 270 mOsmol/Kg maintained motility
(>1%) for 19 d. Undiluted sperm lost motility within 3 d.

Motility (%)

Figure 2. Percent motility of sperm from koi (n = 6) was monitored daily for 26 d. Sperm were
stored undiluted or diluted 1:7 in C-F HBSS at six osmolalities. At 5 d, sperm stored at 270, 245,
and 308 mOsmol/Kg had significantly higher (P = 0.0001) motility.
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Sperm Dilution and Refrigerated Storage

Dilution ratios in C-F HBSS did not affect motility of refrigerated koi sperm. Motility
was assessed for 12 d (Figure 3), and no significant differences were found over time (P =
0.7640). The dilution ratios of 1:0 and 1:20, although not significantly different, yielded
consistently lower motility.

Motility (%)

Time (d)

Figure 3. Percent sperm motility of koi (n = 5) was assessed for 12 d after dilution (v:v) in C-F
HBSS (305 mOsmol/kg). No significant difference was found among dilutions.

Storage in extenders had a significant effect on goldfish sperm motility (P = 0.0001).
Motility of sperm diluted in C-F HBSS at 3 d was 57 + 52%, although there was much variation
at this time: 3 samples had 95% motility and 2 had 0% motility (Figure 4). Motility of sperm
diluted in NaCl was 46 + 32% at 3 d. Motility was not observed in undiluted sperm samples at 4
d. Sperm cells failed to fully suspend in solutions of NaHCO3, and motility ceased within 1 d.
No motility occurred in any activated sperm following 6 d.

Motility (%)

Time (days) 6

Figure 4. Percent motility for goldfish (n = 5) sperm samples in three extenders (C-F HBSS, NacCl,
and NaHCO3) assessed at 24-hr intervals. Samples in C-F HBSS had higher motility after 7 d.
Samples in NaCl, NaHCOg3;, and dry (undiluted) were significantly lower after 7 d.
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Fertilization Capacity with Stored Sperm

Fertilization capacity with koi eggs was similar when using undiluted (90 + 7%) or
diluted sperm (92 + 4%). Fertilization capacity with goldfish eggs was lowest (39 + 18%) when
using sperm diluted with NaCl (P = 0.0200). There was no significant difference (P = 0.1026) in
percent eyed embryos among eggs fertilized with sperm suspended in C-F HBSS (49 + 21%),
NaHCOj; (49 + 17%), and the undiluted control (48 + 28%).

Observations for Gamete Storage Procedures

Refrigeration of sperm offers several advantages including use for hybridization and
crossbreeding which can be performed in the hatchery. To increase motility and fertilization
capacity, an overall evaluation of extenders and their effects on sperm is necessary. As indicated
herein, extenders can be evaluated by reviewing the interaction between osmolality and dilution.
Blood and seminal plasma can be useful to predict osmolalities at which the extender will
maintain non-motile sperm. The osmotic pressure of seminal plasma of koi reported in a
previous study was 273 + 5 mOsmol/Kg (Lubzens et al. 1993). In another study, blood plasma of
common carp was reported to be 302 + 5 mOsmol/Kg and seminal plasma was 302 + 5
mOsmol/Kg (Morisawa et al. 1983). These values were similar or higher than those from this
study, possibly due to different broodstock or environmental influences such as water quality,
and indicate that values should be measured for the particular stocks under study.

Sperm activation is an important consideration in the selection and preparation of
extenders for sperm storage. Extenders should be prepared at sufficient osmotic pressure to
inhibit sperm motility during storage. Sperm of goldfish become motile at spawning because of a
reduction of the osmolality (Morisawa et al. 1983). Activation of goldfish sperm should occur at
osmotic pressures below that of the seminal plasma (317 mOsmol/Kg). In our study, motility was
initiated at osmolalities as high as 271 mOsmol/Kg. The osmolality of extenders prepared for
refrigerated storage of goldfish sperm should exceed this value to maintain viability and
fertilizing ability over time.

Several studies have reported sperm storage of cyprinids such as the common carp
(Sneed and Clemens 1956, Hulata and Rothbard 1979, Saad et al. 1988), silver carp
Hypophthalmichthys molitrix and bighead carp Hypophthalmichthys nobilis (Chen et al. 1992).
Various extenders have been used to improve motility and fertilization capacity of refrigerated
sperm. Sperm quality is characterized by the ability to fertilize eggs, and subsequent normal
development of embryos and fry. Bacterial activity could have reduced sperm motility over time
in the present study. Fertilization rates comparable to those of fresh sperm have been maintained
in common carp sperm stored at 4 °C for 16 d with antibiotics and supplemental oxygen (Saad et
al. 1988). The present study also show that it is possible to store goldfish sperm in C-F HBSS
(310 mOsmol/kg) at 4 °C for as long as 4 d without a significant decrease in motility. Further
research is needed to explain why high variation in motility occurred among samples.

Motility of goldfish sperm was retained for 6 d in samples diluted in NaCl, although with
a lower rate of fertilization compared to sperm suspended in C-F HBSS, which reduces its value
as an extender for extended refrigerated storage. Compensation for low fertilization capacity may
be achieved by use of a larger amount of sperm during insemination (Saad et al. 1988). Increased
fertilization in common carp was obtained by mixing of sperm and eggs before activation of
gametes (Billard et al. 1995), although such methods have not been reported for goldfish. Sperm
samples did not remain in suspension in the NaHCOj5 solution, making it unsuitable as an
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extender. Furthermore, goldfish gamete production occurred in all injected males and 50% of
injected females. Intramuscular dosing of metoclopramide and synthetic luteinizing hormone-
releasing hormone were used to stimulate gamete production in koi (Rothbard 1994), a method
not previously evaluated for goldfish.

Storage of fish sperm in extenders such as C-F HBSS would benefit commercial
propagation of koi carp and goldfish. Refrigerated storage is essential for shipping of samples
and establishment of cryopreservation programs and germplasm banks for all species. The
literature database for this work can be broadly distributed across journals, disciplines and
countries. We made our own translations for all of the reviewed studies, but this capability may
not be available to all researchers. In addition, a high level of variation in experimental methods
and reporting makes direct comparison of results problematic. Thus, decisions on extender
choice remain largely empirical for most situations, and currently need to be established on a
per-species, per-laboratory basis. This study can provide a general model for short-term gamete
storage of freshwater fish species. However, eventual standardization of approach and reporting
criteria would greatly facilitate this work and allow cross-laboratory comparisons.
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Appendix. Review of reports addressing refrigerated storage of sperm of common carp Cyprinus carpio. Abbreviations: EG, ethylene
glycol; DMSO, dimethyl sulfoxide; G, glycerol; PG, propylene glycol.

Dilution
(sperm:  Temperature  Storage
Extender’ extender) (°C) Time (hr) Comments Reference
not specified not 0-2, 2-6 200 Motility at 150 h was 100% (0-2 °C) and 0% (2-6 °C). Musselius
specified Fertilization was >50%. Control had 27% fertilization. 1951
FR, PB with 6% not 3-5 720 Stored in 1-mL vials. Decline in motility after 10 d. Sneed and
glycerin, sodium specified Phosphate and Na-citrate had motility for >1 wk at 3°C.  Clemens 1956
citrate dihydrate with Penicillin (1000 U/mL) interfered with motility.
6% glycerin
egg-yolk-citrate, not 0-5, 28-33 72 Thawed at room temperature for 5-10 min before Bhowmick
sodium citrate, PB, specified estimating motility. Three extenders were unsatisfactory.  and Bagchi
Holtfreter’s solution Sperm in Holtfreter’s solution motile for 50 hrat 0 °C. In 1971
plus 1% glycerin, FR water, sperm were motile for 2 min. Sperm in frog
plus 1% glycerin Ringer’s motile for 72 h at 0-5 °C. At 28-33 °C, sperm in
frog Ringer’s solution were motile for 4.5-6 hr.
sodium phosphate not 4 144 Sperm activated with Woynarovich solution. Undiluted Kossmann
and yolk specified sperm gelled after 144 hr. Addition of yolk extended 1973
motility (70% at 24 hr). Other combinations of extenders
did not aid in sperm storage.
A, mC, C, Ringer’s 1:1 2,4 552 Sperm stored in ampoules. Sperm stored in Alsever’s Moczarski
fluid, milk-yolk, solution with EG for 1-19 d at 2 °C. 1973

ethanol, diluent for

freezing bull’s semen.

5-20% EG, DMSO,
G, or PG was added.

'See Table 1 for list of chemicals.

2Koi carp.



Appendix. cont.

Dilution
(sperm:  Temperature Storage
Extender! extender) (°C) Time (hr) Comments Reference
rinsing solution 5:3 0-5 45 Sperm stored in glass tubes. No difference in fertilization  Hulata and
or hatch when stored diluted (91%) or undiluted (91%), Rothbard 1979
or with fresh sperm.
glucose-yolk diluent 1.0, 1.1, 2 10-36 Fertilization similar to control. 90% of fry had Kiselev 1980
1:3 abnormalities with stored sperm. Stored at 18-25 °C
undiluted for 40 hr maintained motility longer when
activated by 5% glucose or sodium diphosphate (pH 8.4)
than water (pH 6.8 or 8.4).
not specified not 2-9, ice 35 Stored in 1-mL disposable plastic syringes. Motility was  Withler 1980
specified 100% at 3.5 hr (2-9 °C). Motility was 2% at 24 h, For ice,
sperm motility was 90% at 2.5 hr.
not specified not 2-8 216 Motility lasted 180 h. At 168 hr, fertilization (82%) and Belova 1981
specified hatch (75%). Sperm volume:egg number was 200-
250,000:1.
not specified not 2-5 24-48 Stored in beakers and activated by water and Jahnichen
specified Woynarovich solution. No difference in motility or 1981
fertilization between cooled and fresh sperm. .
not specified not 6-8, 2-4 10-12,120 Significant hydration in semen for prolonged storage. Belova 1982
specified After storage, reduction of fat and protein in the dry

matter and change in the ratio of lipid fractions.

1See Table 1 for list of chemicals.
2Koi carp
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Dilution
(sperm:  Temperature Storage
Extender! extender) (°C) Time (hr) Comments Reference
not specified not 4-6 24 During storage, ribonucleic acid content decreasedyng Nedovesova
specified deoxyribonucleic acid content remained the same. 1983
saline solution 1:10 4 480 Stored in 5-mL aliquots in 50-mL flasks (0.5 cm thick). Saad et al.
Washed or centrifuged before adding extender. Motility 1988
without dilution in antibiotics was 0% at 6-8 d. Motility and
fertilization with dilution and antibiotics was ~100% at 8 d.
Variability was high beyond 8 d. Oxygen improved
fertilization for 6 d. Hatch from stored sperm (15 d) not
different from fresh sperm. Dilution did not improve
motility or fertilization. Extender was used to activate
gametes (2.63 g NaCl, 0.37 g KCI, and 2.42 g Tris, per L,
pH 8.0). Sperm volume:egg number was 107 to 10°®:200.
solution with Na- 1:10 0-4 Na-citrate  Higher concentrations of both extenders were used for Magyary et al.
citrate or NaCl reactivated  storage. Na-citrate provided longer duration of motility and 1991
at 198; storage.
NaCl at 15
solution with KCI 1:150 2 10 Dealt with potential to move, not motility directly. Seminal ~ Redondo-
and Tris HCI fluid was unable to maintain motility. Motility was Muller et al.
optimum between 3.73-14.91 g/L KCI. Similar results with 1991

NaCl media at 7.31-8.77 g/L.

1See Table 1 for list of chemicals.
2K oi carp
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Dilution
(sperm:  Temperature  Storage
Extender! extender) (°C) Time (hr) Comments Reference
D-15, D-16, D-17, 1:1,1:2, 2-4 312 Extender, D-19, and 6-8% DMSO gave best results. Chen et al.
D-19, D-20, or 1:4, or Optimal dilution was 1:1. Motility at 12 d was 5-15%. 1992
D-21. DMSO was 1:8.
added at 2, 4, 6, 8,
10, 12, or 14%.
not specified not 5-9 (~7), 20 5 Sperm stored in 100-mL glass beakers. No difference in Rothbard et al.
specified fertilization rates between stored and fresh sperm with 19967
either egg storage temperature. Volume of sperm to number
of eggs was 0.1 mL:200-400.
C-F HBSS 1.0, 1:1, 4 288 Sperm stored in 50-mL disposable plastic beakers. No Glenn 19987
1:3, 1.7, difference in maotilities among dilutions was observed. A
1:15, or dilution of 1:7 was easier to evaluate motilities. An
1:20 activation curve with C-F HBSS showing 10% motility

(252 mOsmol/kg) and 100% motility (162 mOsmol/kg).
Different concentrations of C-F HBSS (397, 357, 308, 270,
245, or 209 mOsmol/kg) were evaluated to determine
optimum osmolality over time. Extender osmolality of 270,
245, and 308 mOsmol/kg had higher motilities at 5 d (total
26 d). Undiluted control lost motility within 3 d.

See Table 1 for list of chemicals.
2Koi carp



New Chapter

Channel Catfish Pituitary as a Spawning Aid

Christopher C. Green and D. Roger Yant

Introduction

The opportunity exists to better utilize components of the channel catfish Ictalurus
punctatus carcass to yield a product for artificial propagation of numerous aquaculture species.
Channel catfish culture is an economically important industry in the southeastern United States with
a total of 230 million Kg processed in 2008 (USDA NASS 2009). Identification of value-added
food products from catfish processing has been sought to increase profits and better utilize edible
portions of the animal (Min and Green 2008), as total fillet yield for channel catfish is generally
reported to range between 34 and 37% and total meat yield between 43 and 45% (Bosworth et al.
2007, Li et al. 2008, Min and Green 2008). Channel catfish pituitary (CP) is a potential product
that is currently not collected or utilized widely as a spawning aid. Because channel catfish are
regularly processed for food, the ability to incorporate a collection scheme for CP into the
process flow adds value to each animal processed.

Catfish production has a significant impact on regional and local levels. On a local level
catfish production has been cited as being responsible for nearly 48% of all employment in
Chicot County, Arkansas, with even greater indirect effects on the local economy (Engle 2004).
In recent times, however, the catfish industry has suffered more than other U.S. livestock
industries, a result of the combined effects of catfish import quantities, low value at processing
plants, and increases in feed and fuel costs as a percentage of total variable production costs
(Hanson 2008). Hybrid catfish production (channel catfish female x blue catfish Ictalurus
furcatus male) produces an animal that can offset the current negative economic trend which has
placed the catfish industry in a vulnerable position. These two species will not hybridize by
natural spawning, so commercial production of hybrids requires hormone-induced spawning of
females in the hatchery.

Hatcheries rely on the ability to consistently spawn captive broodfish for aquaculture
with reproduction serving as the basis of production, utilizing captive stocks under controlled
conditions. The first use of freshly extracted pituitaries to induce ovulation in fish was
documented 80 yr ago (Houssay 1931, Mathews 1939). As this research developed and assisted
hatchery production, the use of fish pituitaries improved and methods were further refined. Due
to the wide distribution and introduction of common carp Cyprinus carpio this has become the
most common pituitary used for fish production in the world (Chaudhuri 1976). A number of
exogenous compounds have been used to induce ovulation in channel catfish including: common
carp pituitary (CCP)(Sneed and Clemens 1960, Wolters et al. 1981, Busch and Steeby 1990),
human chorionic gonadotropin (Sneed and Clemens 1959, Goudie et al. 1992), gonadotropin-
releasing hormone analogue (GnRHa) with dopamine antagonists (DA)(Goudie et al. 1992), and
luteinizing hormone-releasing hormone analogues (LHRHa)(Busch and Steeby 1990, Lang and
Tiersch 2007). Currently, hybrid catfish producers utilize LHRHa and CCP to induce final
oocyte maturation and although few publications exist on the use of CP with channel catfish,
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previous research has demonstrated its potential (Sneed and Clemens 1960, Clemens and Sneed
1968).

The production of hybrid fry has dramatically increased from 4 million in 2004 to over
30 million in 2007 (Tucker and Harris 2008). Economic analysis of fry, fingerling, and foodfish
production found that while hybrid egg production is more costly than traditional channel catfish
operations, the superior qualities of the hybrid demands 1.6 times the capital while resulting in
net returns as high as 2.6 times that of channel catfish (Ligeon et al. 2004a,b). As hybrid
production increases, the demand for hormones used in the hatchery will also increase. The
substantial benefits previously described are responsible for the increased production of the
hybrid, as a result, there is an increased demand for carp pituitary and other approved or low
regulatory priority hormones used for hybrid hatchery production. Catfish pituitary could be
expected to make up for this demand and provide a local product with far greater consistency
when compared to CCP, which is purchased from northern areas of the U.S.

Pituitary Collection

As part of our research on this topic,

pituitaries were harvested from three catfish - selection| |
processing plants (Heartland Catfish, : -
Greenwood, MS; Consolidated Catfish, Isola, N

MS; Simmons Catfish, Yazoo City, MS)
throughout the winter and spring of 2009.
Heads from channel catfish were collected
from a conveyor belt within 10 min of death
and selected for widths of 9 cm or greater.
Head width was measured as the total width of
the head across the eyes with subsamples of
heads (n = 15) measured for every 150
pituitaries collected to document size selection.
A transverse cut through the head was made
above the eyes using an electric-powered

handsaw to expose the brain (Figure 1). - \ "
Pituitaries were placed in 75% ethanol in an ice PO \g 4

bath immediately after removal from the
cranium. Collected pituitaries were decanted
after collection and soaked in increasing
concentrations of ethanol (75, 95, and 100%) Figure 1. Selection and removal of pituitary
at 12-hr intervals at room temperature by g|and from channel catfish.

decanting the solvent between each rinse. A

final rinse and decanting of 100% acetone was followed by final drying in a glass dessicator,
grinding, and packaging in an airtight container.

pituitary

Collection Characteristics

Head width was monitored closely to report potential variation across season with
specific batches. All fish collected were channel catfish of mixed sex with the exception of male
broodfish collected on February 27, 2009. Width selection was relatively consistent, with

126



Channel Catfish Pituitary as a Spawning Aid Green and Yant

operators visually selecting heads with an average width of 9 to 10 cm. With the exception of the
broodfish collection, head width of heads collected in December, February, and April were not
significantly different (Table 2). Post-hoc analysis was performed using the Ryan-Einot-Gabriel-
Welsch multiple-range test (REGWQ). An average head width of 9.5 cm resulted in harvesting
of 325-350 heads per g of dried pituitary.

Table 2. Channel catfish head width for batches collected in December,
February, and April. Different letters denote significant differences within
a column (P <0.05).

Average head Number of

Collection date Sexes width (+ SD) Pituitaries
17-December-08 Mixed 9.5+0.8° 2005
27-February-09 Broodstock males 13+1.2° 381
27- February -09 Mixed 89+1.0° 771
6-April-09 Mixed 8.9+0.8" 1300

Collection Efficiency

Pituitary collections using a trained crew of individuals harvested an average of 2,468 +
415 (x + SD) pituitaries per work day. The average number of heads processed by individual
crew members did not vary among crews of 4, 5 or 8 individuals. No significant difference was
found between crew size and the average number of heads processed per crew member (P =
0.91). Because of this consistency it appears that one could project the number of pituitaries
collected based on crew sizes between 4 and 8 individuals by estimating approximately 450
pituitaries per worker.

On-farm Use of CP

Investigations were conducted at three hybrid catfish hatcheries to compare performance
of CP, CCP and LHRHa to produce final oocyte maturation in female channel catfish. All farms
utilized a fixed total dose of 10 mg/kg for CP and CCP treatments. Trials were conducted at
farms with established hatchery protocols and practices that might have differed slightly,
however, data were collected in a consistent manner at all locations under the supervision of the
authors. Participating farms will be identified only as Farm A, B, and C for proprietary reasons.

Ovulation was determined as the proportion of females that released eggs when light
pressure was applied to the abdomen. Viable embryos were expressed as a proportion of the total
number of live embryos to the total number of eggs in three 4-mL samples as determined by
counting fertilized and unfertilized eggs with a stereomicroscope at 36 hr-after fertilization. Data
recorded on ovulation and fry production were arcsin square-root transformed and assessed using
a general linear model ANOVA. Viable embryos at 36 hr were analyzed across treatments using
logistic regression with significant differences assessed using ANOVA of arcsine transformed
proportions. Post-hoc analysis was performed using REGWQ.

Farm A

Evaluation of CP and CCP were performed on Farm A within three replicate trials
consisting of ~ 20 individuals per trial. Due to low numbers of available prepared pituitaries,
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different lot numbers of CP and CCP were used among trials. Ovulation and the number of
viable embryos were not significantly different for differing pituitary treatments (Table 3).

Table 3. Mean ovulation and embryo viability for catfish pituitary (CP),
and carp pituitary (CCP) treatments at Farm A. Different letters denote
significant differences among columns.

Viable embryos
Treatment n Ovulation at 36 hr
CP 62 77%" 45%"
CcCp 64 86%" 46%"

Farm B
Examinations conducted at Farm B consisted of three replicate trials each containing ~ 30

individuals with consistent lot numbers across treatments. Ovulation was significantly lower in
CP treatments when compared to CCP (Table 4). The proportions of viable embryos at 36 hr
were not significantly different between treatments of CP and CCP. Although no significant
difference in the proportion of embryos hatched was determined, the overall number of fry
produced from CCP treatments was higher due to the significantly greater number of females
ovulated in comparison to CP treatments.

Table 4. Mean ovulation, embryo viability, and embryos hatched for catfish
pituitary (CP), and carp pituitary (CCP) treatments at Farm B. Different letters
denote significant differences among columns.

Viable
embryos at Embryos
Treatment n Ovulation 36 hr hatched
CP 100 56%" 72%" 54%"
CCP 104 83%" 73%° 51%"

Farm C
Comparative examinations of CP, CCP, and LHRHa were completed at Farm C with four

replicate trials each consisting of ~ 45 individuals. No significant differences were observed for
ovulation from the three treatments (Table 5). The average number of embryos hatched was
significantly greater for catfish pituitary treatments when compared to CCP and LHRHa

treatments.
Table 5. Mean ovulation and embryos hatched for catfish pituitary (CP),

carp pituitary (CCP), and LHRHa treatments at Farm C. Different letters
denote significant differences among columns.

Embryos
Treatment n Ovulation hatched
CP 141 54%° 43%"*
CCP 208 55%° 24%"
LHRHa 192 52%" 19%"
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Discussion

All pituitaries collected throughout the current study were from channel catfish of mixed
sex with the exception of one collection of male channel catfish broodfish. Collections of
channel catfish pituitaries with an average head width of 9.5 cm resulted in 325 - 350 heads per g
of dried pituitary. It was impossible to verify the sex for individual heads at the time of collection
and segregation of sexes could alter the potency of CP depending upon the level of gonad
maturation in males or females. Previous findings have indicated significant differences between
males and females in the rate of increase in follicle stimulating hormone (FSH) and luteinizing
hormone (LH) gene expression throughout gonad maturation in three-spined stickleback
Gasterosteus aculeatus (Hellgvist et al. 2006).

In general, inedible raw materials from processing plants are perishable and require
further processing such as rendering and refrigeration, with rendering usually performed at other
processing plants and demanding transportation (Goldstrand 1992). In the current study catfish
pituitaries were collected immediately (< 10 min) after death. Preliminary work indicates that
carp heads stored at 4 °C for 24 hr did not perform differently as a spawning aid in comparison
to pituitaries collected immediately after death (Yaron et al. 2009). When collections were
‘scaled-up’ several thousand heads (2,500 - 4,500) were processed per d. Collection of pituitaries
from refrigerated heads could allow for greater efficiency if potency is similar.

Seasonal Effects

A significant drawback in the use of CP and CCP is the potential for LH content to
fluctuate from seasonal collections. The influence of season on LH content is of particular
concern due to its involvement in final maturation (Slater et al. 1994, Prat et al. 1996, Yaron et al
2009). Examinations on Farm B demonstrated CP collected in early March were not effective in
comparison to CCP, resulting in significantly reduced ovulation. Previous examinations of
seasonal fluctuations in carp LH content of pituitaries have resulted in recommendations to
harvest pituitaries from carp greater than 1 kg within the months of April to May and September
to October within Israeli aquaculture operations (Yaron et al. 2009). In female rainbow trout
Oncorhynchus mykiss the highest proportions of LH within pituitaries was associated with final
oocyte growth and maturation and postovulated females (Gomez et al. 1999). The pituitary LH
content of female rainbow trout nearly doubled between final oocyte maturation and after
ovulation, indicating that pituitaries collected within or after a spawning period could also
perform better than ones collected from individuals undergoing exogeneous vitellogenesis.
Expression of LH in female channel catfish pituitaries remained low throughout vitellogenesis
and increased rapidly prior to ovulation (Kumar and Trant 2004). In the current study LH content
was not determined for CP treatments, however, the authors would expect that LH content would
be highest in pituitaries collected in April to June, the closest collection to the natural spawning
period for this species.

Future Research Studies
Purification
Currently CP and CCP are reconstituted as desiccated and pulverized pituitaries in saline

solutions. Isolation of LH within these crude preparations could allow for a more homogeneous
product with increased potency. Purification of LH was first documented within rat pituitary

129



Channel Catfish Pituitary as a Spawning Aid Green and Yant

extracts by fractionation with ammonium sulfate, metaphosphoric acid, ion exchange
chromatography and gel filtration through sephadex G-100 (Reichert et al. 1969). By similar
procedures highly purified gonadotropic hormones from chum salmon Oncorhynchus keta were
isolated using sephadex G-75 (Idler et al. 1975). The ability to specifically isolate LH from crude
pituitary preparations has been documented for several fish species through the use of gel
filtration (Ward et al. 1971, Bedi et al. 1982).

Assay Development

In an effort to increase the consistency of CCP applied as a spawning aid, procedures
have been developed to process and validate the concentration of LH within pituitary batches
(Yaron et al. 2009). Pituitaries are collected and placed in absolute ethanol and stored at -20°C
prior to processing. The pituitary is homogenized with potassium phosphate buffers, centrifuged,
and the supernatant is lyophilized and stored at 4°C. The resulting extract is highly stable and
can be reconstituted and tested to determine the relative concentration carp LH using
radioimmunoassays developed from carp LH antibodies (Levavi-Zermonsky and Yaron 1986).
The concentration of carp LH in each batch is adjusted for the administration of a standard
priming and resolving dose based on previous validation concentrations that produced ovulation
and fertilization. Protocols verifying LH activity in CCP have resulted in a more consistent and
stable product (Yaron et al. 2009).

Molecular Approaches

Recent research within the field of hormone application and development has focused on
the use of recombinant molecular approaches with specific hormone sequences. Numerous
advances in understanding of gonadotropins and their receptors have been made within the past
10 yr. Molecular tools have allowed investigators to characterize, quantify and localize FSH and
LH within fish species. Channel catfish FSH and LH have been cloned and sequenced (Lui et al.
2001). Receptors for FSH and LH have been isolated and cloned for channel catfish providing
the ability to examine actions of the ligands and receptors partially responsible for oocyte
maturation (Kumar et al. 2000, Kumar et al. 2001). Although this work is in its early stages, the
ability to insert cloned sequences in expression vectors has been demonstrated (Zmora et al.
2007) or is anticipated (Yaron et al. 2009) within research applications.

Conclusions

The results of these on-farm investigations demonstrate that catfish pituitary can be
applied as a spawning aid. Seasonal effects on gonad maturation suggest that collection of CP
should be made during the months closest to spawning (April - June in Southeastern USA).
Pituitaries collected from processing plants in April resulted in the highest percent of ovulating
females. Research on future collections of CP from processing plants should include months that
directly overlap and precede the spawning season for channel catfish. The current on farm
studies utilized a fixed total dose of 10 mg/Kg across all treatments, although the Investigational
New Animal Drug (INAD) exemption for CP stipulates that as much as 25 mg/Kg can be
applied. In the absence of a simple assay to determine concentrations of active gonadotropins
within CP it is conceivable that the dose could be modified within the parameters of the current
INAD based on the prior performance of a specific CP batch. Procedures have been developed to
validate the content of LH within pituitary batches in an effort to increase the consistency of
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CCP applied as a spawning aid (Yaron and Levavi-Zermonsky 1986, Yaron et al. 2009). The use
of CP as a spawning aid increases the options available to hatchery producers based on the
continued maturation of broodfish within the spawning season, and for hybrid catfish production
offers efficiency advantages that can be linked with cryopreserved sperm of blue catfish to yield
a strong production platform (Lang et al. 2003).
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New Chapter

Ultrasonographic Monitoring of Channel Catfish Ovarian Development

Noel Novelo, Douglas Kuenz, Christopher C. Green and Terrence R. Tiersch

Introduction

Gonadal development throughout the life cycle of channel catfish Ictalurus punctatus
from karyogamy during fertilization, through gonadal differentiation, juvenility, and
reproductive activity in adults is controlled by genetic factors (Tiersch et al. 1992, Wolters and
Tiersch 2004), and the endocrine system in concert with the environment (Silverstein and Small
2004). Ovarian development in mature channel catfish and the physiological processes directing
it are directly affected by oocyte development, starting from recruitment of oogonia (12—15 pm
in diameter), transitioning to pre-vitellogenic (15-240 pm), and vacuolated (240—-650 pm) and
vitellogenic (650-3,000 um) oocytes. These become secondary oocytes, complete the first
meiotic division, undergo meiotic arrest at metaphase of the second meiotic division, and are
ready to be ovulated and fertilized (Grizzle 1985). Oocyte development and maturation for
spawning in channel catfish begins at 2 to 3 yr of age, although most producers use 3-yr-old
catfish for induced spawning (Barrero et al. 2007, 2008). Overall, ovarian and oocyte
development is complex, involving environmental, hormonal, cellular, and molecular processes
leading to ovulation. Various reproductive indices exist for interpreting these interdependent
processes, and for assessing the state of ovarian maturity to select channel catfish for induced
spawning. These reproductive indices are obtained using invasive and non-invasive methods.

Invasive methods for evaluating ovarian and oocyte development in channel catfish
populations have included ovarian catheterization (Markmann and Doroshov 1983), germinal
vesicle visualization (Stoeckel 2000), monitoring of serum hormonal profiles, gross examination
of the ovary and oocytes, measurement of gonadosomatic index (gonad weight/body weight X
100) (Brauhn and McCraren 1975), and preservation of ovaries for histological analysis
(MacKenzie et al. 1989). The most commonly used non-invasive method for assessing channel
catfish ovarian development is visual examination of external morphology, which includes
monitoring for a soft, rounded, distended abdomen extending past the pelvic fin and a swollen,
reddish urogenital orifice (Clemens and Sneed 1957). Other non-invasive methods for
identifying reproductive females are direct observation of active spawning behavior (Bates and
Tiersch 1998, Phelps et al. 2007, Lang and Tiersch 2007), and measurement of thermal exposure
(degree-days) for prediction of spawning in ponds (Pawiroredjo et al. 2008).

Ultrasonography, a non-invasive technology, has been used in as many as 19 fish species
for sex identification (Matsubara et al. 1999, Columbo et al. 2004, Wildhaber et al. 2005), and
for development of reproductive indices such as cross-sectional ovarian and testes diameter,
gonad volume, and egg diameter (Bryan et al. 2007, Wildhaber et al. 2007, Newman et al. 2008)
(Table 1, next page). Two catfishes, the Neosho madtom Noturus placidus and the African
catfish Clarias gariepinus, were studied for monitoring the ovarian reproductive condition before
and during the natural spawning season ( Bryan et al. 2005, Lazlo et al. 2008).

Although ultrasonography has been used to estimate fillet yield in channel catfish
(Bosworth et al. 2001), no ultrasound imaging procedures exist for viewing the ovary of channel
catfish. This chapter describes ultrasound imaging of ovaries of channel catfish at different
stages of gonadal development, and corresponding histological profiles.

Novelo, N., D. Kuenz, C. C. Green and T. R. Tiersch. 2011. Ultrasonographic Monitoring of Channel Catfish
Ovarian Development. In: Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch and C. C. Green, editors.
World Aquaculture Society, Baton Rouge, Louisiana. Pp. 134-144.



Table 1. The species (n = 19) and references (n = 23) on use of ultrasonography in fish reproduction were listed. These fishes were grouped

below into two main categories (i) freshwater, and (ii) marine and anadromous, according to family, genus and species, with
corresponding citations. It was possible to view ovaries and testes in 85% of the species listed.

Common name*

Scientific name*

Citation

Freshwater

Stellate sturgeon
Shovelnose sturgeon
Pallid sturgeon

Neosho madtom
African catfish
Murray cod

Marine/Anadromous
Pacific herring
Atlantic cod

Barfin flounder
Atlantic halibut
Winter flounder
Yellowtail flounder
Haddock

Atlantic salmon

Coho salmon
Rainbow trout

Striped bass

Red hind
Broadnose sevengill shark

Acipenser stellatus
Scaphirhynchus platorynchus
Scaphirhynchus albus

Noturus placidus
Clarias gariepinus
Maccullochella peelii

Clupea pallasi

Gadus morhua

Verasper moseri
Hippoglossus hippoglossus
Pseudopleuronectes americanus
Limanda ferruginea
Melanogrammus aeglefinus
Salmo salar

Oncorhynchus kisutch
Oncorhynchus mykiss
Morone saxatilis
Epinephelus guttatus
Notorynchus cepedianus

Moghim et al. 2002

Colombo et al. 2004, Wildhaber et al. 2005, 2007, Bryan et al. 2007

Wildhaber et al. 2005, Bryan et al. 2007
Bryan et al. 2005

Lazlo et al. 2008

Newman et al. 2008

Bonar et al. 1989

Karlsen and Holm 1994

Matsubara et al. 1999

Shields et al. 1993, Martin-Robichaud and Rommens 2001
Martin-Robichaud and Rommens 2001
Martin-Robichaud and Rommens 2001
Martin-Robichaud and Rommens 2004

Mattson 1991

Martin et al. 1983

Evans et al. 2004a,b

Blythe et al. 1994, Will et al. 2002, Jennings et al. 2005
Whiteman et al. 2005

Daly et al. 2007

*According to Nelson et al. 2004.
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Ultrasound Procedures for Viewing of Channel Catfish Ovaries

The natural spawning season for channel catfish in Baton Rouge, Louisiana
(30°22°3.3” N, 91° 10’ 54.1” W) typically starts in mid-late April when ambient water
temperatures remain within a range (21-30 °C) conducive to spawning (Lang et al. 2003,
Pawiroredjo et al. 2008), and continues through May and sometimes into July (Bates et al. 1996).
Adult (3—4 yr old) female channel catfish were held in 0.1-acre ponds with blower-driven
aeration, and were sampled during early, middle, and late periods of the natural spawning season
in 2008. Fish were captured by seining the ponds, and were held in concrete raceways at a
salinity of 5 ppt (solar salt, Cargill Inc. Minneapolis, Minnesota, USA) to reduce osmotic
imbalances due to stress for 1-3 d before ultrasound imaging and ovary sample collection for
histological processing.

Channel catfish were caught with polyethylene dip nets from the concrete raceways, and
placed in a portable, 49-L cooler (Igloo, 52 quart Sportsman™) filled with water. The fish
maintained an upright swimming position (ventral recumbency), while the left side was scanned
anterior to the base of the pelvic fin, and posterior to the dorsal fin (Figure 1). B-Mode
ultrasound images were obtained using a laptop-computer ultrasound unit (TELAVET 1000,
Classic Medical, Tequesta, Florida) with a multi-frequency (5—8 MHz) linear probe (model
LV7.5/60/96Z) set at 8§ MHz. During the entire procedure, the probe and the catfish were
completely submersed in water, which provided the sole ultrasound transmission medium. The
location of the ovary and the largest cross-section were determined by scanning the left side of
the abdomen between the pectoral and dorsal fins with the probe, with the probe tip aligned to
the bottom (ventral) side of the fish, and the cable end of the probe aligned to the top (dorsal)
aspect of the fish. Ultrasound images were recorded on the hard drive of the laptop computer,
with each image labeled with the corresponding identification number (i.e., Floy tag) of the fish.

b cable end
submersed probe \b‘/
/floy tag

tip~

: water level=—>
49-L cooler

Figure 1. For viewing, the channel catfish were completely submerged in water, with the ultrasound
probe placed on the left side, the cable end (connected to the ultrasound unit) located dorsally
(adjacent to the spine), and the probe tip located ventrally (adjacent to bottom of the abdomen).

B-Mode ultrasound images of the ovary were created with the emission of ultrasound
waves (in this case, 8 million cycles of ultrasound waves per sec) by piezoelectric crystal
elements inside the linear array probe. These ultrasound waves were transmitted into the water,
which acted as a transmission medium (a similar function is served by application of ultrasound
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gel to eliminate the air interface between the probe and the surface of the anatomy being
scanned). The emitted acoustic waves made contact first with the skin, and subsequently with
muscle and ovarian tissues in the area at which the probe was positioned (Figure 1). The return
of these ultrasound waves to the probe was displayed in a rectangular, two dimensional gray-
scale image on the laptop monitor. The ultrasound echoes were recorded as dots along a vertical
axis, with the dots located in the near view field of the image (top of the display image) creating
ultrasound images of anatomical structures (skin and muscle) closest to the probe, and the dots in
the far view field of the image (bottom of the display), creating ultrasound images of anatomical
structures (ovarian structure) furthest from the probe (Figure 2).

advanced

Figure 2. The image produced by a linear array probe is a rectangular, gray-scale ultrasound
image, with the top of the image corresponding to the position of the probe. The cable end of the
probe (A) corresponds to the top of the fish (right side of the image), and the tip of the probe (B)
corresponds to the bottom of the fish (left side of the image). The top of the image (near field)
corresponds to anatomical structures closest to the probe, with the skin depicted by the outermost
solid line delineating the curving external perimeter of the fish, followed by muscle tissue, the ovary
(dashed curved line), and oocytes (indicated by arrows). The image on the left represents early
ovarian development in channel catfish, and the image on the right a more advanced stage.

The position of the dots along the vertical axis of the ultrasound image display represents
the depth (mm) of the internal anatomical structures from which the echo originated. The
brightness of the dot is proportional to the strength of the returning echo, and corresponds to an
intensity within a 256 gray-scale range, with the brighter grays representing echoes of greater
intensity. These vertical axis lines, when aligned, represent parallel scan lines produced by
acoustic pulses and echoes at different points on the linear array of elements, which are
rectangular in shape, arranged in a straight line, and produce a cross-sectional gray-scale image
of the tranverse scanning plane of the ovary.

Thus, one of the key elements in interpreting the ultrasound image irrespective of gonadal
condition of the fish is to understand the relationship of the physical position of the probe on the
external anatomy of the channel catfish (Figure 1), and the corresponding probe and anatomical
structures in the resulting display image (Figure 2). When the probe was placed on the lateral
aspect of the abdomen (Figure 1), the orientation of the ultrasound image in the monitor was
displayed with the top of the image (the near field view) representing the nearest distance to the
probe, and with the bottom of the image (the far field view) representing the furthest distance
from the probe. In these ultrasound images, the cable end corresponded to the right side of the
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image (dorsal aspect of the fish), and the tip of the probe corresponded to the left side of the
image (ventral aspect of the fish) (Figure 2), but this orientation of the fish anatomy can be
switched by using the ultrasound software controls such that the left side of the image
corresponds to the dorsal aspect of the fish and the right side of the image corresponds to the
ventral side of the fish. The relationship of the orientation of the probe with respect to the
external anatomical positioning of the probe and the internal anatomy of the fish should be
clearly defined for basic interpretation of ultrasound images (Figure 3).

Figure 3. Ultrasonography provided direct images of channel catfish ovaries during the natural
spawning season of channel catfish, revealing distinct gonadal appearances for early (A),
developing (B, C) and atretic (D) ovaries. The curved solid white line depicts the skin, the
anatomical structure closest to the probe. The dashed line depicts the contour of the ovary, with the
dorsal and ventral aspect of the fish on the right and left side of each image, and the double-headed
arrows between the skin and the ovary showing the changes in thickness of the body wall in each
image. Oocytes appear flattened rather than rounded probably due to the polar distributions of
aqueous and lipid compartments.

Early gonadal development (Figure 3A) was seen with more frequency early in the
natural spawning season (i.e., early April), with ultrasound images displaying a small ovarian
size. At this time the shape of the ovary was frequently not clearly defined, or not clearly
distinguished from surrounding internal structures, and there were no visible oocytes. The
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distance of the abdominal muscle between the periphery of the ovary and the skin (the body
wall) was at its widest point.

Ovarian growth was noticeable during the middle and late period of the natural spawning
season (i.e., late April to early July), with ultrasound images displaying a progressively enlarging
ovarian size (Figure 3B and C). The ovarian structure was immediately visible and did not
require multiple abdominal scans to be identified. The shape of the ovary was clearly visible,
with the outermost periphery of the ovary curved and clearly defined, similar to the skin margin
of the fish which was always visible during ultrasound scans. Oocytes were immediately visible
during ultrasound scans. Individual oocytes and a high degree of organization within the ovary
were discernible as the spawning season and gonadal growth advanced. The thickness of the
body wall between the periphery of the ovary and the skin progressively narrowed with increased
ovarian growth.

Towards the end of the spawning season (i.e., July), ultrasound images revealed gonads
that were drastically reduced in size, and undergoing atresia (Figure 3D). Atretic ovaries could
be identified by images displaying a small, disfigured ovarian wall, and disorganized,
disintegrating oocytes that lacked a clear perimeter and regular shape. The body wall thickened
with the reduced size of ovaries undergoing atresia.

Histological Profiles of Ultrasound Images

Fish were placed into a lethal dose of MS-222 for removal of ovaries, which were
preserved in 10% neutral buffered formalin (NBF). After storage (> 1 month), the ovaries were
sectioned through the largest cross-section, corresponding to the position of the ultrasound probe,
and sent for histological processing to the Histology Laboratory of the Louisiana State
University School of Veterinary Medicine, Baton Rouge, Louisiana. The section widths of the
ovary samples on the histology slides were 3 — 4 um, and the chemical stains used were
hematoxylin and eosin. Digital images of histology slides were obtained using a stereoscope
(Nikon SMZ-U, Tokyo, Japan). A mm-increment ruler was positioned in the upper left corner of
each histology slide to provide a standard size reference.

Histology profiles (Figure 4) corresponding to the ultrasound images collected during the
spawning season (Figure 3) revealed the microscopic biological progression of ovarian
development which was not visible in the ultrasound images. Ultrasound images of early and
atretic ovaries (Figure 3A, D) depicted small ovaries with no visible oocytes (Figure 3 A), or
small ovaries with disfigured oocytes (Figure 3 D). In contrast, the histology profiles of early and
atretic ovaries revealed a large ovarian cross-sectional area, with numerous oocytes (Figure 4A)
and distinct primary and atretic oocytes (Figure 4D) enclosed in a thick ovarian wall. The larger
ovarian cross-sectional area depicted in the histology profiles was directly related to the
sampling of small ovaries, corresponding to early-developing or regressing ovaries (Figure 3 A,
D). Ultrasound images of developing ovaries (Figure 3 A, D) depicted a larger cross-sectional
area occupied by enlarging ovaries and visible, enlarging oocytes. In contrast, the histology
profiles of developing ovaries (Figure 4 B, C), prominently displayed a large oocyte cross-
sectional area, rather than a large ovarian cross-sectional area. Consequently, internal oocyte
processes such as the formation and coalescence of yolk globules (Figure 4 B, C) were depicted.
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Figure 4. Hlstology corresponding to ultrasound images of early (A), developing (B, C) and atretic
(D) ovaries of channel catfish during the natural spawning season revealed distinct profiles.
Histology corresponding to early (A) ovarian development displayed a thick ovarian wall enclosing
numerous small primary oocytes with no discernible wall. Histology of developing ovaries (B, C)
displayed large vitelline oocytes with a thin ovarian wall, a visible, thin oocyte wall (B), yolk globule
formation (B, dotted oval shapes), a thickened oocyte wall (C), and coalescing yolk globules (C,
dotted arrows). Histology of atretic (D) ovaries showed remnants of atretic oocytes, and few small
primary oocytes.
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Conclusions

Application of ultrasound technology provides a direct, non-invasive, visualization
method that can be used for evaluation of the reproductive condition of channel catfish females
during the spawning season. Histological profiles corresponding to ultrasound images revealed
microscopic processes that were not visible with ultrasonography, but which corroborate
ultrasound imaging of ovarian development, demonstrating a strong potential utility of
ultrasonography in channel catfish reproduction. Linking the ultrasound images with histology of
gonadal development provides a comprehensive view of ultrasound images representative of
different gonadal stages ranging from developing and developed, to advanced and atretic ovaries.

The ability to use ultrasound technology and corroborate its application with histology
and other biometric indices is important in understanding the biological development of the
channel catfish ovary. Identification of females in late vitellogenesis is critical for efficient
hormonal induction of spawning in the hatchery. This is especially important in the application
of cryopreservation to the production of hybrid catfish (channel catfish females x blue catfish
Ictalurus furcatus males) at a commercial scale. To adequately assess and improve
cryopreservation of aquatic species, technologies for understanding gonadal biology need to be
incorporated into selection of females with the highest chance of ovulating fertilizable oocytes.
Further studies are needed for addressing qualitative and quantitative analysis of fish gonadal
development based on ultrasonography and histology to fully explore the potential application of
ultrasound as a standard, non-invasive, informative means of commercial-scale assessment of a
variety of fish species.
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New Chapter

Sperm Quality Evaluation for Broodstock Improvement

Elsa Cabrita, Vanesa Robles, Carmen Sarasquete and Paz Herréez

Introduction

Sperm quality has been a focus of research in several fields and can be used as a
biomarker for the assay of male status. Until now not much attention has been paid to the
relationship between sperm quality and other male characteristics, ignoring the importance of
knowing what is “behind spermatozoa”. In the present chapter we have tried to summarize the
principal methods of fish sperm analysis, to give a survey on the relationship between sperm
quality and several biological factors and to suggest how to benefit from that knowledge to
improve male broodstocks.

The Importance of Sperm Quality Assessment

Several characteristics have been used to determine sperm quality. Standard analysis may
include parameters such as spermatozoa concentration, subjective assessment of motility, sperm
volume, seminal plasma osmolarity and pH, which will give a clue to quality in a given species
and could be important steps for the first characterization of sperm. However, good
characterization requires evaluation of certain aspects of cell function that may be impaired
(Table 1, next page). Sperm quality can be assessed by its constituents: seminal plasma and
spermatozoa. Basic studies on seminal plasma constituents and its variation such as enzymes (i.e.,
lytic, oxidative, and metabolic), metabolites, sugars, vitamins, amino acids, lipids, fatty acids,
glucose, lactate and other inorganic compounds can provide useful information and have been
developed in several species and in several approaches, from cryopreservation to toxicology
studies (Kime et al. 2001, Ruranwga et al. 2004). These determinations can detect the lack or
loss of a certain compound as well as alterations in cell integrity and metabolism.

Spermatozoa functions have also been the focus of attention as markers for sperm quality.
Sperm need to acquire and maintain their motility capacity until they reach the oocyte. Thus,
motility and energetic metabolism have been the most studied parameters and several
correlations have been achieved with the fertilizing capacity of sperm (e.g., Lahnsteiner and
Patzner 1998). Currently, sperm motility can be well characterized in terms of velocity and
motility pattern using computerized sperm analysis systems reviewed elsewhere in this volume.
But sperm, apart from reaching the egg, need to recognize and fuse with the oocyte, as well as
contribute to embryonic development, so other cellular characteristics should also be evaluated
to explain milt fertilization ability.

One regularly used parameter is cell viability, which is mainly based on the analysis of
cell membrane integrity and functionality. Most assays describing cell viability are performed
with the use of permeant or impermant dyes (often fluorescent probes) which are included or
excluded from the cytoplasm according to the plasma membrane status. The need to assess the
effects of toxicant exposure and cryopreservation procedures has greatly contributed to the

Cabrita, E., V. Robles, C. Sarasquete and P. Herraez. 2011. New Insight on Sperm Quality Evaluation for
Broodtscok Improvement. In: Cryopreservation in Aquatic Species, 2" Edition. T. R. Tiersch and C. C. Green,
editors. World Aquaculture Society, Baton Rouge, Louisiana. Pp. 146-161..



Table 1. Examples of assays that can be considered for the analysis of sperm quality in aquatic species.

Assay

Structure assayed

Reference

Mitochondria Functionality
Fluorescent dyes (JC1, Rh123, MTT assay)

Cell Viability
Fluorescent and non-fluorescent dyes (Hoecht, PI/SYBR-14,
acridine orange, DAPI, trypan blue)
Lytic enzymes (acid phosphatase, alkaline phosphatase,
B-D-glucuronidase, protease)
Metabolic enzyme (malate dehydrogenase, lactate dehydrogenase,
aspartate aminotransferase, adenosine triphosphatase)
Oxidative Stress
Anti-oxidative enzymes (catalase, glutathione peroxidase,
superoxide dismutase)
Anti-oxidant potential (vitamins E, C, albumin, glutathione, taurine)
Lipid Peroxidation
Free radicals, TBARS assay, 8-isoprostane level
Fluorescent dyes (Bodipy-C11)
DNA Fragmentation
Comet assay, apoptosis assays, SCSA, OxiDNA assay
Spermatozoa Motility
Computer-assisted sperm analyzer
ATP Metabolism
ATP and ADP levels, creatine phosphate,
adenosine triphosphatase, adenylate kinase
Spermatozoa Morphology
Electron microscopy, ASMA
HOS-Test
Hyper or hyperosmotic test
Fertility assay

Mitochondria

Plasma membrane
Seminal plasma,
sperm

Seminal plasma
Seminal plasma

Seminal plasma

Seminal plasma

Chromatin
Sperm

Seminal plasma,
sperm

Sperm

Plasma membrane
Sperm

Ogier de Baulny etal. 1997,
Hamoutene et al. 2000

Cabrita etal. 2008
Lahnsteiner etal. 1998

Lahnsteiner etal. 1998

Pagletal. 2006

Cohen etal. 2007

Khosrowbeygi and Zarghami 2008,
Brouwers et al. 2005

Cabrita et al. 2008, Zhanget al. 2008
Martinez-Pastor et al. 2008, Cosson 2007

Lahnsteiner etal. 1998

Marco-Jiménez et al. 2006

Cabrita etal. 2008
Cabrita etal. 2008

Abbreviations: JC1:fluorophore 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide; Rh123:rhodamine; MTT: 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; C11:Bodipy- fluorescent dye 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; SCSA:sperm chromatin
structure assay; OxiDNA:FITC-conjugate thatbinds to 8-oxoguanine; TBARS: thiobarbituric acid reactive substances; ASMA:Sperm Class Analyzer.
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development of more precise cytophysiological analysis. Mitochondrial status can be analyzed
using different specific probes, able to discriminate between active and inactive mitochondria.
Many efforts have recently been made in study of DNA structure using different approaches such
as the comet assay (single-cell gel electrophoresis), TUNEL (terminal deoxynucleotidyl
transferase-nick-end-labelling), SCSA (sperm chromatin structure assay) and the analysis of
specific DNA sequences using quantitative PCR, because damage to DNA can impair fertility or
embryo development (see methods description in Dmitrieva and Burg 2007).

From the study of motility using more or less sophisticated approaches to the analysis of
DNA integrity, the choice and combination of parameters depends on the objective of the
evaluation, as well as on available equipment and experience. Quality assessment should be
relatively simple for routine use in fish farms, but should be more precise for experimental
purposes. It is also important to remark that sperm is not a homogeneous mixture of cells and
plasma, but a pool of cells originating from different spermatogonia. Each spermatogonium
produces spermatozoa with a different haploid genotype, maturation stage and characteristics.
This is the reason why new trends in sperm evaluation emphasize the analysis of spermatozoa
subpopulations for some determinations, finding concerns for the use of average values to
characterize sperm sample (Martinez-Pastor et al. 2008).

The Importance of Knowing Male Background

Sperm Quality and Genetic Characteristics

It has been assumed that “good” males (high quality sperm producers) would also
produce high quality offspring in terms of sperm characteristics, because the transmission of
nuclear genes that encode for sperm characteristics would be inherited (Evans and Simmons
2008). This assumption, if true, would be useful in the selection of certain lines of breeders that
produce high quality sperm. A number of recent studies have questioned this premise and the
question whether maternal and cytoplasmic genes may participate in sperm structure and
function has arisen. Work on brown trout Salmo trutta did not find a correlation between high
quality males and “good genes”, but the size and age of fish directly influencing the quality of
sperm (Jacob et al. 2007). This fact does not diminish the importance of male genetic
background in the definition of sperm quality, but from this and other related studies, it seems
that other factors may have a key influence. Although studies of this kind are scarce in fish, as
far as we know, recent reports on bird and insect sperm demonstrate that the effects on sperm
function of cytoplasmic (mitochondrial) genes, which are maternally inherited, may similarly
constrain sperm quality (Gemmell et al. 2004, Zeh and Zeh 2005, Evans and Simmons 2008).
Mitochondria are known to play a role in regulating sperm motility in birds (Froman and Kirby
2005) and sperm motility and fertility in mammals (Moore and Reijo-Pera 2000, Gallon et al.
2006). Recently, sizeable cytoplasmic mtDNA effects were reported for sperm viability of the
seed beetle Callosobruschus maculates but no effect of these genes was found for the
morphology of the sperm flagella, which was controlled by nuclear genes (Dowling et al. 2006).

Other strong evidence that maternal genes may contribute to the success of fertilization
comes from the experiments performed in chicken Gallus gallus domesticus. In this species,
sperm motility is under the control of autosomal genes and maternal-derived genes (Froman et
al. 2002), almost certainly mtDNA. The role of mtDNA in regulating sperm performance in
terms of motility was explained by the fact that motility depends on sperm oxygen consumption,
which in turn is dependent on mitochondria, and that immotile sperm were associated with
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aberrant mitochondria. Knowing this, it has been possible to select lines with low and high
motility sperm and check on those populations that mitochondria function was divergent
(Froman and Kirby 2005). As stated before, there are no similar reports in fish sperm; however
variations in sperm quality could also be attributed to their nuclear and mitochondrial genetic
profiles, with not only paternal background being important, but also the maternal contribution.

Reproductive Performance

Sperm quality can be used to assay the reproductive performance of any individual.
Depending on the species, social status and fish reproductive behavior could play a crucial role
in the determination or selection of “good males”. Sperm competition is one of the features that
increases variability within males, leading to a differences in the quality of sperm. Sperm
features such as density (sperm counts), spermatozoa morphology (e.g., flagella length) sperm
velocity, motility, and so-called “longevity” in some reports (viability) are the principal
characteristics affected by sperm competition and can be modified according to its degree
(Petterson and Warner 1998, Taborsky1998, Locatello et al. 2006, Rudolfsen et al. 2006, Kaspar
et al. 2008).

Hence, population structure should not be ignored, but despite the large number of
reports analyzing sperm quality in different fish species, reproductive behavior has been
systematically neglected in most approaches. This fact has probably contributed to the
intraspecific variability observed between males maintained in the same breeding conditions and
even between ejaculates from the same male, more than other background factors (e.g., genetics).
Sperm competition is part of the reproductive performance of several fishes and could be
important to “increase” sperm quality or select the best males. In some cultured and ornamental
species (e.g., rainbow trout Oncorhynchus mykiss, common carp Cyprinus carpio Atlantic
salmon Salmo salar, and guppy Poecilia reticulata) this could be a possible explanation for
intra-individual changes in sperm quality and could be used for male improvement by selection
of good quality males (associated with high quality sperm) (Gage et al. 2004, Locatello et al.
2006, Fitzpatrick and Liley 2008, Kaspar et al. 2008).

In Atlantic salmon, sperm velocity was correlated with competition and is considered to
be a good predictor of sperm capacity for fertilization when equal numbers of spermatozoa per
male are used in a pool (Gage et al. 2004, Wedekind et al. 2007). In the guppy, it was found that
sperm viability and motility were higher in high quality males (Locatello et al. 2006). However
in common carp, although sperm characteristics such as spermatocrit, motility, and velocity
could influence sperm fertilization ability, none of them could explain the variability in sperm
quality associated with competition among males (Kaspar et al. 2007, 2008). Thus, when
analyzing sperm quality in a species all these issues must be taken into account because they may
help in the establishment of appropriate breeding conditions in aquacultured species, and their
management could improve sperm quality.

Male Provenance

The source or origin of males is one of the determining factors involved in the quality of
sperm. In most of the species recently introduced for aquaculture as well as in those species
showing reproductive difficulties in captivity, breeders come from the wild and the assessment of
sperm quality is sometimes difficult to interpret. Firstly because male life-history is unknown
(e.g., age, reproduction physiology, habitats, breeding season, diseases) and secondly, because in
some species there is not enough knowledge to be sure that breeders were properly maintained
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and that sperm were collected in the right period of the reproductive season. It is well known that
keeping fish in stressful conditions can affect sperm quality and thus produce abnormal gametes.
For example, several reproductive dysfunctions have been identified in flatfish males, such as
yellowtail flounder and turbot (Zohar and Mylonas 2001). Males from broodstocks captured
from the wild during the reproductive season can produce milt with non-mobile sperm
(Berlinsky et al. 1997) or milt with high viscosity that does not mix readily with water during
egg fertilization (Vermeirssen et al. 1998, 2000).

Another problem occurring with wild stocks is that depending on the species and place of
capture, there is no information about the previous reproductive performance of those individuals
and whether they were exposed to contaminants during their life cycle in the wild. Most
contaminants affect reproduction by direct impairment of gonadal development and germ cell
differentiation or by affecting sperm characteristics, thus reducing sperm quality. Heavy metals,
organochlorides, organophosphates, carbamates and a range of industrial chemicals can act as
endocrine disruptors, affecting sperm motility, velocity, viability, and fertility in a wide range of
species (Kime 2001). These agents could produce structural damage to the head or flagella,
functional impairment of the energy-producing mitochondria, DNA damage, or developmental
abnormalities in sperm structure caused either by exposure of developing sperm or by abnormal
testicular development resulting from early life or maternal exposure to pollutants or hormones
(Kime et al. 2001). Deleterious effects of tributyltin on sperm motility, viability, and metabolic
activity were reported in African catfish Clarias gariepinus (Kime et al. 1996, Rurangwa et al.
2002), and heavy metals produced the same effects in rainbow trout, common carp and African
catfish sperm (Rurangwa et al. 1998).

Although this has been difficult to document, because most of the studies have been
performed on wild fishery species and there are numerous compounds and effects on sperm, the
possibility of establishing contaminated broodstocks in aquaculture is high. Farmed fish may
also be exposed to heavy metals or estrogenic phytoestrogen contaminants in their diet, which
could affect their sperm quality (Kime et al. 2001).

In some species such as the Senegalese Sole Solea senegalensis wild-captured breeders
have been considered to be the best option for broodstock establishment and their sperm quality
was considered better than that from stocks spawned in captivity (Cabrita et al. 2006). This fact
was also attributed to a loss of genetic variability (Porta et al. 2006). However, in most species
some degree of domestication and selection will increase the quality of breeders, and more
control of sperm quality in future generations is expected. Currently, with the development of
genetic tools for broodstock characterization and paternity identification, the idea that wild fish
must be introduced regularly to avoid an undesired level of inbreeding could be progressively
reduced. These tools together with appropriate management of reproductive stocks could avoid
the problems encountered in the past with F,, broodstock consanguinity.

The Importance of Understanding Male Maturation

One of the most important objectives of aquaculturists is to control the reproductive
process of fish in captivity. Sperm maturation is crucial to ensure good fertility rates, and
unfortunately, many fish exhibit reproductive dysfunctions when reared in captivity, producing
poor quality sperm. In males these problems are usually related to low volumes and quality of
milt. The fact that these fish are not exposed to natural conditions during the reproductive period
can cause hormonal failures that produce the above-mentioned dysfunctions. In those species in
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which milt must be obtained directly from the testes (e.g., silurid catfishes and sex-reversed
salmonids) the problems could be even greater. In sex-reversed salmonids spermatozoa are non-
motile, because they have not undergone several processes that take place in the seminal duct,
and therefore have no fertilization potential. It is also well known that in many species, the sperm
obtained from males in the reproductive season has better quality, in terms of fertilization rates,
than do milt samples obtained out of season. In this section factors that affect sperm quality will
be considered, paying attention to the physiological mechanisms that control fish sperm
maturation and quality.

Period of Sperm Collection

The period for sperm collection is decisive to obtain mature sperm of high quality. Sperm
motility and the total volume and density of expressible milt undergo seasonal changes in many
species. These changes occur not only throughout the year but also within the reproductive
season. It has been demonstrated that cryopreserved sperm obtained from the testis of sex-
reversed trout in winter (the natural breeding season in this species) produces higher fertilization
rates than do sperm samples obtained in spring (Robles et al. 2003).

Temperature and photoperiod are the two main factors changing between seasons and
could affect sperm characteristics. It has been suggested that temperature changes might play a
role in the mammalian fertilization process by altering membrane fluidity (Bell et al. 1997) and
is likely to act in some fish in a similar way. It has been suggested that the temperature at which
gametogenesis occurs could alter sperm quality (Labbé and Maise 1996). It was shown that
rainbow trout which performed gametogenesis under a low temperature regime presented a
higher content of cholesterol and phospholipids in the plasma membrane of spermatozoa than did
fish held at higher temperatures. It was also noticed that this fact correlated with lower fertility
rates in cryopreserved sperm. Photoperiod is the other factor that could affect sperm maturation
and also changes depending on seasonality. However, it has been demonstrated that photoperiod
manipulation did not affect the proportion of maturing Arctic char Salvelinus alpinus (Frantzen
et al. 2004). Nevertheless, photoperiod plays an important role in the control of hormonal
profiles and, as will be explained, hormonal levels affect sperm quality. In the forktail rabbitfish
Siganus argenteus which spawns synchronously around the last quarter of the moon (when
sperm motility peaks) a correlation between hormonal changes in the testis and lunar periodicity
has been demonstrated (Rahman et al. 2003). This study showed that the use of lunar cues in this
species promotes modifications in the higher centers of the hypothalamus-pituitary-gonadal axis.

Changes in sperm quality are also observed within the reproductive season, and sperm
motility is usually reduced at the end of the season. This reduction was attributed to the ageing of
the spermatozoa and reduction in the steroidogenic-producing capacity of the testes (Nagahama
1994). On the other hand, changes in sperm density have been detected within the reproductive
period. A reduced sperm density at the beginning of the spermiation period can be explained
physiologically because it occurs in response to an increase in seminal fluid production
controlled by the luteinizing hormone, which increases the intra-testicular pressure and enables
the spermatozoa to be transported to the sperm ducts (Billard 1986). In some fish there is an
increase in sperm density at the end of the spawning season accompanied by a decrease in the
sperm volume. Nevertheless, such changes are not observed in all species. Substantial changes in
sperm density were not observed in red porgy Pagrus pagrus, and high motility occurred at the
end of the reproductive period (Mylonas et al. 2003). Some authors (Lahnsteiner et al. 2005)
have found that linearity of movement of rainbow trout spermatozoa is lower at the beginning of
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spawning, and consider this phenomenon as a sign of sperm immaturity in trout. However, this
does not seem to be a good indicator in other species such as the European smelt Osmerus
eperlanus (Kowalski et al. 2006).

Hormonal Treatments and Sperm Quality

Hormonal treatments have been successfully used since the 1930s in a variety of fish
species to improve sperm characteristics or to overcome reproductive dysfunctions. Initially,
gonadotropins from piscine or mammalian origin were employed, but since then it has become
possible to induce native production of gonadotropin from the pituitary by employment of
gonadotropin-releasing hormone agonists (GnRHa) (Zohar and Mylonas 2001). A newer
generation of hormonal manipulation therapies has arisen with the synthetic GnRHa, which can
be incorporated into slow delivery systems that release the molecule and induce increases in
sperm production (Zohar and Mylonas 2001). This method provides a clear advantage in relation
to administration by single injections, which do not stimulate long-term elevation of sperm
production, and successive injections that can produce injures in the fish. In addition, single
injections usually produce a transient elevation of seminal plasma production with a small
increase in spermatozoa production, resulting in a lower spermatocrit (Garcia 1991).
Nevertheless, the induction of milt thinning by hormonal treatment is sometimes advisable. This
is the case in some flatfish species in which sperm is viscous in captivity and cannot readily
fertilize eggs (Vermeirssen et al. 1998, 2000).

As an example of these hormonal treatments, it has been observed in the European sea
bass D. labrax that precocious males produce milt of comparable sperm characteristics to adult
individuals and that treatment of precocious males with human chorionic gonadotropin (hCG)
can enhance milt volume without affecting other sperm characteristics, including fertilizing
ability (Schiavone et al. 2006). It has been demonstrated that GnRHa-delivery systems stimulate
not only seminal fluid production but also the spermatozoa production in striped bass Morone
saxatilis and white bass Morone chrysops, without affecting the density, motility or fertilization
capacity of the sperm produced (Mylonas and Zohar 2001). In some species, such as the
Senegalese sole, attempts to enhance milt production by using GnRHa implants have been
unsuccessful (Agulleiro et al. 2006, Guzman et al. 2007), and more complex hormonal therapies
are required to ameliorate reproductive dysfunctions. In fact, GnRHa therapies are not successful
when used in fish that are not at the final stages of gonadal development. It has been suggested
that the pituitary must first be exposed to sex steroids before GnRHa can stimulate the release of
gonadotropins (GtH). The combination of GnRHa with 11-ketoandrostenedione accelerated
spermatogenesis and markedly increased sperm motility but the amount of milt produced after 28
d of treatment was reduced (Agulleiro et al. 2007). Recently, the inhibition of the dopaminergic
system by pimozide combined with GnRHa treatment was reported to stimulate sperm
production from this species (Guzman et al. 2007).

For many farmed fish, hormone supplementation is not always sufficient and the
stimulation of physiological changes modifying environmental conditions, mainly the photo-
thermal regime, is also required. Moreover, in some fish it is important that both sexes are kept
together to ensure pheromone release. This is the case of the European smelt, in which injections
of hCG were not effective for stimulation of semen production, but the maintenance of mixed
sexes was found to increase sperm production and quality (Kowalski et al. 20006).
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Testicular Sperm

In some species sperm maturation should be artificially induced ex situ. In sex-reversed
trout that lack seminal ducts, the spermatozoa obtained from the testes are immotile. However,
sperm can be incubated to artificially promote maturation. To promote sperm maturation, sperm
samples obtained from the testes of sex-reversed trout were incubated for 2 hr in a commercial
solution (MATURFISH®, IMV, France) at 4 °C with oxygen supply (Robles et al. 2003).
Different results in terms of fertilization rates were obtained using different methods of
extracting sperm from the testes. Homogenization of the testis yielded poorer results than did
extraction using incisions made with scalpel in the organ, because the latter method reduced
contamination by blood cells and left immature cells in the testicular cysts.

Sex-reversed salmonids are not the only example in which sperm has to be obtained from
the testis. In silurid catfishes, stripping of semen is almost impossible and hormonal treatments
fail to induce semen release. For this reason, sperm extraction directly from the testes is the only
available option. Studies suggest that the hormone oxytocin, used at an optimal concentration,
may improve the fertilizing capacity of African catfish semen (Viveiros et al. 2003).

Male Improvement

Nutrition

As mentioned above, sperm quality is associated with male status and improvements of
broodstock quality will have a direct effect on gametes. One way to achieve this goal is through
nutrition, because several problems detected in sperm quality (in seminal plasma and
spermatozoa constituents) have been identified as being caused by a deficiency in certain
components in the diet. Spermatozoa plasma membrane phospholipids and cholesterol levels
were associated with the type of food given to male broodstock. In Senegalese sole, males fed
with mussels had more cholesterol in the spermatozoa plasma membrane than did spermatozoa
from males fed with polychaetes (Cabrita et al. unpublished results). Also, in rainbow trout,
sperm quality was improved using a phospholipid enriched diet that affected the phospholipid
composition of the spermatozoa plasma membrane (Labbé et al. 1995, Pustowka et al. 2000).
Supplementation with 0.4% arachidonic acid (ARA) also produced an increase of ARA levels in
cod Gadus morhua sperm with a positive effect on sperm velocity. However, no effect was
found in spermatocrit or in the percentage of motile cells (Bell et al. 2005). The same
supplementation in halibut Hippoglossus hippoglossus produced a more stable spermatocorit
during the reproductive season and extended the period of milt production. In European seabass,
fatty acid diet enrichment increased the sperm counts and volume in males (Asturiano et al.
2001), and the same effect was found in Indian major carp Catla catla (Nandi et al. 2007). There
is little doubt that polyunsaturated fatty acid improves sperm quality by increasing sperm
production. It may also be possible that certain fatty acids could play a role in preventing lipid
peroxidation in the presence of vitamins (E and C) (Gladine et al. 2007), increasing the
resistance of plasma membrane to reactive oxygen species (ROS) generated during sperm
ageing. More studies need to be conducted in this matter.

Similarly, other components introduced in the diet such as vitamins (E and C) can be
incorporated in the composition of seminal plasma and play an important role in spermatozoa
quality (Ciereszko and Dabrowski 1995, Lee and Dabrowski 2004), increasing sperm antioxidant
resistance to ROS. Production of ROS in semen is involved in changes in sperm membrane
fluidity, DNA fragmentation, protein damage, mitochondria impairment, and consequently, in a
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decrease in motility and fertility (De Lamirande and Gagnon 1995, Sanocka and Kurpisz 2004).
Recent studies on diet supplementation with vitamin E in Arctic char, demonstrated a reduction
of lipid peroxidation in sperm (Mansour et al. 2006). Semen contains a powerful antioxidant
defense system, but a balance of natural ROS production and antioxidant system must be
maintained. This could probably be achieved through diet control and correct supplementation of
fish meals and could have a direct effect on sperm quality.

Stress and Disease Resistance of Stocks

Environmental stressors are important factors that limit fish performance under
aquaculture conditions, inducing several dysfunctions. In the particular case of fish broodstock,
stress conditions can affect gamete quality. The response to stress in teleost fish is highly
individualized, where some fish display a consistently high or low stress response. Thus,
broodstock improvement in terms of selection to stress responsiveness may reduce the negative
effects of stressors (Pottinger and Carrick 2000, Wang et al. 2004), collaborating in the
maintenance of sperm quality. Studies have reported the relationship between stress
responsiveness and reproductive performance in males associated with gamete quality. Two
subpopulations of rainbow trout and striped bass broodstock males, were identified according to
stress resistance (males with low stress responsiveness and males with high stress
responsiveness) (Pottinger and Carrick 2000, Castranova et al. 2005). However, no significant
differences in sperm motility and cell concentration were found between the subpopulations,
although the levels of sex hormones were lower in high stressed males. Recently, their studies
have reached the same conclusions and sperm quality in terms of cell concentration, production,
motility, and frequency of milt production were not different between subpopulations in the
Senegalese sole (Cabrita et al. 2008). Although selective breeding for stress tolerance is a
strategy that has been employed in economically important animals such as turkeys (Brown and
Nestor 1973), chickens (Gross and Siegel 1985) and other poultry (Freeman 1976) that could
benefit aquaculture, the main effect on improvement of sperm quality needs more attention and
should not be discarded.

Fish disease can also affect reproduction and subsequently gamete quality, limiting male
reproductive success. The production of disease-resistant strains has been attempted by
producing transgenic fish, however there is little information on their sperm quality. Thus we
will focus the improvement of male sperm quality on a physiological and natural selection basis.
Sperm cells are immunologically recognized as non-self in the male reproductive tract, and
therefore, can be attacked by the immune system. To avoid this, testes have a haemato-testicular
barrier avoiding contact between germinal cells and lymphocytes and males suppress their
immune system during spermatogenesis. High levels of sexual hormones (associated with high
sperm quality) may contribute to suppressing immune response (reviewed in Klein 2000), thus
aiding in the production of high quality gametes. As a result, susceptibility to disease increases
during the reproductive season and any stimulation of the immune system could negatively affect
sperm production. It was found that the intensity of infection by a nematode species located
outside the testes was negatively associated with sperm quality in infected male Arctic char
sampled during their spawning period (Liljedal et al. 1999). This suggests that the extra-
testicular immune environment may affect the production of high-quality sperm and that parasite
infections located in the extra-testicular soma may reduce sperm quality.

The selection of high quality males could also be done on a natural selection basis by
female cryptic choice, but in this case it is difficult to predict the results at a fish farm. Females
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are able to detect the presence of individuals with high concentration of parasites and thus select
mates according to male sperm quality (Kortet et al. 2004). A number of recent studies have
investigated another possibility of female cryptic choice by selecting sperm on a genetic basis
(Simmons et al. 1996, Stockley 1997). Genes from the major histocompatibility complex
responsible for disease resistance and immunological recognition of self and non — self (Janeway
1993), were shown to be expressed in the sperm membrane surface of several vertebrate species
with external fertilization (Bakker and Zbinden 2001, Landry et al. 2001, Ziegler et al. 2002,
Skarstein et al. 2005), producing a differential response by the female or the egg to sperm from
different male genotypes (Birkhead and Pizzari 2002). Thus, females could in a certain way,
select and produce future breeders with more resistance to certain disease. However, this kind of
selection cannot be easily controlled by fish farmers in most of the cultured species. Moreover, it
is not clear that these mechanisms are present in all cultured fish species and, if they were, how
they could be applied in fish maintained in captivity.

Husbandry Conditions

The maintenance of broodstock in appropriate conditions for each species is an important
requirement for the production of high quality sperm. This is related to the physico-chemical
aspects of water (temperature, oxygen, and salinity), photoperiod, type of tanks, and density of
fish among other factors. In farmed species it is important to establish the appropriate husbandry
conditions to avoid influences in gamete quality. These aspects have been reviewed in Rurangwa
et al. (2004) and Cabrita et al. (2008).

Final Remarks

Management of fish reproduction with culture or conservation purposes requires the use
of the best males as breeders. Quality of sperm can be assessed by analyzing different parameters
with simple methods to very sophisticated approaches. Nevertheless, the identification of
producers of good sperm is not always a guaranty of optimal reproductive performance, taking
into account that many factors, from life history to social context or breeding conditions, can
influence success. Knowledge of all factors influencing sperm quality can help to develop
appropriate selection programs to improve quality of male broodstocks.

155



New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

References

Agulleiro, MLJ., V. Anguis, J.P. Canavate, G. Martinez-Rodriguez, C.C. Mylonas and J. Cerda.
2006. Induction of spawning of captive-reared Senegal sole (Solea senegalensis) using
different administration methods for gonadotropin-releasing hormone agonist.
Aquaculture 257:511-524.

Agulleiro, M. J., A.P. Scott, N. Duncan, CC Mylonas and J. Cerda. 2007. Treatment of GnRHa-
implanted Senegalese sole (Solea senegalensis) with 11-ketoandrostenedione stimulates
spermatogenesis and increases sperm motility. Comparative Biochemistry and
Physiology 147:885-892.

Asturiano, J. F., L.A. Sorbera, M. Carrillo, S. Zanuy, J. Ramos, J.C. Navarro and N. Bromage.
2001. Reproductive performance in male European sea bass (Dicentrarchus labrax, L.)
fed two PUFA enriched experimental diets: a comparison with males fed a wet diet.
Aquaculture 194:173-190.

Bakker, T.C.M. and M. Zbinden. 2001. Evolutionary biology-counting on immunity. Nature
414:262-263.

Bell, G., A. Blanco, B. Roy, D. Robertson, J. Henderson and R. Prickett. 2005. Optimization of
diets for Atlantic cod (Gadus morhua) broodstock: effect of arachodonic acid on egg and
larval quality. Proceedings of Larvi 05. Ghent, Belgium.

Bell, M.V., J.R. Dick and C.S. Buda. 1997. Molecular speciation of fish sperm phospholipids:
large amounts of dipolyunsaturated phosphatidylserine. Lipids 32:1085-1091.

Berlinsky, D.L., K. William, R.G. Hodson and C.V. Sullivan. 1997. Hormone induced
spawning of summer flounder, Paralichthys dentatus. Journal of World Aquaculture
Society 28:79-86.

Billard, R. 1986. Spermatogenesis and spermatology of some teleost fish species. Reproduction
Nutrition Development 26:877-920

Birkhead, T.R. and T. Pizzari. 2002. Postcopulatory sexual selection. Nature Reviews Genetics
3:262-273.

Brown, K.I. and K.E. Nestor. 1973. Some physiological responses of turkeys selected for high
and low adrenal response to cold stress. Poultry Science 52:1948-1954.

Brouwers, J.F., P.F.N. Silva and B.M. Gadella. 2005. New assays for detection and localization
of endogenous lipid peroxidation products in living boar sperm after BTS dilution or after
freeze-thawing. Theriogenology 63:458-469.

Cabrita E., F. Soares and M.T. Dinis. 2006. Characterization of Senegalese sole, Solea
senegalensis, male broodstock in terms of sperm production and quality. Aquaculture
261:967-975.

Cabrita, E., V. Robles, M.P. Herraez. 2008. Sperm quality assessment. In: Methods in
Reproductive Aquaculture: Marine and Freshwater Species. E. Cabrita, V. Robles and
M.P. Herraez, editors. CRC press, (Taylor and Francis group), Boca Raton, Florida. Pp.
93-148

Cabrita, E., F. Soares, C. Aragdo, J. Beirdo, W. Pinto, T. Petochi, G. Marino and M.T. Dinis.
2008. Milt quality in low and high cortisol responsive Senegalese sole males. Meeting of
the European Aquaculture Society. 15-18 September Krakow, Poland.

Castranova, D.A., V. King and L.C. Woods III. 2005. The effects of stress on androgen
production, spermiation response and sperm quality in high and low cortisol responsive
domesticated male striped bass. Aquaculture 246:413-422.

156



New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

Ciereszko, A. and K. Dabrowski. 1995. Sperm quality and ascorbic acid concentration in
rainbow trout semen are affected by dietary vitamin C: an across-season study. Biology
of Reproduction 52:982-988.

Cohen, A., K. Klasing and R. Ricklefs. 2007. Measuring circulating antioxidants in wild birds.
Comparative Biochemistry and Physiology, Part B 147:110-121.

Cosson, J. 2007. Methods to analyse the movements of fish spermatozoa and their flagella. In:
Fish Spermatology. S.M.H. Alavi, J.J. Cosson, K. Coward and G. Rafiee, editors. Alpha
Science Oxford, UK. Pp. 63-101

De Lamirande, E. and C. Gagnon. 1995. Impact of reactive oxygen species on spermatozoa: a
balancing act between beneficial and detrimental effects. Human Reproduction 10:15-21.

Dowling, D.K., A.L. Nowostawski and G. Arnqvist. 2006. Effects of cytoplasmic genes on
sperm viability and sperm morphology in a seed beetle: implications for sperm
competition theory? Journal of Evolutionary Biology 20:358-368.

Dmitrieva, N.I. and Burg, M.B. 2007. Osmotic stress and DNA damage. In: Osmosensing and
Osmosignaling. H. Sies and D. Haeussinger, editors. Methods in Enzymology 428,
Academic Press, New York. Pp. 241-252

Evans, J.P. and L.W. Simmons. 2008. The genetic basis of traits regulating sperm competition
and polyandry: can selection favour the evolution of good-and sexy sperm? Genetica
134:5-19.

Fitzpatrick, J.L. and N.R. Liley. 2008. Ejaculate expenditure and timing of gamete release in
rainbow trout Oncorhynchus mykiss. Journal of Fish Biology 73:262-274.

Frantzen, M., A. M. Arnesen, B. Damsgard, H. Tveiten and H. K. Johnsen. 2004. Effects of
photoperiod on sex steroids and gonad maturation in Arctic charr. Aquaculture 240:561-
574.

Freeman, B. M. 1976. Stress and the domestic fowl: a physiological reappraisal. World's
Poultry Science Journal 32:249-256.

Froman, D.P., T. Pizzary, A.J. Feltmann, H. Castillo-Juarez and T.R. Birkhead. 2002. Sperm
mobility: mechanisms of fertilization efficiency, genetic variation and phenotypic
relationship with male status in the domestic fowl, Gallus gallus domesticus. Proceedings
of the Royal Society of London 269:607-612.

Froman, D.P. and J.D. Kirby. 2005. Sperm mobility: phenotype in roosters (Gallus domesticus)
determined by mitochondrial function. Biology of Reproduction 72:562-567.

Gage, M.J.G., C.P. Macfarlane, S. Yeates, R.G. Ward, J.B. Searle and G.A. Parker. 2004.
Spermatozoal traits and sperm competition in Atlantic salmon: relative sperm velocity in
the primary determinant of fertilization success. Current Biology 14:44-47.

Gallon, F., C. Marchetti, N. Jouy and P. Marchetti. 2006. The functionality of mitochondria
differentiates human spermatozoa with high and low fertilizing capacity. Fertility and
Sterility 86:1526-1530.

Garcia, L. M. B. 1991. Spermiation response of mature rabbitfish, Siganus guttatus Bloch, to
luteinizing hormone-releasing hormone analogue (LHRHa) injection. Aquaculture
97:291-299.

Gemmell, N.J., V.J. Metcalf and F.W. Allendorf. 2004. Mother’s curse: the effect of mtDNA on
individual fitness and population variability. Trends in Ecology and Evolution 19:238-
244,

157



New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

Gladine, C., C. Morand, E. Rock, D. Bauchart and D. Durand. 2007. Plant extracts rich in
polyphenols (PERP) are efficient antioxidants to prevent lipoperoxidation in plasma
lipids from animals fed n—3 PUFA supplemented diets. Animal Feed Science and
Technology 136:281-296.

Gross, W. B. and P. B. Siegel. 1985. Selective breeding of chickens for corticosterone response
to social stress. Poultry Science 64:2230-2233.

Guzman, J.M., A. Garcia-Lopez, M. Olmedo, R. Cal, C.O. Chereguini, C. Sarasquete, C.
Mylonas, J.B. Peleteiro and E. Mafianos. 2007. Estudio preliminar sobre una posible
inhibicion dopaminérgica en la reproduccion del lenguado senegalés (Solea
senegalensis). XI Aquaculture National Meeting, 24-28 September, Vigo, Spain.

Jacob, A., S. Nusslé, A. Britschgi, G. Evanno, R. Miiller and C. Wedekind. 2007. Male
dominance linked to size and age, but not to 'good genes' in brown trout (Salmo trutta).
BMC Evolutionary Biology 7:1-9.

Janeway, C.A. 1993. How the immune system recognizes invaders. Scientific American
269:73-79.

Kaspar, V., K. Kohlmann, M. Vandeputte, M. Rodina, D. Gela, M. Kocour, S.M. H. Alavi, M.
Hulak and O. Linhart. 2007. Equalizing sperm concentrations in a common carp
(Cyprinus carpio) sperm pool does not affect variance in proportions of larvae sired in
competition. Aquaculture 272:204-209.

Kaspar, V., M. Vandeputte, K. Kohlmann, M. Hulak, M. Rodina, D. Gela, M. Kocour and O.
Linhart. 2008. A proposal and case study towards a conceptual approach of validating
sperm competition in common carp (Cyprinus carpio, L.) with practical implications for
hatchery procedures. Journal of Applied Ichthyology 24:406—409.

Khosrowbeygi, A. and N. Zarghami. 2008. Seminal plasma levels of free 8-isoprostane and its
relationship with sperm quality parameters. Indian Journal of Clinical Biochemistry
23:49-52.

Kime, D.E. 2001. Endocrine Disruption in Fish. Kluwer Academic Publishers, Massachusetts.

Kime, D.E., M. Ebrahimi, K. Nysten, I. Roelants, E. Rurangwa, H. D. M. Moore and F. Ollevier.
1996. Use of computer assisted sperm analysis (CASA) for monitoring the effect of
pollution on sperm quality in fish; application to effects of zinc and cadmium. Aquatic
Toxicology 36:223-237.

Kime, D. E., K. J. W. Van Look, B. G. McAllister, G. Huyskens, E. Rurangwa and F. Ollevier.
2001. Computer- assisted sperm analysis (CASA) as a tool for monitoring sperm quality
in fish. Comparative Biochemistry and Physiology C 130:425-433.

Klein, S.L. 2000. Hormones and mating system affect sex and species differences in immune
function among vertebrates. Behavioural Processes 51:149-166.

Kortet, R., A. Vainikka, M. J. Rantala and J. Taskinen. 2004. Sperm quality, secondary sexual
characters and parasitism in roach (Rutilus rutilus L.). Biological Journal of the Linnean
Society 81:111-117.

Kowalski, R. K., P. Hliwa, A. Andronowska, J. Krol, G.J. Dietrich, M. Wojtczak, R. Stabinski
and A. Ciereszko. 2006. Semen biology and stimulation of milt production in the
European smelt (Osmerus eperlanus L.). Aquaculture 261:760-770.

Labbé¢, C., G. Maisse, K. Muller, S. Zachowski, S. Kaushik and M. Loir. 1995. Thermal
acclimation and dietary lipids alter the composition but not fluidity of trout plasma
membrane. Lipids 30:23-33.

158



New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

Labbé¢, C. and G. Maisse. 1996. Influence of rainbow trout thermal acclimation on sperm
cryopreservation: relation to change in the lipid composition of the seminal plasma.
Aquaculture 145:281-294.

Lahnsteiner, F. and R. A. Patzner. 1998. Sperm motility of the marine teleosts Boops boops,
Diplodus sargus, Mullus barbatus and Trachurus mediterraneus. Journal of Fish Biology
52:726-742.

Lahnsteiner., F., B. Berger, T. Weismann and R. A. Patzner. 1998. Determination of semen
quality of the rainbow trout, Oncorhynchus mykiss, by sperm motility, seminal plasma
parameters, and spermatozoal metabolism. Aquaculture 163:163-181.

Lahnsteiner, F., B. Berger, M. Kletzl and T. Weismann. 2005. Effect of bisphenol A on
maturation and quality of semen and eggs in the brown trout, Salmo trutta fario. Aquatic
Toxicology 75:213-224.

Landry, C., D. Garant, P. Duchesne and L. Bernatchez. 2001. Good genes as heterozygosity:
the Major Histocompatibility Complex and mate choice in Atlantic salmon (Salmo salar).
Proceedings of the Royal Society of London Serie B Biological Sciences 268:1279—-1285.

Lee, K. and K. Dabrowsky. 2004. Long-term effect and interactions of dietary vitamins C and E
on growth and reproduction of yellow perch, Perca flavescens. Aquaculture 230:377-389.

Liljedal, S., I. Folstad and F. Skarstein. 1999. Secondary sex traits, parasites, immunity and
ejaculate quality in the Artic charr. Proceeding of the Royal Society of London Serie B
266:1893-1898.

Locatello, L., M. B. Rasotto, J. P. Evans and A. Pilastro. 2006. Colourful male guppies produce
faster and more viable sperm. European Society for Evolucionary Biology 19:1595-1602.

Mansour, N., M. A. McNiven and G. F. Richardson. 2006. The effect of dietary
supplementation with blueberry, a-tocopherol or astaxanthin on oxidative stability of
Artic char (Salvelinus alpinus) semen. Theriogenology 66:373-382.

Marco-Jiménez, F., L. Pérez, M. Castro, D. Garzon, D. Pefiaranda, J. Vicente, M. Jover, J. F.
Asturiano. 2006. Morphometry characterisation of European eel spermatozoa with
computer-assisted spermatozoa analysis and scanning electron microscopy.
Theriogenology 65:1302-1310.

Martinez-Pastor, F., E. Cabrita, F. Soares, L. Anel and M. T. Dinis. 2008. Multivariate cluster
analysis to study motility activation of Solea senegalensis spermatozoa: a model for
marine teleosts. Reproduction 135:461-470.

Moore, F. L. and R. A. Reijo-Pera. 2000. Male sperm motility dictated by mother’s mtDNA.
American Journal of Human Genetics 67:543-548.

Mylonas, C. C. and Y. Zohar. 2001. Endocrine regulation and artificial induction of oocyte
maturation and spermiation in basses of the genus Morone. Aquaculture 202:205-220.

Mylonas, C. C., M. Papadaki and P. Divanach. 2003. Seasonal changes in sperm production and
quality in the red porgy Pagrus pagrus (L.). Aquaculture Research 34:1161-1170.

Nagahama, Y. 1994. Endocrine control of gametogenesis. International Journal of
Developmental Biology 38:217-229.

Nandi, S., P. Routray, S. D. Gupta, S. C. Rath, S. Dasgupta, P. K. Meher and P. K.
Mukhopadhyay. 2007. Reproductive performance of carp, Catla catla (Ham.), reared on
a formulated diet with PUFA supplementation. Journal of Applied Ichthyology 23:684—
691.

159



New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

Ogier de Baulny, B., Y. le Vern, D. Kerboeuf and G. Maisse. 1997. Flow cytometric evaluation
of mitochondrial activity and membrane integrity in fresh and cryopreserved rainbow
trout (Oncorhynchus mykiss) spermatozoa. Cryobiology 34:141-149.

Pagl, R., C. Aurich and M. Kankofer. 2006. Anti-oxidative status and semen quality during
cooled storage in stallions. Journal of Veterinary Medicine, Physiology, Pathology and
Clinical Medicine 53:486-489.

Petterson, C. W. and R.R. Warner. 1998. Sperm competition in fishes. In: Sperm Competition
and Sexual Selection, Academic press, New York. Pp. 435-463.

Porta, J., M. Porta, G. Martinez-Rodriguez and M. C. Alvarez. 2006. Genetic structure and
genetic relatedness of a hatchery stock of Senegal sole (Solea senegalensis) inferred by
microsatellites. Aquaculture 251:46-55.

Pottinger, T. G.. and T. R. Carrick. 2000. Indicators of reproductive performance in rainbow
trout Oncorhynchus mykiss (Walbaum) selected for high and low responsiveness to
stress. Aquaculture Research 31:367-375.

Pustowka, C., M. A. McNiven, G. F Richardson and S. P. Lall. 2000. Source of dietary lipid
affects sperm plasma membrane integrity and fertility in rainbow trout Oncorhynchus
mykiss after cryopreservation. Aquaculture Research 31:297-305.

Rahman, S., M. Morita, A. Takemura and K. Takano. 2003. Hormonal changes in relation to
lunar periodicity in the testis of the forktail rabbitfish, Siganus argenteus. General
Comparative Endocrinology 131:302-309.

Robles, V., E. Cabrita, S. Cufiado and M. P. Herrdez. 2003. Sperm cryopreservation of sex-
reversed rainbow trout (Oncorhynchus mykiss): parameters that affect its ability for
freezing. Aquaculture 224:203-212.

Rudolfsen, G., L. Figenschou, 1. Folstad, H. Tveiten and M. Figenschou. 2006. Rapid
adjustments of sperm characteristics in relation to social status. Proceedings of the Royal
Society 273:325-332.

Rurangwa, E., I. Roelants, G. Huyskens, M. Ebrahimi, D. E. Kime and F. Ollevier. 1998. The
minimum effective spermatozoa: egg ratio for artificial insemination and the effects of
mercury on sperm motility and fertilisation ability in Clarias gariepinus. Journal of Fish
Biology 53:402-413.

Rurangwa, E., A. Biegniewska, E. Slominska, E. F. Skorkowski and F. Ollevier. 2002. Effect of
tributyltin on adenylate content and enzyme activities of teleost sperm: a biochemical
approach to study the mechanisms of toxicant reduced spermatozoa motility.
Comparative Biochemistry and Physiology C 131:335-344.

Rurangwa, E., Kime, D. E., Ollevier, F., Nash, J. P. 2004. The measurement of sperm motility
and factors affecting sperm quality in cultured fish. Aquaculture 234:1-28.

Sanocka, D. and M. Kurpisz. 2004. Reactive oxygen species and sperm cells. Reproductive
Biology and Endocrinology 2:1-7.

Schiavone, R., L. Zilli, S. Vilella and C. Fauvel. 2006. Human chorionic gonadotropin induces
spermatogenesis and spermiation in 1-year-old Europen sea bass (Dicentrarchus labrax):
Assessment of sperm quality. Aquaculture 255:522-531.

Simmons, L. W., P. Stockley, R. L. Jackson and G. A. Parker. 1996. Sperm competition or
sperm selection: no evidence for female influence over paternity in yellow dung flies
Scatophaga stercoraria. Behaviour Ecology and Sociobiology 38:199-206.

Skarstein, F., I. Folstad, M. Grahn and S. Liljedal. 2005. MHC and fertilization success in the
Arctic charr (Salvelinus alpinus). Behaviour Ecology and Sociobiology 57:374-380.

160


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Pagl%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Aurich%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kankofer%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
javascript:AL_get(this,%20'jour',%20'J%20Vet%20Med%20A%20Physiol%20Pathol%20Clin%20Med.');
javascript:AL_get(this,%20'jour',%20'J%20Vet%20Med%20A%20Physiol%20Pathol%20Clin%20Med.');

New Insight on Sperm Quality Evaluation for Broodtscok Improvement Cabrita et al.

Stockley, P. 1997. Sperm competition in fish: the evolution of testis size and ejaculate
characteristics. The American Naturalist 149:933-954.

Taborsky, M. 1998. Sperm competition in fish: ‘bourgeois’ males and parasitic spawning.
Trends in Ecology and Evolution 13:222-227.

Vermeirssen, E. L. M., A. P. Scott, C. C. Mylonas and Y. Zohar. 1998. Gonadotrophin-
releasing hormone agonist stimulates milt fluidity and plasma concentrations of 7,203-
dihydroxylated and 5B-reduced, 3a-hydroxylated C21 steroids in male plaice
(Pleuronectes platessa). General and Comparative Endocrinology 112:163-177.

Vermeirssen, E. L. M., C. Mazorra de Quero, R. Shields, B. Norberg, A. P. Scott and D. E.
Kime. 2000. The applications of GnRHa implants in male Atlantic halibut: effects on
steroids, milt hydration, sperm motility and fertility. In: Reproductive Physiology of Fish.
B. Norberg, O. S. Kjesbu, G. L. Taranger. E. Andersson and S. O. Stefansson, editors.
Bergen, Norway. Pp. 399-401.

Viveiros, A. T. M., A. Jatzkowski and J. Komen. 2003. Effects of oxytocin on semen release
response in African catfish (Clarias gariepinus). Theriogenology 59:1905-1917.

Wang, C., W.King and L. C. Woods III. 2004. Physiological indicators of divergent stress
responsiveness in male striped bass broodstock. Aquaculture 232:665-678.

Wedekind, C., G. Rudolfsen, A. Jacob, D. Urbach and R. Muller. 2007. The genetic
consequences of hatchery-induced sperm competition in a salmonid. Biological
Conservation 137:180-188.

Zeh, J. A. and D. W. Zeh. 2005. Maternal inheritance, sexual conflict and the maladapted male.
Trends in Genetics 21:281-286.

Zhang, L., X.-K. Han, Y.-Y. Qi, Y. Liu, and Q.-S. Chen. 2008. Seasonal effects on apoptosis
and proliferation of germ cells in the testes of the Chinese soft-shelled turtle, Pelodiscus
sinensis. Theriogenology 69:1148-1158.

Ziegler, A., G. Dohr and B. Ziegler. 2002. Possible roles for products of polymorphic MHC and
linked olfactory receptor genes during selection processes in reproduction. American
Journal of Reproductive Immunology 48:34—42.

Zohar, Y and C. C. Mylonas. 2001. Endocrine manipulations of spawning in cultured fish: from
hormones to genes. Aquaculture 19:99-136.

161



New Chapter

Estimation of Fish Sperm Concentration by Use of Spectrophotometry

Rafael Cuevas-Uribe and Terrence R. Tiersch

Towards Harmonization: Some Lessons From Human Andrology Laboratories

A lack of standardization, wide variation among laboratories, and an urgent need for
quality control led andrology laboratories worldwide to unify and developed standardized
techniques and practices for semen analysis which were published by the World Health
Organization (WHO) (Keel et al. 2002). The purpose of the WHO manual was to minimize
variability among laboratories and to enable comparison of semen analysis results among
laboratories. Standardized laboratory protocols and quality control are essential for meaningful
comparisons of semen quality data from multiple sites (Brazil et al. 2004). Although the WHO
manual is recognized globally as the “gold standard” for semen analysis, its acceptance has been
less than universal. For example, most laboratories that participate in the German external
quality control program for semen analysis do not use WHO-recommended methods (Cooper et
al. 2007). Most inter-laboratory variation is attributed to the use of different techniques, and
there is considerable disagreement regarding the relative accuracy and precision of various
techniques (Brazil et al. 2004). Although improvements can be made in existing guidelines,
protocols, and quality control systems, these current systems provide better tools than other non-
standardized procedures (BjoRndahl et al. 2004).

New methods need to be validated for accuracy, repeatability, and precision before
moving into standardization, which is a component of harmonization. To achieve harmonization,
standards need to be developed for each method. For example, despite several efforts to
standardize methods of semen analysis, sperm count is known to be subject to large inter-
laboratory differences. Most variation is introduced through the use of different techniques
(Jonckheere et al. 2005). Currently there is disparity in the equipment and procedural steps used
for concentration measurements. This is because the standardization necessary for development
of guidelines does not exist. After methods have been standardized, intercalibration comes into
play. There is nothing inherently wrong in using different techniques as long as the results are
accurate and consistent. Comparison by intercalibration is used to verify that values of a
particular technique are correct. Thus the purpose of the intercalibration is not to harmonize the
assessment method, but only the results (Buffagni and Furse 2006). Sometimes to ensure that the
results of one technique are consistent with those of another, a transformation factor is applied to
normalize the data (Poikane 2009). Criteria must be established to define the reliability of data
for total allowable error specifications, and the extent of corrective measures that are acceptable.
These criteria will define the procedures used for adjusting the data and compensation factors.

To minimize errors routine quality control needs to be established. Evaluation of an
internal quality standard is essential to maintain accuracy, precision, and competence (Auger et
al. 2000). Estimates of imprecision can be obtained from the internal quality control system.
Imprecision can be reduced by regular training of personnel and by adopting best management
practices. Workshops on standardization have been used to train andrology laboratory
technicians (Toft et al. 2005). External quality control can also provide regular standardization

Cuevas-Uribe R. and T. Tiersch. 2011. Estimation of Fish Sperm Concentration by Use of Spectrophotometry. In;
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checks and agreement among laboratories. External quality control programs should be directed
at tangible elements (e.qg., staff, instrumentation, equipment, and supplies) and at intangible
elements (protocols and techniques) (Castilla et al. 2010). Adherence to the same standard
procedures and criteria for each method will allow separate laboratories to work in unison.
Harmonization results in making the outcomes comparable, not necessarily in making every
laboratory do things in an identical fashion (van Nieuwerburgh et al. 2007). Harmonization
allows choices between alternatives, out of which one or several can be adopted depending on
the given circumstances (Figure 1).

Laboratory1 Laboratory 2 Laboratory 3
Validation Validation Validation Validation Validation
l T L7 J I
Standardization Standardization ——T L—-Standardization Standardization Standardization
EQC / Intercalibration /\ Intercalibration

Harmonization
Figure 1. Schematic overview of a harmonization process (rectangles) for sperm counting methods
(ovals) across three laboratories. Method validation is the first step to ensure that results are
reliable. Standardization follows and allows development of guidelines for uniformity of response (a
“top-down” approach). Many laboratories have more than one instrument that can perform the
same function which enables internal quality control (IQC). IQC and external quality control
(EQC) are needed to test variability within and among technicians, and among laboratories.
Intercalibration seeks consistency in classification of results of different methods, and is used to
determine if results from methods are accurate, credible, and comparable. Following
intercalibration a method can be trusted and can move toward harmonization, the process of
making different standards compatible and providing choices among methods. Harmonization
bridges existing variation to provide a state of comparability, consistency, and similarity.

The Current Status for Sperm Quality Analysis in Aquatic Species

Currently, the single largest problem for sperm quality analysis (and standardization in
general) in aquatic species is the lack of control and reporting of sperm concentration (Dong et
al. 2007a). We place this problem foremost because sperm concentration will directly affect
analysis results even for assays that are otherwise standardized (Tiersch et al. 2007). The first
step in dealing with this problem is to recognize the importance in controlling and reporting
sperm concentration, and to adopt and ultimately harmonize methods to estimate concentration.
A variety of methods exist, each with advantages and disadvantages, and only a few of these
have established methods. As stated above, after choosing a method, validation is necessary to
move into standardization (Figure 1) which allows development of guidelines or standardized
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protocols for each method. After standardization, the next step is comparison and intercalibration
between and among laboratories to ensure that values are precise and accurate. Consistency,
accuracy, and comparability of different methods are the keys for intercalibration (Poikane
2009). Harmonization can be addressed after the development of standardized protocols and
establishment of an intercalibration process. At present, as stated above, there is a lack of
standardization in the performance and reporting of sperm analyses in aquatic species. The study
of sperm quality would greatly benefit from a standardization of analytical methods and tools
(Fauvel et al. 2010). This would facilitate collaboration among laboratories with the aim to
develop uniform (standardized) procedures and to derive similar accuracies through
intercalibration exercises (Rosenthal et al. 2010) and eventual harmoniation. To facilitate
making the first step in this process for aquatic species, the focus of this chapter will be on
turbidimetric estimation of sperm concentration by use of spectrophotometry. This is not meant
to suggest that this is the best or only technique available to measure sperm concentration, but it
is widely accessible, has been widely applied for a variety of species and applications, and can
serve as an overall representative model of the opportunities and problems inherent in other
aspects of gamete quality analysis in aquatic species.

Principles of Turbidimetric Analysis

Whenever light strikes an object, the light can be scattered (reflected), absorbed, or
passed through the object (refracted). The extent of light loss can be determined by measuring
the amount scattered or reflected (nephelometry) or the amount of light transmitted
(turbidimetry) (Csuros and Csuros 1999). In a turbidity measurement a spectrophotometer is
used to measure the absorbance of light as a function of wavelength as it passes through a
sample. The measurement of absolute absorbance depends in the separation of scattered light
from the attenuation of light (absorbance). The sensitivity to measure light loss varies depending
on the type, number, and position of detectors. For example, the sensitivity to measure
absorbance increases if a detector is positioned far from the cuvette (sample container) (Figure
2). For this reason there are differences in the accuracy of various instruments. This is why
several authors avoid use of the term “absorbance” and refer to spectrophotometric output as
“apparent absorbance”, “optical density”, or “turbidity” (Poole and Kalnenieks 2000).

source

: e
A o i = e

s [— =2
source %\

Figure 2. The measurement of absorbance varies depending on position of the detector. For
accurate measurement it is necessary to eliminate or minimize the effect of light scattering. A)
Positioning of the detector far from the sample enhances sensitivity because it will detect less
scattered light. B) When the detector is close to the sample, scattered light will cause an artifactual
reduction of absorbance (modified from Poole and Kalnenieks 2000).
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Turbidity is routinely used as a measure of biomass concentration because the amount of
light lost or scattered is inversely proportional to the cell concentration or directly proportional to
the absorbance (Csuros and Csuros 1999). The apparent absorbance of a cell suspension depends
on the wavelength used, the pathlength, and the cell concentration of the suspension. When
nephelometry is used, a wavelength is chosen to optimize sensitivity and dynamic range, and to
minimize the effects of light absorption by the cells or the medium components. By choosing a
wavelength where no light absorption is recorded (e.g., 320-800 nm for proteins), the light
striking the detector will be result only from light scattering. As a rule, choosing lower
wavelengths will provide greater sensitivity of optical density measurements, but longer
wavelengths will provide greater linearity over the same range of cell suspensions (Poole and
Kalnenieks 2000). When turbidimetry is used, the wavelength selected is based on the maximal
absorbance peak (e.g., 260 nm for nucleic acids). Sperm concentration is directly proportional to
the absorbance and indirectly proportional to percentage transmittance (Csuros and Csuros
1999). To quantify an absorbance reading, a quantitative enumeration must be made (e.g.
hemacytometer and coulter counter) to correlate with the apparent absorbance.

Estimation of Sperm Concentration in Livestock

The importance of reporting sperm concentration due to individual male variation and to
allow comparison of studies was recognized early as being essential by the bull sperm industry.
This industry next focused on development of rapid methods for accurate estimation of sperm
concentration which continues today (Table 1). Different methods have been developed, ranging
from comparison of sperm suspensions with opacity standards (Burbank 1935) to flow
cytometric methods (Evenson et al. 1993). These methods vary in precision (Table 1).

Table 1. Coefficient of variation (repeatability) of different methods for estimation of sperm
concentration reported in representative studies (arranged chronologically).

Animal  Hemacy- Sper- Spectro- Coulter Flow

studied  tometer  matocrit photometry counter cytometry Reference
Chicken 6.4 3.8 3.7 — — Taneja and Gowe 1961
Chicken 12.8 8.3 4.8 — — Taneja and Gowe 1961
Turkey 41.1 — 26.6 30.1 — Brown et al. 1970

Chicken 17.9 9.9 2.2 1.6 — Brillard and McDaniel 1985
Boar 12.3 — 2.9 2.3 — Paulenz et al. 1995

Boar 7.1 — 104 — 2.7 Hansen et al. 2006

Bull 7.8 — 4.1 — 2.3 Prathalingam et al. 2006

The first record of using turbidity to measure sperm concentration in livestock dates back
70 yr (Comstock and Green 1939). The National Association of Animal Breeders has developed
guidelines for measurement of sperm concentration by turbidity (Foote 1972, Foote et al. 1978).
A survey among laboratories was used to identify the sources of variation including the
spectrophotometer used, wavelength used, method of calibration, type of diluents, and dilution
rate used (Foote et al. 1978). From the laboratories interviewed, 80% were using the same
spectrophotometer and most of them were using the same wavelength (550 nm). It was
concluded that the accuracy of estimating sperm concentration using spectrophotometer was
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dependent on the calibration and standard curve used to correlate absorbance values with
hemacytometer sperm counts.

The Importance of Estimating Sperm Concentration in Aquatic Species

The urgent need to standardize sperm studies has been emphasized recently in a
workshop (Rosenthal 2008), symposium (10" International Symposium on Spermatology
2006, Tiersch et al. 2007), and publications (Dong et al. 2005a, Dong et al. 2007a).
Standardization is required to reproduce and optimize reports and protocols. A lack of
standardization of sperm concentration has led to variability in results and reporting of studies
(Dong et al. 2005a, Tiersch et al. 2007). Accurate estimation of concentration is necessary for a
wide variety of topics including standardization of cryopreservation (Dong et al. 2007a),
determination of optimal sperm-to-egg ratios (Suquet et al. 1995), calibration of ultraviolet
irradiation to induce gynogenesis (Mims et al. 1997), assessment of spermiation following
hormonal stimulation (Miranda et al. 2005), assessment of sperm production following sex
manipulation (Fitzpatrick et al. 2005), nutritional studies (Rinchard et al. 2003), estimation of
sperm motility (Cosson 2008), optimization of staining with fluorescent dyes (Paniagua-Chavez
et al. 2006), and reproductive toxicology (Aravindakshan et al. 2004).

Uncontrolled variation in sperm concentration is one of the main reasons for the
inconsistency observed among various studies associated with cryopreservation and fertilization
(Dong et al. 2007a), and as such determination of concentration should be considered as an
essential parameter in the assessment of sperm quality (Aas et al. 1991, Cabrita et al. 2009).
Sperm volume and concentration vary among species (Piironen and Hyvarinen 1983) and
individuals within the same species, with reported concentrations ranging between 2 x 10° to 6.5
x 10' cells/ml (Leung and Jamieson 1991, Vuthiphandchai and Zohar 1999, Alavi et al. 2008).
These differences are due to factors such as the stage of spawning season (Munkittrick and
Moccia 1987), seasonal variation (Alavi et al. 2008), strain and genetic backgrounds (Scott and
Baynes 1980, Tiersch 2001), diet (Ciereszko and Dabrowski 2000), physicochemical and social
environment (Fitzpatrick and Liley 2008), disease (Rurangwa et al. 2004), and age (Poole and
Dillane 1998).

The time, effort, and expense involved in rearing or capturing mature fish requires
efficient use of sperm samples, especially for imperiled species (Tiersch et al. 1994). Common
hatchery practices, if described in reports, typically include the addition of volumetric measures
of gametes (e.g. 20 mL of sperm per 2 - 3 L of salmonid eggs; Willoughby 1999) without
estimating the concentration or motility of the sperm (Aas et al. 1991). Commercial success of
hatchery effort depends upon efficient utilization of available gametes (Erdahl and Graham
1987) and sperm can be in short supply due to limited numbers of broodstock or due to the small
body sizes of aquarium fish used as biomedical models such as zebrafish Danio rerio (Tiersch
2001, Tan et al. 2010). In addition, the success or failure of cryopreservation protocols can be
dictated by sperm concentration (Dong et al. 2007a). For these and other reasons it is therefore
essential to routinely adopt a rapid, efficient, and accurate method for estimation of sperm
concentration in aquatic species.

166



Estimation of Fish Sperm Concentration by Use of Spectrophotometry Cuevas-Uribe and Tiersch

Methods Used to Estimate Sperm Concentration

There are several techniques used to estimate sperm concentration as part of the process
to estimate sperm quality (Figure 3). Each technique has advantages and disadvantages, but no
matter which technique is chosen it is essential to control, record, and report sperm
concentration.

Stripping of Sperm Crushing of
sperm : collection <] testes
Preliminary
motility
Hemacytometer| > fConcentration Spectrophotometry
Dilution
Morphology
Membrane
integrity Motility A CASA
RN
. . Flow Membrane
Mitochondrial . :
function Cytometry Sperm integrity
/‘ quality
DNA
integrity
Fertilization

Figure 3. Relevant steps (ovals) for sperm quality assessments. Traditional sperm quality
parameters (rectangles) have included motility, morphology, concentration, and membrane
integrity (viability), with fertilization providing an ultimate assessment. More than one instrument
can perform different tests. For example, concentration can be measured by use of computer-
assisted sperm analysis (CASA), flow cytometry, hemacytometer, or spectrophotometry.

Fish sperm concentration has been assessed by three main technigues: counting in a
hemacytometer chamber, estimation of spermatocrit, and turbidity evaluation (for more details
see reviews by Rurangwa et al. 2004, Alavi et al. 2008, and Fauvel et al. 2010). Hemacytometer
counting is precise and reliable for fish sperm, but is time consuming and thus cumbersome for
fertilization protocols involving precise timing or many males (Fauvel et al. 1999, Alavi et al.
2008, Cabrita et al. 2009). Spermatocrit determination, although widely used, requires
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centrifugation of the milt and only provides a relative measure expressed as the ratio of packed
sperm volume to total volume of sample instead of the number of cells per mL. Because the
handling time for samples should be minimized, establishment of a rapid and reliable method for
sperm concentration estimation is required. Spectrophotometric determination of turbidity is an
efficient and inexpensive method to estimate cell concentrations, given that an accurate initial
calibration is established (Foote et al. 1978, Dong et al. 2005a). The advantages of using
photometric measurement of sperm concentration in aquatic species has been known at least
since 1949 (Rothschild 1950) and the application of this method to fish can be dated back at least
to 1971 (Billard et al. 1971). Since then, the direct relationship between sperm concentration and
absorbance has been established in approximately 41 species of fish (most within the past 10 yr).
Despite or because of this diversity of use, the application of turbidity to estimate sperm
concentration has not been collectively studied, and remains unstandardized and variable in
methods and reporting. By reviewing the literature addressing use of spectrophotometer to
measure sperm concentration in fish (described below) we found that the majority (65%) of the
studies did not describe how they established the absorbance-concentration standard curve, and
just one-third of the studies (35%) gave a description of the calibration curve equations, or other
spectrophotometric measurement protocols.

From this review it appeared that the necessity of developing separate calibration curves
for each species or population was a significant hindrance to wider utilization of this method to
determine concentration. Therefore, based on a previous study done in livestock which compared
sperm concentrations from bull, boar, and stallion as determined by the use of a single
calibration curve (Rondeau and Rouleau 1981), we decided to evaluate the feasibility of using a
single calibration to measure sperm concentration across a range of fish species.

Thus, this chapter addresses two goals, the first was to review the literature on previous
estimations on fish sperm concentration by the use of spectrophotometer. With this review our
objectives were to: (1) provide an overview of the different types of uses for spectrophotometric
analyses, and (2) highlight the sources of variations in the technology. The second goal was to
evaluate the general utility of turbidity in determining sperm concentration in fish species. The
research objectives were: (1) wavelength identification for sperm concentration assessment, (2)
development of standard curves for turbidity estimations in seven species, (3) validation of
regression models in estimations, (4) determination of the relationship of standard curves across
various species, and (5) evaluation of the effects of other cell types such as blood on turbidity
measurement of sperm concentration. To our knowledge this is the first review of this topic area
and the first report that demonstrates the feasibility of a general curve (instrument-specific) that
can be used to measure concentration in fishes where sperm is collected by stripping, and with
further procedural modification could apply to aquatic species in which the testes are crushed.

Materials and Methods

Goal One: Literature Review

We sought to use the literature review to form a database and to describe the previous
uses and application of turbidity to estimate the sperm concentration in fishes. The first problem
that we encountered was the difficulty of identifying scientific publications that used
spectroscopy to measure sperm concentration. A simple search using the search terms “sperm
concentration” and “fish spectrophotometer” in Google scholar (scholar.google.com) resulted in
296 publications. While compiling the publications that specifically used spectrophotometer to

168


https://scholar.google.com

Estimation of Fish Sperm Concentration by Use of Spectrophotometry Cuevas-Uribe and Tiersch

estimate the sperm concentration in fish, two truly influential articles were identified (Suquet et
al. 19923, Ciereszko and Dabrowski 1993) that most of the studies using this technology made
reference to. Based on the citations listed for these articles and using IS1 Web of Knowledges",
we found 52 citations for Suquet et al. (1992a) and 90 citations for Ciereszko and Dabrowski
(1993). Overall between the yr 1971 and 2009 we found a total of 71 articles (in 32 journals), 9
meeting abstracts, and 2 dissertations that specified use of spectrophotometer to measure sperm
concentration. The two journals publishing the most articles were Aquaculture (Elsevier:
www.elsevier.com) with 13 articles and Aquaculture Research (Wiley-Blackwell:
www.wiley.com/WileyCDA/) with 11 articles. The categories within the database constructed
were: country of research (based on address of first author), species of fish, purpose of the study,
description of the turbidity method, wavelengths tested for maximal absorbance, optimal
wavelength used, absolute determination method for the generation of standard curves,
correlations between methods, and concentration ranges tested.

Goal Two: General Curve Development
Sperm Collection

The scientific name, common name, sources of fish, and collection methods were listed
for the seven species studied (Table 2). The studies were performed for tilapia during January to
February of 2003 and the rest during March to August of 2004 at the Aquaculture Research
Station of the Louisiana State University Agricultural Center in Baton Rouge.

Table 2. Scientific and common names (arranged by phylogenetic order), sources, sperm collection
methods, and published work reporting other results obtained for the same fish.

Common Collection Dilution  Extender

name Species Source method ratio® solution Reference

] Polyodon . b . . . Mims and Shelton
Paddlefish spathula Forest Hill, LA Stripped 2:1 HBSS200 2005
Blue catfish Ictalurus furcatus  Inverness, MS® Crushed testis 10:1 HBSS300 Lang et al. 2003
Crushed testis 10:1 HBSS300 Bates et al. 1996
Ck;?_nﬂel ICtaILtjr;JS Baton Rouge, LA®
catns punctatus Sliced testis none HBSS300 Riley et al. 2004
Striped bass Morone saxatilis San Diego, CA' Stripped 5:1 C-F HBSS300¢ ;’g(l)gjmala etal.
White bass Morone chrysops  San Diego, CA' Stripped 5:1 C-F HBSS300 -ng(')gjmala etal.
Sciaenops - . . Wayman et al.

Red drum ocellatus Gulf of Mexico, LA Stripped 5:1 C-F HBSS200 1998
Tilapia" Oreochromis sp. Tiltech Aquafarm, LA Stripped 32 HBSS300 ggggwa etal.

a sperm : extender

b Louisiana Department of Wildlife and Fisheries, Booker Fowler Fish Hatchery

¢ Hanks' balanced salt solution at 200 or 300 mOsmol/kg

d Harvest Select Farms

e Louisiana State University Agricultural Center, Aquaculture Research Station

f Kent Sea Tech, now Kent BioEnergy Corporation

g C-F HBSS: calcium-free HBSS

h Nile tilapia O. niloticus, blue tilapia O. aureus, Mississippi commercial strain, Florida red tilapia

The fish were anesthetized using tricaine methane sulfonate (MS-222, Western Chemical
Inc., Ferndale, WA, USA) at 100-150 mg/I (Coyle et al. 2004) prior to stripping. They were
removed from anesthesia and the genital papilla was dried with paper towels to avoid activation
or contamination of the sperm by water. Samples were stripped carefully, to minimize
contamination with urine or feces, and were diluted in Hanks’ balanced salt solution (HBSS) or
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calcium-free HBSS (C-F HBSS) of appropriate osmotic strength (Table 2). Because sperm
cannot be stripped from ictalurid catfishes, testes were removed surgically and crushed in 300
mOsmol/Kg HBSS at a ratio of 1:10 (g testis:mL HBSS) to release sperm. This method yielded a
mixture of cell types including mature and immature sperm cells, and somatic cells such as
erythrocytes. Channel catfish testes were also sliced and squeezed to directly collect a relatively
pure sample of sperm for research purposes.

Hemacytometer Counts and Dilution Preparation

An aliquot of each sperm sample was diluted before counts were made with a
hemacytometer (Reichert bright-line, Hausser Scientific, Horsham, PA, USA). A 1:32 dilution
(sperm:HBSS) was used for all species, except for red drum (1:500) and white bass (1:1000)
which produce highly concentrated sperm samples (> 10*° cells per ml). Sperm concentrations
were calculated using the average of four replicate hemacytometer counts with the following
equation:

(Mean of quadruplet counts x dilution factor) x 50,000 = cells/ml

After the initial sperm concentrations were calculated, the solutions were diluted to contain 10°,
10®, 10" and 10° sperm cells/mL, and these concentrations were validated again by
hemacytometer counts.

Spectrophotometer Readings

A Spectronic 20 Genesys™ (Thermo Spectronic, Rochester, NY, USA) was used to
obtain the absorbance measurements except where otherwise stated. Disposable 1.5-mL
polystyrene cuvets (Semimicro, Fisher Scientific, Pittsburg, PA, USA) with a 10-mm pathlength
were used for each sample. Blanks were set using 1.5 mL of the extender used for each species.
Diluted sperm samples (1.5 mL) from all seven species were measured at five wavelengths (400,
450, 500, 550 and 600 nm). To determine the wavelength of maximum absorbance, a sperm
concentration of 2.5 x 10 cells/mL was used in all fishes except for red drum for which 1 x 10°
cells/mL was used.

Effects of Other Cells Types

To evaluate the influence of blood cells on photometric measurements, we collected
blood, sperm from crushed testes, and a relatively pure sperm sample collected by pipet from
sliced testes from three channel catfish. Three different concentrations were used (1 x 102, 1 x
10’, and 1 x 10° sperm cells/mL) for the sperm samples collected directly from the testes. Blood
was collected by caudal puncture using sodium heparin as an anticoagulant (from Becton
Dickinson Vacutainer™, Franklin Lakes, NJ, USA). In each of these sperm concentrations,
whole blood (on the order of 10° blood cells per mL) was added to yield five different final
volumetric proportions of blood and sperm (0.125%, 0.25%, 0.375%, 0.5%, and 1%). For
example, to prepare one ml of sperm sample with 1% of blood, 10 pL of blood was added to 990
ML of sperm sample. The absorbance of these samples was measured using a spectrophotometer
(Spectronic 20) at five wavelengths (400, 450, 500, 550 and 600 nm). The absorbance values
were measured by using a scanning microspectrophotometer (Nanodrop® ND-1000 Wilmington,
DE, USA) across wavelengths from 220 to 748 nm at 2-nm intervals.

170



Estimation of Fish Sperm Concentration by Use of Spectrophotometry Cuevas-Uribe and Tiersch

Statistical Analysis

Simple linear regression was used for testing the correlation between absorbance and
sperm concentration for each species at the five wavelengths. Data for sperm concentrations
were logarithmically transformed (natural logarithm) prior to regression analysis (Berman et al.
1996). To test for significant differences (P < 0.05) among linear models, multisource regression
with analysis of covariance was used. To test for correlation among species, and among blood
percentages, multiple regression was used. Because R? values increase with the addition of new
variables, the adjusted R* (Neter et al. 1996) was used to compensate for added explanatory
variables. After determining that there were no differences among them (P >0.05), the
observations from Nile tilapia, blue tilapia, Mississippi commercial strain and Florida red tilapia
were pooled to strengthen the sampling for tilapia species. The software used for all analyses was
SAS® 9.1 (SAS Institute Inc., Cary, NC, USA).

Results

Literature Review:
Overview of Uses for Turbidity Analyses

The 82 publications collected represented 18 countries. This reflected a wide diversity of
research types and a wide variety of study purposes utilizing spectrophotometer (Table 3).
Estimations of sperm concentration by turbidity have been established in at least 41 species of
fish and 3 species of mollusks. About 60% of the studies were done in the past 10 yr.

Sources of Variation in the Reports

Approximately 65% of the publications did not report how they standardized the
technique, which included the wavelengths tested, wavelengths selected, and sperm
concentration ranges tested (Table 3). Wavelengths between 260 and 660 nm have been used to
determine sperm concentrations in fish. The most frequently used (20%) wavelength was 505 nm
(Figure 4). The most cited reference of technique (50%) was by Ciereszko and Dabrowski
(1993), and Ciereszko was an author for 25% of these publications. Another source of variation
was the type of spectrophotometer used, as less than half (31 of 75) of the studies named the
model of the spectrophotometer. Of these, total of 17 different models were reported.

Establishment of General Curve:
Wavelength Identification

The absorbance spectra of sperm from the seven species were stable within the
wavelengths tested (Figure 5); there were no absorption peaks or discrete wavelengths of
maximum absorbance within the range tested (400 — 600 nm). Therefore, any visible wavelength
could be appropriate for use to generate a standard curve.
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Table 3 Previous studies that estimated sperm concentration of aquatic species by spectrophotometry (presented in chronological order). Standarization
of the technique include: wavelength tested, absolute determination, coefficient of determination, and concentration range of the standard curve.

Sperm
Method  Wavelength Optimal Absolute concentration range
Species Scientific name Purpose of study  described tested (nm) wavelength determination R? tested Citation
Rainbow trout Oncorhynchus mykiss ~ Spermatogenesis Yes 200 - 600 410 hemacytometer 0.99 1x10"t02.8 x 10%° Billard et al. 1971
Rainbow trout Oncorhynchus mykiss ~ Spermiation ND* ND 410 ND ND ND Billard 1974
Common carp Cyprinus carpio Spermiation ND ND 410 ND ND ND Takashima et al. 1984
Turbot Psetta maxima Sperm concentration Yes 300 - 750 420 hemacytometer 0.94 5x10°to 8 x 10%° Suquet et al. 1992a
Turbot Psetta maxima Spermiation ND ND 420 ND ND ND Suquet et al. 1992b
Ciereszko & Dabrowski
Rainbow trout Oncorhynchus mykiss ~ Sperm concentration Yes 400 - 700 505 hemacytometer 0.95 1.9x10°t02.1 x 10%° 1993
Coregonus Ciereszko & Dabrowski
Lake whitefish clupeaformis Sperm concentration Yes 400 - 700 505 hemacytometer ~ 0.71 3.4x10°to 1.4 x 10" 1993
Ciereszko & Dabrowski
Yellow perch Perca flavescens Sperm concentration Yes 400 - 700 505 hemacytometer ~ 0.94 3.7x10%t0 4.7 x 10" 1993
Turbot Psetta maxima Sperm characterization ND ND 420 ND ND ND Suquet et al. 1993
Eastern oyster Crassostrea virginica  Fertilization trials ND ND 650 hemacytometer ND ND Gaffney et al. 1993
Coregonus Ciereszko & Dabrowski
Lake whitefish clupeaformis Sperm storage ND ND 505 ND ND ND 1994
Ciereszko & Dabrowski
Rainbow trout Oncorhynchus mykiss ~ Sperm storage ND ND 505 ND ND ND 1994
Ciereszko & Dabrowski
Rainbow trout Oncorhynchus mykiss ~ Sperm quality ND ND ND ND ND ND 1995
Eurasian perch Perca fluviatilis Sperm characterization ND ND ND hemacytometer ND ND Lahnsteiner et al. 1995
Turbot Psetta maxima Fertilization trials ND ND 420 ND ND ND Suquet et al. 1995
Bleak Alburnus alburnus Sperm physiology ND ND ND hemacytometer ND ND Lahnsteiner et al. 1996a
Blue mussel Mytilus edulis Larval culture Yes 200 - 800 320 hemacytometer 0.98 1.3x10%t0 1.3 x 10 Del Rio-Portilla 1996
Yellowtail flounder Limanda ferruginea Sperm physiology Yes 300 - 900 420 hemacytometer 0.92 2.7x10°t0 2.7 x 10%° Clearwater 1996
Muskellunge Esox masquinongy Sperm characterization Yes 400 - 800 610 hzgqe??’ny;(t)gzjitf r 0.79 7.5x10%to 3 x 10%° Lin et al. 1996a
Muskellunge Esox masquinongy Cryopreservation ND ND 610 ND ND ND Lin et al. 1996b
Rainbow trout Oncorhynchus mykiss ~ Cryopreservation Yes ND 505 hemacytometer ND ND Conget et al. 1996
Rainbow trout Oncorhynchus mykiss  Cryopreservation ND ND ND hemacytometer ND ND Lahnsteiner et al. 1996b
Reproductive Dabrowski & Ciereszko
Rainbow trout Oncorhynchus mykiss ~ performance ND ND ND ND ND ND 1996
Rainbow trout Oncorhynchus mykiss ~ Sperm storage ND ND ND hemacytometer ND ND Lahnsteiner et al. 1997
Shovelnose sturgeon  Scaphirhynchus** Gynogenesis ND ND ND ND ND ND Mims et al. 1997
Shovelnose sturgeon  Scaphirhynchus** Gynogenesis ND ND ND ND ND ND Mims & Shelton 1998
Common carp Cyprinus carpio Gynogenesis Yes ND 360 hemacytometer 0.78 21.2+12.8x10° Porter 1998
Bluegill Lepomis macrochirus ~ Gynogenesis Yes ND 360 hemacytometer 0.84 6.9+27x10° Porter 1998
Brown trout Salmo trutta Sperm concentration Yes ND 505 hemacytometer ~ 0.94 2.2x10°t0 2.7 x 10%° Poole & Dillance 1998
Rainbow trout Oncorhynchus mykiss  Sperm characterization ND ND ND hemacytometer ND ND Lahnsteiner et al. 1998




Table 3. Continued.

Sperm
Method  Wavelength  Optimal Absolute concentration range
Species Scientific name Purpose of study  described tested (nm) wavelength determination R’ tested Citation

Atlantic salmon Reproductive

Salmo salar performance ND ND ND ND ND ND Estay et al. 1999
Bream Abramis brama Cryopreservation Yes ND 530 hemacytometer 0.97 6 x 10° t0 2.1 x 10 Glogowski et al. 1999
Muskellunge Esox masquinongy Cryopreservation ND ND ND ND ND ND Ciereszko et al. 1999
European bass Dicentrarchus labrax  Fertilization trials Yes 200 - 500 260 hemacytometer 0.97 4x10"to2 x 10 Fauvel et al. 1999
Paddlefish Polyodon spathula Spermiation Yes ND 450 hemacytometer 0.86 1x10%t0 1.6 x 10° Linhart et al. 2000
Rainbow trout Oncorhynchus mykiss  Cryopreservation ND ND ND ND ND ND Glogowski et al. 2000
Common carp Cyprinus carpio Sperm characterization Yes ND 610 hemacytometer ND 1-2 x 10° Dzuba et al. 2001
Argentinian Odontesthes
silverside bonariensis Spermiation Yes ND 600 hemacytometer ND ND Miranda et al. 2001

Dreissena
Zebra mussel polymorpha Sperm characterization Yes ND 500 hemacytometer 0.98 2.2x10°t0 1.8 x 10’ Ciereszko et al. 2001
African catfish Clarias gariepinus Spermiation ND ND 505 hemacytometer 0.69 5x10%to 9 x 10° Viveiros et al. 2001
African catfish Clarias gariepinus Spermiation ND ND 505 hemacytometer 0.88 ND Viveiros et al. 2002
Sterlet Acipenser ruthenus Sperm characterization ND ND 530 hemacytometer ND ND Piros et al. 2002
Siberian sturgeon Acipenser baerii Sperm characterization ND ND 530 hemacytometer ND ND Piros et al. 2002
Siberian sturgeon Acipenser baerii Fertilization trials ND ND ND ND ND ND Glogowski et al. 2002

Gamete and embryo

Rainbow trout Oncorhynchus mykiss  storage ND ND ND ND ND ND Babiak & Dabrowski 2003
African catfish Clarias gariepinus Spermiation Yes ND 505 hemacytometer ~ 0.85 2x10%t0 1.2 x 10" Viveiros et al. 2003
African catfish Clarias gariepinus Sperm characterization ND ND 650 hemacytometer ND 3x10°to 9 x 10° Mansour et al. 2004
Rainbow trout Oncorhynchus mykiss ~ Sperm characterization ND ND ND ND ND ND Ciereszko et al. 2004
Siberian sturgeon Acipenser baerii Cryopreservation ND ND 530 ND ND ND Sarosiek et al. 2004
Sterlet Acipenser ruthenus Cryopreservation ND ND 530 ND ND ND Sarosiek et al. 2004
Atlantic cod Gadus morhua Sperm quality Yes ND 260 hemacytometer 0.99 1x10°to 5 x 10%° Suquet et al. 2005
Blue catfish Ictalurus furcatus Sperm concentration Yes 400 - 600 600 hemacytometer 0.77 1.1x10"to 1 x 10° Campbell et al. 2005a
Channel catfish Ictalurus punctatus Sperm concentration Yes 400 - 600 500 hemacytometer 0.53 1x10%to 3 x 10° Campbell et al. 2005b
Zebrafish Danio rerio Cryopreservation Yes 460, 560, 660 All hemacytometer 0.97 ND Yang & Tiersch 2005
Argentinian Odontesthes
silverside bonariensis Spermiation ND ND 410 ND ND ND Miranda et al. 2005
Paddlefish Polyodon spathula Aquaculture ND ND 450 hemacytometer ND 2x10%t0 1.7 x 10° Mims & Shelton 2005
Brown trout Salmo trutta Linnaeus  Toxicology ND ND 405 hemacytometer ND ND Lahnsteiner et al. 2005a
Rainbow trout Oncorhynchus mykiss ~ Toxicology ND ND ND ND ND ND Lahnsteiner et al. 2005b
Rainbow trout Oncorhynchus mykiss ~ Sperm characterization ND ND ND ND ND ND Dietrich et al. 2005b
Pacific oyster Crassostrea gigas Sperm concentration Yes 380 - 780 550, 581 hemacytometer 0.99 2x10"to 2 x 10° Dong et al. 2005a
Pacific oyster Crassostrea gigas Cryopreservation ND ND 581 ND ND ND Dong et al. 2005b
Pacific oyster Crassostrea gigas Cryopreservation ND ND 581 ND ND ND Dong et al. 2005¢
Pacific oyster Crassostrea gigas Cryopreservation ND ND 581 ND ND ND Dong et al. 2006
Eurasian perch Perca fluviatilis Sperm characterization ND ND ND ND ND ND Krol et al. 2006
European bass Dicentrarchus labrax ~ Spermiation ND ND 260 ND ND ND Schiavone et al. 2006




Table 3. Continued.

Sperm
Method Wavelength  Optimal Absolute concentration range
Species Scientific name Purpose of study  described tested (nm) wavelength determination R’ tested Citation
Pacific oyster Crassostrea gigas Cryopreservation ND ND 581 ND ND ND Dong et al. 2007a
Pacific oyster Crassostrea gigas Cryopreservation ND ND ND ND ND ND Dong et al. 2007b
Caspian brown trout Salmo trutta caspius Sperm concentration Yes ND 480 hzgeiiny;(t)xitf r 0.91 7x10%t0 6.5 x 10° Hatef et al. 2007
Brown trout Salmo trutta Sperm characterization ND ND ND ND ND ND Dietrich et al. 2007a
Common carp Cyprinus carpio Sperm characterization ND ND ND ND ND ND Dietrich et al. 2007a
Common carp Cyprinus carpio Sperm characterization ND ND ND ND ND ND Wojtczak et al. 2007
Rainbow trout Oncorhynchus mykiss  Fertilization trials ND ND ND ND ND ND Dietrich et al. 2007b
Rainbow trout Oncorhynchus mykiss ~ Spermiation Yes ND 410 spermatocrit 0.98 ND Fitzpatrick & Liley 2008
Rainbow trout Oncorhynchus mykiss  Fertilization trials ND ND ND ND ND ND Tuset et al. 2008
Rainbow trout Oncorhynchus mykiss ~ Sperm characterization ND ND ND ND ND ND Dietrich et al. 2008
Arctic char Salvelinus alpinus Fertilization trials ND ND ND ND ND ND Mansour et al. 2008a
Arctic char Salvelinus alpinus Cryopreservation ND ND ND ND ND ND Mansour et al. 2008b
Blue mussel Mytilus edulis Sperm concentration Yes 200 - 800 320 hemacytometer 0.99 9.4x10°t0 1.1 x 10’ Del Rio Portilla &
coulter counter Beaumont 2008
Powan Coregonus lavaretus Cryopreservation ND ND ND ND ND ND Ciereszko et al. 2008
Brook trout Salvelinus fontinalis ~ Sperm concentration ND ND ND NucleoCounter ~ 0.96 8.2x10%to 1.8 x 10%° Nynca & Ciereszko 2009
Zebrafish Danio rerio Sperm concentration Yes 200 - 780 380 - 700 hemacytometer 0.92 2.2x10"t05.9 x 10° Tan et al. 2010
Swordtail Xiphophorus helleri Sperm concentration Yes 200 - 780 380 - 700 hemacytometer 0.94 ND Tan et al. 2010
Medaka Oryzias latipes Sperm concentration Yes 200 - 780 380 - 700 hemacytometer 0.93 ND Tan et al. 2010
Powan Coregonus lavaretus Sperm characterization ND ND 530 ND ND ND Hliwa et al. 2010
European bass Dicentrarchus labrax ~ Sperm quality ND 200 - 500 260 hemacytometer 0.97 ND Fauvel et al. 2010
Gilthead bream Sparus aurata Sperm quality ND 200 - 500 260 hemacytometer 0.96 ND Fauvel et al. 2010
Turbot Psetta maxima Sperm quality ND 200 - 500 260 hemacytometer 0.95 ND Fauvel et al. 2010
Wreckfish Polyprion americanus ~ Sperm quality ND 200 - 500 260 hemacytometer 0.98 ND Fauvel et al. 2010
Bluefin tuna Thunnus thynnus Sperm quality ND 200 - 500 260 hemacytometer 0.84 ND Fauvel et al. 2010
. . Pangasianodon :
Striped catfish hypophthalmus Sperm quality ND 200 - 500 260 hemacytometer 0.86 ND Fauvel et al. 2010
Atlantic cod Gadus morhua Sperm quality ND 200 - 500 260 hemacytometer 0.99 1x10%to 5 x 107 Fauvel et al. 2010

*ND: not described; **Scaphirhynchus platorynchus



Estimation of Fish Sperm Concentration by Use of Spectrophotometry Cuevas-Uribe and Tiersch

12
10 - ”\\
© Py
O g [
x ro
o P
7p] - ! |
) e oot b
\
E 4 ! \ ! | [
i: (\\ l’ \\ l‘ \\ l’ \\ /’\\
2 - e /’ * * \\ I’ >’ .
R Tre__e” ‘ovy’ T
0 T T
581 610 660

260 360 410 450 480 505 550

Wavelength (nm)

Figure 4. Frequency of use of various wavelengths evaluated in 54 previous studies for the
development of standard curves to estimate sperm concentration in fishes.
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Figure 5. Absorbance spectra measured in this study for sperm of red drum (RD: filled triangles),
paddlefish (PF: open triangles), blue catfish (BC: open squares), channel catfish (CC: filled
squares), white bass (WB: filled circles), striped bass (SB: open circles), and Nile tilapia (NT:
asterisks). Absorbance values were based on using 2.5 x 10® cells/mL for all species, except red

drum at 1 x 10° cells/mL.

Development of Standard Curves
A linear relationship (R? values from 0.586 to 0.904) was found between the natural

logarithm of sperm concentration (1 x 10° to 6 x 10*° cells/mL) assessed by hemacytometer
counting and the corresponding absorbance in the different wavelengths used (Table 4). The
strongest correlations at the different wavelengths remained stable for the majority of the species,
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except at 400 nm for red drum (adjusted R? = 0.040). This indicated that there was a wide range

of wavelengths that could be used to estimate sperm concentration.

Table 4. Standard curves, linear regression equations, and coefficient of determination from the

Cuevas-Uribe and Tiersch

logarithmic regression of sperm counts and absorbance at the different wavelengths tested.

Wavelengths (nm)

Common
1 2
name N~ Obs 400 450 500 550 600
Blue catfish 15 72 y=-2.994 +0.215INX  y=-3.418+0.243InX  y=-3.130+0.222InX  y=-2.977+0.212InX  y=-2.678 + 0.190 InX
Adj R? = 0.810 AdjR*= 0.739 AdjR?= 0.730 Adj R? = 0.694 Adj R?= 0.703
Channel 47 202 y=-2.067 +0.162 InNX  y=-2.450+0.185InX  y=-2.348 +0.176 InX  y=-2.233+0.167 InX  y=-2.118 + 0.158 InX
catfish Adj R? = 0.587 Adj R? = 0.601 Adj R? = 0.603 Adj R? = 0.586 Adj R? = 0.592
Paddlefish 4 1 y=-6.799 + 0.446 INX  y=-8.663 +0.553 INX  y=-8.567 +0.544 InX  y=-8.442+0.535InX  y=-8.106 + 0.513 InX
Adj R? = 0.901 Adj R? = 0.889 Adj R? = 0.885 Adj R? = 0.881 Adj R?= 0.877
Red drum 5 14 y=1.495+0.010 InX  y=-2.702+0.243InX  y=-3.246 +0.265InX  y=-3.040 +0.253 InX  y=-1.228 + 0.157 InX
Adj R? = 0.040 Adj R? = 0.777 Adj R? = 0.805 Adj R? = 0.784 Adj R? = 0.791
Striped bass 12 45 y=-5.626 +0.349 InX  y=-6.457 +0.397 INX  y=-6.285+0.386InX  y=-6.129 +0.376 InX  y=-5.914 + 0.362 InX
Adj R? = 0.850 Adj R? = 0.860 Adj R? = 0.853 Adj R? = 0.846 Adj R? = 0.840
Tilapia® 69 114 y=-5.207 +0.336 INX  y=-6.523+0.410 INX  y=-6.379 +0.400 InX  y=-6.214 +0.389 InX  y=-5.895 + 0.369 InX
Adj R? = 0.843 Adj R? = 0.820 Adj R? = 0.816 Adj R? = 0.812 Adj R? = 0.814
White bass 21 75 y=-4.476 +0.289 InX  y=-6.588+0.411InX  y=-6.525+0.406 InX  y=-6.476 + 0.402 InX  y=-5.879 + 0.366 InX

Adj R? = 0.871

Adj R? = 0.904

Adj R?= 0.902

Adj R?= 0.901

Adj R? = 0.903

1N = number of fish
20bs = number of observations, each observation is a different concentration
3 Nile tilapia Oreochromis niloticus, blue tilapia O. aureus, Mississippi commercial strain, Florida red tilapia

Validation of Regression Models

When validating the equation generated with the concentrations provided by
hemacytometer counts, there were no significant differences between the observed values by
counts and the predicted values of the standard curves, except when comparing the predicted
concentrations from the general curve of all species (combining the data for crushed testis and
stripped sperm) (P = 0.001).

Relationship of Standard Curves Among Species

When comparing the regression curves across species within individual genera (i.e.
Ictalurus, Morone, and Oreochromis), there were no differences, except for blue and channel
catfish at 400 and 450 nm, and white and striped bass at 400 nm (Table 5). When comparing the
curves across all species (independent of the genus), there were significant differences for all the
wavelengths (P < 0.001). However, when catfishes were removed from the model, there was no
difference in the curves of paddlefish, red drum, striped bass, and tilapias for all the wavelengths
except 400 nm (Table 5). Overall, the linear relationship of catfishes followed a pattern different
from the values of the other species studied (Figure 6). When the absorbance values of catfishes
were compared with those for other fishes within the absorbance range of 0.1 to 2.5 at
concentrations of lower than 1 x 10° cells/mL, there was an overestimation of absorbance for the
catfishes at any given concentration. This difference was likely because suspensions from
crushed testes were contaminated with somatic cells such as erythrocytes which increased the
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absorbance values. Overestimation was greater at lower sperm concentrations due to the higher
relative proportion of somatic cells in relation to sperm cells (Figure 6).

Table 5. Comparison of standard curves among species. The curves were compared by an analysis
of covariance (ANCOVA) at each wavelenght. Multiple regression was used to correlate among the
species the absorbance, and natural logarithmic of sperm concentration.

Wavelengths (nm)

Common

name  N' Obs’ 400 450 500 550 600
cBalgf?s(:‘ channel 2 274 p-value = 0.022 p-value = 0.028 p-value = 0.061 p-value = 0.068 p-value = 0.149
\g\;:slte & striped 2 120 p-value = 0.019 p-value = 0.633 p-value = 0.497 p-value = 0.379 p-value = 0.889
Tilapia® 4 114 p-value = 0.057 p-value = 0.296 p-value = 0.252 p-value = 0.248 p-value = 0.239

2 — 2 2 2 2 _

Al species 8 533 R*= 0.774 R*= 0.806 R*= 0.811 R*= 0.805 R*= 0.805
p-value = <.001 p-value = <.001 p-value = <.001 p-value = <.001 p-value = <.001

@::;gl?fice;ﬁsh 6 250 R?= 0875 R?= 0.899 R?= 0.896 R?= 0.895 R?= 0.890
p-value =<.001 p-value = 0.358 p-value = 0.401 p-value =0.334 p-value =0.183
A."hsF’ecLeIS y 8 282  R?= 0.879 Adj R?= 0.899 Adj R?= 0.896 Adj R?= 0.894 Adj R?= 0.900
without bloo p-value = <.001 p-value = 0.079 p-value = 0.041 p-value = 0.023 p-value = 0.013
Blood 1 108 p-value = <.001 p-value = 0.208 p-value = 0.067 p-value =0.188 p-value =0.149

1N = number of species

20bs = number of observations, each observation is a different concentration

3 Nile tilapia O. niloticus, blue tilapia O. aureus, Mississippi commercial strain, Florida red tilapia
3
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Figure 6. Relationship between absorbance at 450 nm and sperm counts by hemacytometer. Upper
panel: regression lines for all fishes without catfishes, and catfishes only. The absorbance range was
0.1 to 2.5, and the maximum sperm concentration was 1 x 10° cells/ml. Lower panel: standard curve
for all fishes, including catfish, with no blood.
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Subsequent plotting of data for catfish sperm collected without blood (relatively pure
samples) were combined with the data for paddlefish, red drum, tilapia, white bass and striped
bass, and there was no significant difference for each wavelength except for 400 nm (Table 5).
Also, the estimated values from the standard curve of all fish samples without blood had no
significant differences (P = 0.181 at 450 nm) when compared with the hemacytometer counts.
Moreover, plotting of the observed values of all species without blood against the standard curve
generated from readings at 450 nm indicated a strong relationship (R? = 0.778) (Figure 6).

Effect of Blood

The interaction of the different blood percentages was significant for the 400 nm
wavelength (Table 5). As the volumetric proportions of blood increased, the absorbance values
also increased (Figure 7).
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Figure 7. Absorbance values measured at wavelengths between 400 nm and 600 nm for three
concentrations of channel catfish sperm with different volumetric proportions of blood. Upper
panel: absorbance values using 1 x 10° sperm cells/mL with different percentages of blood; middle
panel: 1 x 107 cells/mL; lower panel: 1 x 10° cells/mL.
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A broad absorbance peak did not occur at low volumetric proportions of blood but the peak
increased with higher proportions of blood. This is consistent with the absorbance spectra for
pure blood samples. When the absorbance of blood was measured at different wavelengths, there
was an increase in absorbance at 450 nm, with a maximum at 500 to 550 nm (Figure 8).
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Figure 8. Absorbance values measured at wavelengths between 220 nm to 748 nm for: A) channel
catfish blood, B) sperm collected from crushed testis, and C) sperm without blood. Absorbance
values were the average of three males with a sperm concentration of 1 x 108 cells/mL. There was
no maximal absorbance peak within the visible spectrum for the samples. The maximal absorption
of blood was between 500 to 550 nm. Absorbance values of samples below 300 nm were variable.

Absorbance values of blood at wavelengths lower than 300 nm were inconsistent. However, the
absorbance of sperm from crushed testes and sperm without blood remained constant. Although
a maximum absorbance was detected at 230 nm, the absorbance values (greater than 1.2) yielded
high variability (Figure 8). Within the visible wavelengths (390 — 750 nm) there was no
absorbance peak. In general there was a gradual linear reduction in absorbance as the wavelength
increased. Therefore, at low sperm concentrations (< 1 x 10° cells/mL) the absorbance values
were influenced more by the presence of blood. As the sperm concentrations increased (> 1 x 10’
cells/mL), there was an increase of absorbance caused by the sperm. When no blood was added
the absorbance values were directly related to the sperm concentration (Figure 7).

Discussion

Sperm concentration is rarely reported during studies of aquatic species, and typically
when reported does not include a description of the methods used. This leads to problems for
comparison and reproducibility of published studies especially for activities such as
cryopreservation and fertilization trials. The estimation of sperm concentration is essential for a
range of activities including standardization of cryopreservation, optimization of fertilization,
calibration of ultraviolet irradiation to induce gynogenesis, and study of spermiation following
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hormonal stimulation. Despite measurements in more than 40 species, currently there is a lack of
specific information regarding sperm concentration determination and how it relates to
cryopreservation and fertilization in essentially all aquatic species (Tiersch et al. 2007).
Traditionally in livestock species, sperm concentrations have been estimated by the use of cell
counting devices such as the hemacytometer or other specialized counting chambers (Foote et al.
1978, Prathalingam et al. 2006). Although by observing the sperm using a microscope, other
parameters such as morphology could be determined. But counting chambers are time
consuming, and require the use of microscopes and trained technicians typically not available in
hatchery settings. As such, most aquaculture work does not include sperm concentrations
(Campbell et al. 2005a, Dong et al. 2005a).

In the search for faster and more practical ways to estimate relative or absolute sperm
concentration, centrifugation (to determinate spermatocrit) and spectrophotometer (to determine
turbidity) have been used. Because spermatocrit and absorbance are easy to measure, the choice
of methods has generally been based on access to equipment (Tvedt et al. 2001). Spermatocrit is
an indirect method which is expressed as the volume of sperm in relation to the total volume of
sample (packed cell volume divided by total sample volume). One of the common problems in
spermatocrit estimation is the lack of a clear separation between the packed sperm cells and the
seminal fluid; this can lead to false estimations of spermatocrit. To avoid this problem, prolonged
centrifugation times are needed, usually more than 10 min, but as long as 45 min in species with
dense sperm samples such as striped bass (Vuthiphandchai and Zohar 1999). An additional
problem is the relatively large volume (at least 0.1 ml) needed (Lin et al. 1996b).

Sperm evaluation should be rapid and effective so that samples can be processed
efficiently to preserve initial quality and fertility (Foote 1980). Spectrophotometric determination
of turbidity is recognized as a reliable, efficient, and rapid technique to estimate the
concentration within semen samples in farm animals (Brillard and McDaniel 1985). From the
previous work that used spectrophotometer to determine sperm concentration in aquatic species,
there has been no attempt to evaluate the feasibility of generating a general calibration curve.

Literature Review:

Previous studies that estimated sperm concentration by spectrophotometry in fishes are
characterized by a lack of description of the methodology used (Table 3). This failure of
reporting and in defining procedures limits reproducibility, weakens results, and makes direct
comparisons among studies problematic or impossible. There is a pressing need for development
of standardized protocols. Less than 20% of the studies in our literature review tested different
wavelengths to identify the wavelength of maximum absorbance (this may or may not be a large
problem depending on the instrument used). Our review also found that one third of the studies
used wavelengths between 500 to 550 nm which can be affected by the presence of blood in the
samples (Figure 7). The reference cited most (18 of 54, 33%) in the methods sections of
published papers was by Ciereszko and Dabrowski (1993). This publication addressed
comparison of three methods for sperm concentration determination (i.e., spectrophotomer,
hemacytometer, and spermatocrit). Almost all of these publications (16 of 18) did not state which
of these three methods were actually used (e.g., Rinchard et al. 2001, Kowalski et al. 2006). In an
attempt to compare previous studies with the present study, we estimated the sperm
concentration from the equations described in six studies and plotted them (Figure 9). The
differences among studies can be explained by the difference in instruments (see below) and the
ranges of sperm concentration tested.
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Figure 9. Relationships between absorbance and sperm concentration in previous studies: blue
mussel (Del Rio-Portilla and Beaumont 2008), common carp (Takashima et al. 1984), seabass
(Fauvel et al. 1999), Pacific oyster (Dong et al.), paddlefish (Linhart et al.), small-bodied fishes
(zebrafish, medaka, and green swordtail) (Tan et al. 2010), and a multi-species curve (this study).

A spectrophotometer is generally composed of one or more light sources, a wavelength
selector, sample container, detector, signal processor, and readout devices. In a turbidity
measurement a spectrophotometer is used to measure the attenuation of light as a function of
wavelength as it passes through a sample. Because previous studies used different wavelengths
and different spectrophotometers, the instrument characteristics (such as light transmission
properties of the sample cell, aperture size, distance between sample cell and detector, and
pathlengths) were different. For example, cuvettes made of plastic or glass can be used to
measure within the visible spectrum, while a cuvette made of quartz glass or fused silica should
be used for the UV region (i.e., below 350 nm). In addition, there are several types of detectors
such as photovoltaic cells, vacuum photodiodes, photomultiplier tubes, and silicon photodiodes
(Cole and Levine 2003). Each detector has a differential sensitivity of wavelength range (Cole
and Levine 2003). All of these components and configurations are instrument specific and
constitute some of the known and unknown sources of variation in previous studies.

Previous studies in livestock compared the estimation of sperm concentration using
different spectrophotometers. Comparison of duplicate instruments yielded nearly identical
results in bull sperm (Foote 1972, Foote et al. 1978) while the use of different models of
spectrophotometers resulted in different readings for the same sperm samples from boar (Knox et
al. 2002, Knox 2004). It is important to note that one study compared three spectrophotometers
for the sperm of boar, bull, and stallion (Rondeau and Rouleau 1981). Two of the instruments
yielded no difference in standard curves, and the authors concluded that if spectrophotometers
have the same characteristics in terms of spectral bandwidth, the calibration curves need not be
statistically different. Even so, variable maintenance and calibration of instruments, different
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types and quality of cuvettes, and the lifespan of instrument lamps could introduce differences in
responsivity and accuracy across time for a single instrument or among duplicate instruments.

Feasibility of establishing a general curve:

Determination of an absorption spectrum for analyzing a given sample material is the
first step of turbidimetry analysis to identify the maximum sensitivity for measurements. This is
typically done by plotting the absorbance measurement as a function of wavelength (Dong et al.
2005a, Tan et al. 2010). Wavelengths in the range of 260-660 nm have been used to determine
sperm concentrations in fishes. The livestock industry has used wavelengths in the range of 275
to 630 nm (Foote et al. 1978). Wavelengths in the range of 550 to 576 nm appear most sensitive
for white suspensions (color induced absorbance) such as for sperm, and a wavelength of 550 nm
is recommended and mostly used (Foote et al. 1978, Knox 2004). In the present study, we tested
five wavelengths (400, 450, 500, 550 and 600 nm) with seven species. There was no single
wavelength that yielded maximum absorbance. This indicates that any of these wavelengths
could be appropriate to generate a standard curve.

Other studies found that lower wavelengths yield greater variation. For example, for
zebrafish the maximum absorbance of sperm was around 265 nm but the absorbance profiles at
wavelengths below 380 nm (UV) varied widely for single samples and the use of wavelengths
above 400 nm was recommended (Tan et al. 2010). In a different study with blue mussels, the
maximum absorbance was at 216 nm but the absorbance values had a large variation and the use
of wavelengths above 320 nm was recommended (Del Rio-Portilla and Beaumont 2008). In
contrast, another study recommended the use of 260 nm based on the hypothesis that differences
in optical density using this wavelength in different fishes were due to the DNA content. This
report compared the light absorption of sperm of turbot Psetta maxima, seabream Sparus
auratus, and seabass Dicentrarchus labrax but without a standardized concentration (Fauvel et
al. 2010). This hypothesis and other claims such as that volume changes in sperm can be tracked
by their absorbance (Dzuba and Kopeika 2002), should be addressed in future research. In
general, lower wavelengths yield higher transmittance values and thus have been recommended
for use (e.g., Del Rio-Portilla and Beaumont 2008). Absorbance values below 0.1 and above 1.0
represent 10% and 20% transmittance, respectively, while absorbance values above 2.0 represent
<1% transmittance. In earlier spectrophotometers, this low transmittance could result in
inaccurate readings, although this is not normally a problem with current instruments (Mantle
and Harris 2000). Earlier spectrophotometers used vacuum photodiodes while current
spectrophotometers use silicon photodiodes and optical filters with higher resolution.

Overall, there are three main types of spectrophotometers: 1) Visible spectrophotometers
that have inexpensive glass components, use tungsten lamps as the light source, and operate
across a range of 325 to 1,000 nm. Older instruments of this type rely on blue- and red-sensitive
phototubes. 2) Ultraviolet-Visible spectrophotometers that measure absorbance in the 200 to
1,000 nm range. For instruments of this type the most common source of radiation is the
hydrogen-discharge lamp, but if more intensity is desired (3-5 times) a deuterium-discharge lamp
is used. 3) Infrared spectrophotometers that use a heat source (i.e. Globar and Nernst glower) and
the spectra result from molecular vibrational transitions in the range of 750-15,000 nm (Csuros
1997). These have been applied for multi-component analyses of fish meat (Elvingson and
Sjaunja 1992) but have not been used for estimation of sperm concentrations.

In this study, we evaluated wavelengths within the visible spectrum (390-750 nm). This
is the first study that attempted to evaluate a general standard curve to measure sperm
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concentration for fish species. Although there is a publication in which a single formula was used
to measure sperm concentration in the Siberian sturgeon Acipenser baerii and sterlet A. ruthenus,
there was no explanation of the reasoning behind this usage, or if both species were validated for
that equation (Sarosiek et al. 2004). It has been stated as a common belief that different
calibration curves are required for different species because of the specificities of the sperm
(Foote et al. 1978). However, as stated above, a general standard curve has been established for
bulls, boars, and stallions (Rondeau and Rouleau 1981), and there were no differences among the
slopes of the calibration curves for these livestock species. Whether for mammals or for fish,
seminal samples consist of seminal plasma (or seminal fluid) and spermatozoa. Fish seminal
plasma contains mainly mineral compounds and low concentrations of organic substances
(Ciereszko et al. 2000a). The absorbance of seminal plasma (< 0.1) was measured in seabass and
yellowtail flounder Limanda ferruginea, which led to the conclusion that seminal plasma did not
interfere within the wavelength range (200-900 nm) tested (Clearwater 1996, Fauvel et al. 1999).
In fact, the effect of light scattering and light absorption by spermatozoa has been shown to
dominate the effect of light absorption by seminal plasma (Rothschild 1950, Taneja and Gowe
1961). Therefore, in the present study there was little justification to remove the seminal plasma
before estimating the concentration by the use of spectrophotometer. We hypothesized that a
single calibration curve could be used to determine the concentration of spermatozoa for most
fish species.

In this study, after comparing the data of all fishes, the correlation coefficient of the
standard curve at all wavelengths was higher than 0.77. But the validations of the observed
values against the spectrophotometric estimation were significantly different. This was resolved
however when the collection methods (stripped and crushed) were separated. The correlation
coefficients for all species without catfish were higher (R?= 0.87) and there was no statistical
difference between observed and estimated values at wavelengths higher than 450 nm.
Differences in absorbance between sperm collection methods (stripped and crushed) have been
reported in zebrafish and green swordtail Xiphophorus helleri (Tan et al. 2010), although a
robust applicability was reported in that study among all of the curves generated across species
(zebrafish, swordtail, and medaka Oryzias latipes), and different collection techniques (stripped
and crushed). For relatively pure, homogenous sperm samples, if the sperm size and shape
among species are similar, the changes in light absorbed among samples will primarily be due to
a difference in sperm cell concentration (Rondeau and Rouleau 1981). In addition, studies have
shown that dilute suspensions of most bacteria have nearly the same absorbance per unit of dry
weight concentration, regardless of the variation of cell size and shape (Omstead 1990).
Therefore, based on our results, we postulate that a general standard curve for any single
instrument should be able to measure concentration for most fishes from which pure samples of
sperm can be collected.

To evaluate the effect of other cell types such as those in whole blood, sperm with no
overt blood contamination was collected in catfishes. When these absorbance values were
combined with the data for all species without blood, the resulting correlation value was the
same as that observed for all fishes collected by stripping. When there was no addition of blood
to the samples, the absorbance was directly related to the sperm concentration. Therefore blood
cells and other cell types that are mixed with sperm during crushing of the testis can interfere
with accurate estimation of sperm concentration. Depending on the timing in relation to the
spawning season, the ratio of somatic cells and germ cells can vary considerably. Crushing of the
testes can release a mixture of cells types such as spermatogonia, spermatocytes, spermatids,
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spermatozoa, and Sertoli-like cells (Viveiros 2003). Failure to properly clean the testes before
crushing could also contaminate samples with connective tissues that contain Leydig-like cells,
nerve fibers, fibroblasts, collagen fibers, smooth muscle cells, and endothelial cells (Grier and
Uribe 2009). In addition, the cytoplasm of epithelial cells of the main testicular ducts and
spermatic ducts contains lipid vacuoles, and the seminal fluids also contain lipids during
interspawning periods (Lahnsteiner and Patzner 2009). Based on our observations contamination
of this sort can lead to a systematic overestimation of sperm concentration in direct relationship
to the volume of blood or other contaminants present as described above (Figure 7). Other
studies found similar effect, when debris present in the raw semen, such as cytoplasmic droplets,
affected the accuracy of the spectrophotometric method (Christensen et al. 2004). Thus,
depending on spawning condition the correlation between absorbance and sperm concentration
could be affected by somatic contamination, and more work needs to be done to evaluate
measurements of samples collected from crushed testes at different times of the year. It should be
noted that microscopic observations can be used to assess the level of contamination of samples
before measuring the absorbance (Figure 3).

This is not the first publication to mention that other cell types such as blood can disturb
absorbance measurements. In fact, the presence of other cells in the sperm of the landlocked sea
lamprey Petromyzon marinus disrupted the use of spectrophotometry (Ciereszko et al. 2000Db).
Stripped samples of the African catfish Clarias gariepinus were contaminated with blood and the
turbidity estimation for sperm concentration could not be applied (Viveiros et al. 2003). And, in
African catfish two types of sperm samples, “white” and “grey”, were collected by dissection
and stripping of the testes. The white samples had a higher sperm cell concentration and
absorbance values (650 nm) than did grey samples (Mansour et al. 2004). The white samples
were characterized by high sperm densities and a low number of spermatids, while the grey
samples contained numerous germinal cysts with spermatids in addition to sperm. In another
study, different levels of blood contamination of rainbow trout Oncorhynchus mykiss milt were
obtained in relation to sampling period and method of milt collection (Ciereszko et al. 2004). In
an attempt to measure the influence of blood in sperm samples, blood was added to a pure
sample (final volumetric proportion of blood was 0.2%) of rainbow trout sperm (sperm
concentration 9 x 10° to 1.4 x 10 cells/mL) (Ciereszko et al. 2004). Sperm quality parameters
(osmolality, protein concentration, lactate dehydrogenase activity) were not affected by the
contribution from this small amount of blood and although this study used turbidity methods it
did not report any influence of blood on the estimation of sperm concentration (we presume due
to the high proportion of sperm cells in relation to the erythrocytes).

In the present study, five different volumetric proportions of blood were tested with three
concentrations of sperm. Although the absorbance values for the different volumes of blood were
different, there was no statistical difference in the standard curves for wavelengths higher than
450 nm. This corresponded with the sperm collected by crushed testes in which higher
correlations were obtained at wavelengths from 500 to 600 nm. Contamination with as much as
1% blood, did not affect the standard curve for concentrations as low as 1 x 10° cells/mL. This
indicates that blood contamination might not be a major factor of concern when measuring
concentration by spectrophotometer in samples with a high proportion of sperm cells in relation
to blood cells (Figure 7, lower panel). It could however be expected that higher proportions of
blood to sperm (> 1%) at low sperm concentrations would influence the absorbance, especially at
the wavelengths of maximum absorbance of blood (> 450 nm) which corresponds to the peaks of
maximum absorbance of oxyhemoglobin (540 and 575 nm) (Stryer 1995).
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The effects caused by crushing of testes with respect to contamination of the samples are
not simple or straightforward. Errors in absorbance or sperm concentration can result in
overestimations or underestimations. For example, use of a calibration curve developed during
the peak of the spawning season using pure sperm when applied to crushed testis samples could
yield overestimations of concentration (based on the inflated absorbance values of the samples).
Or, conversely use of a curve developed early in the spawning season when testes did not contain
large volumes of mature sperm would result in an upward-shifted curve (based on higher somatic
absorbances) and could yield underestimates in concentration later in the spawning season when
sperm production peaks. Thus, the types of errors are affected by variations of cell types in
relation (proportion) to one another and this relationship varies over time due to reproductive
seasonality. As such, the observed effects can sometimes be small between crushed testis and
pure sperm samples (e.g., Figure 8), but the potential contribution of cells such as erythrocytes to
absorbance should not be overlooked. It is also important to note that the patterns observed in the
absorbance profiles generated by blood addition (Figure 7) do not exactly match the absorbance
profile of pure blood (Figure 8) likely due to the relative contributions of the various components
in contaminated samples (as described above) to the aggregate profile. Hemoglobin itself can
exist in a variety of forms with different absorbance profiles based on interactions with
atmospheric gases (Stryer 1995).

The testes of ictalurid catfishes in particular present an even more complicated picture
with regard to contamination caused by crushing. The testes possess two recognizable portions:
anterior and posterior (Figure 10) (Sneed and Clemens 1963). These two portions are
characterized by different cells types, and their relative sizes and color vary depending on the
spawning period. The anterior portion is considered to be spermatogenic in function and is small,
flat and transparent outside of the spawning season, but expands dramatically, turning white with
finger-like extensions, and composing 2/3 of the testis, as sperm production fills the tubules and
lumen (Guest et al. 1976). This portion contains the majority of available sperm and is
sometimes the only portion of the testis to be harvested while the posterior portion is discarded
(Tiersch et al. 1994). The posterior portion has been reported to function as an accessory
glandular organ that secretes a mucopolysaccharide-protein-lipid-rich fluid (seminal vesicular
fluid) believed to contribute to the seminal volume and participate in prolongation and
stabilization of sperm viability (Chowdhury and Joy 2007). The posterior testis is composed of
interstitial cells, fibroblasts, blood capillaries, and nerve elements. During spawning the
epithelial cells of the posterior portion contain an abundance of rough endoplasmic reticulum,
Golgi apparatus, secretory vacuoles, and electron-dense secretion products (Chowdhury and Joy
2007). The role of the posterior portion is most likely involved in maturation and nutrition of
sperm, although it possesses a similar sperm concentration (based on cells per wet weight of
tissue) as the anterior (Guest et al. 1976, Jaspers et al. 1978). The size and color of the posterior
portion is more variable than the anterior portion (our unpublished observation) and it can be
larger or smaller than the anterior portion, although it is almost darker (pink to light red to
brown).
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Figure 10. View of channel catfish testes within the body cavity during the spawning period (April
to May in Southern Louisiana). The anterior portion is considered to be spermatogenic and the
posterior portion to serve glandular functions. Dissection ahynd crushing of the testis to collect
sperm can involve both portions or only the anterior portion, and can contribute a variety of

somatic cells and other contaminants to samples

As indicated above, sperm collection can proceed by crushing of the anterior portion
alone, or as an admixture with the posterior portion yielding a complex collection of cell types
and compounds within the sample with potential for considerable effects on the aggregate
absorbance values. In this study, we chose to crush and mix both portions of the testes to fully
capture the variation encountered in different protocols. From the previous discussion it should
be evident that development of calibration curves from either portion or their combination would
present considerable variation throughout reproductive seasonality and offers great opportunity
for standardization of protocols and reporting to reduce or minimize variation within and among
studies and hatchery operations. Future studies are needed to more fully evaluate these portions
of the ictalurid testis in terms of biological function and the methods appropriate for their use in
practical spawning protocols (including cryopreservation).

Protocols describing methodology to use turbidity to measure sperm concentrations have
been published previously for livestock (Foote 1972, Foote et al. 1978), and a recent study was
performed to illustrate development and standardization of photometric measurement of sperm
concentration in Pacific oysters Crassostrea gigas (Dong et al. 2005a). Procedurally, care should
be taken when collecting sperm, because contamination with other substances such as urine
could affect calibration and concentration estimates (Clearwater 1996). The viscosity of the
sperm often makes it difficult to obtain a homogeneous dilution of the sample, and depending on
the pipette and tips used for sample handing, different values could be obtained from the same
sample. Therefore thorough mixing of sperm suspensions before measurement is essential for
accurate readings (Cabrita et al. 2009). The presence or absence of small aggregations of
spermatozoa in an aliquot of dilution could affect the accuracy and precision of sperm
concentration estimates (Rakitin et al. 1999). These types of errors are magnified when working
with the limited sperm samples (2-4 ul) collected from small-bodied fish such as zebrafish (Tan
et al. 2010). Standard curves should be established for each spectrophotometer and regular
calibrations are needed to ensure accurate estimation of sperm concentration (Knox et al. 2002).
In the present study, standard curves generated at wavelengths from 450 to 550 nm, within the
range of 1 x 10° to 6 x 10 cells/mL were effective for determination of the concentration of
sperm from paddlefish, red drum, tilapias, white bass, and striped bass, and would likely be
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useful for other fish species. Data for sperm concentration should be logarithmically transformed
prior to application of simple linear regression. Such log transformation has been suggested
previously (Berman et al. 1996, Handelsman 2002) and applied in Pacific oysters (Dong et al.
2005a), yellowtail flounder (Clearwater 1996), paddlefish (Linhart et al. 2000), and blue catfish
(Campbell et al. 2005a). It is important to note that the generation of a standard curve will be
specific for each type of spectrophotometer or instrument and even different laboratories,
because not all conditions can be expected to be the same among locations (Knox et al. 2002).
Accurate and comprehensive reporting of methods is thus necessary to accurately evaluate and
compare studies.

Although the hemacytometer is considered as the “gold standard” for measurement of
sperm concentration, there are variations among different designs and operators (Seaman et al.
1996, Christensen et al. 2005). Estimation of sperm concentration from a spectrophotometric
determination of turbidity is routinely used in artificial insemination of mammals because it is
fast and precise (Prathalingam et al. 2006). The precision of turbidity estimation derives from
standard curves produced from multiple hemacytometer counts. Although some have considered
spectrophotometer to be costly and time consuming (Powell 2002), there is little evidence to
support this observation. Compared to a hemacytometer there is a higher initial cost for the
spectrophotometer (Table 6). However, the same spectrophotometer can be used for other
purposes such as measuring water quality or general laboratory analyses. There are portable
spectrophotometers that are used in the daily routine of fish farming, and could provide an
inexpensive and rapid method for sperm concentration determination in field conditions
(Dietrich et al. 2005a, Dong et al. 2005a). The use of a portable spectrophotometer (Eppendorf,
Germany) has been reported to estimate the sperm concentration in whitefish (Ciereszko et al.
2008). Other options are microspectrophotometers that work with microliter sample volumes.
These microspectrophotometers can be essential to measure sperm concentration for small-
bodied fishes such as zebrafish that only yield 2-4 pL total of sperm sample (Tan et al. 2010).

Other techniques available to estimate sperm concentration include computer-assisted
sperm analysis (CASA) instruments (e.g., Hamilton Thorne, Beverly, MA, USA; SQA-V
Medical Electronic Systems, Los Angeles, CA, USA), flow cytometry, and fluorescence
microscopy, and Coulter counter. These techniques require specialized instruments that are
prohibitively expensive if they are used only to measure sperm concentration. A disadvantage for
using CASA is that it often requires a specific disposable chamber in which non-uniform
distribution of the spermatozoa can lead to false estimations (Lu et al. 2007). There is no
replacement for a direct observation of the sperm to detect other sperm quality parameters such
as morphology and the presence of clumps or other types of contaminants. There is image
analysis software available for free downloading distributed by the National Institutes of Health
(rsbweb.nih.gov/ij) that has been used to estimate sperm concentration in Atlantic bluefin tuna
Thunnus thynnus thynnus (Mylonas et al. 2007).
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Table 6. Comparison of price, volume requirements, and wavelengths available for different
spectrophotometers.

Cost  Volume Wavelength

Spectrophotometer (US$)  needed range (nm) Web address
Ultrospec 10, GE HealthCare® 742  15ml 600 www.gelifesciences.com
Biowave, Biochrom WPA? 762 10 ul 190-900  www.biochrom.co.uk
YSI 9300* 807  10ml 450-650  www.ysi.com
Smart2, LaMotte* 909 10 ml 350 - 1000  www.lamotte.com
DR890 Colorimeter, Hach* 1,177 2.5 ml 420-610  www.hach.com
Genesys 20, Thermo Scientific' 1,862 1ml 325-1100 www.thermo.com
590b Densimeter, ARS? 1,895 200 pl ND? www.arssales.com
BioPhotometer, Eppendorf* 4,585 50 ul 230-650  www.eppendorf.com
GeneQuant, BioChrom* 5,071 7 ul 190-900  www.gelifesciences.com
Epoch, BioTek! 8,950 2 ul 200-999  www.biotek.com
NanoDrop, Thermo Scientific’ 8,950 0.5 ul 190-840  www.nanodrop.com

The use of flow cytometry to measure sperm concentration has yielded variable results
(Lu et al. 2007, Anzar et al. 2009) and depends on how the counts are performed (i.e., typically
in relation to a known concentration of a fluorescent bead internal standard), the concentration
range tested, and whether the emphasis is on precision or accuracy (Haugen 2007). Future
research needs to be conducted to compare newer designs of flow cytometers (such as the Accuri
C6®, Ann Arbor, M1, USA) which measure the actual volume that is pulled from the sample and
can directly estimate cell counts without the need of fluorescent bead standards. Another new
flow cytometry device (S-FCM, Kobe, Japan) was developed to measure sperm concentration.
This device has been reported to be suitable for measurement of human sperm concentration
(Tsuji et al. 2002). A recent publication demonstrated that computer-aided fluorescent
microscopy (NucleoCounter SP-100, Denmark) could be used to measure sperm concentration in
brook trout Salvelinus fontinalis (Nynca and Ciereszko 2009). Coulter counters have long been
accepted as a reliable technique for particle sizing and counting (Brillard and McDaniel 1985)
and are available in some fish hatcheries for ploidy determination (Wattendorf 1986), but are
expensive for sperm counting only. Other techniques such as cell-UV chambers, and packed cell
volumes (e.g., VoluPAC, Sartorius, Germany) need to be evaluated for aquatic species.
Potentially, a general standard curve for fishes could be incorporated into analysis-specific
spectrophotometers (e.g., 590B Densimeter, Animal Reproduction System, Chino, CA, USA).
Such densimeters are designed to measure sperm concentrations of stallions, bulls, boars,
canines, roosters, and turkeys.

Conclusions
We conclude that estimation of sperm concentration is essential for many studies in
aquatic species and that reports using sperm estimations from spectrophotometric determination

of turbidity should include at a minimum: the spectrophotometer model and type, cuvette
description, wavelengths used, absolute determination method (e.g., hemacytometer) used, range
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of sperm concentrations tested, absorbance range tested, the standard curve, linear regression
equation, and the coefficient of determination. In this study, a single general (instrument-
specific) standard curve generated at wavelengths of 450 to 600 nm within the range of 1 x 10° to
6 x 10'° cells/mL was developed for determining the concentration of sperm from seven different
fish species where sperm was collected by stripping. With further study or procedural
modifications this could apply to fishes for which the testes are crushed. This would have broad
applicability in reproductive studies and is essential for standardization of cryopreservation.

The importance of sperm concentration determination in livestock has been recognized
since 1939 (Comstock and Green 1939). Sperm concentration is vital in artificial insemination
because the number of sperm determines how many females can be inseminated (Foote 1972).
The livestock industry sells packaged semen for artificial insemination of livestock in “frozen
doses” that supply a specific number of sperm. This requires a high level of strict quality control
and standardization for all of the parameters involved in the dose, including sperm concentration.
Standardization and reproducibility are key factors for the success of this industry for livestock
(Thibier and Wagner 2002).

Sperm cryopreservation is a proven technique for developing, maintaining, and
distributing genetic improvement in livestock, and provides great unexploited potential for fish
breeding. In addition, the availability of frozen sperm allows the creation of genetic resource
repositories and conservation programs to increase the potential breeding population size to
ensure that proper genetic combinations are produced in breeding of endangered species (Tiersch
2008). The future development and utility of technologies such as cryopreservation will rely on
standardization and control of major variables such as sperm concentration. The results presented
in this chapter call attention to the need for standardization and suggest that variation in sperm
concentration results can be influenced more by the instrument used than the species studied.
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New Chapter

Flow Cytometry for the Assessment of Sperm Quality in Aquatic Species

Jonathan Daly and Terrence R. Tiersch

Introduction

The use of fluorescent staining in conjunction with flow cytometry for the assessment of
sperm quality in aquatic species has increased over the past decade. However, in contrast to the
common use of flow cytometric assessment of sperm quality in mammalian species (i.e.,
hundreds of published studies), the use of this technique in aquatic species is relatively
unexploited but becoming increasingly important. The increase in usage has been largely driven
by the adaptation and adoption of sperm quality assays developed for use in mammalian species,
which are vast in number compared to the range currently applied in aquatic species (Martinez-
Pastor et al. 2010). Most assays developed in mammalian species are designed to target specific
sperm structures or processes that are often sufficiently conserved across species to allow
application in aquatic species. In addition to the assays adapted from mammalian species, more
specialized sperm quality assays have been optimized in aquatic species for biomonitoring
applications (e.g., Jenkins et al. 2010) and these have great potential for use in sperm quality
assessments for cryopreservation.

Among the sperm quality assays that are currently used in aquatic species, assays for
sperm membrane integrity and mitochondrial membrane potential have had the greatest
application. One of the most commonly used in aquatic species is the SYBR 14/ propidium
iodide (PI) assay for plasma membrane integrity, often referred to as a “sperm viability” assay.
Several studies have used this assay to assess sperm quality in fresh and post-thaw samples to
evaluate the success of cryopreservation protocols (e.g., Cabrita et al. 2005, Paniagua-Chavez et
al. 2006). This assay has also been used in environmental toxicity studies to determine the effect
of exposing sperm to antibiotics (Segovia et al. 2000) and herbicides (Favret and Lynn 2010) in a
range of vertebrate and invertebrate aquatic species. Another commonly tested parameter in
sperm from aquatic species is mitochondrial function, which is assessed using mitochondrion-
specific fluorescent dyes that accumulate in proportion to membrane potential. The most
commonly used mitochondrial dye in aquatic species is rhodamine 123, which is often combined
with PI to enable concurrent assessment of membrane integrity (e.g., Ogier de Baulny et al.
1997, Liu et al. 2007), but a few studies have used other mitochondrial stains such as
MitoTracker Red (Favret and Lynn 2010) and JC-1 (Guthrie et al. 2008).

In addition to the often kit-based assays adapted from mammalian species, assays that are
currently used in aquatic species for biomonitoring applications also have potential utility in
sperm quality assessments for cryopreservation, including assessment of DNA integrity (Jenkins
et al. 2010) and ploidy analysis (Psenicka et al. 2009). These assays use fluorescent dyes that
label DNA, such as PI or 4',6-diamidino-2-phenylindole (DAPI), and are typically used to assess
the effect of environmental toxins on spermatogenesis and subsequent sperm quality. Although
they require a greater level of flow cytometric expertise than the kit-based assays and require
research for validation studies, they offer additional means of assessing and predicting the effect
of cryopreservation on sperm survival and fertilizing ability.

Daly, J. and T. R. Tiersch. 2011. Flow Cytometry for the Assessment of Sperm Quality in Aquatic Species. In:
Cryopreservation in Aquatic Species, 2" Edition. T. R. Tiersch and C. C. Green, editors. World Aquaculture Society,
Baton Rouge, Louisiana. Pp. 201-207.



Flow Cytometry for the Assessment of Sperm Quality in Aquatic Species Daly and Tiersch

Considerations for Flow Cytometry in Aquatic Species

As the use of flow cytometry for sperm quality assessment in aquatic species continues to
increase, it is important to ensure that a consistent approach is taken to the application of new
and existing assays. The main factors that should be considered and reported when analyzing
sperm quality by flow cytometry are outlined in Table 1, and discussed briefly below.

Table 1. Suggested minimum reporting requirements for sample preparation and flow cytometric
analysis of sperm from aquatic species.

Parameter Information required

Sample storage Temperature and duration of sample storage after collection

Sperm concentration The number of cells per unit volume (e.g., sperm cells/mL)

Staining conditions Final concentrations of each dye to which sperm were exposed, expressed in

molar units (e.g., nM, M)
Staining volume (i.e., the volume of sample to which stains were added)
Staining temperature (e.g., room temperature, on ice, 4 °C)
Staining time Total staining time for each dye used
Time between staining and analysis (i.e., how long after the staining time
samples were analyzed)

Collection parameters Number of events (or volume) collected
Basis for event counts (i.e., based on FSC/SSC, gated, or fluorescent counts)
Flow rate

Gating parameters Identification of the sperm population
Method for exclusion of debris from analyses

Reporting of results Concentrations where possible (e.g., concentration of intact cells)

Basis for calculation of percentage data (e.g., percentage of the total or
gated, event count)

Although only a few flow cytometric assays are used regularly for sperm quality
assessment in aquatic species, direct comparison of results among studies is problematic, if not
impossible, due to the large amount of variability in sample preparation, staining, and flow
cytometry protocols. For example, among 15 studies that reported membrane integrity data using
the SYBR 14/ PI assay in aquatic species in the past 10 yr, there was considerable variation in, or
failure to report, sperm concentration, dye concentration, collection parameters (e.g., the number
of events collected, flow rate, and population gating), and temporal components such as the time
between collection or thawing and assessment, duration of treatments, and time between staining
and flow cytometric assessment. This variability is in part due to limited access to flow
cytometers for aquatic species research, with researchers often having to analyze samples at
facilities focused on the analysis of humans or livestock. This has meant that researchers
working with aquatic species often have limited opportunity to gain significant flow cytometry
experience, and therefore must rely on the expertise of mammalian researchers who usually have
minimal experience working with non-mammalian samples. While the past problems and
variations in the use of this technology are understandable, the same approach cannot be used
going forward. A standardized approach to sperm quality assessment for aquatic species is
urgently required for research and eventual industrial application (Leibo 2000). There are many
factors that can affect the quality and effectiveness of flow cytometric analyses, and all must be
taken into account to allow accuracy and reproducibility of results.
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Perhaps the most important factor in sperm quality assessment is sperm concentration,
which aside from being a measure of quality in itself, is also relevant to all other measures of
quality. The measurement and control of sperm concentration is extremely important for
artificial fertilization and cryopreservation in aquatic species (Dong et al. 2007), but is usually
not recognized, nor is it considered when assessing sperm quality. As such, flow cytometry
results are typically reported as percentage data with no indication of the actual number of
competent cells within a sample. It is important to note that percentage data are only useful in the
context of concentration, i.e., proportions must be considered relative to the whole (put simply,
50% of 10 cells is much different from 50% of 10° cells). This is particularly important to
consider when assessing thawed sperm samples. Cryopreservation and related processes (e.g.,
cryoprotectant exposure) can damage or destroy sperm, affecting concentration but not
necessarily the proportion of intact cells, and this would not be detected with percentage data
alone. Although traditional flow cytometry systems cannot calculate sperm concentration
directly, concentration can be calculated by the addition of a known number of fluorescent
counting beads to a sample, or separately by hemocytometer counts or spectrophotometry.
Newer flow cytometry systems, such as the Accuri C6 (www.accuricytometers.com), are able to
measure the sample volume collected, enabling direct calculation of concentration, and it is
likely that this feature will be increasingly incorporated into future flow cytometry.

When percentage data are reported, it is important to define how the percentages are
calculated as this can greatly affect the outcome and accuracy of results. For example, the
proportion of intact cells is likely to be much lower when expressed as a percentage of the total
event count (i.e., all forward scatter (FSC) vs. side scatter (SSC) events, including debris and
other non-sperm events) than as a percentage of the gated event count (i.e., the events identified
as the sperm population). This is particularly important for species that require dissection and
crushing of the testes for sperm collection, as is the case for several commercially important
aquatic species, including channel catfish Ictalurus punctatus (Christensen and Tiersch 2005)
and Pacific oysters Crassostrea gigas (Dong et al. 2005), and small-bodied biomedical model
species such as zebrafish Danio rerio and swordtails (Xiphophorus species) (Yang and Tiersch
2009). Sperm samples collected by dissection and crushing of the testes typically contain
significant contamination with blood and other somatic cells, which will affect total event counts
and present difficulties in gating and subsequent percentage calculations. It is therefore important
to provide details on how the sperm population was identified from within the overall
accumulation of events, and report gating parameters that were used to exclude non-sperm events
from analysis (e.g., Figure 1). This information is essential to ensure accurate interpretation and
reproducibility of the reported procedures.

In addition to sperm sample considerations, consistent control and reporting of staining
and flow cytometry settings is required to enable comparison among studies. At present, there is
a great deal of variability in staining and flow cytometry methodology among studies. For
example, of the 15 studies in the past decade that reported flow cytometry data using the SYBR
14/ Pl assay, 11 reported various combinations of 5 concentrations of SYBR 14 (10 — 400 nM)
and 3 concentrations of Pl (10 — 14 uM), while the other 4 studies only reported dilution ratios or
volumes of stain added to the samples. When this is combined with the inconsistencies in the
amount of sperm to which the dyes were added (variously reported as concentration ranging
from 1 x 10°~1 x 10° sperm/mL, or dilution ratio ranging from 1:6-1:99) this leads to immense
variation in the sperm:dye ratios among these studies. Although some amount of variability in
methodology among different species or laboratories is to be expected, such large differences
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make direct comparison of results or methodologies among studies virtually impossible,
especially when dilution ratios or volumes are used with no indication of starting or final sperm
or dye concentration.

300,000

200,000

o

ro—

3%

SSC-H
100,000

]

0 500,000 1,000,000 W 0wl W W Wt WS W W2
FSC-H FL1-H

Figure 1. Forward scatter vs. side scatter (FSC vs. SSC, left panel) and FL1 vs. FL3 (SYBR 14 vs.
PI, right panel) scatter plots of zebrafish sperm in 300 mOsmol/Kg HBSS. The region designated as
“P1” in the FSC vs. SSC plot is the gated sperm population, and events falling outside this region
are debris. The region designated as “P4” in the SYBR 14 vs. Pl plot is the intact sperm population
(i.e., sperm with intact plasma membranes), and those falling in the “P5” region have damaged
plasma membranes.

One of the main potential sources of error in flow cytometric analysis of sperm samples
arises from how the samples are analyzed. Although reports often state how many events
(discrete electronic signals corresponding to target cells or other materials depending on
instrument settings) were analyzed from a particular sample (typically 10,000 or more),
information on how these events were counted or the flow rate at which the events were
collected is often omitted. For example, 10,000 events based on FSC vs. SSC will be different to
10,000 events based on the gated sperm population, and this difference will be magnified in
samples that were collected by dissection and crushing of the testes. In addition, the accuracy of
these counts will be affected by the flow rate. If the flow rate is too fast or the sample is too
concentrated, the sensitivity and precision of the flow cytometer are affected (Shapiro 2003) and
the ability of the software to distinguish between individual events and between target cells and
debris is greatly reduced. Consequently, the ability to distinguish and gate around target cells to
exclude debris in the resulting scatter plots is reduced, affecting the accuracy of data analysis.
This once again emphasizes the importance of measuring and controlling sperm concentration
when analyzing sperm quality by flow cytometry, and highlights the need to consider and report
data collection settings when reporting flow cytometric methodology.

Another major factor to consider when analyzing sperm quality by flow cytometry is
temporal variability, which is relevant to all activities ranging from sperm collection to quality
assessment. For flow cytometry, it is important to report how long after collection or thawing the
samples were analyzed, and the total duration of exposure to fluorescent stains prior to analysis.
Although minor variations in the time between collection and quality assessment may not
significantly affect the results obtained for fresh samples, temporal effects are likely to have a
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greater impact on aged, thawed, or poor quality samples. Sperm that have been thawed after
cryopreservation are generally of lower quality than fresh, unfrozen sperm, and therefore may
degrade faster than fresh sperm and make accurate comparisons between treatments or
individuals difficult.

While the factors mentioned should be considered for all sperm samples, they are
particularly important when analyzing thawed samples. As mentioned above, cryopreservation
and related processes can weaken or destroy sperm. This can affect the flow cytometric data by
decreasing the concentration of sperm in the sample, and by increasing the amount of debris
present. This can in turn affect the accuracy of collection parameters (if collecting a set number
of events) and the calculation of percentage values. In addition, thawed sperm may be more
susceptible to temporal effects, such as variations in the time between thawing and analysis,
which could further affect the results. It is for these reasons that cryopreserved sperm samples
cannot be considered to be the same as fresh sperm samples, and care must be taken to account
for these factors when collecting and comparing flow cytometric data from fresh and thawed
sperm for assessment of cryopreservation effects.

Future Applications of Flow Cytometry in Aquatic Species

As sperm cryopreservation in aquatic species moves towards high-throughput
applications for aquaculture and repository storage of genetic material (NIH-NCRR 2007),
standardization of sperm quality assays and minimum reporting standards will become even
more important. For aquaculture, it will be important to provide accurate assessments of sperm
quality of the males selected for genetic storage and to allow end users (e.g., hatchery producers
or farmers) to have confidence in the final cryopreserved product and enable efficient usage of
genetic material. Information on the quality of samples from endangered species stored in
genetic repositories will be important to ensure that high quality samples are preserved for future
use, and for accurate calculation of sperm-to-egg ratios to ensure that valuable gametes are not
wasted by using poor quality sperm for fertilization or by using more sperm than are required for
a particular batch of eggs.

A standardized approach will be required for future assessments of sperm quality using
existing assays, such as membrane integrity and mitochondrial membrane potential, and for the
development of new assays specifically for aquatic species. Over the past few years there has
been an increase in biochemical research, such as proteomic analysis, in sperm from aquatic
species (e.g., Li et al. 2010) and it is possible that work such as this will lead to development of
new assays for sperm quality. It is essential that minimum standards for reporting of flow
cytometry data be applied to all studies on sperm quality. By controlling and reporting these
factors, researchers can ensure the accuracy and reproducibility of their data, allow others to
replicate or build on that work, and ensure that flow cytometry can be utilized and interpreted
correctly for gamete quality in aquatic species as it is currently used in mammalian species.
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Measurement of Milt Quality and Factors Affecting Viability of Fish Spermatotzoa

Dale C. Honeyfield and William F. Krise

Overview

A series of experiments were conducted with Atlantic salmon Salmo salar, steelhead
trout Oncorhynchus mykiss and lake trout Salvelinus namaycush to investigate the utility of flow
cytometry to measure sperm quality. We also examined the effect of storage and
cryopreservation media type, osmolality and urine contamination on sperm cell viability. The use
of carboxyfluorescene diacetate for mitochondrial activity and propidium iodide to indicate outer
membrane integrity were good indicators (r = 0.95) of fertilization ability. Osmolality was
variable in milt and seminal plasma from the three species of fish examined. Osmolality of
cryopreservation media and post-thaw media affected percent live sperm in cryopreserved
samples of steelhead trout. Milt from Atlantic salmon males with non-motile sperm had lower
measurable seminal plasma osmolality, sodium and chloride than did milt from males with
motile sperm. Urine contamination decreased the percentage of live sperm. From these studies,
osmolality of milt, seminal plasma and diluents were found to be important in maintaining high
sperm quality.

Introduction

Viable sperm is an essential component in any successful animal production operation.
Sperm quality in fishes is typically monitored by determining the number of motile sperm, the
success in fertilizing eggs, or by measuring some aspect of cell metabolism. Without viable
sperm, egg fertilization and embryo production will not occur. Cryopreservation does not
improve sperm quality (Lahnsteiner et al. 1992, 1996); sperm motility and fertilization rate will
be unchanged or decreased after the cryopreservation process. Thus it is essential to have a
simple, rapid method of determining quality of stored sperm in order to maximize reproduction.

Poor sperm quality may result from the effects of genetics, diet, environmental stress
(toxicants, water quality, fish density) or disease. The most reliable indicator of sperm quality is
egg fertilization. However, the length of time required to obtain fertilization data for a sperm
sample precludes use of this method as a quick screening tool. There is also a confounding range
of results due to problems associated with the eggs. Therefore, some physical measurement on
either the whole sperm cell or selected components of sperm is generally used to predict
fertilization rate. Sperm motility is frequently used (Stoss and Holtz 1983, Stoss and Refstie
1983, Piironen 1993, Tiersch et al. 1994, Lahnsteiner et al. 1995, Koupal et al. 1995), but other
methods are available.

Flow cytometry has been successfully used to determine sperm quality in cattle (Graham
et al. 1990) and rainbow trout Oncorhynchus mykiss (Ogier de Baulny et al. 1997). However,
Schneider (1993) measured mitochondrial function using carboxyfluorescene diacetate with flow
cytometry method, but was unable to predict sperm quality in rainbow trout and white sturgeon
Acipenser transmontanus. Research by Graham et al. (1990) and Ogier de Baulny et al. (1997)
combined sperm with two fluorescent dyes, propidium iodide and rhodamine 123. If the sperm
membrane is intact, propidium iodide is excluded from the cell and will not come in contact with
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cellular DNA. Compromised cell membranes do not exclude propidium iodide and a red
fluorescence is detected. By adding a sec dye, rhodamine 123, the functionality of the
mitochondria can be determined. Functional mitochondria will fluoresce green. Generally, the
flow cytometer is set to count 10,000 cells and classify them as the percentage viable cells (green
color), non-viable cells (red color) or transitional (cells with both red and green colors). The use
of the two dyes provides significant information on the condition of the sperm cells.

Measurement of a component within the sperm or seminal plasma also has been used to
predict sperm quality (Baynes et al. 1981, Piironen 1985, Lahnsteiner et al. 1996, Lin and
Dabrowski 1996). Lahnsteiner et al. (1996) listed an array of seminal plasma and sperm cell
constituents (potential metabolic substrates, metabolites, enzymes) used in their studies with
rainbow trout. These authors concluded that seminal plasma osmolality, pH, and triglycerides
were predictive of sperm quality. Seminal plasma osmolality can change over the course of the
spawning season and with repeated stripping of milt (Munkittrick and Moccia 1987, Billard
1988, Aas et al. 1991, Lahnsteiner et al. 1997). Osmolality of seminal plasma of Atlantic salmon
showed wide variation among 27 males ranging from 117 to 320 mOsmol/Kg (Aas et al. 1991).
Fertilization was also variable, from 1 to 97%. Thus, there appears to be a number of assays that
can be used to predict sperm quality.

The objectives of this study were to determine the utility of propidium iodide and
carboxyfluorescein diacetate in the flow cytometry method for sperm quality determination in
salmonids and to document the effects of osmolality and urine contamination on sperm quality in
refrigerated and cryopreserved samples.

Materials and Methods

Quantitative data on the fluorescent-stained sperm were collected using an EPICS XL
flow cytometer (Coulter Corporation Inc., Hialeah, Florida). The side-scatter and forward-scatter
parameters were gated so that only those cells possessing the light scattering characteristics of
sperm were analyzed for fluorescence. For each sample a total of 10,000 sperm were analyzed
for the log of their fluorescence. The green fluorescence (carboxyfluorescein diacetate; 5 L of
stock solution 1 mg/mL) used to monitor mitochondrial activity was collected through a 525-nm
bandpass filter and the red fluorescence (propidium iodide; 5 puL of stock solution 1 mg/mL in
DMSO) used to indicate the structural integrity of the outer membrane, was collected through a
635-nm bandpass filter. Seminal plasma osmolality was determined using an osmometer
(Precision Systems, Natick, Massachusetts). Chloride was determined with chloride analyzer
(Corning model 925, Medfield, Massachusetts) and sodium was measured by atomic absorption
using the modified method of Willis (1960).

In the first experiment, milt from Atlantic salmon males was collected into one of four
treatments: 1) stored as a thin layer with oxygen; 2) stored as a thin layer with nitrogen; 3)
diluted (1 to 100) into Erdahl and Graham’s media (Erdahl and Graham 1987), and 4) diluted (1
to 100) into Billard's media (Billard 1977). After 24 hr, milt from the four treatments was used to
fertilize two replicate lots of 300 eggs. Eggs were pooled from the spawns of three females. The
percent of viable cells was measured by flow cytometry. Fertilization rate was calculated by
recording the percentage of eyed embryos.

Because data from the first experiment showed a wide variation in the milt osmolality
and the osmolality of published media were variable (175 to 400 mOsmol/Kg), the sec
experiment focused on the effect of osmolality on sperm viability. In this experiment, four
cryopreservation media were prepared: that of Mounib (1978), DCH Media (15 mM mannitol,
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45 mM sucrose, 100 MM KHCO3, 6 mM KCI, 10 mM lecithin, 6.8 mM ascorbic acid, 6.5 mM
glutathione, 5% BSA, 10% egg yolk, and 10% DMSO), that of Stoss and Holtz (1983) and that
of Legendre and Billard (1980). A double-strength recipe of each media was diluted to yield four
solutions with osmolalities of 175, 230, 275 and 400 mOsmol/Kg. The osmolalities chosen
spanned the range found when published media were prepared and the two intermediate values
were chosen to bracket the expected osmolality of the collected milt. Milt from five steelhead
trout were pooled and extended into each of the 16 media (1 part milt to 3 parts media). Diluted
milt was placed into 0.5-mL French straws, put on dry ice for 15 min to freeze and were stored in
liquid nitrogen (LN;). Samples were thawed at 25 °C and were immediately diluted into 4.5 mL
of either 300 or 600 mOsmol/Kg Erdahl and Graham’s media. The percentage of viable sperm
was determined by flow cytometry.

In the third experiment, the osmolality of fresh undiluted milt from Atlantic salmon and
lake trout was determined. Milt from individual lake trout was also diluted into Erdahl and
Graham's media of 335 mOsmol/Kg. After 24 hr of cold storage with oxygen or in diluent, the
percentage of viable sperm was determined using flow cytometry.

For the fourth experiment, a comparison of motile and non-motile sperm was conducted.
Samples were collected from eight Atlantic salmon males with motile sperm and from 12 males
with non-motile sperm. Seminal plasma was separated by centrifugation at 500-x gravity for 10
min and stored frozen for later analysis. Osmolality, and concentrations of sodium and chloride
were determined. The percentage of viable sperm was determined after 24 hr of cold storage on
oxygen or diluted (1/100) in Erdahl and Graham's media.

The fifth experiment examined the effect of urine contamination on sperm viability. The
percentage of viable sperm was determined in the milt of six Atlantic salmon males 24 hr after
being mixed with urine. Urine from Atlantic salmon was collected on the same d as the milt
samples. The following urine to milt (vol:vol) ratios were prepared: 1:9; 2:8; 4:6 and 6:4. This
was the equivalent of 10, 20, 40 and 60% urine contamination.

Experiments 1, 3, 4 and 5 were completely randomized designs. The design of
Experiment 2 was a 4 x 4 x 2 (4 media types x 4 media osmolalities x 2 post-thaw osmolalities)
factorial arrangement with two replicates. Correlation coefficient (Experiment 1) and regression
analysis (Experiments 3 and 5), analysis of variance and means were determined with the
Statistical Analysis System program (SAS 1994). Percentage data were transformed (arc-sine)
for statistical analysis.

Results and Discussion

Determination of the percentage of viable sperm using carboxyfluorescein diacetate in
combination with propidium iodide was highly correlated (r = 0.95, P < 0.05) with egg
fertilization (Table 1). An earlier study (Schneider 1993) with carboxyfluorescein diacetate alone
was not found to be predictive of sperm quality. Our data are consistent with studies using
rhodamine 123 as an indicator of mitochondrial activity (Ogier de Baulny et al. 1997). Use of
fluorescence microscopy will provide data similar to those of flow cytometry, but the
interpretation of the results will be less accurate based on visual observation because only a
limited number of sperm cells can be counted.
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Table 1. Percent egg fertilization and percent viable sperm measured by flow cytometry for
Atlantic salmon.

Storage treatment Fertilization (%) Viable sperm (%)
Oxygen 75 87
Nitrogen 59 45

Erdahl and Graham media 67 77

Billard media 1 3
Correlation r=0.95 P<0.05

The osmolality of milt from individual Atlantic salmon males ranged from 185 to 291
mOsmol/Kg (231 + 38; mean + SD). This raised a number of questions about the importance of
milt osmolality and its effect on sperm storage in media or diluents prepared at a median
osmolality for that species. Furthermore, in our early cryopreservation work when media were
prepared according to published reports, measurement of osmolality resulted in a wide variation
(175 to 450 mOsmol/Kg) among the media.

Experiment 2 (Figure 1) showed a significant 3-way (media x osmolalities x post-thaw
osmolalities) interaction (P < 0.05). After thawing, 600 mOsmol/Kg resulted in an increase in the
percentage of viable sperm in DCH media whereas the percentage of viable sperm decreased in
the other three media. The percentage of viable sperm increased at 300 mOsmol/Kg after
thawing, in the media of Stoss and Holtz (1983) as osmolality increased. The opposite was found
in DCH media. The percentage of viable sperm was variable in the remaining two media. The
highest percentages of viable sperm in Legendre and Billard (1980) media were found at 175 and
400 mOsmol/Kg, not at 230 and 275 mOsmol/Kg. Overall, it appears that DCH media supported
a higher percentage of viable sperm. Little attention has been given to the importance of
controlling osmolality in cryopreservation media and we feel that the inconsistent results found
in the literature are in part related to variation in the osmolality of media and milt.

After thawing, sperm cells in 600 mOsmol/Kg DCH media responded differently than did
cells in the other three media. The recipe for DCH media was based on media used in
metabolism studies with isolated mitochondria (Honeyfield and Froseth 1991). Additional
research is needed to explain these observations and to understand the effect of cellular uptake of
media components and their cryogenetic properties when used with fish sperm.

High variability was observed in milt osmolality of lake trout (Figure 2a). As milt
osmolality increased, the percentage of viable cells increased (Figure 2a). Furthermore, if these
milt samples were diluted at collection into a media with an osmolality of 335 mOsmol/Kg, the
percentage of viable sperm was improved (Figure 2b) for most samples. Also, the percentage of
viable sperm was similar in diluted samples (Figure 2b) to that of sperm which were separated
from seminal plasma, diluted within 30 min, and placed in cold storage for 24 hr with oxygen
(data not shown). This suggests that the elements that contribute to seminal plasma osmolality
and buffering capacity are important to sperm survival. Future research should focus on seminal
plasma composition, its production and secretion and expand on work that has been conducted in
this area (Scott and Baynes 1980, Munkittrick and Moccia 1987, Schmehl et al. 1987, Morisawa
and Morisawa 1988, Gallis et al. 1991, Ciereszko and Dabrowski 1994, Ciereszko et al.1996).
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Figure 1. Effect of media, osmolality of the media and osmolity of thawing diluting media on
percentage of viable sperm in cryopreserved milt of steelhead trout. Samples were diluted
after thawing into solutions of 300 mOsmol/Kg (white bars) or 600 mOsmol/Kg (black
bars).

There were differences in seminal plasma osmolality and sodium and chloride
concentrations between motile and non-motile sperm of Atlantic salmon (P < 0.05) (Table 2).
Values for all three variables were lower in non-motile samples. Placing non-motile sperm into a
diluent at collection made no difference in the percentage of viable cells observed. Therefore if
visual inspection indicated that sperm were not motile, placing them into diluent did not revive
them.
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method allows one to discard
sperm samples with little or no
motility. Computer analysis of
sperm motility recorded with a
high-speed video camera resulted in a more objective determination of motility and is predictive
of sperm viability (Lahnsteiner et al. 1996, Toth et al. 1997). Information available using this
technique includes percentage of motile cells, types of movement (circular, linear and non-linear)
and sperm velocity. Computer-assisted analysis and flow cytometry are each excellent methods
for evaluating sperm quality, although instrumentation costs and availability may limit their use.
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Table 2. Values (mean £SE) for seminal plasma measurements from Atlantic salmon milt.

Osmolality Chloride Sodium
Number (mOsmol/Kg) (mEq/L) (mEq/L)
Motile sperm 8 209 £ 17 86+ 6 78+ 7
Non-motile sperm 12 162 + 14 64 +6 54+5

Urine contamination of Atlantic salmon milt reduced the percentage of live sperm cells in
all samples (Figure 3). However, in four samples (Figure 3a) the slope of the lines indicated that
urine reduced sperm viability by only 0.6 to 2.5% per unit of urine contamination, whereas in the
remaining two males (Figure 3b) a more dramatic decrease was observed (5.6 to 9.2% decrease
per unit of urine). Based on this study, urine contamination in salmonids does not appear to be as
detrimental as that observed in common carp Cyprinus carpio (Perchec et al. 1995).
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Figure 3. The effect of urine dilution on percentage of viable sperm in six individual
Atlantic salmon males. Panels show the four males (A) least affected and the two males
(B) most affected by urine dilution.

In conclusion, our data and those of others (e.g. Lahnsteiner et al. 1996) support the use
of osmolality or ion concentrations in concert with motility determination as the minimum
criteria for evaluating collected milt. Flow cytometry or computer-assisted motility analysis are
more objective and precise, but instrumentation costs may limit their use.
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Annotated Bibliography of Developments in the Last Decade

Assessment of milt quality and factors affecting viability of fish spermatozoa has been an
active field, and a continual point of interest in the field of cryobiology. Technologies for
assessing fish sperm morphology, viability, DNA integrity, quality were increasingly applied to
aquatic sperm quality assessments since 2000. Sperm quality assessment techniques include
staining techniques for evaluating membrane and organelle integrity, including flow cytometry,
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Annexin V-Flourescein staining, phase contrast and epiflourescent microscopy, image
cytometry, and other techiques such as electrophoresis (comet assay) and computer assisted
sperm analysis (CASA). Further, this edition of the book incorporates a new section titled
“Gamete Quality,” including new chapters on sperm quality evaluation, flow cytometry
applications in mammals and aquatic species, and a review of CASA.
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New Chapter

Sperm Quality Assessment in Mammals by Flow Cytometry

Phillip Purdy

Introduction

The fertility of a semen sample cannot be predicted, whereas the potential for poor
fertility can be estimated by evaluating physiologic and morphologic factors (Amann and
Hammerstedt 2002). This rationale is based on the idea that while a significant amount of
information is known about sperm function, greater still is the unknown information, including
the mechanisms that are required for achieving successful fertilization. Because of this lack of
knowledge, the ability to evaluate multiple sperm characteristics simultaneously is why flow
cytometry can be of tremendous value. This chapter will provide an overview of flow cytometry,
and will include descriptions of standard procedures used to evaluate mammalian sperm that may
be adapted for use in sperm from aquatic species. In addition, the concept of multiplexing will be
introduced, providing applications that offer potential for varied analyses of sperm quality and
fertilizing potential.

Mechanics of Flow Cytometry

Flow cytometry enables evaluation of a large number of cells (usually 5,000-50,000) in
less than 1 min. The sample stream is introduced into the instrument such that single cells align
within a sheath fluid (clear analysis medium that suspends particles for analysis). The sheath
fluid passes through a chamber where the fluorescent stains used to label the target cells are
excited with one or more lasers. The number of lasers is determined by the fluorescence
excitation wavelength necessary for each stain. For example, fluorescein isothiocyanate (FITC)
requires a 488-nm laser for excitation, but if a second stain requiring a different wavelength is
added, a second laser will be needed. Initially the sperm are detected based on the forward and
side light scatter, which are indicators of the size and granularity of cells. Fluorescence emission
is detected using a series of photomultiplier tubes (PMT) so that the percentages of cells or the
amount of fluorescence in populations of interest can be determined. As an example, sperm
plasma membrane integrity is commonly evaluated (Figure 1, next page). To do this, a
combination of SYBR 14 and propidium iodide (PI) is used to distinguish target cells (SYBR 14
positive) from debris (non-fluorescing particles of a similar size), and to determine which of
these cells have damaged membranes (Pl positive) (Garner et al. 1994). In some flow
cytometers, the emitted fluorescence passes through a long-pass filter (e.g., >515 nm) to remove
background light (laser) from analysis. The fluorescence encounters one or more dichroic
mirrors that reflect light via optical filters to the PMT for detection of different fluorescence
wavelengths. Fluorescence from SYBR 14 is typically detected through a band-pass filter in the
region of 525 nm, while PI fluorescence is often detected through a long-pass filter at
wavelengths greater than 630 nm. A band-pass filter only allows fluorescence within a certain
wavelength range to pass, whereas a long-pass filter only allows fluorescence above a certain
wavelength to pass.

Purdy, P. 2011. Sperm Quality Assessment in Mammals by Flow Cytometry. In: Cryopreservation in Aquatic
Species, 2" Edition. T. R. Tiersch and C. C. Green, editors. World Aquaculture Society, Baton Rouge, Louisiana.
Pp. 219-226.
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Figure 1. Schematic representation of the flow cytometric evaluation of sperm for intact plasma
membranes (SYBR 14 positive) and compromised membranes (propidium iodide (PI) positive). The
analysis requires the use of long-pass (LP) and band-pass (BP) filters as well as a dichroic mirror
(DM) for detection of stained sperm by specific photomultiplier tubes (PMT).

Flow Cytometry Applications

The SYBR 14/ Pl analysis is one specific example of the use of flow cytometry. One of
the advantages of flow cytometry is that once a staining methodology is mastered, the same
principles can be applied to other fluorescent probes. In the previous example the fluorescence
emission was 525 nm for SYBR 14, and >630 nm for PI. After the flow cytometer is set up to
analyze these stains, it is easy to substitute and perform different analyses as long as the
fluorescence excitation and emission wavelengths remain the same. The only differences may be
in the manner in which the cells are prepared for staining. This is performed on a routine basis in
mammalian and aquatic species analyses. Another commonly used stain is rhodamine 123
(R123), which is used to evaluate mitochondrial membrane potential. R123 and SYBR 14 are
both excited at 488 nm and emit at 525 nm so each can therefore be counter-stained with PI to
identify sperm with intact plasma membranes, as has been done for Nile tilapia Oreochromis
niloticus (Segovia et al. 2000) eastern oyster Crassostrea virginica (Paniagua-Chavez et al.
2006) red seabream Pagrus major (Liu et al. 2007) and three species of sturgeon (Horvath et al.
2008). Other stains with similar excitation and emission spectra can also be interchanged, for
example the calcium indicator Fluo-3AM (Morita et al. 2003, Purdy et al. 2007) or Annexin V
which is an indicator of membrane quality and apoptosis (Purdy et al. 2007, Beirao et al. 2008).
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These reports demonstrate an important point: if the stains can be used with sperm and visualized
with fluorescence microscopy (e.g., Morita et al. 2003, Beirdo et al. 2008), they can generally be
adapted for use with flow cytometry (Purdy et al. 2007).

Additional Staining Techniques

In addition to R123, mitochondrial membrane potential can also be detected using other
stains such as MitoTracker Green FM (MITO) (Haugland et al. 1996) or JC-1, which provides a
more detailed assessment of mitochondrial function (Garner et al. 1997). In this instance the
fluorescence excitation and emissions are the same as for R123, so JC-1 can be counter-stained
with P1 for detection of membrane integrity. The advantage of using JC-1 over R123 or MITO is
that JC-1 will reveal distinct populations of sperm with low, high, or intermediate mitochondrial
activity whereas R123 and MITO are only able to reliably detect a single (qualitative) population
of cells (Garner et al. 1997).

Other staining combinations can also be performed using flow cytometry, such as
analysis of nuclear DNA content (e.g., Tiersch et al. 1989), chromatin integrity by sperm
chromatin structure analysis (SCSA) (Evenson et al. 1980), or terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) (Li et al. 2003, Oosterhuis et al. 2000, Anzar et al.
2002) but this may require different lasers or filter combinations depending on the fluorescent
spectrum of the probes that are used. For example, the use of acridine orange for detection of
chromatin decondensation requires excitation at 488 nm and emission detection at 525 nm (for
double-stranded DNA) and at 620 nm (single-stranded DNA or RNA) (Evenson et al. 1980).
Regardless, the end result is the same enabling identification of populations of sperm with
decondensed or degenerated chromatin.

Two more detailed assays that analyze the plasma membrane of the cells have been
performed with mammalian sperm to better understand cryopreservation and evaluate quality of
sperm samples. To study membrane fluidity (a measure of membrane lipid organization) of
mammalian sperm, investigators have used merocyanine 540 (M540) (Flesch et al. 2001, Hallap
et al. 2006, Marchiani et al. 2007) or N-((4-(6-phenyl-1,3,5-hexatrienyl)phenyl)
propyl)trimethylammonium-p-toluenesulfonate (TMAP) (Purdy et al. 2005). Both protocols
counter-stain sperm with PI, but M540 excites at 488 nm and emits at 525 nm (Gadella and
Harrison 2000), while TMAP excites at 355 nm and emits at 525nm (Fox and Delohery 1987).
Fluidity assays can be used to examine the membrane status of mammalian sperm, and can be
used to determine changes in phospholipids due to capacitation (Flesch et al. 2001),
environmental effects (e.g., cold shock) (Hallap et al. 2006), or different levels of epididymal
maturation (Gadella and Harrison 2000, Flesch et al. 2001) or quality (Marchiani et al. 2007).
Furthermore, this assay can also examine how membrane modifications (e.g., cholesterol
addition or removal) can affect sperm prior to and during the cryopreservation process (Purdy et
al. 2005).

Another useful assay is used to investigate the ubiquitination of mammalian sperm for
determination of fertilizing potential (Lovercamp et al. 2007, Sutovsky et al. 2002, 2003). The
rationale for this assay is that apoptotic sperm will be labeled with the ubiquitin protein so that
the sperm can be phagocytized within the testis or the epididymis (Sutovsky 2003).
Consequently, sperm samples with a high percentage of ubiquitinated sperm have been
correlated with lower fertility (Lovercamp et al. 2007, Sutovsky et al. 2002, 2003). This assay
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appears best used in conjunction with other assays to provide a broad analysis of sample quality
(Purdy 2008).

A further example of the evaluation of membrane quality and apoptotic-like events is the
use of Annexin V. This fluorescent probe binds to phosphatidlyserine (PS) on the outer
membrane of damaged sperm (Glander and Schaller 1999, Anzar et al. 2002). Healthy
mammalian sperm only have PS on the inner surface of the plasma membrane, but damage due
to cryopreservation (Muller et al. 1999, Anzar et al. 2002) or other events can cause translocation
of PS to the outer surface where it is readily labeled with Annexin V. Thus, samples with large
percentages of sperm positive for Annexin V are considered to be of inferior quality in human,
bull (Anzar et al. 2002), and ram (Glander and Schaller 1999, Miiller et al. 1999). Similarly, in
rainbow trout Oncorhynchus mykiss a preliminary study using Annexin V and PI found that
samples of thawed milt that activated readily and had exposed PS were of lower quality, and
after insemination yielded lower percentages of fertilized eggs (Purdy et al. 2007).

It is also possible to evaluate processes occurring within mammalian sperm. As
mentioned above, calcium measured using Fluo-3 AM (Bailey and Storey 1994, Parrish et al.
1999, Marquez and Suarez 2007, Colas et al. 2009, Kardirvel et al. 2009) or Indo-1 (Mendoza
and Tesarik, 1993, Dubé et al. 2003) can be monitored and used to identify the capacitation
potential of a sperm sample (Parrish et al. 1999, 2004, de Vries et al. 2003, Purdy and Graham
2004). Furthermore, while calcium levels are an indicator of capacitation and the acrosome
reaction, the intracellular signaling events of these processes can be modulated and thus
monitored using a combination of calcium and PS staining assays (de Vries et al. 2003).

Multiplexing of Stains and the Future of Analyses

Up to this point the examples have been limited to counterstaining methodology,
meaning a specific sperm characteristic (such as mitochondrial activity) is analyzed (stained),
and the sperm are counter-stained with a viability indicator such as PI. These analyses provide
useful data but the methodologies are not efficient for several reasons. Multiple aliquots per
sperm sample must be prepared to analyze different sperm characteristics and depending on the
instrument used, the flow cytometer may also have to be re-calibrated due to the different
staining procedures or different desired laser settings for each stain. For example, although
SYBR 14 and Annexin V excite and emit at the same wavelengths, it may be necessary to use
different voltage settings on the laser to excite the specific stains (Purdy, unpublished data). As a
result, the user may have to analyze all of the samples for a particular stain, and then recalibrate
the flow cytometer for the new stain before analysis of the second set of samples. The drawback
can be degradation of the samples while waiting, particularly if thawed sperm are being
analyzed, which can produce incongruous results due to sample status and quality. This is more
of an issue with older flow cytometers because the newer systems enable the user to rapidly
switch analysis protocols by use of software and maintain the integrity of each analysis.

Until recently, the ability to combine stains for multiplexing (staining and analysis using
three or more stains) has been an issue primarily due to a limited number of fluorescent stains.
Companies such as Molecular Probes/Invitrogen (Eugene, Oregon, USA) and others have
addressed this issue, by producing new stain combinations that incorporate a variety of excitation
and emission wavelengths. Peanut lectin (PNA), for example, has been classically used in
mammalian species for identifying acrosome-reacted sperm (Tao et al. 1993, Cheng et al. 1996,
Nagy et al. 2003, Purdy 2008). Because the most common laser setting was 488 nm the PNA

222



Sperm Quality Assessment in Mammals by Flow Cytometry Purdy

lectin was conjugated with a FITC molecule to emit at 525 nm. As a result FITC-PNA could not
be combined with most other probes for simultaneous evaluation of sperm characteristics, other
than P1 for membrane integrity. To overcome this issue, the PNA lectin can now also be
purchased from Invitrogen with the conjugated fluorescent molecules ALEXA 488, 568, 594 and
647 nm (emission values), thus enabling combination with other fluorescent stains for
simultaneous analysis within a single sample. Several companies are now producing probes that
can fluoresce at multiple wavelengths similar to the range of ALEXA molecules. While the
choice of fluorescent stains for any application is limited by the lasers and filters of a particular
flow cytometer, the expansion of products provides a greater range of applications for most flow
cytometry systems.

Many flow cytometers are now equipped with two or three lasers and numerous filter sets
(e.g., seven on the Cyan ADP model, Beckman Coulter, Miami, Florida, USA) enabling
simultaneous evaluation of multiple cell characteristics. For example, simultaneous analysis of
SYBR 14, phycoerythrin-PNA, and PI can be used to identify the sperm population (SYBR 14
positive) while excluding other particles such as egg yolk (no fluorescence/SYBR 14 negative),
sperm with intact acrosomes (PE-PNA negative), and sperm with intact plasma membranes (PI
negative), all within individual samples (Nagy et al. 2003, Hallap et al. 2006). Furthermore, this
analysis can also provide data about live, acrosome-reacted populations of sperm (SYBR 14
positive, PE-PNA positive, Pl negative) and dead populations (PI positive). As a result, the time-
consuming labor of staining and standardization for multiple sample preparations is minimized.
The real value is that researchers can evaluate multiple characteristics in the same sample and
thus avoid tube-to-tube variation in physiologic evaluations, all within a matter of sec.

Conclusions

The goal of flow cytometric evaluation of sperm from any species is to reliably analyze a
large number of cells for multiple physiological characteristics in a short time. The use of dual-
staining and multiplex analyses enables this, however flow cytometric evaluation should be used
in combination with other analyses, such as microscopic or automated motility evaluation. As a
result, a more accurate picture of the quality or physiological state of sperm samples will be
determined and therefore provide greater feedback to investigators or other end users.
Information of this sort on gamete quality will assist commercial adoption and widespread
application of cryopreservation in aquatic species.
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New Chapter

Male Germplasm in Relation to Environmental Conditions:
Synoptic Focus on DNA

Jill A. Jenkins

Introduction

Wild animals are generally more sensitive than humans to environmental stressors, thus
they can act as sentinels for resource degradation. Sublethal stress is generally manifested first at
the sub-organismal level, where immune systems are compromised, reproductive success is
reduced, and genetic integrity is altered. Biomarkers — variables quantifiably responsive to
changes in the environment — provide useful information to resource managers and regulatory
agencies. Biomarkers of sperm quality are proving useful in this capacity, as well as in artificial
breeding. Cellular and molecular bioassays can help to determine mechanisms of action of
deleterious agents, predict fertility and reproductive potential, and model population-wide and
community level effects. A sequence of biomarker assays can be tailored to fit species of
concern, to study physiological effects responsive to known contamination events, and can be
selectively applied to fresh, thawed, and fixed samples, as well as those shipped to the laboratory
from field sites (Jenkins et al. 2010).

Prognostic sperm quality criteria of the World Health Organization (WHO 1987) include
motility, cell morphology, and sperm counts. Other andrology endpoints can include evaluation
of sperm membrane integrity (viability), mitochondrial membrane potential (mitochondrial
function), acrosome reactivity, and chromatin condition. Because particular parameters provide
variable utility in studies (Marchetti et al. 2002, Malo et al. 2005) and are not often or
consistently evaluated, this chapter will focus on the utility of sperm DNA. Structural integrity of
DNA can yield superior diagnostic and prognostic information on fertility potential (Agarwal
and Said 2003), is particularly important for fishes that reproduce by external fertilization, and
has been suggested for use as a primary measure in examining among-male variation and for
choosing samples for further study (Jenkins et al. 2011). Sperm chromatin condition can be
measured by a variety of techniques for a multitude of endpoints.

The Field Investigation Approach

Characterizing reproductive condition of fishes from site locations typically begins with
whole animal condition, organosomatic indices (gonadosomatic index [GSI] and hepatosomatic
index [HSI]) (Schmitt et al. 1999). For collection of wild fish for endocrine disruption studies, a
few geographically extensive surveys have focused on subsets of biomarker assays for potential
endocrine disruption, such as determination of plasma sex-steroid hormones, stage of gonadal
development, and plasma vitellogenin, which is an egg protein that indicates exposure to
estrogenic compounds when found in male fish (Goodbred et al. 1997). Values for HSI can
decrease in fish stressed by adverse changes in water quality (Lee et al. 1983), and sometimes
reflect fish nutritional state because of liver glycogen storage, yet HSI can increase after exposure
to certain types of contaminants (e.g., petroleum hydrocarbons) (Baumann et al. 1991). However,

Jenkins, J. 2011. Male Germplasm in Relation to Environmental Conditions: Synoptic Focus on DNA. In:
Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch. and C. C. Green, editors. World Aquaculture
Society, Baton Rouge, Louisiana. Pp. 227-239.
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use of cell and molecular biomarkers lessens the uncertainty of data interpretation in
investigations involving endocrine disrupting compounds (EDC). As stated above, prognostic
sperm quality criteria can include evaluation of motility, cell morphology, sperm counts, sperm
membrane integrity (viability), mitochondrial membrane potential (mitochondrial function),
acrosome reactivity, and chromatin condition. Structural integrity of DNA can yield superior
diagnostic and prognostic information on fertility potential, and sperm chromatin condition can
be measured by a variety of techniques and endpoints. Studies of this type are ideally suited for
application of flow cytometry to evaluate single cells such as from sperm or blood, or cell
suspensions derived from tissues, and have been used for a variety of applications. Evaluation of
spermatogenesis illustrates of the breadth of application for flow cytometry (Table 1).

Table 1. Representative studies using flow cytometry for assessment of spermatogenesis.

Discipline Model Citation
Assisted reproduction, Kaufman and Nagler 1987, Giwercman et al. 1994, Dey
dysfunction diagnosis Human et al. 2000, Coskun et al. 2002, Levek-Motola et al. 2005

Chemotherapeutic testing Mouse Jyothi et al. 2001

Hamster Weissenberg et al. 2002
Toxicity testing Rat Wade et al. 2006, Yoon et al. 2003

Mouse de Vita et al. 1995, Evenson et al. 1986
Reproductive biology Mouse Petit et al. 1995

Rat Malkov et al. 1998, Suter et al. 1997

Mammals Suresh et al. 1992
Tilapia Tokalov and Gutzeit 2005

Loach Yoshikawa et al. 2009
Medaka Hong et al. 2004
Eel Miura et al. 2002
Endocrine disruption Mosquitofish  Jenkins et al. 2009, Jenkins and Draugelis-Dale 2006

Other than some studies with captive male broodstock and artificial spawning efforts, few
investigations have addressed evaluation of sperm quality by flow cytometry in natural
populations of fish or mammals (Jobling 2002a,b, Jenkins and Goodbred 2005, Malo et al. 2005,
Jenkins and Draugelis-Dale 2006, Goodbred et al. 2007, Marr 2007, Jenkins et al. 2011).
However, strategies for field collection and laboratory assessments of sperm quality were
recently developed for use with endangered razorback suckers Xyrauchen texanus (Jenkins et al.
2011), where field collections were coupled with laboratory analyses more than 1,600 km
distant. Enhanced success in field collection of milt or testes translates to meaningful analyses
and data interpretation, where the requirements for each species include specific ionic, osmotic,
and pH conditions, and use of antibiotics (e.g., largescale suckers Catostomus macrocheilus from
the Columbia River Basin).

Endocrine Disruption
Hormonally active EDC can alter function of the endocrine system to cause adverse
effects in organisms, progeny, or subpopulations (Vos et al. 2000). Agricultural runoff, human

wastewater effluent, and industrial sources including inorganic and organic chemicals introduce
mixtures of estrogenic and androgenic compounds into the aquatic environment (Kolpin et al.

228



Male Germplasm in Relation to Environmental Conditions Jenkins

2004, Orlando et al. 2004). Feral male fish have been illustrative of site-specific ECD effects,
where common carp Cyprinus carpio in Lake Mead National Recreation Area, Nevada/Arizona
displayed lower gonadosomatic indices, lower proportions of sperm relative to other germ cell
stages, higher incidences of macrophage aggregates (Patifio et al. 2003), and other reproductive
parameters (Goodbred et al. 2007, Jenkins and Goodbred 2005). Within the Potomac River where
notable fish kills have occurred, male smallmouth bass Micropterus dolomieu showed high
incidences of microscopic testicular oocytes, indicating exposure to EDCs (Blazer et al. 2007).
Because the reproductive physiology of vertebrates is similar, cross-taxa comparisons are
relevant (Mills and Chichester 2005), hence enabling comparisons across species.

When the male endocrine system is affected, the function of spermatozoa may be
influenced. Wild male roach Rutilus rutilus receiving treated sewage effluents in rivers in the
United Kingdom were more affected than females, displaying reduced milt volume and sperm
density, and motility and fertilization were negatively correlated with histological feminization
(Jobling et al. 2002a,b). Some EDC congeners and metabolites are known to have specific
targets, such as di-n-phthalate which produces adverse effects on the male reproductive tract,
ultimately disrupting spermatogenesis (Lee and Veeramachaneni 2005), and polychlorinated
biphenyls which interfere with androgen receptor ligand-binding domains (Portigal et al. 2002)
and reduce human sperm counts (Rozati et al. 2000).

Additionally, many EDC are considered to be toxic, or as having carcinogenic potential,
adding substantially to adverse health effects in light of the mutagenic properties relating to the
EDC itself and the oxidative damage to DNA generated by compound metabolism or
inflammation (S¢rensen et al. 2003). For example, hexachlorobenzene (HCB), a fungicide
banned for use in the United States since the mid-1960s, is considered an animal carcinogen.
Normal development of the male rat reproductive tract has been impeded by HCB, which
interferes with androgen action (Ralph et al. 2003). Taken together, male germplasm represents
an ideal cell and molecular target for in-depth studies of potential effects of compromised aquatic
conditions. The remaining text will focus on technologies, in particular flow cytometry, that are
often used in assessments of male fertility in humans and wild animals that can be adapted for
use with species of interest.

Spermatogenic Stage of Cellular Development

The progression of spermatogenesis in fish is influenced by estrogenic, androgenic, and
progestogenic sex steroids (Schulz et al. 2010). This highly organized and coordinated process is
characterized by mitotic and meiotic divisions that transform the spermatogonia into final, mature
genome vectors, the spermatozoa (Schulz et al. 2010). While fishes vary in the number of
spermatogonial generations, the process is conserved in vertebrates. Spermatids undergo a final
differentiation period known as spermiogenesis, during which the DNA is maximally compacted.
Chromatin is a complex of DNA, histones, and non-histone proteins, whereby during
spermiogenesis protamines with a high charge density replace histones resulting in maximal
genome compaction. Because these small nuclear basic protein types vary among fishes (Ausio et
al. 2007), their genome compaction level is variable. Because ratios among protamines and
histones are important determinants of fertility for mammals, this warrants further investigation
in fishes, especially in light of cryopreservation of sperm from endangered species (Ausio et al.
2007).
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The sex steroids are mainly produced in the gonad, and the endocrine system plays a
critical regulatory role in the early developmental stages of spermatogenesis. In fish, higher
proportions of spermatids reflect greater spawning readiness, and generally a higher
gonadosomatic index. Within spermatogenic cells, the relative numbers of nuclei with different
ploidy levels are easily measured by DNA staining followed by analysis using flow cytometry
(Figure 1, next page). This process is less subjective and time-consuming than histopathological
or stereological methods.

Flow cytometry is a sophisticated way to reveal spermatogenic processes and has long
been used with humans as a non-invasive clinical assay and with animals in various studies, but
has only been applied sparingly for field EDC studies for which histopathology data exist
(Aravindakshan et al. 2004, Lee and Veeramachaneni 2005). Flow cytometric data were
indicative of site differences in a study along a gradient of wastewater treatment plants where the
western mosquitofish Gambusia affinis was a surrogate fish model for the federally listed Santa
Ana sucker Catostomus santaanae. This type of detailed information (Figure 1, next page) can be
of utility in monitoring and regulating the presence of EDC in waterbodies, as well as in
aquaculture biotechology applications (Schulz et al. 2010).

Staining of DNA in conjunction with other cell parameters such as cell size, granularity,
mitochondria, and proteins has allowed for differentiation of somatic cells in rat testicular cell
suspensions (Suter et al. 1997, Malkov et al. 1998), in primary germ cell culture of Nile tilapia
Oreochromis niloticus (Tokalov and Gutzeit 2005), and in the unisexal loach Misgurnus
anguillicaudatus (Yoshikawa et al. 2009). Overall, different phases of the cell cycle can be
accurately quantified by flow cytometry (Dallas and Evans 1990). For example, if diploid white
blood cell types are inherent in milt samples, this may indicate an immunologically challenged
individual.

Sperm Counts

Sperm counts are a fundamentally important predictor of male fertility, and knowledge of
numbers in vitro is a critical quality control measure for cryopreservation studies (Dong et al.
2007). Although fairly well studied with rodent models, few studies have been conducted in
aquatic species to examine whether estrogenic chemicals affect the numbers of sperm produced.
Reduced testosterone in western mosquitofish could contribute to lowered sperm counts (Toft et
al. 2003). In guppies Poecilia reticulata, sperm counts were dramatically reduced following 21 d
of exposure to low levels of tributyltin or bisphenol A (Haubruge et al. 2000), and after feeding
with anti-androgenic compounds p,p’-DDE, a metabolite of the banned pesticide dichloro-
diphenyl-trichloroethane( DDT), and the fungicide vinclozolin, yet GSI was not affected in
experiments with guppies (Bayley et al. 2002). These results underscore that cellular responses
are sensitive indicators of reproductive quality, and that thresholds vary among species.

Many technigues and instruments can be used for estimating numbers or density of
spermatozoa per unit volume of milt or weight of testis, including hemocytometers, spermatocrit,
Coulter counter, and spectrophotometry. Flow cytometric counting can be performed in several
ways using different methods and instruments, and provides accurate assessments (Evenson et al.
1993, Eustache et al. 2001). In relation to DNA, sperm counts can be performed by staining
nucleic acids and comparing these values to a known number of fluorospheres (Jenkins et al.
2011).
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Figure 1. Flow cytometric histograms of western mosquitofish testicular cells stained with
propidium iodide to analyze relative DNA content. A) Only single nuclei were evaluated (those
within the rectangular gate). Aggregates of nuclei were excluded from analysis by using “doublet
discrimination” based on width (FL2-W) and area (FL2-A). B) The “1C” (haploid) peak included
spermatids and spermatozoa; “2C” included spermatogonia, somatic cells, and secondary
spermatocytes, and “4C” included primary spermatocytes and somatic cells at the mitotic (G2/M)
phase. Data from the same individual are shown in panels A and C, from another individual in B
and D, and two other individuals in E and F. In panels C-F), peak heights indicate varied
proportions of haploid, diploid interphase (2C), and post-DNA-synthesis diploid (4C) nuclei, and
arrowheads indicate haploid nuclei at two levels of DNA compaction.
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Integrity of DNA

The potential for drugs and other agents to induce cytotoxic or genotoxic cellular effects
has been measured using flow cytometry (Dallas and Evans 1990). Clastogenic agents cause a
loss of DNA integrity, where broadening of the Go-G; (interphase) peak in cell populations
exposed to cytotoxic agents is a biomarker response (Dallas and Evans 1990). Fragmentation of
nuclear DNA is a biomarker that has been related to effects in individuals and populations
(Figure 2, next page). A limited number of agents damage DNA, including radiation (Blaustein
et al. 1997), reactive oxygen intermediates that are generated in excess from decontamination
processes (Shen and Ong 2000), and direct contact with environmental anthropogenic chemicals.
Such factors, and a lack of antioxidants, can interact to damage DNA (Lopes et al. 1998). Loss of
DNA integrity, induction of DNA repair proteins, and apoptosis (also characterized by loss of
DNA integrity) are mechanistically linked, occur somewhat sequentially kinetically, and their
measurement provides an integrated and comprehensive assessment of the cytogenetic process.

Genomic DNA alterations or fragmentations are widely used in physiological, genetic
and toxicological studies. Many waterborne contaminants have cytogenetic properties, which
cause enhanced frequency of chromosomal aberrations or the alteration of the structure of DNA.
Field studies documenting altered blood DNA content or profile upon exposure have included
radionucleotides with turtles and ducks (George et al. 1991), mercury with largemouth bass
(Sugg et al. 1995), petrochemicals with wild rodents (McBee and Bickham 1988), aromatic
hydrocarbons with English sole (Jenner et al. 1990), radioisotopes with slider turtles (Lamb et al.
1991), contaminants with great blue herons (Custer et al. 1997), and pesticides with green frogs
(Lowcock et al. 1997). Levels of double-stranded DNA breaks were found to be negatively
correlated with mosquitofish fecundity (Theodorakis et al. 1997). Studies of this type require
specific precautions in sampling and analysis to prevent misinterpretation of tissue-level
differences in admixtures of cell types as being indicative of cancerous or other pathological
effects (Tiersch and Wachtel 1993). In addition, although the integrity of paternal DNA is crucial
for conveying correct genetic material to embryos, fertilization may not be inhibited by certain
forms of damage (Ahmadi and Ng 1999).

Several methods exist for analyzing DNA integrity of fresh cells, including comet
analysis (Singh et al. 1989, Mitchelmore and Chipman 1998) and the sperm chromatin structure
assay (SCSA) (Evenson et al. 1999). Few, if any, methods have yet been designed for direct
assessment of DNA fragmentation in fixed sperm cells. However, a flow cytometric method was
developed and optimized for testicular cells from yellow perch Perca flavescens, largescale
suckers (Jenkins, unpublished data), and common carp (Jenkins et al. 2011). Overall, the
intranuclear DNA of fixed cells was stained following incubation with acid and heat exposure,
making strand breaks more available for intercalation of the DNA stain and consequent detection
(Figure 2). The nuclei outside the main population (NOMP) (Jenkins et al. 2011) are analogous
to cells outside the main population (COMP) in the SCSA (Evenson et al. 1999).
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Figure 2. An example of DNA integrity screening using four fish collected from natural water
bodies. The top panels are from razorback suckers and show two-dimensional plots of sperm nuclei
stained with propidium iodide. In these plots the main population of nuclei appears within a pre-set
gate (the oval outlines above, with the corresponding population percentage identified as “R2”). The
percentages of nuclei outside this main population (NOMP) (outside the oval gate) were equal to
7.3% (panel A) and 1.8% (B). The NOMP nuclei had fragmented DNA and appeared smaller
(indicated by FSC-H) than nuclei within the main population. In one largescale sucker (panel C),
10.9% were NOMP having higher fluorescence (indicated by FL2-A) and smaller size (arrowhead)
than those in the main population. Less fragmentation was observed in another largescale sucker
(D) with 4.4% NOMP.

Because of the universality of the DNA molecule, agents that are genotoxic for one group
of living organisms are typically genotoxic for other groups (Al-Sabti 1985). Thus, biomarkers of
molecular genotoxicity can be effective early warning tools. Data on DNA fragmentation levels
can be used to screen milt samples for further use, and can be complementary to other sperm
quality biomarkers (Jenkins et al. 2011).
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Conclusions

Male fish offer procedural advantages compared to females for studying the effects of
compounds that cause endocrine disruption. Flow cytometry is a well-established clinical
research tool that is well suited for detection of cytotoxic injury in organisms exposed to
environmental contaminants (Dallas and Evans 1990). It allows rapid, accurate, and relatively
inexpensive cytogenic testing, and because milt, like blood, consists of individual cells in
suspension, sperm samples can be easily stained and analyzed for multiple parameters. The
gamete quality assays discussed above provide great utility for assessment of reproductive
capacity in natural populations, and can be applied in selecting males for artificial spawning,
gamete storage, and post-thaw evaluation. As these techniques are developed and further
validated, they create opportunities for gamete quality evaluation in aquatic species that could
assist widespread adoption and commercialization of germplasm banking by cryopreservation.
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Application of Computer-assisted Sperm Analysis (CASA) to Aquatic Species

Huiping Yang and Terrence R. Tiersch

Introduction

Computer-assisted sperm analysis (CASA) (also referred to as computer-assisted semen
analysis) uses computer software to collect, detect, identify, and quantify attributes of motility in
a sperm sample. It was first designed for use in humans and livestock, and is considered to be an
objective, accurate approach for sperm motility assessment in mammals because it relies on
actual counts and measurements rather than subjective observation and estimation. Basically,
these systems comprise three components: 1) an optical system; 2) a method for image capture,
and 3) data analysis and reporting. Currently, several manufacturers provide complete CASA
systems or software (listed in Table 1). Based on the descriptions from the associated user
manuals, the basic functions of these systems are similar and are typically based on quality
standards developed for human semen put forth by the World Health Organization (World
Health Organization 2010).

Table 1. Examples of commercially available systems for computer-assisted sperm analysis.

System name Manufacturer Location
Medea LAB Medea LAB Bruckberg, Germany
Sperm Vision Minitube of American Verona, WI, USA
AndroExpert AndroExpert Haus am See, Switzerland

Sperm Quality Analyzer (SQA-V)

Integrated Semen Analysis System (ISAS)

Sperm Class Analyzer (SCA)
IVOS sperm analyzer
CEROS sperm analyzer
Image J

Hobson Sperm Tracker

The CellTrak/S system

Sperm Motility Quantifier (SMQ)

Olympus Micro Image Analysis
CASAS-QH-Q

Mika motion analyzer software

Image-Pro Plus 5.0

Auto sperm™

Medical Electronic Systems
Projects i Serveis R+D S.L.

Microptic S. L.

Hamilton Thorne

Hamilton Thorne

National Institutes of Health
Hobson Vision Ltd

Motion Analysis Corporation
Wirson Scientific and Precision
Equipment

Olympus C&S

Qinghua Tongfang

Medical Technologies Montreux

SA
Media Cybernetics, Inc.

MedCalc Software bvba

Los Angeles, CA, USA
Valencia, Spain
Barcelona, Spain
Beverly, MA, USA
Beverly, MA, USA
Bethesda, MD, USA
Derbyshire, UK

Santa Rosa, CA, USA

Auckland Park, South
Africa

Czech Republic
Beijing, China
Clarens/Montreux,

Switzerland
Bethesda, MD, USA

Mariakerke, Belgium

* This device does not require image capture.

Yang, H. Y. and T. R. Tiersch. 2011. Application of Computer-assisted Sperm Analysis (CASA) to Aquatic
Species. In: Cryopreservation in Aquatic Species, 2™ Edition. T. R. Tiersch and C. C. Green, editors. World
Aquaculture Society, Baton Rouge, Louisiana. Pp. 240-254.
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To produce accurate and reliable results by use of CASA, a series of parameters and
thresholds in the system need to be properly established to ensure that sperm cells can be
recorded and sorted into appropriate categories such as cell size, contrast, and identification of
movement. These settings are essential for the application of CASA, and are based on
characteristics such as size, shape, and swimming trajectory of sperm from each species. For
most CASA systems, these settings can be validated by playing back of videos in sequence and
inspecting the frames in real time to confirm if the cells were categorized correctly.

Some Characteristics of Sperm from Aquatic Species

Compared to mammalian sperm, fish sperm possess some specific characteristics and
show great diversity among species. Accordingly, the CASA settings for analysis of fish sperm
are different from that for mammalian sperm. With respect to size and morphology, fish sperm
heads are usually around 2-5 pm, much smaller than those of mammalian sperm (8-10 um). The
morphology of fish sperm, especially ultrastructure, varies enough from species to species to be
used as phylogenetic criteria (Jamieson 2009).

For motility activation and swimming duration, fish sperm possess characteristics
different from mammal sperm. Generally, fish sperm are quiescent in the testes, and their
activation relies on the difference in osmotic pressure or ion levels between the testicular fluid
and the outside environment (Morisawa and Suzuki 1980, Coward et al. 2002, Alavi and Cosson
2006) and also can be influenced by factors such as pH and temperature (Alavi and Cosson
2005). Upon activation, fish sperm show only a short swimming duration time (from 30 sec to 5
min, except for sperm from live-bearing fishes and some euryhaline fishes), while mammal
sperm usually can swim for d. In addition, fish sperm move faster than the mammalian sperm,
and the movement trajectory can be different.

As general approaches, collection of fish sperm samples can be performed by stripping or
by crushing of testis. These latter samples can include immature sperm cells or somatic cells
which require specific thresholding of parameters to distinguish them from sperm cells. Usually
the parameters for recording of movement need to be set manually, and in terms of the specific
values chosen, can be fairly subjective. This problem is exacerbated in aquatic species because of
the great variability in sperm morphology and physiology (Jamieson 2009), and due to the short
time of peak motility duration in most species (< 30 sec). Therefore, to achieve accurate results
in aquatic species, it is necessary to establish suitable parameters concerning image capture, cell
size, speed values, light intensity and contrast, and photometer settings for each species based on
sperm characteristics and condition (e.g., fresh, refrigerated, or post-thaw samples).

Current Application of CASA in Aquatic Species

Genetic improvement has driven great production gains in livestock industries such as
poultry and dairy, and advances have been made for aquatic species (Burnell and Allen 2009).
Preservation of valuable germplasm can improve genetic resources and reproduction, and also
can be applied to conservation of imperiled species. So far, sperm cryopreservation has been
studied in more than 200 species since its beginning in the 1950’°s (Blaxter 1953), and has been
applied to large-bodied aquaculture fish species and small aquarium fishes (e.g., (Yang and
Tiersch 2009). However, evaluation of gamete quality is still an extremely important but highly
problematic component in sperm cryopreservation. To evaluate male gamete quality, work began
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in the late 1970’s in mammals to develop objective, automated technologies to rapidly evaluate
sperm movement. This led to development of CASA systems that became widely commercially
available in the 1990’s, and have been adopted in biomedical applications and for use with high-
value livestock.

In the late-1980°s CASA was first applied to use in fish. Since then (at time of this
writing) there have been 62 publications addressing this topic. Of these, 56 are peer-reviewed
primary research articles, and 6 are reviews. The bulk of this research addresses demonstration of
the feasibility of CASA application in fish (only 2 publications address invertebrates). The types
of research address the following topics: sperm characteristics, motility changes after exposure to
toxic chemicals and hormone treatments, sperm enzymology, motility characteristics in relation
to storage solutions (e. g. pH, buffer, and osmolality), and sperm motility after cryopreservation.
Most of the research utilized fresh sperm collected by stripping or crushing of testis, and only 7
of these reports addressed thawed sperm.

Generally, no standardization of methodology exists for CASA application in fish and
shellfish. Indeed, 23 of these publications did not include any statements concerning instrument
settings (Table 2), and several publications mentioned only certain parameters such as definitions
for progressively motile or static cells. Proper parameter settings are essential to ensure that the
images collected and analyzed are the targeted sperm cells. Also, 30 of these publications did not
report sperm concentration, while 11 provided a dilution ratio only. The type and depth of
viewing slides for loading of samples can affect the concentrations determined by CASA, and
potentially influence sperm movement. Most publications described the types of slides used, but
with large variation in detail. Temperature can be a factor controlling motility, especially
swimming velocity. Of the 56 reviewed publications, 26 did not report sample temperature at the
time of images capture. In addition, the time interval prior to the start of image capture after
motility initiation and the timing of data collection periods are critical factors for analysis of
velocity and motility because fish sperm are often motile for only sec to min, and the duration of
burst speed can be short (10-20 sec). Rapid sample handing followed by high speed video
recording is required to monitor this window. Of the 56 publications, 46 described this in some
way, but most lacked information to clarify even if the starting time and period of video capture
used for analysis were within the window of maximal sperm motility.

With respect to the output parameters used for sperm quality in these publications, most
reported motility, progressive motility, velocity (um/s) including average path velocity (VAP),
straight line velocity (VSL) and curvilinear velocity (VCL), and other parameters such as beat
cross frequency (BCF), lateral head displacement (ALH), and swimming duration time.

Overall, the previous studies summarized in this review have demonstrated the feasibility
of CASA for aquatic species, and showed that several output parameters are useful for evaluating
gamete quality. However, routine application of CASA in aquatic species is limited by: 1) lack
of clearly established instrument settings, especially for material other than fresh, stripped sperm
of fish; 2) lack of standardized protocols, and 3) consequently because of these deficiencies, not
taking advantage of the full range of analysis capabilities of these powerful instruments. These
shortcomings need to be addressed by systematic evaluation of representative panels of aquatic
species from freshwater, marine, euryhaline, anadromous, and catadromous habits with external
and internal fertilization.
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Table 2. Summary of previous publications addressing the use of CASA for aquatic species (arranged in chronological order).

Time intervals

Citation Species Sample Temp. Sperm Slide type and Frames Settings
P type (°C) density depth Image Data per sec reported
capture  analysis
Boitano and Rainbow trout Definition of
Oncorhynchus Fresh 10 -- Regular glass slide At 10 sec 2 sec 30 linear, arched, &
Omoto 1992 - .
mykiss circular
o 20-um p-Cell semen At 12-14  15-20 sec;
TO%;E al. Ccorrlilrr]rllj(:t:;?rli)o Fresh 23-25 rzlil(;lgg? chamber (Fertility = sec for 1-  25-30 sec; 200 Detailed listing
yp P Y Technologies) 2 min 55-60 sec
Christ et al. Hemocy-  20-um p-Cell semen 15-20 sec;
1996 Common carp Fresh 23-25 tometer chamber -- 55-60 seo 200 Same as above
. At 5 sec
. Lake sturgeon Neubauer 20- um Microcell .
Ciereszko et . Fresh & . . & 5 min
Acipenser 15 counting (Conception 25 frames 200 --
al. 1996 thawed . for 20-30
fulcescens chamber Technologies) sec
Kime et al. Af_rlcan Ce.ltﬁ.Sh Fresh -- Dilution -- At20sec 15secx4 25 Detailed listing
1996 Clarias gariepinus only
. . 10-um Marler
Ravinder et Common carp Fresh 23 Dilution chamber (Fertility At 10 sec -- 250r 60  Detailed listing
al. 1997 25 only .
Technologies)
o At 5 sec
Toth et al, Lake sturgeon Fresh 12 Dilution 20-pm E_Ce” semen for 25 -- 200 Detailed listing
1997 only analysis chamber sec
Fathead minnow .
Creech et al. Pimephelas Fresh RT 60—109 B At 10 sec 2 sec 30 Cited another
1998 sperm/view X4 reference
promelas
Clereszko et Muskellu_n ge Esox Thawed 22 -- 20-pum Microcell At15-20 25 frames 200 --
al. 1999 masquinongy sec
Linhart et al. Common carp Thawed -- Dilution Regular glass slide At 10 sec 15 sec -- Threshold

2000

only

velocity only




Time intervals

Citation Species Sample Temp. Sperm Slide type and Frames Settings
P type (°C) density depth Image Data  persec reported
capture  analysis
Rurangwa et . Fresh & Dilution rlO—w&;leultlteslt- At 0 sec 15 secfat > Modﬁ}ed.
al. 2001 African catfish thawed RT only slide Wlt. coverslip ", .~ seca t.er -- settings of Kime
' (ICN Biomedicals) activation et al. 1996
Kime and o
Tveiten Sp Ott?d WOlfﬁSh Fresh -- -- 12-well shdg with At 30 sec 15 sec -- Detailed listing
Anarhichas minor cover slip
2002
Rurangwa et African catfish & 10-well multitest At 5 sec .
al. 2002 common carp Fresh B N slide with cover slip ~ to 20 sec h h Kime et al. 1996
Schoenfuss Goldfish Fresh _ __ . _ . _ .
et al. 2002 Carassius auratus
Van Look o
and Kime Goldfish Fresh - - [2-well slide® with 4 6o 520sec - Detailed listing
2003 cover slip
Fifteen-spined
Elofsson et stickleback — . -
al. 2003 Spinachia Fresh 15 -- 12-well slide At 20 sec -- -- Detailed listing
spinachia
Warnecke 10-um chamber ..
and Pluta Common carp T;Zi?eic 20+1 -- (Stroemberg/Mika- ?;:55 Sseecc 32 frames 50 Def;llgiiﬁ?s of
2003 CMA) Y
Aravindaksh Spottail shiner
an et al. Notropis Fresh -- By CASA -- 5 sec -- -- --
2004 hudsonius
Asturiano et European eel Fresh i Hemocy- m;fgggifsoszgge d B . _ .
al. 2004 Anguilla anguilla tometer

with 10% BSA




Time intervals

Citation Species Sample Temp. Sperm Slide type and Frames Settings
P type (°C) density depth Image Data  persec reported
capture analysis
0.5-sec
Burness et Bluegill Lepomis Fresh 20 Dilution Improved Neubaur  readings 60 sec after . Definition of
al. 2004 macrochirus ratio only hemocytometer X 6in90 activation motility
sec
. 30-45, 45-
Kleinkauf et Flounder Fresh - - 12-well slide* ~ At15sec 60, & 60- - -
al. 2004
75 sec
Three-spined 0to 105
Le Comber stickleback Dilution - sec at 15- . .
et al. 2004 Gasterosteus Fresh - ratio only 12-well slide sec - - Detailed listing
aculeatus intervals
Vermeirssen Al_tlliantéc I};aSISIEEt Fresh . _ PTFE-coated slide _ . . .
et al. 2004 'PPOg (ICN Biochemicals)
hippoglossus
Asturiano et Hemocy-
al. 2005 European eel Fresh -- tometer -- -- -- -- --
10, 20, 30, 10 sec
Burness et . Hemocy- 45, 60, & Definition for
al. 2005 Bluegill Fresh 20 +1 tometer - 120 sec gfter. B immotile
activation
for 0.5-sec
Dietrich et . 12-well slide* with At5to . L
al. 2005 Rainbow trout Fresh 20 -- cover slip 20 sec -- 50 Detailed listing
Contrast,cell
) . . . At 0 sec .
Urbach et al. Arctic charr Fresh . _ Micro slide with 15 _ 50 size,VAP
2005 Salvelinus alpinus cover-slip . threshold &
min
VSL
Babiak et al. . . Hemocy- Counting chamber AtO0to Contrast, cell
2006a Atlantic halibut Fresh 6-8 tometer (Leja products) 105 sec h >0 size




Time intervals

Citation Species Sample Temp. Sperm Slide type and Frames Settings
P type (°C) density depth Image Data per sec reported
capture  analysis
Babiak et al. Atlantic halibut Fresh 20 Dl.lutlon Burker’s chamber At 30 sec 0.5 sec - Defined static
2006b ratio only cells
Felip et al. Dilution ) Immotile, slow,
2006 European sea bass ~ Fresh -- ratio only Regular glass slide At 5 sec -- 25 moderate, & fast
Hu et al Amphioxus Hemocy- At0.5, 4 Isr\rzlvrarlloitrllle’
' Branchiostoma Fresh RT Y - & 10 min - - waymns,
2006 - tometer circular &
belcheri for 3 sec .
progressive
. European smelt o At 4 sec
Kowalski et Osmerus Fresh 4 D1.1ut10n 12-well slide* for 12 -- -- --
al. 2006 ratio only
eperlanus sec
- . Static cells:
Locatello et Guppy Poecilia Fresh 2% . 12-pm microcell . _ _ VAP, VCL &
al. 2006 reticulate chamber
VSL
Holt et al. . Dilution Neubaur At 0 to
2007 Bluegill Fresh 20 ratio only hemocytometer 60 sec 3-10 sec 30 -
Liu et al. Red seabream Fresh & 10-pum chamber (20- .
2007 Pagrus major thawed 18-20 - ul) At 10 sec -- 24 Defined motility
Wilson- 12-well (12-um)
. : 1 V)
Leedy and Zebraﬁsl_l Danio Fresh 20+ 1 slide co.ated with 1% At 15 sec _ 97 _
Ingermann rerio polyvinyl alcohol
2007 with cover slip
Wojtczak et Spectro- _— At 15 to
al. 2007 Common carp Fresh -- photometer 12-well slide 30 sec -- -- --
Cabrita et al Senegalese sole AtlS,
’ £ . Fresh -- -- - 30,45 & -- - -
2008 Solea senegalensis
60 sec
European
Ciereszko et whitefish Fresh & 1
al. 2008 Coregonus thawed - -- 12-well slide At 5 sec 15 sec -- --

lavaretus




Time intervals

Citation Species Sample Temp. Sperm Slide type and Frames Settings
P type (°C) density depth Image Data  persec reported
capture  analysis
Dietrich et . Spectro- 12-well slide*with At5to . .
al. 2008 Rainbow trout Fresh RT photometer cover slip 20 sec -- -- Detailed listing
Fitzpatrick Blue mussel 1-mm welled slide
et al. 2008 Mytilus trossulus Fresh h Yes with cover slip h 0.33 sec 60 -
Jha et al. 20-pum chambered 0.5-sec X
2008 Blue mussel Fresh 20 -- slide -- 10 60 --
Martinez- At 15,
Pastor et al. Senegalese sole Fresh - - - 30,45 & - - -
2008 60 sec
Kime et al.
Sineh and Stinging catfish Slide coated with 1996, 2001;
Sin %1 2008 Heteropneustes Fresh -- By CASA 1% polyvinyl At15s -- -- Chowdhury and
& fossilis alcohol Joy 2001 with
modifications
Gilthead sea
bream Sparus
Zilli et al. aurata & Striped Fresh _ _ 12-well slide . with a At 15 sec 45 sec _ Detailed hstlpg
2008 sea bream cover slip for each species
Lithognathus
mormyrus
Gasparini et G Fresh G%?ES .Sll.lde coatig Defined static
al. 2009 uppPy es - - With stiicone wi h - h cells
cover slip
Krol et al. Eurg[;;a:rjrsnelt Fresh _ Yes Method of Kawalski _ _ _ _
2009 et al. 2006
eperlanus
Ottesen et . . Standard counting
al. 2009 Atlantic halibut Fresh 7 -- chamber (Lcja) -- -- -- --
Chinook salmon . At10 &
Rosengrave Regular glass slide 20 sec
Oncorhynchus Fresh 12 -- . . -- -- --
et al. 2009a with cover slip for 0.5
tshawytscha




Time intervals

Citation Species Sample Temp. Sper_m Slide type and Frames Settings
P type (°C) density depth Image Data per sec reported
capture  analysis
At10 &
5055 r;g(,)r ggg Chinook salmon Fresh -- -- -- t%(?r sae(; -- -- Defined motility
sec
iit?.eg(%ss Goldfish Fresh 22 -- -- -- -- -- --
Slides coated with
Wilson- 1% polyvinyl At 0 sec Refers to
Leedy et al. Zebrafish Fresh -- -- alcohol, 0.5-mm for 150 -- 97 Wilson-Leedy et
2009 perfusion chamber sec al. 2007
(Invitrogen)
Zilli et al. Gilthead sea Fresh _ B 12-well slide* with B _ _ _
2009 bream cover slip
Dietrich et Vendace Fresh 6 B 12-well slide* with B _ _ _
al. 2010 Coregonus albula cover slip
Groison et European hake At 15 sec ' o
Merluccius Fresh 22 -- -- for 30 or 15 sec 25 Detailed listing
al. 2010 .
merluccius 120 sec
Mosambique
tilapia At 0 sec
Marchand et OreocrII)romis Fresh RT -- 2-ul Leja chamber for 50 first 10 30 --
al. 2010 . sec
mossambicus & sec
African catfish
--: Not reported.

RT: Room temperature.

*12-well slides: 12-well multi-test slide from ICN Biomedicals.
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Outlook for Future Application of CASA in Aquatic Species

Sperm quality analysis and control are necessary components for a wide range of
programs including aquaculture, cryopreservation, and environmental monitoring. Currently,
germplasm cryopreservation, distribution, and development represent a multi-billion dollar
global industry for improvement in livestock industries. These activities provide a working
blueprint for establishing parallel industries in aquatic species, and allow adoption of the
equipment originally developed for mammals for use in fish and shellfish such as CASA
systems. The publications summarized in Table 2 demonstrated the potential for application of
CASA in fish and shellfish. However, to fully integrate CASA into aquaculture or germplasm
programs as a reliable tool for evaluation of gamete quality, more investigation is needed. An
approach for integration could include the following:

1) As stated above, standardized settings are essential for collection of data used for
analysis. Data collection by CASA can be entirely dependent on control of settings (such as
brightness and contrast) and protocols (such as timing of data capture). Due to the specific
characteristics and diversity of fish sperm compared to mammal sperm, a panel of aquatic
species to represent freshwater, marine, and euryhaline habitats (including species with distinct
motility characteristics such as live-bearers) needs to be evaluated at controlled conditions (e.g.,
concentration and temperature). Standardized procedures for CASA parameter settings need to
be established, and thus can serve as templates for use with new species in the future. In addition,
sperm collected by stripping or dissection of the testis (necessary in some species) in fresh,
stored, and thawed conditions needs to be compared for parameter settings.

2) Standardized procedures for data collection and analysis are needed to ensure reliable
results. This is a large problem for several reasons. For example, most fish sperm are motile for
30 sec or less. However, CASA systems are generally designed for use with mammalian sperm
which can be continuously motile for d. Thus, rapid data collection is necessary for fish sperm.
The interval timing and duration chosen for analysis is critical to ensure observations are made
during the time of peak motility. In addition, the problems associated with proper mixing of
samples with activating solutions and development of volumetric chambers suitable for use with
sperm of aquatic species need to be addressed.

3) Identification of output parameters in CASA analysis is most useful for estimation of
gamete quality and prediction of sperm viability during refrigerated storage and shipping, after
thawing, and in use for fertilization. After locking in the settings and protocols, it will be
necessary to link the output parameters available from CASA analysis to sperm fertility for use
with aquatic species.

4) Eventual integration of instrument settings, protocols, and output parameters into
practical methodology would be the goal for application across a broad range of aquatic species.
Such an approach would allow specific, systematic and repeatable analysis profiles for sperm
before freezing and after thawing, and would allow work to be directly compared across species
and laboratories.

The problems encountered in navigating this pathway to standardized CASA application
have been addressed previously in livestock species such as cattle, swine, and horses. As such,
they could provide useful templates for planning and implementation of informed approaches
relevant to aquatic species (e.g., see the Technical Guide for IVOS, TOX IVOS, and CEROS,
version 12.3, August 27, 2007, Hamilton Thorne Biosciences, Beverly, MA, USA).
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