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Summary and thesis outline
Summary and thesis outline
Patagonian blenny (Eleginops maclovinus) is a teleost species that is the unique member
of the Eleginopidae family. It is an important resource for Chilean artisanal fishing
communities but capture numbers have progressively decreased and the genetic
diversity in remaining stocks is less than desirable. Basic aspects of its reproductive
biology of this species have been described and spermatological research has recently
begun. At present, Patagonian blennies are successfully maintained in captivity in a
research facility, and semen can be obtained for in vitro studies using abdominal
massage. Short-term storage, therefore, may be a worthy strategy and a valuable
technique for the conservation of the endemic Patagonian blenny.
Fish sperm short-term storage allows for storage of spermatozoa at low temperatures to
maintain minimum metabolic activity. Refrigerated storage (4 °C) of semen with
suitable conditions could allow for transportation and handling of gametes so as to
minimize the damage in a short period of time (hours to weeks). This may allow for
gamete storage and selecting semen for in-vitro mass fish reproduction. Hence, the
following hypothesis was proposed: ―Patagonian blenny sperm quality decrease under
cold-storage conditions (4°C) could be reduced by designing a storage strategy based on
sperm quality-marker data collection for 14 days‖.
The aim of this study is to evaluate the ultrastructure and pre-fertilization quality
estimators of E. maclovinus sperm during short-term cold storage, to gather information
allowing for optimization or to improve its management for the artificial reproduction
the species.
Before addressing this matter, we briefly explore the general background of the Chilean
aquaculture, the Patagonian blenny reproductive profile and short-term storage of fish
vi

Summary and thesis outline
spermatozoa. After this, a review of the current bibliography on teleost spermatozoa is
presented.
First, determinations of E. maclovinus spermatozoa morphology and ultrastructure were
performed by electron microscopy, and at the same time seminal parameters were
analysed. These determinations allowed defining the spermatozoa normal concentration,
organization, pH and osmolarity.
To study sperm quality over storage time (4 °C), scanning electron microscopy (SEM),
cytofluorimetric analysis (membrane integrity; reactive oxygen species (ROS)
generation; mitochondrial membrane potential) and cell respiration/mitochondrialfunction analysis (ATP content; oxygen consumption) were used as sperm qualityestimators, performing analyses during day 0, 3, 7, 10 and 14 of storage. Two different
storing solutions were used to compare the effect of storing-time over sperm quality,
one available in commerce and other available in bibliography. Storing solution
extended the viability of sperm when there were long storage times. Factors that have a
greater effect on the quality of semen during storage are reactive oxygen species
generation and ATP depletion. We found that Patagonian blenny spermatozoa can be
stored up to 10 days at 4 °C using a common physiological saline media.
Overall results are discussed in the final chapter, concluding the following: (1) Quality
loss of Patagonian blenny (Eleginops maclovinus) spermatozoa is reduced during in
vitro cold-storage by diluting with a common extender solution for fish semen; (2) ROS
are the main antagonist in sperm quality preservation whether semen is diluted or not,
yet for Patagonian blenny sperm diluting is necessary to reduce spermatozoa excessive
concentration; (3) Methods used in this work have proven being useful for accurately
determining

pre-fertilization

quality

of

spermatozoa.
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Chapter I: General introduction
1.1 General Introduction
Chilean ichthyofauna have a low number of species and high endemism because of the
national geographical and geological features (Ruiz & Berra, 1994). Nevertheless, fish
stock, as in overseas, is affected by anthropogenic activities (Worm & Branch, 2012).
In-vitro fertilization, which is well studied and applied in introduced fish (mainly for
mass food production), is an alternative for native fish stock recuperation that should be
studied further (FAO Report No. 846, 2011). In this thesis, we studied the sperm
function under short-term storage conditions of a marine teleost species that is
vulnerable in some regions of Chile (Ruiz & Marchant, 2004) to learn how to handle invitro their sperm to future applications for aquaculture diversification using this species
and, later, other native marine species.
Fish sperm short-term storage allows for storage of spermatozoa at low temperatures to
maintain

minimum

metabolic

activity,

but

above

freezing

point

(unlike

cryopreservation) to avoid ice crystal formation and the addition of cryoprotectants that
would affect the chemical and physical properties of the seminal plasma (osmotic
pressure, pH, density, among others; Contreras et al., 2017). Fish gamete short- and
long-term preservation has an increasing number of applications, but with this
technology there are also many challenges (Asturiano, Cabrita, & Horvath, 2017). As a
result of fish sperm short-term storage, there is reduction of gamete quality (i.e.
reduction of the capacity for fertilization of an egg and subsequent development of a
normal embryo) over-time due to plasma membrane damage, motility reduction and
chromosomal DNA damage (Bobe & Labbé, 2010). Refrigerated storage (4 °C) of
sperm with suitable conditions, however, could allow for transportation and handling of
gametes so as to minimize the damage in a short period of time (hours to weeks). This

2

Chapter I: General introduction
may allow for gamete storage and selecting semen for in-vitro mass fish reproduction
(Mylonas & Zohar, 2000).
Mattei (1991) reported for the first time the great biodiversity of fish spermatozoa by
describing the morphology of several fishes‘ spermatozoon. There were differences in
biology and morphology of spermatozoa of several species reported for fish both closely
and distantly related. These differences also are associated with differences in
biophysical and chemical processes using different storing protocols for different
species such as Oncorhynchus mykiss (Pérez-Cerezales et al., 2009; Ubilla, et al., 2015;
Merino et al., 2017), Salmo salar (Dziewulska, Rzemieniecki, & Domagała, 2010;
Merino et al., 2011), Lota lota, Perca fluviatilis, Alburnus alburnus (Lahnsteiner &
Mansour, 2010), Huso huso (Aramli, 2014), Morone saxatilis (Guthrie, Welch, &
Woods, 2014), and several others.
The function of diluents during sperm in-vitro storage is to lower cell concentration,
keeping them in a quiescent state. Diluents also prevent oxidation of the mitochondrial
and plasma membranes, providing energy substrates and isosmolarity in the
extracellular medium (Tiersch et al., 2007; Ubilla et al., 2015). There are several reports
of successful protocols for sperm storage of specific teleost species using formulated
diluents as extender solutions [e.g., Mirror carp (Cyprinus carpio; Bozkurt & Secer,
2005), pufferfish (Takifugu niphobles; Gallego et al., 2013), rainbow trout
(Oncorhynchus mykiss; Merino et al., 2017), among others].
The first report of the use of a physiological saline medium created specifically for fresh
water teleost was by Wolf (1963) and named Cortland saline solution after the
laboratory responsible for the development of the formula. Several researchers use
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Cortland solution, modified or unmodified, to study different aspects of fish physiology
and reproduction (Magnotti et al., 2018).
Over the last century, fish-farmers have focused their efforts on improving technologies
for use in aquaculture enterprises in which there is fish production and development as a
human food source. The depletion of natural wild fish resources was never considered
until recently. At present, over 80% of the world‘s fish stocks, for which assessment
information is available in FAO records, are reported as fully exploited or
overexploited, thus requiring effective and precautionary management (Worm &
Branch, 2012). As a result, aquaculture is being looked upon as an approach for food
production, or conservation and restoration of natural stocks, and one key step to
achieve this goal is the in-vitro management and preservation of gametes (Tiersch et al.,
2007).
Patagonian blenny (Eleginops maclovinus) is a teleost species with great commercial
and sporting value; it is the unique member of the Eleginopidae family (Near,
Pesavento, & Cheng, 2004) and it has been an important resource for Chilean artisanal
fishing communities. Capture numbers of Patagonian blenny have progressively
decreased during the last 4 decades, likely because of overfishing (Quiñones & Montes,
2001) and the genetic diversity in remaining stocks is less than desirable. Basic aspects
of its reproductive biology of this species have been described and spermatological
research has recently been reported (Valdebenito et al., 2017). At present, Patagonian
blenny are successfully maintained in captivity in a research facility, and semen can be
obtained for in vitro studies using abdominal massage. Short-term storage, therefore,
may be a worthy strategy and a valuable technique for the conservation of the endemic
Patagonian blenny by allowing in-vitro fertilization studies and cryopreservation
process for this species.
4
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The aim of this study is to evaluate the ultrastructure and quality estimators of
Patagonian blenny (E. maclovinus) sperm during short-term cold storage, to gather
information that could allow an optimization and/or improvement of its in vitro
management for artificial reproduction of this species.
1.2 Hypothesis
Information and data related to Patagonian blenny (Eleginops maclovinus)
spermatozoon, and hence its morphology, ultrastructure and cellular metabolisms, are
scarce. On the other hand, there is no defined protocol for the in-vitro management of E.
maclovinus sperm, and up until now, semen extraction management is primitive and
inadequate. Preliminary results indicate that after 5-hour storage, the undiluted semen
maintains 70% cells with motile capacity, in relation to the semen diluted with a
commercial-wide-range extender. Moreover, motility parameters rapidly decrease over
time in comparison with salmo salar semen under the same conditions, for which a
similar protocol is applied. Visualizing damage, oxygen consumption and ATP levels
during cold storage, and relating them to sperm function markers will give answers
about how quality diminishes during cold storage. The study of the characteristics of
spermatozoa and seminal plasma will allow enhancing the storing time and maintaining
fresh sperm quality for longer periods, in comparison with undiluted semen and semen
diluted with a fish physiological saline media (PSM).
Given the above, the following hypothesis is proposed:
―Patagonian blenny sperm quality decrease under cold-storage conditions (4°C) could
be reduced by designing a storage strategy based on sperm quality-marker data
collection for 14 days‖.
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1.3 General objective:
To evaluate the characteristics of Patagonian blenny (E. maclovinus) spermatozoa and
their sperm quality over storage-time (in cold, 4°C) so as to establish an in-vitro
management protocol for their short-term storage, based on sperm and mitochondrial
function (also seminal plasma pH and osmolarity), that would allow preserving their
quality and fertilizing capacity, in relation to freshly obtained semen, for a period of at
least seven days.
1.4 Specific objectives:
1. To characterize the spermatozoa and seminal fluid pH and osmolarity during cold
storage (4°C).
2. To evaluate spermatozoa quality-markers (mitochondrial and sperm function
parameters) during cold storage.
3. To establish an in-vitro management protocol for cold-storage (4°C) and handling of
Patagonian blenny semen, in order to maintain the quality of fresh semen and enhance
its storage time.
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Abstract
Chilean aquaculture has been sustained mainly by salmonid culture, and this productive
dependence became apparent during the collapse of the Atlantic salmon culture in 2007,
that generated an acute economic crisis in this sector due to the lack of available fish for
harvesting, processing and exporting. Nowadays, Chilean salmon-culture is not free
from fish health issues. In response to this situation, national producers privileged
salmonid culture of less commercial attractiveness, such as Coho and Chinook salmon.
On the other hand, national producers are now seeking for new species for cultivation.
In order to upgrade local low scale aquaculture and optimize the production of fresh and
salt-water fish species, one of the critical points is the improvement of the delayed invitro fertilization, requiring the need of generating new methods for cold storage (shortterm preservation) and cryopreservation (long-term preservation) of gametes. In this
aspect, the Patagonian blenny (Eleginops maclovinus) is an endemic species of Chile
and Argentina that could be potentially cultivable, nevertheless little is known about the
reproductive behaviour of the E. maclovinus, and even less about its reproduction
biology. Short-term storage has been considered a useful strategy for preservation of
threatened or endangered fish species; therefore, it may be a worthy strategy for the
cultivation/conservation of the Patagonian blenny. In this review we explore the
bibliographic background on Patagonian blenny reproduction profile and teleost shortterm storage.

9

Chapter II: Background
2.1. Introduction
Chilean aquabusiness, in terms of teleost fish, is mainly composed of salt-water fish
capture and salmonid species culture. During the last two decades, the development of
salmon-culture in Chile has been sustained mainly by the culture of four salmonid
species, which comprise the Atlantic salmon (Salmo salar), rainbow trout
(Oncorhynchus mykiss), coho salmon (Oncorhynchus kisutch) and Chinook salmon
(Oncorhynchus tshawytscha). The turbot (Psetta maxima), which is a non-salmonid
specie, is also cultured at a lower scale (SUBPESCA, 2015).
Atlantic salmon (Salmo salar) has been of the most productive importance, mainly due
its higher market prices in comparison with the rest of the cultured species, situation
that, before the salmon crisis, was reflected by a production volume that ranged between
55 and 63% of the total of salmonid cultured in Chile (SERNAPESCA, 2007). This
productive dependence, quasi monospecific, of the national salmon-culture became
apparent during the collapse of the Atlantic salmon culture, situation that began since
2007, as a consequence of the massive mortalities occurred in several sea culture
facilities, derived from the outbreak of the Infectious Salmon Anemia virus (ISA), that
generated an acute economic crisis in this sector due to the lack of available fish for
harvesting, processing and exporting (Bustos, 2012). Also, in the last decade, Chilean
salmon-culture has been affected by an augment of the occurrence of the ectoparasite
Caligus rogercresseyi or sea louse that have also contributed largely in fish mortalities
(Fundación-Chile, 2015). These ictiopathologic events gave place to a deep revision of
the existing production strategy in national salmon-culture, being the need of refocusing
the production one of the solution insights, which considered the use of a higher gamma
of species with the purpose of improving the sustainability of this aquabusiness activity.
In response to this situation, national producers privileged salmonid culture available in
10
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the productive system, particularly coho salmon and rainbow trout, mainly by being
asymptomatic to the ISA virus, which led to an increase in its levels of production,
despite of presenting a less commercial attractiveness in comparison with Atlantic
salmon (Colihueque, 2015). On the other hand, national producers are now seeking for
new species to cultivation (aquaculture diversification). After all, Chilean hydrography
has several species of high culinary value, and some of them could be cultured if proper
research is done.
Nowadays, both local fish and fishermen are being displaced by industrial fishing and
aquaculture, causing severe social and economic problems in the fisheries and
aquaculture sector in some countries, including Chile. To overcome this issue, for the
sake of independent fishermen and marine diversity, a possible solution could be the
evolution of artisan fishermen to fish farmers, yet first is necessary to upgrade the low
scale aquaculture to be more accessible to small entrepreneurs and research for new
local species for the introduction to aquaculture.
In order to upgrade local low scale aquaculture and optimize the production of fresh and
salt-water fish species, there is the need of improving the fish farming management
practices and technologies for local fish farmers, and having a better comprehension of
the reproduction of local high commercial-value fishes. To accomplish this, one of the
critical points is the in-vitro fertilization process, requiring the need of generating
protocols for cold storage (short-term preservation) and cryopreservation (long-term
preservation) of unstudied fish gametes to achieve high fertilizing capacity and sperm
integrity preservation (hence, the genetic material). This will allow a secure and healthy
offspring.
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In this aspect, the Patagonian blenny (Eleginops maclovinus) is a teleost species of high
commercial and sporting value in Chile, where its diversity could be endangered. In
Chile the Patagonian blenny has been exploited since 1957 and landings drastically
decreased from 1970 reaching 294 ton/yr in 2005 (OECD.stat, 2018), according to the
records of the Fisheries and Aquaculture Department of the Food and Agriculture
Organization of the United Nations (FAO). Despite being a scarce resource it has not
been declared as an endangered species yet. Little is known about the reproduction
behavior of the E. maclovinus, and even less about its reproduction biology. Fish sperm
of several teleosts is described, such as the common carp, Atlantic salmon, rainbow
trout (Mattei, 1991) but not of the Patagonian blenny.
Short-term storage has been considered a useful strategy for preservation of threatened
or endangered fish species by allowing continuous fry production even if there is lack of
spermiating males or asynchronous maturation of male and female broodstock
(Basavaraja & Hegde, 2005; Aguilar-Juárez, Ruiz-Campos, & Paniagua-Chávez, 2014).
Therefore, it may be a worthy strategy for the conservation of the endemic Patagonian
blenny. Short-term storage of E. maclovinus sperm until eggs become available for
reproduction in captivity may enhance programs for species conservation. This would
also allow transportation of sperm to hatcheries with fertile female broodstock, or when
difficulties arose in obtaining synchronization of male-female maturity. In addition, due
to the high genetic diversity that this species would have, short-term sperm conservation
could solve the problems of unwanted inbreeding (Aguilar-Juárez et al., 2014).
2.2 Eleginops maclovinus reproductive profile
The E. maclovinus is the only member of the family Eleginopsidae described so far
(formerly classified as Nototheniidae family) (Betancur et al., 2013) and resides mainly
12
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in the southern coasts of South America, from Rio de la Plata river mouth in the
Atlantic ocean to the south cone of South America, including the Falkland islands, and
from there to Valparaiso by the Pacific Ocean (Miranda, 1967; Gacitúa, Oyarzún, &
Veas, 2008). E. maclovinus is recognized as a strictly coastal species, with neriticdemersal to bento-neritic traits, found typically associated with estuaries (Pequeño,
1979). During certain life stage enters from the sea to the river mouths, where it remains
living near the bottom, feeding on algae and small invertebrates (Guzmán &
Campodónico, 1973), and presents dietary differences along their geographical
distribution due to the variety of environmental offer from one area to another
(Licandeo, Barrientos, & Gonzáles, 2006), even preying on juvenile salmonids (Zama &
Cárdenas, 1984). Table 2.1 describes the maturity stages for E. maclovinus.
As for the population, Gómez (1996) found a very low genetic variability for samples
from Bío-Bío River and Calbuco. The author found only one polymorphic loci out of 19
analyzed, concluding that the Patagonian blenny has low genetic variability (Gacitúa et
al., 2008).
According to Panozo (1996), partial spawning takes place in June in centralsouth of
Chile. Ruiz (1993) stated that spawning takes place in estuaries and the early planktonic
stages remain there until they reach the juvenile stage when they start making incursions
into adjacent coastal waters. Juveniles move between coastal and estuarine waters and
some were reported several kilometers upstream in rivers (Ruiz, 1993).
The E. maclovinus may have increased its fecundity further by becoming a protandrous
hermaphrodite (i.e. where an organism is born as a male, and then changes sex to a
female) to fit the size advantage model (Ghiselin, 1969) enabling a better female
reproductive success with a size-dependant fecundity increase (Warner, 1988).
13
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Table 2.1. Maturity stages for female and male Eleginops maclovinus (adapted from
Brickle et al., 2005).

Maturity Stage
I
(immature)

II
(resting)

III
(early developing)

IV
(late developing)

V
(ripe)

VI
(running)

VII
(spent)

VIII
(Recovering spent)

Female ovaries

Male testis

Transparent, colourless or
grey straight ribbon

Transparent, colourless or grey
straight ribbon

Colour, length and presence
of capillaries for testis. No
visible eggs

Translucent, grey-red. Gonads c.
half length of ventral cavity.
Outer edge starting to become
pleated or frilly. One or two
capillaries present

A few visible eggs

Heavily frilled, no milt present

Orange-red. Clearly
discernible eggs

Reddish-white. No semen
obtainable by stripping, although
visible (may be necessary to cut
open to ascertain presence)

Eggs completely round.
Some already translucent
and ripe

Extremely pleated. White and
full with drops of semen
obtainable by stripping

Roe runs freely when slight
pressure is applied

Semen runs freely when slight
pressure is applied

Purple or red, not
Purple or red, not completely
completely empty. No
empty
opaque eggs left in the ovary
Red and empty. A few eggs
in state of resorption

Red and empty
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Histological analysis revealed that individuals of intermediate length (41–45 cm)
usually had both types of gonad tissue. Therefore, within one individual, testicular
tissue develops, degenerates and is replaced by ovarian tissue (Calvo et al., 1992). To
diagnose a sex changer it is important to demonstrate the presence of individuals with
intermediate gonad structure (Shapiro, 1987).
The E. maclovinus relative fecundity (mean 796 eggs g-1 total weight) is the highest in
contrast to Antarctic and sub-Antarctic notothenioids, whose relative fecundity usually
varies between five and 80, and sometimes up to 100–300 eggs g-1 total weight (North,
2001). A combination of small eggs and large body size in females allowed E.
maclovinus to attain its high fecundity: with a potential fecundity of 10–50 million eggs,
and a final fecundity of 1–7 million eggs (Kock, 1992). The main spawning peak occurs
in late austral autumn in Argentina (Panozo, 1996), but in the Falkland Islands it occurs
in austral spring with a supposed autumn reproduction being of secondary importance.
It is likely that such differences in reproductive patterns between continental and island
populations reflect a general flexibility of life cycle strategies in this euryhaline and
eurytopic species (Brickle, Laptikhovsky, & Arkhipkin, 2005).
2.3 Short-term storage of fish spermatozoa
Achieving at least seven days storage of fish sperm, under an uninterruptible cold chain,
one can be assured that the gametes can be transported safely from the spawning sites to
far away hatcheries or research labs, and handling them for the wanted purpose. For
short-term uses, storage below freezing point should be avoided because damage to the
cell is imminent. It is well known that short-term storage of fish sperm reduces gamete
quality and fertilization capacity over-time due to plasma membrane damage, motility
reduction and chromosomal DNA damage (Bromage, 1995; Nordeide, 2007; Bobe &
15
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Labbé, 2010). Gamete quality and fertilization capacity are connected to the bioenergetic metabolisms of the mitochondria (Cartón-García et al., 2013). However little
research has been centered on ultrastructure, genome, and function of the spermatic
mitochondria, which would allow understanding and integration of the physiology and
biophysics in fish reproduction.
The factors to be considered when storing fresh spermatozoa from fish are temperature,
gaseous exchange, sterile conditions, and dilution (Stoss, 1983). Fish sperm short-term
storage keeps spermatozoa at low temperatures to maintain metabolic activity to a
minimum, but obove freezing temperatures to avoid ice crystals and the addition of
cryoprotectants that would affect the chemical and physical properties of the seminal
plasma (Osmotic pressure, pH, density, etc.). An optimum storing temperature could
vary across species and in the early twentieth century several reports of different species
were tested in storing temperatures between 0 and 8 ºC (Stoss, 1983), but nowadays the
use of standard refrigerating temperature at 4 ºC is generally accepted, since bacterial
growth is inhibited at this temperature and below this point ice crystal could begin to
form as water density begins to decrease. Supercooling, i.e. maintaining the aqueous
medium below the theoretical freezing point avoiding ice seeding, was considered a
promising way to store semen for longer periods (Stoss, 1983), but anti-freeze
technologies (still) is not enough for this matter as it is still requiring the use of
cryoprotectants and anti-freezing solution that are not compatible with short-term
storage purpose and the freeze-and-thawing process is preferred instead.
The role of gaseous exchange is critical and is highly dependent on the species and
dilution of sperm. In some cases, anaerobic storage conditions appear favorable, as in
several non-salmonid species studied (Stoss, 1983). Air and, preferably, pure oxygen
are most suitable for maintaining cell viability. This fact was first demonstrated in
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stored trout sperm under air and oxygen at 0 °C. Motility was induced in sperm samples
stored for 4 days under an O2 atmosphere, but this was not possible in corresponding
air-stored samples after 24 hr. Later, the importance of sufficient gas exchange was
demonstrated in stored Salmo salar sperm. When kept in vials at 2-3°C under air, full
fertility was maintained for at least 5 days; however, samples kept in sealed vials
showed reduced fertility after 1 day. By providing air, sperm from Oncorhynchus
gorbuscha and Oncorhynchus nerka was kept for 4 days (3°C) before noticing a
reduction in fertility. Because desiccation is a problem during prolonged storage, Salmo
gairdneri sperm was kept under moisture-saturated O2, or air (Stoss, 1983).
Because oxygen enters samples by diffusion, its availability within a sample decreases
with increasing distance from the surface. For this reason, fertility is best maintained in
samples approximately 6-mm deep. Increasing the sample depth reduces storage ability
drastically. This observation may partly explain the enormous variability in the reported
storage capability of salmonid sperm lasting from hours to weeks (Stoss, 1983). By the
other hand, it has been reported that the aerobic pathway produces higher levels of
oxygen free radicals (ROS), which have been associated with defective sperm function
in fish spermatozoa (Pérez-Cerezales et al., 2009; Bansal & Bilaspuri, 2011; MartínezPáramo et al., 2012).
Keeping sterile condition from gamete collection to gamete manipulation is very
important to avoid contamination. In case of most species, the collection of semen void
of urine is very difficult when stripping is carried out and this contamination often
causes sperm quality and storage duration to decrease (Chereguini et al., 1997).
The use of diluents for the storage of fish spermatozoa may provide better control of the
physiochemical conditions during storage than would be possible in undiluted semen.
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An ideal diluent is (1) isotonic, (2) has a good buffering capacity, (3) contains nutrients,
stabilizing colloids, and antioxidants, (4) is antibacterial, and (5) has, in general, a good
keeping quality. For fish sperm it is also a requirement that the diluent does not activate
motility of spermatozoa (Stoss, 1983). Diluents that correspond to the ionic composition
of seminal plasma, have often been preferred to media, such as fish Ringer's or
Cortlands medium, which are based on blood plasma (Büyükhatipoglu & Holtz, 1978).
Fresh water as a sperm diluent is unsuitable, although sometimes proposed (Poon &
Johnson, 1970; Plosila et al., 1972). The function of diluents is to protect the
spermatozoa from the toxic action of the products of cell metabolism and sudden
changes in temperature, avoiding damage to the sperm during storage. They also
prevent oxidation of the mitochondrial and plasma membranes, providing energy
substrates and isosmolality in the extracellular medium (Ubilla et al., 2015).
Chereguini et al. (1997) compared the effect of different diluents (Undiluted (control),
Ringer 200 and ASL2) on turbot (Scophthalmus maximus) spermatozoa survival after
short-term storage (6 ºC, up to 28 hours) under O2, N2 and air atmosphere where the
survival rate was significantly higher with air than with oxygen or nitrogen. Contrary to
rainbow trout (Oncorhynchuss mykiss) sperm (Billard, 1983), the spermatozoa of turbot
could not be stored under an oxygen atmosphere and under anaerobic conditions and,
consequently, the influence of O2, concentration in storage gas (21 % in air) could be
high. Mentioned data confirm that it is possible to store turbot sperm in Ringer 200 or
ASL2 extenders at 6 ºC while maintaining a good fertilizing ability after 3-day-storage
and a decline in sperm quality after 6 days. ASL2 is significantly better than Ringer 200
after 6-day-storage (Chereguini et al., 1997).
McNiven et al. (1993) evaluated fresh storage of raibow trout (Oncorhynchus mykiss)
semen at 4°C in various matrices with a non-aqueous fluorocarbon mixture of
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perfluoroalkane and perfluorocyclic ether. The undiluted semen, as control, suffered a
rapid deterioration demonstrating that an air atmosphere with or without saturation was
insufficient for optimal storage of semen. Their results showed that semen stored above
the oxygenated fluorocarbon layer in a moisture-saturated atmosphere could contain
viable sperm for 37 days (McNiven et al., 1993).
Mirror carp (Cyrinus carpio) semen can be successfully preserved for 72 h at 4 °C using
Kurokura‘s extender (Kurokura et al., 1984; Bozkurt & Secer, 2005).
Studies on pufferfish (Takifugu niphobles) sperm (Gallego et al., 2013) were done using
a seminal-like solution as dilution agent (seminal plasma-like solution; SLS) (Krasznai
et al., 2003) stored in 4 different ways: i) undiluted fresh sperm was kept in an open
Eppendorf microtube; ii) undiluted fresh sperm was kept in a closed Petri dish; iii) fresh
sperm was diluted in SLS (1:50) and kept in a closed Petri dish, and finally, iv) fresh
sperm was diluted in SLS (1:50) containing 2% BSA (w/v) and kept in a closed Petri
dish. All the samples were stored in a refrigerator at 4 °C during the whole experimental
period. Undiluted pufferfish sperm showed significantly lower values in the sperm
quality parameters than diluted sperm samples at all the incubation times. On the other
hand, within the undiluted samples, microtube vials generated better results than Petri
dish storage. Through the use of diluents, it is possible to preserve pufferfish sperm for
a short-term period (up to 7 days without differences compared to fresh sperm) for use
in aquaculture matters (Gallego et al., 2013).
Şahin et al. (2013a) tested four extenders for short-term storage of rainbow trout
(Oncorhynchus mykiss) semen and one, in particular, containing 2 gl-1 of glucose,
showed better results. Similar results were reported in Salmo abanticus (Hatipoğlu &
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Akcay, 2010), Salmo coruhensis (Şahin et al., 2013b) and Ctenopharyngodon idella
(Bozkurt, Öğretmen, & Seçer, 2009).
Different dilution ratios were also tested in rainbow trout, using Erdhal and Graham‘s
antibiotic-free extender solution (Aguilar-Juárez et al., 2014) for short-term storage at 4
ºC for 9 days kept in sealed Eppendorf microtubes, achieving better results with dilution
ratios increasing progressively from 1:3 to 1:9.
A standard storage protocol previously validated in several other marine species
including Sciaenidae of the Gulf of Mexico was successfully tested: the motility of
Atlantic croaker sperm can be significantly prolonged by cold-storage in 1:3 HBSS at
200 mOsm kg-1 as compared to undiluted-sperm (Leclercq et al., 2014).
2.4. Conclusions and perspectives on future directions
Chilean aquabusiness is not socially and environmentally sustainable. As in all over the
world, is expected to deplete the wild fish stock in a few decades if there are no
important changes in aquaculture and fisheries industries, which should be integrative
with species conservation and environment care.
Comprehension of the Patagonian blenny sperm under cold short-term storage is a key
step to carry out cultivation of this specie. If Patagonnian blenny sperm keeps its
motility, fertilizing capacity and DNA integrity when stored in cold (short-term) storage
for at least five days using a well-established preservation medium, this would imply
that this species is cultivable in vitro for production, preservation and biotechnological
purposes, as the Patagonian blenny could act as an controller of the Caligus
rogercresseyi (Sea louse) in cultivated salmon, reducing the use of antiparasitics
(Fundación Chile, 2015). Also, if alterations to structural, functional, and genetic
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mechanisms of the mitochondria during in vitro management are identified, storage
could be improved. Therefore, evaluating the sperm and mitochondrial function in the
Patagonian blenny (E. maclovinus) sperm during short-term storage, characterizing its
morphology as well, would permit the development of a biotechnological tool that
optimizes the reproduction of this and another species for Chilean aquaculture.
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Abstract
There is an extraordinary diversity of reproductive modes in teleost and this variability
is related to the phylogenetic relationships and adaption to very different biotopes. As in
all vertebrates, sperm is produced as the end product of the process of spermatogenesis,
and regarding teleost the spermatozoa lack an acrosome in almost all species and
motility is activated as a response to osmolarity and ion content of the aquatic medium
where the sperm is released. In this context, mitochondria possess a fundamental role
for fish spermatozoa motility and integrity, hence fertilizing potential, since they are the
energy supplier that allows flagellar movement. Their dysfunction could play a main
role in structural and functional damage to the spermatozoa. The ATP production
through oxidative phosphorylation provides not only energy for cell activities, which
includes Na+/K+ ATPase pump, endocytosis, and many other cell processes; but also
produces reactive oxygen species in low concentrations, that under mitochondrial
dysfunction causes oxidative stress.
The assessment of mitochondrial function (e.g. through measurement of mitochondrial
membrane potential) as well as ATP content (mostly supplied by mitochondrial
respiration) can be useful as quality markers of fish spermatozoa. Also quantification of
ROS and antioxidant status, strongly influenced by mitochondria, are used as
complementary measurements.
There is much information about sperm mitochondria and their function but studies of
these aspects on fish reproduction are still required for applications in aquaculture. The
real role of fish sperm mitochondria under short and long term storage and in vitro
manipulation is not fully understood yet. Thus future research should focus on these
matters.
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3.1. Introduction
Spermatozoa are highly specialized cell, produced as the end product of
spermatogenesis proceeding through successive mitotic, meiotic and postmeiotic phases
within the seminiferous tubules of testis, possess an array of novel structural features
and functional characteristics, jointly providing it with the capability of delivering male
genome to the oocyte (Eddy, 1998). Spermatozoa are responsible of reproduction in
most sexual-reproductive animals and its function relays mainly on its displacement
capacity supported by tail movement. Fish, on the other hand, except viviparous fish
(Huang et al., 2004), exhibit structurally simplified spermatozoa: a small head lacking
acrosome, probably as a result of secondary simplification during evolution because the
development of the egg envelopes (Jamieson & Leung, 1991), a uniflagellar tail in most
cases and a small mid-piece with very few mitochondria, ranging from 1 to 10
depending on species (Lahnsteiner & Patzner, 2008).
The vast majority of extant fish are bony fish, which are classified under the Teleostei
infraclass clade in the taxonomic tree (Betancur et al., 2013). In teleosts, sperm quality
and fertilization capacity are also connected to the bio-energetic metabolisms of the
mitochondria (Cartón-García, et al., 2013). However little research has been centered on
ultrastructure, genome, and function of the spermatic mitochondria, which would allow
understanding and integration of the physiology and biophysics in fish reproduction.
This is particularly important for aquaculture industry where in-vitro fish sperm
management is a key step, and the implementation of efficient methods to control and
enhance sperm quality is a necessary manoeuvre. As an example, long-term
preservation of fish sperm simplifies the production of selected strains and facilitates
genetic selection of beneficial traits for commercial farming (Chen, 2002), but
rudimentary selection methods are affecting several intensive-farming facilities due to
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constant sperm quality losses, causing lower fertilizing rates. Additionally, sperm
conservation techniques, such as cryopreservation, are emerging tools for fish
reproduction, but these procedures have been also associated with mitochondrial
dysfunction, resulting in lower motility and thus decreased fertilization capacity (Liu et
al., 2007).
Taking into account all the aspects mentioned above, the purpose of this chapter is to
describe the teleost spermatozoa and its role and importance in fish reproduction.
3.2 Diversity in the spermatozoa of teleost
3.2.1. Classification of Teleost
There is an extraordinary diversity of reproductive modes in teleost. This variability is
related to the phylogenetic relationships and adaption to very different biotopes. This
means that, even though sperm cells in most fish species are built on the same principle,
spermatozoa from each species have a particular morphology and function according to
its phylogenetic lineage, reproductive modes (e.g. external or internal reproduction),
gender systems (e.g. genetic sex determination or environmental sex determination),
spawning dynamics (e.g. reproduction season and breed capacity), spawning site (e.g.
fresh or salt-water), and others (Wootton & Smith, 2014). Osmolarity and ion content of
the aquatic medium are central factors in activating motility in fish spermatozoa
(Cosson, 2012; Figueroa, Valdebenito, & Farías, 2016), so it is important to identify the
spawning site and the seminal plasma composition of the fish species in study to
understand its motility behaviour, since this is crucial for fertilization.
Most teleost reproduce by external fertilization, and a few by internal fertilization such
as some Poeciliids (Mattei, 1991). Until about the eighties, several authors classified
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fish spermatozoa according to their fertilization modes. The hypothesis that sperm cells
of species employing external fertilization have a simple structure, in contrast to more
developed structures associated with internal fertilization, holds true for teleost
spermatozoa according to Franzen (1970) (Stoss, 1983). The Neopterygii ancestors
showed two new characters in the sperm that made Franzen hypothesis come true: a
reduction in the size of the nucleus and the disappearance of the acrosome, whose
simplified structure is close to that of the gamete of aquatic invertebrates with external
fertilization (Mattei, 1991). Figure 3.1 shows a simplified classification of all the family
species of teleost.
Teleost comprises a wide variety of species of different taxonomic orders as shown in
Figure 3.1, but when the gametes of teleost are studied, investigation should not be
restricted only to teleost models since a lot of non-teleost, such as chondrosteans and
even marine invertebrates, share features with some teleost species (Kazama, Sato, &
Hino, 2014; Fedorov et al., 2015).
3.2.2. Teleost spermatozoa
The great diversity of teleost spermatozoa was first studied exhaustively by Mattei
(1991) and reviewed by Lahnsteiner and Patzner (2008) with advances in ultrastructure.
Figure 3.2 summarizes these findings in sperm morphology and ultrastructure in teleost.
Spermatozoa are subdivided into head, neck, neck-piece, mid-piece and tail. The length
of a spermatozoon ranges between 25-100 μm and its width is about 2 μm in the middle
of the head. The head piece lacks the acrosome observed in all other vertebrate groups,
being a functional adaptation to the presence of a micropyle on the teleost oocyte (a
single canal, which allows the entrance of spermatozoa). The shape of the nucleus is
highly variable and appears to be related to the complexity of spermatogenesis and
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spermiogenesis (Grier, 1981; Billard, 1990). The mid-piece consists of a central
flagellum surrounded by a mitochondrial sheath; the number of present mitochondria is
highly species-dependent (Coward et al., 2002) (Figure 3.2). The tail or flagellum
consists of a single (or two in a few cases) long thin cylinder that protrudes from the
head of the spermatozoa, ranging 25-100 μm length and 0.4-1 μm diameter, that
contains the axoneme which is the main active organelle responsible for spermatozoon
movement. The axoneme is very ubiquitous and is composed of 9 double microtubules
(doublets) at the periphery of this cylindrical arrangement and two central microtubules
(singlets), forming the classical «9+2» structure as commonly referred to (Warner &
Satir, 1974; Cosson, 2012). The morphology of teleost sperm appears to reflect the
mode of adopted fertilization (Nagahama, 1983). Species exhibiting external
fertilization strategies produce primitive, round-headed spermatozoa, whereas there are
various morphological modifications in those species with internal fertilization (Grier,
1981); these modifications usually involve elongation of the sperm nucleus and
enhanced development of the mid-piece. The plasma membrane often forms one or two
finlike ridges along the tail, which are on a horizontal axis with the central microtubules
(Nicander, 1970; Stein, 1981): these fins were shown to contribute to the swimming
efficiency (Gillies et al., 2013). Plasma membrane is also a key component of gamete
fusion (Yu et al., 2002). At the biophysical level, membrane lipids will determine
membrane fluidity, whereas, both proteins and lipids will contribute to the overall
permeability to water and ions (Bobe & Labbé, 2010).
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Figure 3.1. Simplified phylogenetic tree adapted Betancur et al. (2013). The
classifications with Roman numerals are proposed by the author of this work.
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Figure 3.2. Simple schematic representation of the ultrastructure of some teleost
spermatozoa. Schemes are based on the ones from Lahnsteiner and Patzner (2008). Each
letter represents the following species: A: Coris julis; B: Symphodus ocellatus;
C:Thalassoma pavo; D: Perca fluviatilis; E: Cottus gobio; F: Diplodus sargus; G:
Parablennius tentacularis; H: Aidablennius sphynx; I: Lipophrys adriaticus; J:
Entromacrodus striatus; K: Trachurus mediterraneus; L: Mullus barbatus; M: Apogon
imberbis; N: Apogon semilineatus; O: Merluccius merluccius; P: Mallotus villosus; Q:
Thymallus thymallus; R: Coregonus sp.; S: Oncorhynchus mykiss; T: Spratelloides
gracilis; U: Rutilus meidingerii; V: Acipenser fulvescens. Each roman numeral
represents the classification referred from Figure 3.1. nu, nucleus; fl, flagellum; mi,
mitochondrion; dc, distal centriole piece; pc, proximal centriole piece.
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The sperm mitochondria present species-dependent morphological differences, e.g.,
they present oval form in the case of the spermatozoa of humans, rhesus monkeys, dogs
and other mammals (Gallon et al., 2006; Piomboni et al., 2012). On the other hand, in
fish they may be cylindrical, spherical or irregular – as in the case of Oncorhynchus
mykiss, Salvelinus fontinalis, Thymallus thymallus, etc. (Lahnsteiner & Patzner, 2008;
Figueroa et al., 2015) (Figure 3.2). The size and number of mitochondria are probably
dependent on the bioenergy requirements of sperm in each species, however, no clear
relation has been established between number or arrangement of mitochondria and the
motility duration and velocity (Lahnsteiner & Patzner, 2008).
3.3. Energetics of fish spermatozoa
3.3.1. The mitochondria in fish spermatozoa
In fish spermatozoa (as well in mammalian), the mitochondria are located exclusively in
the middle piece of the flagellum, around the axoneme, and are closely associated due to
the formation of a mitochondrial capsule with multiple disulphide bridges (Ursini et al.,
1999). Sperm mitochondria, unlike somatic mitochondria, possess specific isoforms of
proteins and isoenzymes, such as cytochrome c (Hess et al., 1993), subunit VI b of
cytochrome c oxidase (CCO) (Hüttemann, Jaradat, & Grossman, 2003), lactate
dehydrogenase (LDH-X or LDH-C4) (Blanco & Zinkham, 1963) and pyruvate-E1
decarboxylase (Deburgos et al., 1994). In teleost fish, such as Salmoninae,
Coregoninae, Thymallinae and Blennidae (Lahnsteiner & Patzner, 2008), the
mitochondrial complex may adhere to the middle piece in a helicoidal or conical
pattern, or it may be contained in invaginations towards the nucleus of the sperm head,
or free in the middle piece (Figure 3.2). Mitochondrial complex is composed of a
variable number of mitochondria. In salmonids, for example, either one mitochondrion
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or one pair of mitochondria supplies the flagellum with energy during sperm motility
(Lahnsteiner, 2000; Lahnsteiner & Patzner, 2008; Figueroa et al., 2013; Figueroa et al.,
2015).
There is a generally accepted axiom that spermatozoa are translationally and
transcriptionally incapable, meaning that the OXPHOS system could not be replaced or
enhanced after spermatogenesis. However, this subject is still controversial in fish as
well as in mammals (Díez-Sánchez et al., 2003; Gur & Breitbart, 2006; Dietrich et al.,
2014). Regarding fish spermatozoa, Dietrich et al. (2014) using a combination of
protein fractionation by one-dimensional gel electrophoresis and high performance
liquid chromatography-electrospray ionization tandem mass spectrometry, identified
348 proteins in carp spermatozoa, most of which were for the first time identified in
fish. Still an open question is that 30% was found to be proteins involved in
transcription, protein synthesis and turnover as well as protein transport and folding
(Dietrich et al., 2014), but the most accepted hypothesis is that these proteins are
―leftovers‖ from spermatogenesis process since there is no enough proof whether they
are from mitochondrial gene expression or protein synthesis with mitochondrial
ribosomes.
3.3.2. The moving spermatozoa
Motility is one of the parameters most frequently used to assess semen quality and
generally exhibit a positive correlation with fertilizing capacity. It enables the
spermatozoon to reach the oocyte in order to fertilize it successfully and has been
considered to be one of the principal variables of sperm quality in fish (Rurangwa et al.,
2004), as it is an integrated quality variable, combining various cell components
responsible for the activation and sustainability of the motility and progressive
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movement of the spermatozoon (Bobe & Labbé, 2010). Fish spermatozoa, unlike those
of mammals, are immobile before ejaculation; the osmolarity and ion content of the
aquatic medium are central factors in activating motility (Figueroa et al., 2016). Fish
sperm motility last from a few seconds to a few minutes according the species (Cosson,
2010), swimming so fast that flagella beat cross frequency (BCF) is not detectable by
eye. Microscopes with Computer Assited Sperm Analysis (CASA) system must be
adapted to capture and process over 60 frames per second (fps) in order to study the
sperm track of fish sperm (Wilson-Leedy & Ingermann, 2007). Sperm motility
parameters analysed by CASA are depicted in Figure 3.3 and described in Table 3.1.
The mechanisms involved in activation and maintenance of sperm motility are
considered to be of vital importance for aquaculture applications including artificial
fertilization and gamete cryopreservation; and mitochondria play a fundamental role in
those processes (Guthrie & Welch, 2012).
In fish with external fertilization, the activation of sperm motility is triggered by ionic
changes (K+ and Ca+2) combined with reduced osmolarity in freshwater species and
increased osmolarity in saltwater species (Morisawa, 1999; Cosson, 2010; V. Dzyuba &
Cosson, 2014). This, combined with variations in the concentration of intracellular ATP
(Christen, Gatti, & Billard, 1987; Perchec et al., 1995; Poupard et al., 1998; Billard et
al., 1999; Cosson, 2012; Fedorov et al., 2015; B. Dzyuba et al., 2017), leads to a
possible general scheme which may explain how changes in the internal ionic
concentration occurring in response to external osmolarity could control fish sperm
motility (Cosson et al., 2008). These changes occur when the spermatozoa come into
contact with water after their release during the reproduction process (Linhart et al.,
2002; Cosson, 2012). Furthermore, various glycoproteins have been reported to be
motility activators. These proteins are synthesized in the follicular cells and transferred
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to the outer layer of the mature oocyte; during reproduction, they reach sperm receptors
in the plasma membrane, inducing intracellular signaling pathways and loss of
membrane integrity (Oda et al., 1998; Dzyuba et al., 2017).
Energy for flagellar movement in spermatozoa is supplied by ATP hydrolysis by
Dynein ATPase, so the quantity and availability of ATP is a main limiting factor for
maintenance of motility in time (Butts et al., 2010, Cosson, 2010). However, other
highly energetic phosphste-containing molecules, including ADP, AMP and
Phosphocreatine (PCr) should be taken into account (Cosson, 2012, reviewed by Cabrita
et al. (2014)) and relevant interspecific differences exist (Biegniewska et al., 2010; B.
Dzyuba et al., 2017).
As reviewed by V. Dzyuba & Cosson (2014) and B. Dzyuba et al. (2017), it is accepted
since long ago that in fish with external fertilization, spermatozoa ATP/energy content
and production rely exclusively on internal substrates and metabolism. Studies in
Sparus aurata showed that lipids are the major substrate for energy production via
tricarboxylic acids cycle within the mitochondria, while glycolysis and carbohydrates
metabolism seems to have lesser contribution (Lahnsteiner & Mansour, 2010).
Moreover, the presence of the inhibitors of mitochondrial electron transport chain
drastically reduced the motility, suggesting that oxidative phosphorylation is a main
source of the energy use for flagellar movement (Lahnsteiner & Caberlotto, 2012,
Dreanno et al., 1999). Curiously, in this species ATP and PCr did not show significant
decrease during motility period, indicating a balance between energy production and
consumption. Conversely, in freshwater species, ATP levels rapidly descend after
activation (Burness, Moyes, & Montgomerie, 2005). Even when mitochondrial
respiration increases to its maximum rate almost immediately after motility activation,
high energy consumption cannot be efficiently compensated by ATP mitochondrial
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production (Boryshpolets, Dzyuba, & Drokin, 2009; Boryshpolets, Dzyuba, Stejskal, &
Linhart, 2009; Dreanno et al., 1999; Christen et al., 1987; reviewed by B. Dzyuba et al.
(2017)).
3.3.3. The quiescent spermatozoa
As mentioned before, the factors that switch from resting spermatozoa to moving
spermatozoa (and vice-versa) are osmolarity, ion content and some signalling protein
depending on the species. Since a high ATP level is required for moving spermatozoa,
mitochondria produces enough ATP as long as motility is not induced, but ATP is
gradually lacking during the motility period (Cosson et al., 2008). Thus, a respiratory
activity is required and oxygen consumption in some species have been measured
ranging from 1 to 70 nmol O2/min/109 cells (Krumschnabel, Manzl, & Schwarzbaum,
2001; Rissanen, Krumschnabel, & Nikinmaa, 2003; Cosson, 2012), which is low but
substantial for basal metabolism to maintain ionic exchanges and balances across the
plasma membrane (Christen et al., 1987; Dreanno et al., 1999; Cosson, 2012).
During the resting period, dynein ATPases in the axoneme are inactive, which allows an
ATP level ‗regeneration‘ as a result of mitochondrial respiration. In common carp
(Cyprinus carpio) spermatozoa, after a first motility period, a second motility round can
be induced after incubation in a potassium-rich non-swimming solution, and they are
able to fully fertilize eggs by motility re-activation, indicating that cells remain viable
and during resting period the energy levels are restored, most likely by mitochondrial
metabolism (Linhart et al., 2008). Probably, the main role of oxidative phosphorylation
(OXPHOS) is the sustaining of the steady state of ATP level in quiescent spermatozoa.
The tricarboxilic acid cycle and OXPHOS are the key metabolic pathways that sustain
basal metabolisms in spermatozoa (Mansour, Lahnsteiner, & Berger, 2003; Ziętara et
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Figure 3.3. Motility parameters of spermatozoa captured by Computer Assisted Sperm
Analysis (CASA) system when the sperm track is recorded for 1 second at 60 frames
per second at least (Wilson-Leedy & Ingermann, 2007). VCL: Curvilinear velocity.
VAP: Average path velocity. VSL: Straight line velocity.
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Table 3.1. Parameters measured by Computer Assisted Sperm Analysis (CASA)
system.
Characteristic

Description

Percent motility
(%)

Percent of sperm moving in a manner fitting motility
determination parameters.

Curvilinear velocity
(VCL)

Point to point velocity (total distance traveled) per second.

Average path velocity
(VAP)

Point to point velocity on a path constructed using a
roaming average. The number of points in the roaming
average is 1/6th of the frame rate of video used.

Straight line velocity
(VSL)

Velocity measured using the first point and the average
path and the point reached that is furthest from this origin
during the measured time period.

Linearity
(LIN)

VSL/VAP, describes path curvature.

Wobble
(WOB)

VAP/VCL, describes side to side movement of the sperm
head.

Progression
(PROG)

The average distance of the sperm from its origin on the
average
path
during
all
frames analyzed; division of this variable by VAP yields a
description of the average efficiency in terms of the
portion of generalized motion that results in movement
away from the origin (a perfectly circular path will have a
higher efficiency than an erratic path with the same
linearity).

Beat cross frequency
(BCF)

Frequency at which VCL crosses VAP.
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al., 2009). Lipid metabolism is also important because of positive correlation between
intracellular lipid levels and successful fertilization (Lahnsteiner et al., 1998). There is
no sufficient description on glycogen storage, and pyruvate and coenzyme A occurs in
limited concentration in spermatozoa because of their stimulating effect.
3.3.4. The relation between mitochondrial function and sperm quality
High quality gametes are those that present high survivability during incubation and
larval growth until first feeding. Important markers of sperm quality are motility,
fertilization rate, embryo development and progeny (Valdebenito, Gallegos, & Effer,
2015; Cabrita et al., 2014). Additionally, the integrity of sperm DNA is of prime
importance for the paternal genetic contribution to normal offspring. Damaged DNA
can have a significant negative impact on oocyte fertilization, embryo development rate
and live-birth rate. A significant correlation between the presence of nuclear DNA
alterations in mature spermatozoa and poor sperm parameters or impaired reproductive
efficiency is reported in both humans and animals (Ron-El et al., 1991).
Cryopreservation is a long-term storage technique that is commonly used for sperm
storage whether for preservation or transportation. Two types of damage may be caused
to the mitochondrial membrane potential during cryopreservation, which may affect the
spermatozoa motility: direct damage to the nuclear or mitochondrial DNA or alterations
to the inner or outer membrane; and indirect damage provoked by the fragmentation of
nuclear DNA, on which the mitochondrion depends on certain proteins, which are not
coded by its genome (Kurland & Andersson, 2000; Figueroa et al., 2017). During
cryopreservation of the spermatozoa of some fish, for example Polyodon spathula,
damage occurred to nuclear DNA, leading to a marked reduction in sperm motility postthawing, apparently caused by the unsuitable osmolarity of the diluent and the
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concentration of the cryoprotector (Li, Wei, & Liu, 2008; B. Dzyuba et al., 2013). In the
study by Irvine et al. (2000), it was observed that semen with a high level of DNA
damage presented low motility and velocity (Gazo et al., 2015; Shaliutina-Kolešová et
al., 2015). Different studies have focused on the effects of cryopreservation procedures
to the sperm DNA showing low levels of damage and different susceptibility of genes
(Cartón-García et al., 2013; reviewed by Figueroa et al., 2017). On the other hand, very
few works have addressed the cryodamage to mtDNA in spermatozoa. In this regard,
Cartón-García et al. (2013) reported that mtDNA genes in spermatozoa of Sparus
aurata sustain higher levels of damage than nuclear ones under cryopreservation
conditions. Although these relations between DNA, mitochondrial function and sperm
motility have not been fully explained, some authors state that, besides the
fragmentation damage caused to nuclear DNA, the reduction in sperm motility must be
associated also with damage to the structure and metabolic functioning of the
mitochondrion (Perchec et al., 1995; Zilli et al., 2014). Figueroa et al. (2013) showed
experimentally that there is a direct correlation between the mitochondrial membrane
potential and the motility and fertilizing capacity of the cryopreserved spermatozoa,
confirming that this organelle is the energy pivot of the spermatozoon and that the
duration of motility and fertilization success depend on the availability of ATP within
the cell (Fraser & Strzeżek, 2007; Bondarenko et al., 2013).
Another important aspect of mitochondria is their relation with REDOX balance and
oxidative stress within the spermatozoa. In this regard, the electron transport chain has a
main role in the production of a variety of reactive oxygen species (ROS) which, under
stress conditions, exceeds the sperm limited antioxidant defences, and a state of
oxidative stress is induced, characterized by peroxidative damage to the sperm plasma
membrane and DNA (De Iuliis, Newey, King, & Aitken, 2009; Aitken et al., 2010;
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Lahnsteiner & Mansour, 2010; Guthrie & Welch, 2012). Some participant ROS are
superoxide (O2●–), hydroxyl radical (● OH), hydrogen peroxide (H2O2) and hypohalous
acids (HOX, where X=Cl–, Br–, I– or SCN–). These molecules are highly disruptive to
cellular function, and an increase in ROS production contributes significantly to several
diseases. Taking this into account, mitochondrial antioxidant enzymes, such as
Superoxide dismutase (SOD), Catalase (CAT), Glutathione Peroxidase (GPx) and
Glutathione reductase (GR), have been studied to evaluate their role and the effects of
their alterations on cell bioenergy and respiration (Halliwell & Gutteridge, 2015;
Agarwal & Allamaneni, 2004; Guthrie & Welch, 2012). The negative effects of
oxidative stress on teleost sperm motility has been studied (V. Dzyuba et al., 2015), as
well as the REDOX balance under cryopreservation conditions showing that antioxidant
supplementation

could improve the post-thawed sperm quality and performance

(Shaliutina-Kolešová, Gazo, Cosson, & Linhart, 2014; Shaliutina-Kolešová et al.,
2015). Quantification of ROS and total antioxidant status are both used as
complementary parameters to assess fish sperm quality, especially during cell-stressing
procedures such as cryopreservation (Cabrita et al., 2014).
Mitochondria also induce programmed cell death. Furthermore, mitochondrial signals
regulate the cell cycle, and disruption of mitochondrial fusion–fission dynamics can
cause replicative senescence, revealing the existence of multiple interrelated pathways
linking mitochondrial dysfunction to cell ageing (Picard, Juster, & McEwen, 2014).
However, it is important to highlight that apoptosis is a common and necessary process
in spermatogenesis, but post-ejaculatory sperm are resistant to this process in mammals
(Lachaud et al., 2004; Hendricks & Hansen, 2009). Proteomic analysis in carp
(Cyprinus carpio) spermatozoa showed apoptosis-related proteins (Dietrich et al., 2014)
and apoptosis could occur as a consequence of ROS overproduction and oxidative stress
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in fish spermatozoa (Cabrita et al., 2014; Figueroa et al., 2017) however there is no
evidence confirming the occurrence of this process, nor providing further details or
evidences regarding this subject. Further study should be necessary in order to
determine if the cause of cell death observed in fish spermatozoa under stressing
conditions, such as cryopreservation, could be mediated by apoptotic events.
3.4. Conclusions and perspectives on future directions
The mitochondria possess a key role in teleost spermatozoa: they are the energy supplier
that allows flagellar movement leading to successful fertilization in internal and external
reproducing species, adapted to marine and fresh water environments; and their
dysfunction could play a main role in structural and functional damage to the
spermatozoa. The assessment of mitochondrial function (e.g. through measurement of
mitochondrial membrane potential) as well as ATP content (mostly supplied by
mitochondrial respitarion) can be useful as quality markers of fish spermatozoa. Also
quantification of ROS and antioxidant status, strongly influenced by mitochondria, are
used as complementary measurements.
There is much information over sperm mitochondria and their function. However,
studies of these aspects on fish reproduction are still required for applications in
aquaculture. The real role of mitochondria in fish spermatozoa under short and long
term storage, and in vitro manipulation is not yet fully understood, hence further study
could provide new insights of mechanisms of damage that lead to reduction of sperm
quality.
Currently, there are few studies that investigate possible alterations in the mitochondria
of fish spermatozoa during in vitro manipulation. These alterations occur mainly on
cryopreservation, given that cryopreservation involve osmotic and oxidative stress due
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to ice crystal formation and the use of cryoprotectants and extenders that changes the
normal buffer compositions of the seminal plasma. Regarding cold short-term storage of
fish sperm, that is not less important, the integrity of the spermatozoa should be
maintained over long hours if proper conditions are given. However, even in highly
studied species it has been difficult to maintain high fertility after one week storage, and
mitochondrial function under this process has not been reported.
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Abstract
In this study, the morphology and ultrastructure of Eleginops maclovinus spermatozoa
were characterized through scanning and electron microscopy. Also, seminal plasma
volume, cell concentration, pH and osmolarity were measured. Findings revealed that E.
maclovinus spermatozoa can be differentiated into three major parts: a spherical head
without acrosome (typical for externally fertilizing teleost), a midpiece containing 2 – 5
spherical mitochondria, and a long flagellum. The mean length of the spermatozoa was
40.08 ± 2.30 μm, with flagella accounting for 38.38 ± 2.08 μm. The head was 1.31 ±
0.17 μm long, and 1.63 ± 0.01 μm wide. The midpiece was 0.39 ± 0.05 μm in length
and 0.95 ± 0.12 μm in width. It was located below the nucleus and contained 2 to 5
spherical mitochondria. The mitochondria were separated from the axoneme by a
cytoplasmic canal. There was no evidence of the flagellum membrane forming sidefins,
and the axoneme was composed of the typical 9+2 microtubular doublet structure
enclosed by cell membrane. The present study reveals that E. maclovinus sperm can be
categorized as a primitive type. Semen volume was 0.8 ± 0.6 mL containing 13.1 ± 8.9
×109 spz mL-1. Seminal plasma pH was 7.5 ± 0.1 and osmolarity was 346 ± 14 mOsm
kg-1. This study is the first to provide comprehensive details on the ultrastructure of
spermatozoa in E. maclovinus.
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4.1. Introduction
Patagonian blenny (Eleginops maclovinus) is one among the about 30,000 extant
Teleostei species and the unique member of the Eleginopidae family (Near, Pesavento,
& Cheng, 2004; Sanciangco, Carpenter, & Betancur, 2016), known for being an
important resource for Chilean artisanal fishing communities. The Patagonian blenny is
an external fertilization species with a protandric reproduction strategy in coastal
spawning sites (Licandeo, Barrientos, & Gonzáles, 2006; Valdebenito et al., 2017), and
its spermatozoon ultrastructure remains unknown as most teleost.
In the species studied until now, sperm structure reveals a high diversity whereby the
diversity was found mainly between systematic families (Lahnsteiner & Patzner, 2008).
The spermatozoa of teleost fish can be divided into two groups: species with internal
fertilization (e.g. Cottidae, Embiotocidae, Poeciliidae) and external fertilization (e.g.
Cyprinidae, Moronidae, Salmonidae). Being the Patagonian blenny an external
fertilization species, it is expected to have a spermatozoa organization similar to the
reported for other species in this classification. They mostly have an ovoid or spherical
nucleus which measures < 5 μm in its maximal extension, the midpiece is also small and
measures 2 – 4 μm in length and contains only few mitochondria (mostly 1 – 6). Such
spermatozoa can be monoflagellate or biflagellate. The flagellum measures circa 30-40
μm (Lahnsteiner & Patzner, 2008).
The aim of the present study is to unveil Patagonian blenny (E. maclovinus)
spermatozoa morphology and ultrastructure using scanning and transmission electron
microscopy. Moreover, volume, cell concentration, pH and osmolarity of the seminal
plasma will be analysed.
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4.2. Materials and Methods
4.2.1. Fish semen diluents
Storfish® (IMV Technologies, France) was used as non-activating buffer solution (BS).
It was available in its liquid 10× concentrated format. The composition is not reported.
Artificial seawater was prepared to induce motility activation of sperm samples. It was
prepared as follows: 27.50 g/L NaCl, 5.35 g/L MgCl 2•6H2O, 6.80 g/L MgSO4•7H20,
0.72 g/L KCl, 0.20 g/L NaHCO3, and 1.40 g/L CaCl2•2H2O at pH 8.0.
4.2.2. Semen collection and evaluation
Samples where obtained at Estación Experimental Quillaipe (southern Chile; 41°33‘20‘‘
S and 72°44‘00‘‘ W) where 2 years old captive male Patagonian blennies (Eleginops
maclovinus) are kept in 3000 L fiberglass tanks with 500 L/h open-water flow at 10 ± 3
ºC in natural photoperiod. Individuals where selected according to their size and weight,
ranging 30.0 ± 3.0 cm and 300 ± 60 g respectively. A total of ten males were
anesthetized by submersion in 125 mg/L MS-222 to obtain semen in needleless syringes
by stripping (i.e., abdominal massage), and then fish were recovered in their tanks.
Semen samples selection method was done according to Figueroa, Valdebenito, and
Farías (2016). Subjective evaluations of motility were performed by placing 2 μL sperm
suspension on a glass slide, adding 10 μL seawater at 10 ºC, to disperse the cells and
activate sperm motility and examine the cells using a microscope with phase contrast
optics at 400X magnification. Subjective motility assessments were made in triplicate
for each sample at 5 s following activation with seawater. Sperm concentrations were
determined with a Neubauer hemocytometer after dilution of 1 μL sperm suspension in
1200 μL BS. Samples contaminated with urine, blood or seawater were discarded.
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4.2.3. The pH and osmolarity of the seminal plasma
The pH and osmolarity of the seminal plasma was assessed from fresh semen isolated
for this purpose. Sperm samples were centrifuged at 300 g for 10 min at 4 °C. The
seminal plasma (supernatant) was recovered and the sperm suspension diluted with BS
at a concentration of 40×106 spz mL-1 (spermatozoa per milliliter).
Osmolarity was measured (mOsm kg-1) in triplicate using a vapor pressure osmometer
(model 5520, Wescor, Logan, Utah, USA). The pH was measured using an Orion ® 2Star Benchtop pH Meter (Thermo Fisher Scientific Inc., USA).
4.2.4. Scanning and transmission electron microscopy
Fresh semen samples were processed to study spermatozoa ultrastructure by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). First, 1 µL
sperm sample was fixed at 1200 µL glutaraldehyde 2.5% in cacodylate buffer and
stored at 4 ºC until next fixation step. At the time of the analyses, samples were washed
in cacodylate buffer (0.1 M) twice for 10 minutes and then, post-fixed in osmium
tetroxide 1% in cacodylate buffer 0.1 M for 2 hours at 4 ºC. Later, samples were washed
two more times and dehydrated at an increasing scale with ethanol. Samples were
subsequently dried and coated in gold for SEM visualization or embedded in epoxide
resin for TEM visualization.
For SEM, spermatozoa were coated with gold/palladium at approximately 20 nm and
observed and photographed on an SEM (ZEISS 409 DMS, Germany). For TEM, the
samples were dehydrated as described above and embedded in epoxide resin. Then,
ultra-thin sections of 60–100 nm thickness were collected using glass knives. Sections
were then placed on copper grids, stained with uranyl acetate and lead citrate, and a
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TEM (Hitachi H700 TE) was used for screening the ultracellular structure of sperm
samples.
Micrographs were analysed using ImageJ v1.50i software (Wayne Rasband, USA). All
SEM and TEM measurements were evaluated using Prisma® software version
6.0. (Version 4.0.1 for Windows, Olympus Optical Co., Hamburg, Germany).
4.2.5. Descriptive statistics
Spermatozoa volume, cell concentration, pH, osmolarity and morphological
characteristics were assessed and expressed as numbers with ranges (mean ± standard
deviation).
4.3. Results and discussion
4.3.1. pH and osmolarity of E. maclovinus seminal plasma
Seminal plasma pH was 7.5 ± 0.1 and osmolarity was 346 ± 14 mOsm kg-1 and they
were within the rank typically reported for marine fish (Alavi & Cosson, 2006; Butts,
Litvak, & Trippel, 2010; Butts, Rideout, et al., 2010). Semen volume was 0.8 ± 0.6 mL
containing 13.1 ± 8.9 ×109 spz mL-1.
The unreported pH and osmolarity of the buffer solution (BS) were also measured.
Storfish® solution has an osmolarity of 300 mOsm kg-1 and a pH of 8.4. Storfish®
solution is probably based on the common extender solutions used for fish‘s somatic
and gonadic cells such as Cortland, Hank‘s, and Frog Ringer‘s solutions (Wolf, 1963),
with some additives (could be antioxidants and antibiotics) to keep cells unharmed.
Nevertheless, the commercial solution has a considerable higher pH value in
comparison with Cortland solution (Wolf, 1963) and the seminal plasma of E.
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maclovinus. Observations by optical microscope showed unintentional motility
triggering when samples were diluted in PB (i.e. Storfish®), meaning that conventional
non-activating solution are not suitable for this species‘ sperm. The motility of fish
spermatozoa is controlled through their sensitivity to osmolality and ion concentrations
(Alavi & Cosson, 2006). This phenomenon is related to ionic channel activities in the
membrane and subsequently governs the motility mechanisms of the axonemes, the
active part of flagella. Activation by the surrounding medium is immediately followed
by a swimming response at full speed, which requires high energy consumption by
spermatozoa, thus leading to brevity of the motile period (Cosson, 2010).
4.3.2. Morphology of E. maclovinus spermatozoa
Thirty-one different micrographs were taken by scanning electron microscopy (SEM)
and seven images were selected to measure length and width of the head and midpiece
of the spermatozoa. Other seven images were selected to measure total length and
flagellum of the spermatozoa (Table 4.1). An ultrastructure exploration of the
spermatozoon was also done by transmission electron microscopy (TEM). Figure 4.1
shows the spermatozoon micrographs taken by SEM; Figure 4.2 shows the
spermatozoon micrographs taken by TEM and Table 4.1 shows details of the
observation and measurements.
Micrographs show that E. maclovinus spermatozoa can be differentiated into
three major parts: a spherical head lacking acrosome (typical for externally fertilizing
teleost), midpiece containing 2 – 5 spherical mitochondria in observed fields, and a long
flagellum. The mean length of the spermatozoa was 40.08 ± 2.30 μm, with flagella
accounting for 38.38 ± 2.08 μm. The head was 1.31 ± 0.17 μm long, and 1.63 ± 0.01 μm
wide. The midpiece was 0.39 ± 0.05 μm in length and 0.95 ± 0.12 μm in width.
Mitochondria were located below nucleus having 0.60 ± 0.07 μm diameter, separated
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from the axoneme by a cytoplasmic canal. There was no evidence of the flagellum
membrane forming sidefins, and the axoneme was composed of the typical 9+2
microtubular doublet structure enclosed by cell membrane.
As result, the morphology of E. maclovinus spermatozoa was elucidated by electron
microscopy, and both shape and measures are consistent with those described for the
spermatozoa of teleost fish with external fertilization (Lahnsteiner & Patzner, 2008),
especially from teleosts that are classified under the Percomorphaceae clade, in which
the Patagonian blenny is included (Betancur et al., 2013).
Spermatozoa are subdivided into head, neck, neck-piece, mid-piece and tail. In most
teleost spermatozoa, the head piece lacks the acrosome seen in all other vertebrate
groups, being a functional adaptation to the presence of a micropyle on the teleost
oocyte. The shape of the nucleus is highly variable and this is attributed to the
complexity of spermatogenesis and spermiogenesis (Grier, 1981; Billard, 1986; Billard,
1990), where in Percomorphaceae non-atherinomorph occurs in the testis that is
unrestricted spermatogonial testis type (Uribe, Grier and Mejía-Roa, 2014). The midpiece consists of a central flagellum surrounded by mitochondria. There is no evidence
of finlike ridges along the tail in this species (Nicander, 1970; Stein, 1981). In size, E.
maclovinus spermatozoa head is rather small in comparison with, for example,
spermatozoa from salmonids (Lahnsteiner & Patzner, 2008) and the standard rank of
sizes that some particular computer automated sperm analysis (CASA) software
displays for fish sperm. Nevertheless, spermatozoa size could be underestimated due to
shrivelling prior or during fixation process (Bondarenko et al., 2013). Along with the
head, mitochondria are fairly small, but there is no association of this aspect with the
energy efficiency of the spermatozoa (Dzyuba et al., 2017). The number of
mitochondria present and its shape is highly species dependent (Coward et al., 2002).
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Table 4.1. Eleginops maclovinus spermatozoa organization.
Parameter
Shape of head

Spherical

Dimensions of head

1.31 ± 0.17 µm L
1.63 ± 0.01 µm W

Shape of midpiece

Cylindrical

Dimensions of midpiece

0.39 ± 0.05 µm L
0.95 ± 0.12 µm W

Number of mitochondria

2-5

Shape and diameter of mitochondria

Spherical
0.60 ± 0.07 µm

Microtubouli structure of flagellum

2×9+2

Dimensions of flagellum

38.38 ± 2.08 µm L
00.21 ± 0.03 µm W

n=7; L =Length; W =Width
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Figure 4.1. Scanning electron microscopy micrographs of Eleginops maclovinus
(Eleginopsidae) spermatozoa. (A) Whole spermatozoon. ×25,500. (B-C) Head region of
the spermatozoon. ×25,500.
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Figure 4.2. Transmission electron microscopy micrographs of Eleginops maclovinus
(Eleginopsidae) spermatozoa. (A) Section of head and midpiece. ×30,000. (B)
Longitudal section of head, midpiece and flagellum. ×30,000. (C) Cross section of the
flagellum. ×50,000. fl = flagellum, nu = nucleus, pc = proximal centriole, mi =
mitochondrion , dc = distal centriole, cc = cytoplasmic canal.
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During spermiogenesis, spermatozoa retain mitochondria that become localized within
the sperm midpiece (Uribe, Grier and Mejía-Roa, 2014), and in Patagonian blenny
spermatozoon, number of observable mitochondria varies from 2 to 5 with spherical
shape.
These results agree with Valdebenito et al. (2017), whom studied biometric parameters,
sperm density, sperm count and motility in different activation mediums, at different
temperatures and pH levels.
4.4 Conclusions
Spermatozoa organization and seminal plasma pH and osmolarity of Patagonian blenny
(Eleginops maclovinus) agree with attributes of modern teleosts of external fertilization,
highlighting the small head piece relatively to the long flagella and seminal fluid with
higher osmolarity and lower pH than mean for fish sperm (but within the range).
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Abstract
Patagonian blenny (E. maclovinus) is a marine species recently placed in captivity and
which are potentially farmable. Understanding and improving its sperm capacity to
withstand short-term storage conditions is a key element of initiating an artificial
propagation program for this species. The aim of this study is to evaluate the
ultrastructure and quality of E. maclovinus sperm during refrigerated storage. To
address this objective, scanning electron microscopy (SEM), cytofluorimetric analysis
(membrane integrity; reactive oxygen species generation; mitochondrial membrane
potential) and cell respiration/mitochondrial-function analysis (ATP content; oxygen
consumption) could be useful for optimizing or improving management for artificial
reproduction of this species. Severe damage of plasma membranes was observed by
SEM at day 7 and 14 of in vitro storage. Analyses of sperm quality were conducted
during the 14-day cold storage period when sperm were in diluted (with a physiological
saline media) and undiluted conditions. When there were diluted conditions, there was
greater preservation of motile capacity (from day-7; P<0.05), membrane integrity (from
day-7; P<0.05), mitochondrial membrane potential (from day-10; P<0.05) and ATP
stores (from day-3; P<0.05). Oxygen consumption indicators were 18.6% ±14.7%
greater in the undiluted samples from day-3, and 32.1%±2.1% of the total spermatozoa
had ample amounts of superoxide anion in both undiluted and diluted semen on day-0.
The use of the physiological saline media (PSM) extended the viability of sperm when
there were longer storage times. Factors that have a greater effect on the quality of
semen during storage are reactive oxygen species generation and ATP depletion. In
conclusion, Patagonian blenny spermatozoa can be stored at 4 °C between 7 and 10
days using a physiological saline solution.
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5.1. Introduction
Fish gametes in vitro handling and storage is essential for assisted reproduction process
(Aramli et al., 2013). The common phenomenon of male-female maturation asynchrony
has been observed in Patagonian blenny (Eleginops maclovinus) when maintained in
captivity (observations not published), hindering natural and assisted reproduction of
this species in controlled environments. Short-term storage of fish sperm is a convenient
strategy to overcome this issue, by expanding the time window to perform artificial
reproduction procedures, among other advantages (Bozkurt & Secer, 2005).
For sperm short-term storage, refrigeration at 4 °C is generally accepted, keeping a
constant supply of oxygen (air is preferable for most teleost‘ spermatozoa) (Stoss,
1983). Use of sperm diluents is convenient, but not always necessary. Sperm from most
species can be diluted in an appropriate medium which will satisfy the required pH and
osmolarity. The ionic composition of these media is usually based on the seminal
plasma characteristics. For species whose motility duration is short, the dilution medium
is also formulated to maximize the inhibition of motility activation (Bobe & Labbé,
2010).
In this study, the effects of short-term storage of diluted and undiluted Patagonian
blenny sperm were assessed to reveal the possible sources of sperm quality degradation
during in vitro storage. We evaluated the effect of short-term storage on motility,
plasma membrane, mitochondrial potential, reactive oxygen species generation
(superoxide anion), ATP content and oxygen consumption of Patagonian blenny
spermatozoa.
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5.2. Materials and Methods
5.2.1. Fish semen diluents
Cortland solution (Wolf, 1963), a physiological saline media (PSM), was prepared to
have a reference of the dilution effect. It was prepared as follows: 7.25 g/L NaCl, 0.38
g/L KCl, 0.18 g/L CaCl2•2H2O, 1.00 g/L-1 NaHCO3, 0.41 g/L NaH2PO4•H2O, 0.23 g/L
MgSO4•7H20, 1.00 g/L glucose; pH 7.0. Artificial seawater was prepared to induce
motility activation of sperm samples. It was prepared as follows: 27.50 g/L NaCl, 5.35
g/L MgCl2•6H2O, 6.80 g/L MgSO4•7H20, 0.72 g/L KCl, 0.20 g/L NaHCO3, and 1.40
g/L CaCl2•2H2O at pH 8.0.
5.2.2. Semen collection and evaluation
Sexually mature broodstock male Patagonnian blenny (Eleginops maclovinus, n = 44, 3
years of age) were provided by the Unidad de Biotecnología Acuícola (Universidad
Católica de Temuco, Temuco, Chile) together with Fundación Chile, at the Estación
Experimental Quillaipe, Puerto-Montt, Chile (41°33‘20‘‘ S and 72°44‘00‘‘ W). During
the experimental period, broodstock was kept in 3000 L fiberglass tanks with an open
sea water flow (500 L/h; ~850 mOsm kg-1) at 10 to 17 ºC in a natural photoperiod
setting. Fish were anesthetized in a 50 L tank with 125 mg/L MS-222, therefore, semen
could be collected by stripping and selected, based on the methods of Valdebenito et al.
(2017). The urogenital pore was dried and semen was collected with a syringe (without
a needle) by abdominal massage. Samples contaminated, with urine, blood or seawater,
were discarded. Immediately after semen collection, subjective evaluations of motility
were performed by placing 2 μL sperm suspension on a glass slide, adding 10 μL
seawater at 10 ºC, to disperse the cells and activate sperm motility and examine the cells
using a microscope with phase contrast optics at 400X magnification. Subjective
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motility assessments were made in triplicate for each sample at 5 s following activation
with seawater. Sperm concentrations were determined with a Neubauer hemocytometer
after dilution of 1 μL sperm suspension in 1200 μL PSM.
5.2.3. In-vitro semen storage
The samples were arranged in 1.5 mL cryogenic tubes (Sigma-Aldrich Inc.; Cat. No.
CLS430488) due to the small volume that was obtained, and the variety of assays
required. The in-vitro storage of semen consisted of a control (undiluted) and a
treatment (diluted 1:1 v v-1 in PSM), maintained at 4 °C, in the absence of light,
allowing air exchange by opening the caps every 24 hours and constantly gently
agitated using a rocker (Problot™ Rocker 25, Labnet International Inc., USA) at 30 rpm
for 14 days. At days 0, 3, 7, 10 and 14 of storage, samples were extracted and adjusted
to a final concentration of 3×106 spermatozoa per mL-1 to evaluate sperm prefertilization quality.
5.2.4. Scanning electron microscopy
Scanning electron microscopy (SEM) determinations were conducted on days 0, 7, and
14 in duplicate. The protocol modified by Lim and Le (2013) was used for SEM (FEI
Quanta 250). First, 1 µL sperm sample was fixed at 1200 µL glutaraldehyde 2.5% in
cacodylate buffer and stored at 4 ºC until the day when analyses occurred. At the time of
the analyses, samples were washed in cacodylate buffer (0.1 M) twice for 10 minutes
and then, post-fixed in osmium tetroxide 1% in cacodylate buffer 0.1 M for 2 hours at 4
ºC. Later, samples were washed two more times and dehydrated at an increasing scale
with ethanol. Samples were subsequently dried and coated in silver for SEM
visualization. Analysis of micrographs occurred using ImageJ v1.50i software (Wayne
Rasband, USA).
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5.2.5. Sperm quality analysis
Bobe and Labbé (2010) defined sperm quality as the capacity for fertilization of an egg
and subsequent development of a normal embryo, emphasizing the challenges for
accurate assessments of the quality of the gametes prior to fertilization. In the present
study, sperm quality in stored samples was quantified relative to that of sperm from
freshly obtained semen of selected males described in Section 5.2.2.
5.2.5.1. Sperm motility variables
The method used was a modified protocol of Li et al. (2012) for optical microscopy
with stroboscopic light (Exposure Scope, CZK) to determine sperm motility patterns
through computer assisted sperm analysis (CASA). The percentage of motile
spermatozoa (%) and the spermatozoa average velocity (µm/s) were determined using a
phase contrast microscope (Olympus BX 41, Japan; with 200x magnification) after the
induced activation of sperm motility. To prevent the spermatozoa from adhering to the
slide, 0.25% w/v Pluronic (Sigma-Aldrich) was added to the motility activating solution
(artificial seawater). Due to the short available time lapse, one field was recorded at a
time. The analysis was replicated three times for each assay. The spermatozoa were
recorded with a video camera (SONY, SSC-G818) mounted on the microscope, filming
at 25 frames/s at 50 Hz. Sperm cells were analyzed using ImageJ CASA software
(VirtualDub, WinDV) for processing images and videos with the sperm analysis plug-in
adapted for fish sperm (Wilson-Leedy and Ingermann, 2007). The following sperm
motility variables were evaluated: MOT: motility rate (%); VCL: velocity curved line
(µm/s); and VSL: velocity straight line (µm/s).
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5.2.5.2. Cytofluorimetric analysis
A BD FACSCanto™ II flow cytometer was used to assess the percentage of living cells,
oxidized cells by superoxide anion, and cells with relatively greater mitochondrial
membrane potential of fresh and stored samples. For each semen sample, a 300 μL
stock aliquot containing 25×107 cells/mL was made, centrifuged at 1300 rpm for 5 min,
and re-suspended in PSM. Probe mixing protocols were adapted for flow cytometer
analysis of 107 cells/mL. When working with the probes and samples, room
temperatures were maintained at 16 °C, direct light exposure was avoided, and samples
and reagents were maintained at 4 °C prior to use to avoid thermal shock of
spermatozoa. Each reading was conducted using three technical replicas.
5.2.5.2.1. Sperm viability
The combination of propidium iodide (PI) and SYBR®14 (SYBR14) probes was used to
sort living and dead spermatozoa (LIVE/DEAD Sperm Viability kit, Invitrogen Inc.,
Eugene, OR, USA). A concentration of 107 cells/mL was re-suspended in 250 μL PSM
+ 1.25 μL SYBR14 25 μM + 1.25 μL PI 2.4 mM, incubated for 6 min at 10 °C, and
analyzed by flow cytometer. The SYBR14 is a membrane-permeant nucleic acid
binding probe, which fluoresces green, staining both living and dead sperm although in
the case of dead sperm intensity of staining is much less. The PI is a nucleic acid stain,
which only diffuses through compromised membranes emitting a red fluorescence.
5.2.5.2.2. ROS production (superoxide anion)
The combination of dihydroethidium (DHE; Life Technologies) and SYTOX ® green
(SYTOX; Life Technologies) probes were used to sort cells with relatively greater
amounts of superoxide anions (O2-) and dead cells. A concentration of 107 cells/mL was
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re-suspended in 250 μL PSM + 2.5 μL DHE 0.5 mM + 0.5 μL SYTOX 0.1 mM,
incubated for 10 min at 10 °C, and analyzed by flow cytometry. The superoxide
indicator DHE exhibits blue-fluorescence in the cytosol until oxidized, where it
intercalates within the cell's DNA, with staining of the nucleus occurring as a bright
fluorescent red color. The SYTOX is a high-affinity nucleic acid stain that easily
penetrates cells with compromised plasma membranes.
5.2.5.2.3. Mitochondrial membrane potential (ΔΨMMit)
The fluorescent cation dye 5,50,6,60-tetrachloro-1,10,3,30 tetraethylbenzymidazolyl
carbocyanine iodide (JC-1; MitoProbeTM JC-1 Assay Kit) was used to sort cells having
relatively greater mitochondrial membrane potential (ΔΨMMit). A concentration of 10 7
cells/mL was re-suspended in 250 μL PSM + 1 μL JC-1 0.1 mM, incubated for 10 min
at 10 °C, and analyzed using flow cytometry. The JC-1 dye accumulates in the
mitochondria with the staining being a fluorescence emission shift from green to red
due to a concentration dependent formation of JC-1 aggregates.
5.2.5.3. Mitochondrial function analysis
A Synergy™ HT multi-mode microplate reader was used to assess the quantity of ATP
(adenosine

triphosphate)

content

and

oxygen

consumption

by

absorbance,

luminescence, or fluorescence on fresh and stored samples. Samples were analyzed on
days 0, 3, 7, 10 and 14 of storage.
5.2.5.3.1. Basal ATP content
Basal ATP content was determined by CellTiter-Glo® kit (Promega®). Single samples
were distributed in a 96-well plate adding 100 μL semen containing 10 9 spermatozoa.
Control wells contained distilled water or PSM. The plate was equilibrated at room
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temperature for 30 minutes and then 100 μL of the CellTiter-Glo® reagent were added,
and later the contents were mixed for 2 minutes on an orbital shaker to induce cell lysis.
The plate was subsequently incubated at room temperature for 10 minutes to stabilize
luminescent signal. Samples were assessed using a microplate reader for luminescence.
An ATP standard curve was constructed to quantify ATP content for each sample,
expressed in nmols of ATP. The assay is a homogeneous method to determine the
number of viable cells based on quantitation of the ATP present, by the generation of a
luminescent signal proportional to the amount.
5.2.5.3.2. Oxygen consumption
Oxygen consumption was determined using the MitoXpress™ Xtra Oxygen
Consumption Assay (HS Method), which is an oxygen-sensitive phosphorescent dye.
Results were expressed in relative fluorescence units per billion spermatozoa (RFU/10 9
spermatozoa), where the amounts of fluorescence signal is inversely proportional to the
amount of extracellular O2 in the sample.
5.2.6. Statistical analysis
The normal distribution of the different variables measured using CASA were examined
using the Shapiro-Wilks test and analysed using one-factor ANOVA (analysis of
variance) applying Tukey post-hoc test to reveal significant differences. For
cytofluorimetric and mitochondrial function analysis data, two-way ANOVA was
applied to the data obtained to examine the influence of storage-time and dilution
treatment. The Bonferroni post-hoc test was applied for these data. The Prisma ® v6.0
software was used to calculate and display results. A probability level of P < 0.05 was
considered to be significant for all statistical tests. Results are displayed as ‗mean ±
standard deviation‘, unless otherwise specified.
84

Chapter V: E. maclovinus sperm quality after cold storage
5.3. Results
5.3.1. Scanning electron microscope
The effect of cold-storage can be visualized by SEM in the external structure of the
spermatozoa. Most visualized spermatozoa in both, diluted and undiluted semen,
indicated the cell shapes were typical for this species after a day in storage (Figure 5.1,
Day-0), with cells having a homogenous plasma membrane pattern for the head,
midpiece and flagellum. On Day-7, both for undiluted and diluted samples, a minor
proportion of spermatozoa had severe damage of three different components. One
indication of this damage was the plasma membrane breakage in the head region
(Figure 5.1a). A second indication of this damage was the weakening of the midpiece
(Figure 5.1b), thus, resulting in the detachment of the flagellum and the mitochondria as
a consequence of mechanical stress. Normally with fresh semen, under strong
mechanical disturbance such as >100 g centrifugation, the tail detaches from the head
leaving the midpiece intact or fracturing occurs near the midpiece. A third indicator of
this damage was plasma membrane breakage at the flagellum (Figure 5.1c). The overall
damage was exacerbated by day-14 of storage with predominantly spermatozoa that are
not intact with tails and heads being separated and a few bacteria were visible.
Micrographs from Figure 5.1 were selected as representative spermatozoa of the whole
sample.
5.3.2. Sperm quality analysis
The data for sperm motility variables on 14-day of cold storage are included in Table
5.1. Motility rate (MOT), straight line velocity (VSL) and curvilinear velocity (VCL)
are similar in both undiluted and diluted samples during the first day of storage, which
rapidly decreases over time in the undiluted samples, but not significantly so before 7
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Figure 5.1. Scanning electron microscopy micrographs (×25,500) showing severe
damage after 7 days of cold storage of E. maclovinus spermatozoa; (Column a) Damage
focused at the head; (Column b) Damage focused at the midpiece; (Column c) Damage
focused at the flagellum; Arrows indicates spermatozoon damaged domain. n=15.
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Table 5.1. E. maclovinus sperm motility parameters at cold storage for 14 days
evaluated by Computer Assisted Sperm Analysis (CASA); Values are displayed as
mean ± SD and labelled with an asterisk when are significantly different from control
treatment (P<0.05; n = 10).

Undiluted semen
Storage
day

Motility rate
(%)

Straight
line
velocity
(VSL;
μms-1)

Curvilinear
velocity
(VCL;
μms-1)

Diluted semen
(1:1 v v-1 w/Cortland solution)
Straight
Curvilinear
line
Motility rate
velocity
velocity
(%)
(VCL;
(VSL;
μms-1)
-1
μms )

0

73.6 ± 14.9

71 ± 38

88 ± 41

81.1 ± 9.2

68 ± 31

84 ± 28

3

50.1 ± 26.7

60 ± 27

68 ± 34

69.3 ± 10.2

56 ± 19

71 ± 12

7

7.1 ± 5.0

21 ± 17

37 ± 14

43.2 ± 13.6*

33 ± 21

49 ± 31

10

3.8 ± 2.9

24 ± 6

19 ± 12

20.8 ± 16.9*

32 ± 8

45 ± 15*

14

1.6 ± 1.7

10 ± 9

0±0

9.9 ± 8.5*

21 ± 14

33 ± 22*
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days of storage. At day-7 of storage, there was no motile sperm present in undiluted
samples, whereas this cessation of motility does not occur until day-14 in the diluted
samples. The VSL and VCL of motile spermatozoa, however, were markedly decreased
with storage regardless of the dilution treatment.
Sperm quality patterns as assessed by flow cytometry are depicted in Figure 5.2. The
dilution effect was marked on sperm viability from the first day of storage. Number of
cells with relatively greater mitochondrial membrane potential (ΔΨMMit; Figure 5.2b)
correlated well with the estimation of living and motile cells, also decreasing overtime,
but values for ΔΨMMit decreased more rapidly. The ROS generation, specifically
superoxide anion, tended to increase over time, but not significantly so (Figure 5.2c).
There is no significant interaction between treatments, only significant differences over
time. At day-0, 35.5 ± 23.0% of cells were already producing large amounts of O 2⁻,
whereas by day-14, 74.2 ± 19.4% of cells had large amounts of O2⁻.
5.3.3. Mitochondrial function analysis
At day-0 fresh semen, either diluted or undiluted, had a similar ATP content (10.56 ±
2.34 nmoles ATP 10-9 spz), which decreased over time at different rates depending on
the treatment. Figure 5.3 depicts the decrease of ATP content over the days of storage
and how for the undiluted semen ATP losses were greater than for diluted semen.
Oxygen consumption over time tended to increase in diluted semen samples, although
this tendency was not significant. Nonetheless, this is not the case for undiluted semen,
where the decrease of oxygen was significant after day-7, as compared to day-0 (Figure
5.3).

88

Chapter V: E. maclovinus sperm quality after cold storage

Figure 5.2. E. maclovinus semen samples evaluated by flow cytometer; Y axis
represents the rate of stained spermatozoa over total from a sample; The X axis
represents day of evaluation during storage time; Data points represents mean ± SD and
regression curves for samples without diluter solution are represented by a
discontinuous line (---) and samples diluted 1:1 with physiological saline media (PSM)
are represented by a continuous line (―); (a) Living spermatozoa that were positive for
SYBR-14 staining and negative for PI staining for undiluted (○) and diluted (●)
samples; (b) Spermatozoa with greater mitochondrial membrane potential that were
positive for JC1 staining for undiluted (∆) and diluted (▲) samples; (c) Spermatozoa
with greater content of superoxide anion that were positive for DHE staining for
undiluted (◊) and diluted (♦) samples; (d) Linear regression from combination of all data
points to compare treatments with different slopes (m; P<0.05); Different letters
indicate significant differences between data points (P<0.05); n = 10
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Figure 5.3. E. maclovinus semen samples evaluated by multimodal plate reader; X axis
represents day of evaluation during storage time; Data points represents mean ± SD and
regression curves for samples without diluter solution are represented by a
discontinuous line (---) and samples diluted 1:1 with a physiological saline media
(PSM) are represented by a continuous line (―) (a) ATP content; (b) Oxygen
consumption represented by relative fluorescence units (RFU); Different letters indicate
significant differences between data points (P<0.05); n = 10.
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5.4. Discussion
Fluctuations in fertility with season of the year, small volumes of semen obtained using
the stripping approach and the great viscosity of the semen were the main reasons to
prepare pools of semen in the present study. Furthermore the great variability of sample
characteristics could be attributed to the different stages of sexual maturation of each
male. Hormonal stimulation is a common practice in some species such as carp (Cyprius
carpio), perch (Perca fluviatilis) and the common roach (Rutilus rutilus caspicus) to aid
and control semen collection during and after the spawning season (Cejko et al., 2014).
In the case of E. maclovinus, this could be beneficial for productive and study purposes,
but there have not been studies in this area. Nevertheless, semen extraction is possible
without sacrificing the males, providing good quality semen.
Storage of E. maclovinus fresh semen leads to desiccation and gas exchange difficulties
due to the small volume, relatively greater viscosity and cell density of semen as
compared with semen from many other species. The dilution with the physiological
saline media (PSM) was an attempt to address these issues, although it is not known
whether sperm quality is negatively or positively affected by the composition,
osmolarity and/or pH of the solution, and the contact with air. Unlike mammalian
spermatozoa where gases such as CO2 reduces metabolic activity, storage of fish sperm
in a CO2 atmosphere results in cell death and the importance of sufficient gas exchange
has been demonstrated in several species (Stoss, 1983), but there are exceptions due to
the large variability among species (Peñaranda et al., 2010).
Observations of cells can lead to detection of sperm cell damage during storage (Figure
5.1) and dilution with the PSM was not effective in protecting the cells from reactive
oxygen species (ROS; Figure 5.2c). Use of this diluent, however, does not appear to
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result in a greater sperm cell damage or lead to a decrease in storage time capacity with
diluent use. On the contrary, the particular dilution ratio used in the present study
allowed for sustaining of some values for quality estimators as compared with the
values in undiluted semen whether using a simple physiological media (this study) or a
commercial extender (Contreras et al., 2017).
Motile capacity decreases rapidly from the first day (Table 5.1), primarily as a result of
motility activation due to constant changes in the osmotic pressure that affect the
flagella functionality because of its sensitivity to osmotic pressure changes (Dzyuba et
al., 2017). Because the sperm motility of salt water species is activated when there are
relatively greater osmolarities of seawater (Dreanno et al., 1999; Zilli et al., 2008;
Dumorné et al., 2018), possible solutions to this detrimental attribute of diluents is a
decreasing of the osmolarity of the dilutant solution and/or decreasing the calcium
content (Zilli et al., 2008). Ideally, anion analysis of seminal plasma could be achieved
by adequately adjusting the salt concentration of the diluent. Computer-assisted sperm
analysis (CASA) was conducted in the present study (Table 5.1) with difficulties in
protocol standardization for Patagonian blenny spermatozoa, resulting in high
variability when comparing each set of motility data that were obtained. Furthermore,
the interpretation of CASA results is still difficult and subject of debate when this
technique is applied to fish spermatozoa, but useful for comparisons of differences in
swimming variables under different conditions (Yang & Tiersch, 2011; Boryshpolets et
al., 2013). In common carp, a decrease in MOT, VCL, and BCF values is associated
with the metabolism of the intracellular ATP (Perchec et al., 1995; Cejko et al., 2013),
which seems to be the case with E. maclovinus spermatozoa as well.
Sperm motility ATP hydrolysis is catalyzed by dynein ATPase that induces the sliding
of adjacent doublets of microtubules in the flagellum, leading to the generation of
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flagellar beating (Gibbons, 1968). Spermatozoa energy metabolism provides the basal
energy for these cells when there are quiescent conditions (storage in the male ducts, invitro storage) and for the relatively greater energy demand when motility activation
occurs (Ingermann, 2008). Spermatozoa capacity to metabolize exogenous and/or
endogenous substrates will mostly depend on the reproductive strategies of the species.
In rainbow trout spermatozoa, extra-cellular glucose metabolism was not detected
(Terner, 1962). This lack of extra-cellular metabolism of glucose can be compensated
for by a more efficient tricarboxylic acid cycle as exists in several species with
extracellular pyruvate, lactate or glyoxylate metabolism (Mounib, 1967). The lack of
spermatozoa capacity to metabolize extracellular glucose is thought to be due to poor
membrane permeability to glucose (Gardiner, 1978) rather than to some deficiency in
glycolytic enzymes, as enzymatic capacity for intracellular glycolysis was detected in
Salmonidae and Cyprinidae (Lahnsteiner, Patzner, & Weismann, 1993). Upon motility
activation, when spermatozoa are released in water, spermatozoa have a large energy
demand to induce and sustain flagellar movement. Adenylate cyclase will function to
increase that amount of cAMP available at the onset of motility activation and dynein
ATPase activity will allow axonemal microtubule sliding during movement. These
processes are greatly responsible for the rapid ATP consumption described in most
species such as rainbow trout (Christen, Gatti, & Billard, 1987), common carp
(Cyprinus carpio; Perchec et al., 1995), sea bass, and turbot (Scophthalmus maximus;
Dreanno et al., 2000).
Patagonian blenny reproduce by external fertilization. This species cannot rely on the
activating medium to provide the energy supply (Terner, 1962) because it is expected to
have a lack of capacity for metabolizing extracellular substrates. There should be further
research with E. maclovinus sperm to address the question of whether diluent could be
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supplemented with substrates that could improve viability of sperm during storage, as
proposed for seabass (Dicentrarchus labrax; Fauvel et al., 2012) sperm.
The ATP stores accumulated in quiescent spermatozoa are the most readily available
energy source for sustaining motility after activation (Dzyuba et al., 2017), especially in
species where sperm mitochondria have a relatively lesser basal capacity for oxidative
phosphorylation. Examples where this metabolic situation exists are in seabass (Fauvel
et al., 1999), trout (Salmo gairdneri; Christen et al., 1987) and E. maclovinus, as
observed in the present study. Maintenance of concentrations of ATP during periods
when there is sperm motility can also occur with utilization of creatine phosphate such
as the situation in turbot (Psetta maxima; Dreanno et al., 1999), sturgeon (Acipenser
ruthenus; Dzyuba et al., 2017) and, to some extent, by monosaccharides as shown by
Lahnsteiner et al. (1992) in chub (Leuciscus cephalus).
In the majority of eukaryotic cell types, mitochondrial energy metabolism is the most
important source of ROS (Kowaltowski et al., 2009). The complex redox mechanisms
occurring in the mitochondrial microenvironment control ROS production at the levels
required for the normal functionality of this organelle. Oxidative stress situations
leading to damage of the mitochondrial membrane, however, can impair the
mitochondrial respiratory efficiency, promoting ROS release, and creating an
environment where mitochondria are the generators of oxidative damage (Ferramosca et
al., 2013). In human sperm, it was reported that oxidative stress affects sperm
mitochondrial respiration negatively by an uncoupling effect between electron transport
and ATP synthesis; as a result, it has been suggested that this reduced mitochondrial
respiratory efficiency decreases the progressive motility of spermatozoa (Ferramosca et
al., 2013; Cabrita et al., 2014). Patagonian blenny spermatozoa ultrastructure damage is
evident after 7-day of in-vitro cold storage (Figure 5.1), which could be related to
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mitochondrial dysfunction, because oxygen consumption (Figure 5.3b) and O2concentration increase (Figure 5.2c), and ΔΨMMit (Figure 5.2b) and ATP
concentrations (Figure 5.3a) decrease in quiescent spermatozoa as the time of storage
increases. Sperm diluted in PSM more effectively sustain a basal metabolism rate than
what occurred with the undiluted sperm; however, values for motility variables are
similar to those of undiluted sperm (Table 5.1). This could be related to an imbalance in
the ion content provided by the extender medium and, thus, a resulting damage of the
flagellar plasma membrane.
Nevertheless, the storage environment achieved for E. maclovinus sperm in the present
study is beneficial and suitable, as well as the described storage procedures for other
teleost sperm. Viability after short-term storage of mirror carp (Cyprinus carpio) sperm
lasts 24 hours without extender, thereafter sperm quality decreases rapidly, but the
storage time is successfully extended using Kurokura‘s extender for at least 48 more
hours (Bozkurt & Secer, 2005). Chilling storage of pufferfish (Takifugu niphobles) is
achieved for at least 11 days using a dilution ratio of 1:50 in a seminal plasma-like
solution (SLS), whereas viability of sperm in undiluted semen last only for about a day
(Gallego, Pérez, Asturiano, & Yoshida, 2013). Salmonid semen has a long history of
chilling storage due to the importance of this species in large-scale aquaculture, and
there are well known commercial extenders and storage protocols for achieving
acceptable fertilization after 10 days of storage (Merino et al., 2017).
Methods used in the present research for the evaluation of sperm quality estimators have
been useful for accurately determining pre-fertilization quality of spermatozoa. It has
been ascertained that motility analysis alone is not adequate for determining the quality
of spermatozoa because motility losses could be caused by mishandling or other factors
unrelated to the gamete quality and/or maturity.
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As for future research directions, storage-time can be improved if an adequate extender
and protocol are utilized that addresses considerations for ROS protection, pH,
osmolarity, and ion content. Addition of antioxidants in the storage diluent may be the
most desirable option for extending sperm viability for extended storage times. Bacteria
contamination is commonly observed during sperm storage, but it is preventable with
good management practices; nevertheless, the addition of antibiotics to the dilution
media is highly recommended in case of cold storage periods that are longer than 7
days. After addressing development of an effective storage diluent solution for
maintaining sperm viability during storage, there should be assessment of egg
fertilization capacity of sperm where there has been imposition of various storage
protocols. This approach would allow for determining whether different handling and/or
storage protocols are adequate for comparison of all data obtained, such as sperm
quality estimators because fertilization assessment is an ultimate assessment of
spermatozoa quality (Bobe & Labbé, 2010).
5.5. Conclusions
Patagonian blenny (Eleginops maclovinus) sperm pre-fertilization quality decreases
after 7 days of cold (4 °C) storage. Nevertheless, storage time can be extended by using
a simple fish artificial physiological media. Based on the quality indicators analyzed in
the present study, the spermatozoa can be stored at 4 °C between 7 and 10 days using a
physiological saline media (Cortland solution) for maintaining at least 10% functional
spermatozoa. Tools are useful such as the flow cytometer, computer-assisted video
analysis and UV-Vis absorbance, fluorescence, luminescence readers, combined with
specific fluorescent probes for fish sperm analysis with the aim of having additional
species available for aquaculture.
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6.1 General discussion
A spermatological research was conducted in Patagonian blenny (Eleginops
maclovinus) for the first time, where basic aspects of motility, morphology (Valdebenito
et al., 2017; this work) and ultrastructure (this work) were described. The seminal fluid
pH, osmolarity, and cell concentration (Contreras et al., 2017; this work) were also
described. In order to assay E. maclovinus sperm quality during short-term storage in
laboratory, the following spermatozoa quality-estimators were analysed: motility
parameters determination by computer assisted sperm analysis (CASA); plasma
membrane visual integrity by scanning electron microscopy (SEM); spermatozoa
proportion showing good membrane integrity by SYBR-14/PI probe quantified by flow
cytometry; spermatozoa proportion showing great amounts of superoxide anions by
DHE/SYTOX probe quantified by flow cytometry; spermatozoa proportion showing
high mitochondrial membrane potential by JC-1 probe quantified by flow cytometry;
spermatozoa basal ATP content determined by a kit (CellTiter-Glo® Promega®)
quantified by a plate reader; and spermatozoa oxygen consumption determined by a kit
(MitoXpress™ Xtra Oxygen Consumption Assay) quantified by a plate reader.
We found that the most suitable dilution ratio is 1:1 to 1:3 (Contreras et al., 2017).
Dilution whether with a wide-rank commercial extender (Storfish®; IMV Technologies,
France) or a physiological saline media (PSM; Cortland solution (Wolf, 1963)), cold
storage-time can be extended at least 4 days (this work). Experiments conducted in
Chapter V were also performed using the commercial extender Storfish ® and results
were similar (Data not shown), not showing significant differences compared to PSM.
As discussed in Chapter IV, we believe that the commercial extender is based on PSM
with the aggregation, presumably, of antioxidant, a buffer and/or antibiotics, and despite
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being described as a wide-rank fish sperm extender, as PSM, is more focused on
salmonids‘ sperm.
Sperm quality-estimators studied here proven being useful to assay pre-fertilization
sperm quality. Correlation of these estimators with fertilizing capacity and embryonic
development should be studied to validate them as adequate spermatozoa quality
markers (Cabrita et al., 2014). Loss of motile capacity (Table 5.1) could be due ATP
depletion overtime (Figure 5.3) as consequence of cell damage (Figure 5.1 and Figure
5.2a) generated probably by reactive oxygen species (ROS; Figure 5.2c). Mitochondria
is constantly working to maintain basal ATP levels (Dzyuba et al., 2017) whereas ROS
is constantly accumulating and damaging cell membrane and altering intracellular
signalling pathways through changes in tyrosine phosphorylation and acid phosphatase
activity (Gazo et al., 2015). This aggravates cell‘s ATP consumption by allowing ions
influx/efflux and hence promoting motility activation at certain flagellum fragment.
Dilution of semen with PSM altered the isosmotic property of seminal plasma, being
PSM pH and osmolarity different from seminal fluid. Hence, motility is activated
precociously, stressing the cells from day-0. This could be remediated by mimicking the
seminal fluid pH and osmolarity, considering lowering the osmolarity of the storing
media and augmenting calcium chloride to the extender formula (Aramli et al., 2013).
The aforementioned procedure and addition of antioxidant and antibiotics could
improve storage time of Patagonian blenny sperm.
This study, approaching E. maclovinus in vitro reproduction and other current studies
approaching E. maclovinus water and diet under cultivation conditions (Personal
communication; Fundación Chile) will serve as antecedent to bring this species and
other to aquaculture diversifications programs.
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The Patagonian blenny (Eleginops maclovinus) could be a model of stock recovery and
aquaculture diversification for 3 reasons: it is a wild species that is captured for human
consumption, it has been maintained and reproduced in captivity, and gametes of both
males and females can be obtained without sacrificing or altering the specimens
(Fundación Chile, 2015). From the latest studies carried out by our research group (This
work; Ulloa-Rodríguez et al., 2018; Contreras et al., 2017; Valdebenito et al., 2017) it
can be concluded that in vitro handling and storage conditions for E. maclovinus sperm
could be optimized, allowing further studies for in vitro fertilization and controlled
aquaculture for this and other species.
6.2 Conclusions and future directions
Quality loss of Patagonian blenny (Eleginops maclovinus) spermatozoa is reduced
during in vitro cold-storage by diluting with a common extender solution for fish semen.
Reactive oxygen species are the main antagonist in sperm quality preservation whether
semen is diluted or not, yet for Patagonian blenny sperm diluting is necessary to reduce
spermatozoa excessive concentration.
Methods used in this work for the evaluation of sperm quality estimators have proven
being useful for accurately determining pre-fertilization quality of spermatozoa,
evidencing that the motility analysis alone is not enough to determine the quality of
spermatozoa.
As future research directions, storage-time can be improved if an adequate extender and
protocol are implemented, addressing ROS protection, pH, osmolarity, and ion content
regulations. Addition of antioxidants in the keeping solution may be the best choice to
extend the storing time. Afterwards, an egg fertilizing test and embryonic development
follow-up will be an important assay to validate the storage protocol. We believe that
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Patagonian blenny (Eleginops maclovinus) could be a model of fish stock recovery and
aquaculture diversification in Chile.
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