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Introduction

The advances made over the past few decades
in molecular biology, biophysics, and computer
science, as well as the innovative approaches of
scientists, have led to the achievement of certain
practical breakthroughs in a number of branch-
es of medicine. Veterinary medicine in general
— and reproductive biotechnologies in particular
— are among the fields in which these endeavours
have led to truly spectacular results (1).

Reproductive biotechnologies are a set of
methods, procedures or operations whose main
purpose is to maximize genetic potential and to
obtain more offspring, under optimal conditions,
beyond the limits characteristic for the specie.
Among the latest-generation biotechnologies
which have brought a considerable contribution
to the field of reproduction are a number of as-
sisted reproductive technologies (ART), such as:
in vitro fertilization (IVF), intravaginal culture
of oocytes (INVO), intracytoplasmic sperm in-
jection (ICSI), transgenesis, embryo sexing, and
sperm sexing technology (2, 3).

Sperm cells sexing, namely the possibility to
preselect the sex of offspring prior to conception,
has been, for a very long time, a major objective
of reproductive biotechnologies, despite the fact
that this goal involves controlling a situation
which is normally left exclusively to chance (4).

The preselection of the sex of offspring prior
to conception has aroused great interest since an-
cient times. The first attempts to control and de-
termine the sex of the offspring were described
by certain philosophers of ancient Greece. Dem-
ocritus of Abdera (approx. 460-360 BC) be-
lieved that male offspring originated in the right
testicle and female offspring in the left testicle
(1). Moreover, it was believed that male foetuses
developed more frequently in the right uterine
horn, while the female foetuses — in the left uter-
ine horn. According to this assumption, in the
case of both the human and animal species, in
order to obtain offspring of the desired sex, one
of the testicles would have to be removed (5).

The first description of semen or “sperma”
was made by Hippocrates from Kos (¢.460-¢c.377
BC) (5), who claimed that “sperma” plays a key
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role in the development of the product of con-
ception. Strong “sperma” produces male de-
scendants, while weak “sperma” — female de-
scendants. However, all these hypotheses were
based on an empirical tradition, without any sci-
entific research basis to certify their validity (6).

Even though Anton van Leeuwenhoek, in
1677, described the spermatozoon for the first
time using a simple microscope and Michael
Frederick Guyer, in 1910, gave the first accounts
regarding the microscopic identification of sex
chromosomes in mammals, the actual scientific
approaches referring to preselection of the sex
of offspring prior to conception were undertak-
en only in the twentieth century (7).

The benefits of using sexed semen

There are multiple benefits to using sexed semen
in Romania, and they have generated a high in-
terest in both human and veterinary medicine.

Currently, there are over 10.000 known dis-
eases that are genetically determined or condi-
tioned and which affect the human population,
of which 370 are sex-linked. Haemophilia,
Duchenne and Becker muscular dystrophies,
G6PD deficiency, the Lesch-Nyhan syndrome,
and agammaglobulinemia are just some of the
most serious diseases caused by different genes
located on the X chromosome and which gener-
ally occur only in male children. Thus, in order
to avoid such situations, in the case of families
with a history of sex-linked diseases, the pre-
selection of the child’s sex prior to conception
would be the only viable solution (8).

The application of this technique in animals
also raises great interest, both from scientific as
well as economic point of view (9). Thus, the
acceleration of reproduction management, the
optimization of the biological and economic
output at farm level and the improvement of ge-
netic background are just some of the advantag-
es that this technology could provide for live-

stock - cattle - (10), swine - (11, 12), sheep and
goat farms (13).

The most relevant example is cattle farms,
where in the case of dairy breeds the farmers
prefer female offspring (10) as compared to
beef breeds, where male offspring are preferred.
Thus, at an approximately equal rate of male
and female new-borns, as in the case of artificial
insemination with non-sexed semen, half the
offspring belong to an unwanted sex category,
raising and then selling the cattle in question to
slaughterhouses being basically unprofitable.

Thus, the spread of artificial insemination
with sexed semen brings about great advantag-
es for both farm categories (10). It is estimated
that by using these technologies, bovine meat
production can reach a point where it can com-
pete with chicken meat, both in terms of its nu-
tritional qualities and its low production costs. A
reduction of cost of acquiring breeding stock as
well as its rapid increase could be achieved by a
preferential use of female sexed semen. The fact
that female offspring weigh about 2 kilos less
at birth than male offspring would significantly
reduce the frequency of dystocia in this specie
(14).

Considering the above, using sexed semen
would also allow a substantial reduction in
terms of space, fodder, and auxiliary farm staff
and, implicitly, in production costs.

The use of sexed semen also raises a great
interest in the case of animals destined for elite
sports, such as horses, dogs, and even camels, as
well as animals used for hunting. In both cases,
male offspring are preferred (15).

Also, choosing the sex of offspring would
be a rather important tool both in the case of
reproduction management in zoos, by manipu-
lating the gender ratio and avoiding high levels
of endogamy, as well as in the case of conserva-
tion and rescue programs for endangered spe-
cies. For instance, the European bison and the
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marbled polecat currently number less than 50
specimens (16).

Sex determination

According to the systematization made by David
Faber, sex determination can be performed at 3
different levels (Table. 1): at pre-conception, by
measuring the DNA content of male gametes;
pre-implantation, by embryo biopsy followed by
PCR or FISH technique; and lastly, post-implan-
tation, by subjecting the foetuses to ultrasound
or karyotyping (3).

The scientific literature contains numerous
data concerning the attempts made to preselect
the sex of offspring prior to conception; how-
ever, convincing proof in this respect came out
only in the past few years (17).

Although physical, biochemical, and immu-
nological differences between X- and Y-chromo-
some-bearing spermatozoa have been suggested,
and though it has been attempted to develop sev-
eral separation techniques, based on the swim-
ming velocity of the spermatozoa, on the electric
charge of the surface of the spermatozoa mem-
brane, and on the immunological structure, no
separate and viable sexed spermatozoa sub-pop-
ulations have been achieved to date in a consis-
tent manner (18).

The only effective method known at this
point refers to the difference in DNA content in
the case of the two spermatozoa populations (19).

According to Jafar, a sexing technique must
fulfil three fundamental prerequisites in order to
be considered efficient (20):
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the purity of the separated X/Y spermatozoa
should be as high as possible;

the technique used should not affect the “in
vitro” or “in vivo” fertilization capacity of
the sexed spermatozoa;

it should allow for viable embryos/offspring
of the desired gender to be obtained.

In order to fulfil the latter two prerequisites,
it is necessary to combine sexing technology
with artificial insemination, “in vitro” fertiliza-
tion and/or embryo transfer (21).

The preselection of offspring sex before
implantation requires embryo biopsy (22). The
technique is invasive and consists in the collec-
tion of one or more cells (blastomeres) from the
internal mass of the embryos, in order to perform
certain cytogenetic (karyotyping) or molecular
biology tests (PCR and FISH) (23).

Sex identification in offsprings after implan-
tation can be performed only by ultrasound and/
or karyotyping.

Ultrasonography is a non-invasive meth-
od consisting in an ultrasound examination by
which the migration direction of the genital tu-
bercle is identified. This can be carried out in
the case of a wide range of monotocous species,
while in the case of polytocous species it is not
at all relevant (24).

Karyotyping is an invasive method that in-
volves performing an amniocentesis, in which
cells are collected from the amniotic fluid, or
a biopsy of the chorionic villi and drawing the
individual genetic map. It is a costly technique

Table 1. Different levels of sex-preselection

Moment of sex establishment

Biological material

Sexing method

PRE-CONCEPTION Spermatozoa Measurement of DNA content
PRE-IMPLANTATION Embryos Biopsy* followed by PCR or FISH
K3k
POST-IMPLANTATION Fetuses Ultrasonography

Karyotyping *

* - invasive method
** _ non-invasive method
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used mainly for humans, especially to detect nu-
merical or structural chromosomal anomalies,
and to a lesser extent to establish the gender (25).

Separation of spermatozoa based on DNA con-
tent

The first hypothesis regarding the existence of a
difference between the X and the Y chromosome
was issued by the Lawrence Livermore National
Laboratory during a study on the effects of radi-
ation on human health. Mouse semen was used
in order to identify any possible DNA damage,
but due to the flattened shape of the sperm head,
the initial studies on DNA stability were not in-
terpretable (26).

In 1970, Friedrich Otto reports that the
measurement of DNA content can be accurate-
ly performed by the “coaxial measurement” of
the sperm head, using a system developed by
Partec GmbH (Miinster, Germany). This system
(Ortho Impulse Cytophotometer, ICP-22) was
then used for analysing bull semen; however, the
accurate measurement of the DNA content of X
and Y-gonosome-bearing spermatozoa became
possible only with the development and emer-
gence on the market of flow cytometers. The first
report of this technique was made by Moruzzi,
in 1979, according to whom, between the total
length of the X and Y chromosomes in mammals
there is a difference of about 4.2% (27).

The examination of DNA content using flow
cytometry in the two spermatozoa sub-popula-
tions showed a quantitative difference in the
DNA of X and Y-gonosome-bearing spermato-
zoa, ranging between 2.3% in opossums (28),
9% in Microtus Oregoni (29), and only 2.8% in
humans. For commercial species, these values
vary between 3.6% in boars, 3.7% in stalions,
3.8% in bulls, and 4.2% in rams (30).

Sperm Sorting Technique
The separation Technology involves three
stages:

- preparation and marking of samples;

- sample analysis and highlighting of the two
sub-populations;

- separation and collection of the sorted sperm
cells.

The preparation and marking of the sample
involves the dilution and marking of the semen
with dyes specific to nucleic acids. At first, the
4’,6-diamidino-2-phenylindole fluorescent dye-
ing system (DAPI) was used, but this involved
the removal of the spermatozoa membrane,
which implicitly led to the loss of spermatozoa
viability. Although the use of several dyeing pro-
tocols was attempted, quantifying the spermatic
DNA together with maintaining viability was
achieved only with Hoechst 33342 fluorochrome
(H-42) (31).

The non-viable (dead) cells of the spermato-
zoa population marked with H-42 may be iden-
tified by adding propidium iodide (PI), but due
to its mutagenic potential, it was replaced by
other staining dyes. Currently, the FD-C40 red
food dye is used, which is capable of crossing
the altered membrane of the spermatozoa cells,
masking the fluorescence of the H-42 dye. Dead
cells, coloured with FD-C40, are identified and
removed during the sorting process (32).

Sample analysis and highlighting of the two
sub-populations: flow cytometry is a highly so-
phisticated system, whose function is to analyse
and sort cells based on their physical character-
istics (size, cell complexity) or on the fluores-
cence emitted after they have been marked with
fluorochromes.

The basic components of the flow cytometer
are the fluidic, optical, and electronic systems
(33) (Fig. 1). The fluidic system is represented
by sperm cells in suspension in a saline medium
with added EDTA and, optionally, 1% BSA (34).
The composition of this medium differs depend-
ing on the mammal species in question (35).

Thanks to the vibrations of a piezoelectric
crystal, the fluid flow is segmented into drop-
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lets (microvesicles) that contain, in principle, a
single sperm cell each and that will form a sin-
gle-file unicellular internal flow.

The optical system involves the presence
of a flow chamber in which sperm cells come
into contact with the argon laser-type excitation
source and whose dispersion is captured by two
photomultipliers (PMT) (fluorescence detec-
tors), located laterally and frontally.

The lateral photomultiplier (situated at a
90-degree angle relative to the laser emitter)
identifies the spermatozoa that display a frontal
position at the moment of impact with the laser
beam, the quantification of DNA being after-
wards achieved by the front photomultiplier (sit-
uated at a 0-degree angle relative to the laser).

The impulses of the photomultipliers are
received by the electronic system that, with the
aid of certain computer software, processes the
signals and presents the results in the form of a
histogram. On the right side of the histogram, the
population which has an intense fluorescence is
presented (in the case of sexing, it corresponds
to the spermatozoa containing the X gonosome),
while on the left is presented the lower fluores-
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Figure 1. Diagram of flow cytometric sorting
(adapted from www.sexingtechnologies.com)

cence cell population (which corresponds to the
spermatozoa containing the Y gonosome).

Depending on these aspects, the electron-
ic system sends information to the electrical
charging mechanism, which will apply different
electric charges to each microvesicle, depending
on the degree of fluorescence of the sperm cells.

With the aid of an electrostatic field (~
2000V) produced by the two deflecting plates,
the ionized microvesicles are moved in different
directions, the spermatozoa cells being therefore
separated. The spermatozoa containing the X
gonosome and charged with a positive electric
charge are deviated towards the negative plate,
while the ones containing the Y gonosome,
charged with a negative electric charge, are de-
viated towards the positive pole.

The droplets whose content could not be
evaluated because the sperm cells are either ab-
sent or contain several live or dead spermatozoa
(hyperchromic — in the vital coloration due to the
loss of cell membrane selectivity), are not electri-
cally charged and will continue their path along
the flow, being subsequently eliminated.

The collection of sexed spermatozoa is per-
formed in sterile tubes that have been pre-treated
with 1% BSA and contain “TEST-yolk” medium
(34). The tubes are pre-treated with BSA in or-
der to eliminate the electrostatic forces that may
occur between the spermatozoa and tube walls.
The “TEST-yolk” medium is meant to stabilize
the plasmatic membrane of the spermatozoa and
to reduce their impact with the collecting tube,
considering that the speed at which they are
evacuated from the cytometer is 90 km/h (36).

Validation of the cytometric method for sexing

semen

It is known that the efficiency and success of
artificial insemination performed with sexed se-
men depends to a large extent on the purity of
the sexed spermatozoa. Thus, after the semen
has been sexed, its validation can be achieved by
several methods:
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1. Reanalysis with the aid of flow cytometry
(37). This method involves reanalysing a
small quantity of the sexed semen for each
sample.

2. Polymerase chain reaction — PCR (38), that,
with the aid of a specific primer, amplifies a
section of DNA specific to the Y or X chro-
mosome.

3. Fluorescence in situ hybridization — FISH
(4, 39), through which a specific sequence of
the Y chromosome is highlighted. This tech-
nique offers the possibility of validating the
sexed semen, both from a quantitative and a
qualitative point of view (40).

4. Artificial insemination.

The validation of the sexed semen with the
aid of flow cytometer, by reanalysing the al-
ready sexed sample, and via molecular biology
techniques (PCR and FISH) are the most advan-
tageous methods, despite the fact that they are
time-consuming. However, the validation of the
method is given by the percentage of offspring
whose morphological sex corresponds to that an-
ticipated before the artificial inseminations (37).

Sexing efficiency

The efficiency of sexing achieved with the aid
of the flow cytometer depends to a large extent
on the parameters of the sorting system, but also
on the quality of semen (41). Consequently, only
30% of the spermatozoa in one ejaculate are sub-
jected to sexing, while the remaining 70% are
lost in the stages before, during, and after sorting
(42).

Leaving aside the small quantitative differ-
ence between the DNA of the two spermatozoa
categories and the quality of semen, the main ob-
stacle encountered in flow cytometric sexing of
spermatozoa is their morphology (i.e. the shape
of the head) (43). In most species, the sperma-
tozoa head is flat, and therefore its lateral posi-
tioning at the moment of impact with the laser
beam undervalues the amount of DNA, unlike

the frontal positioning, which leads to an accu-
rate quantification (44).

The sorting speed also depends, among other
things, on the pressure to which the fluid column
is subjected in order to pass through the cytom-
eter. Even if the normal operating pressure of
the cytometer is 12 psi, new sorting systems are
equipped with “Hypersort” modules, which al-
low the pressure to be raised up to 100 psi. So
far, it was observed that at a pressure of up to
62 psi, the viability of the spermatic cells is not
affected (41).

The deterioration degree of spermatozoa sub-
jected to the sexing technique

The entire sorting process includes several criti-
cal stages that may affect the qualitative parame-
ters of the spermatozoa. In addition to these stag-
es, careful handling and preparation of semen
samples before and after sorting are also essen-
tial in maintaining motility, viability, and fertil-
izing capacity of the sexed spermatic cells (37).

Therefore, during the sorting process, the
quality of semen may be diminished by subject-
ing the sperm cells to:

- Dilution and marking procedures with H-42

(45);

- UV rays (46);
- Flow pressure (47);
- Electrostatic field and electric charge (47).

Also, in order to minimize the damage pro-
duced by these potential causes, temperature,
osmolality, pH, and sterility of the media and
laboratory glassware should be carefully moni-
tored (42).

As early as 1982, Ralph Durand and Peggy
Olive stated their suspicions concerning the mu-
tagenic potential of H-42 fluorochrome. How-
ever, the results of subsequent studies showed
that spermatic DNA, unlike somatic one, has
a higher resistance to the action of this fluoro-
chrome, due to its condensed state (48). Thus,
so far, no alterations of DNA integrity of H-42
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marked spermatozoa, no differences concerning
cleavage rates and no anomalies regarding the
development of blastocysts after IVF with H-42
marked spermatozoa have been reported (49).

According to Bisharah Libbus, the mere ex-
posure of sperm cells to UV rays during sorting
is potentially harmful to DNA integrity, but this
hypothesis was vehemently challenged by the
studies conducted by Sally Catt, that were later
confirmed by David Guthrie. According to them,
exposure to UV rays for 1 usec during sorting
does not pose any mutagenic risk to the sperma-
tozoa (50).

Recently, the influences of flow pressure and
electrostatic field on the viability and fertility of
spermatozoa have also been investigated. The
results show that the optimal cytometer pressure
at which the purity, viability, and fertilizing ca-
pacity of the spermatozoa are not affected to a
great extent is 40-50 psi (47).

Consequently, the losses produced by the cy-
tometric method for sexing semen are inherent,
but they are not as great as not to justify its use.

Other methods for sexing spermatozoa

The scientific literature of the past 70 years con-
tains numerous data on the attempts to separate
the two spermatozoa sub-populations. Thus, al-
though physical, biochemical, and immunologi-
cal differences have been suggested and granting
it was attempted to develop several separation
techniques based on them, no viable sexed sper-
matozoa have been obtained in a consistent man-
ner up to date (17, 18).

The methods that have been tested to this
point, that are not based on the DNA difference
between X and Y-chromosome-bearing sperma-
tozoa are (51):

- Sexing of sperm using antibodies (52, 53)

- Gradient swim-down procedure (54);

- Free-flow electrophoresis;

- Spermatozoa sexing based on volumetric

differences (55);

- Centrifugal countercurrent distribution (56).
All of these attempts of obtaining sexed se-

men have proved to be ineffective due to one of

the following drawbacks:

- the distortion or loss of spermatozoa via-
bility;

- the impossibility to extrapolate this tech-
nique to mammals;

- inconsistent or unverified results.

Also, due to certain economic interests, a
number of reports have emerged concerning the
sexed semen and/or offspring whose sex was pre-
selected prior to conception, but, most common-
ly, these reports proved to be unfounded; proof of
this is the fact that no one else has achieved sat-
isfactory results by the same methods. The only
method that renders good results and guarantees
that viable sexed semen is obtained in relatively
satisfactory amounts is the flow cytometric meth-
od, also known as Beltsville Technology (57).
This method is widely accepted as an efficient
method suitable for commercial use. Only Great
Britain (Aldford Chester - Cogent Sexed Semen)
and a few regions in the United States (Colorado;
Navasota, Texas, etc.) hold a trading license for
mammals semen sexed via this technology.

Although in recent years a series of major
improvements have been achieved regarding
sorting speed and the correct orientation of the
spermatozoa before the laser beam, the technol-
ogy is limited in terms of obtaining a dose with
the same number of sexed spermatozoa as with
unsexed semen.

Ethical issues and legislation

While mammalian sex selection does not involve
any distinctive ethical concerns, unfortunately
we cannot say the same in case of humans.

Sex selection in humans, can be separated
into two distinct reasons: medical and non-med-
ical. If sex selection for medical reasons is car-
ried out in order to avoid the transmission of
X-linked genetic diseases to the next generation,
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sex selection for non-medical reasons is done
mostly in order to satisfy parental desires.

Although, sex selection for medical reasons
is widely accepted as ethical, the use of sperm
sexing technologies for non-medical reason has
been the subject of recurrent ethical and intense
debate in many countries (58).

Up to now, only 36 countries including
Canada, Australia India, China, Turkey, and
25 European countries (59) have laws or pol-
icies regarding sex selection. An overview of
the legislation shows that none of these allows
the use sex selection for non-medical purpos-
es. Moreover, article 14 of the Convention on
Human Rights and Biomedicine of 1997 states
that “the use of techniques of medically assisted
procreation shall not be allowed for the purpose
of choosing a future child’s sex, except where
serious hereditary sex-related disease is to be
avoided” (60). Austria and Switzerland go even
further and forbid sex selection for any reason.
Moreover, in India and China, the law is more
restrictive and prenatal ultrasounds diagnosis for
sex determination without a medical reason can
be prosecuted.

Parental freedom of choice is the most
common and strongest argument in favor of
non-medical sex selection. People should be
able to decide what kind of life they want to live,
including having the “right” to make personal
decisions regarding with whom, when and how
to have children. The government has no right to
interfere unless there is objective evidence that
the use of sexing sperm technology would affect
the resulting child or the society, otherwise vio-
late the right “to freely form families given in the
Declaration of Human Rights” (61).

Len Doyal and Sheila McLean finds that us-
ing sex selection can ensure a good future of the
child, particularly in cultures that have a strong
sex preference. For example, a baby girl born
into a patriarchal society is more likely to be

abandoned, neglected, abused or stigmatized.
Likewise can be advantages for women living
in oppressive societies. In some Asian and In-
dian cultures, women who cannot produce male
child are blamed, therefore, sex selection can
avoid physically and emotionally harmful of
those (62, 63).

Another argument quoted by those who sup-
port non-medical sex selection is that, in this
way are avoided many ethical concerns associat-
ed with abortion and destruction of embryos for
the purpose of sex selection (64).

The primary arguments against allowing
preconception sex selection for non-medical
reasons arc that can lead to sex-ratio imbal-
ance and distortions in birth order, is inherently
sexist and violates human dignity, misuse the
medical resources for nonmedical purposes,
and can induce risks of perpetuation of social
injustice and discrimination. Safety is a major
ethical concern with any new medical technol-
ogy. Despite the fact that sperm sorting technol-
ogy has been used for over 20 years in animals,
the long-term medical risks for humans are
unknown yet, therefore it is still not FDA-ap-
proved for marketing (65).

Also, many critics who argue against
non-medical sex selection believe that the pos-
sibility to preselect the sex of a child prior to
conception is akin to “playing God” by interfer-
ing with the natural process of reproduction and
what is “natural” ought to be appreciated as part
of divine creation. Furthermore the position of
the Roman Catholic Church is that the ability to
give birth to children is the expression of marital
love and should not be isolated from the sexual
act (65, 66).

In conclusion, the debate over the ethics
of sex selection for non-medical reasons is on-
going, in which all of the arguments produced
by those who support and those who reject the
practice are well persuasive and reasoned. Thus
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far, no promising method is known to offer an
alternative to the sperm sexing technology, how-
ever, in the years to come, the current method
will most likely be improved, or another sex-
ing method will be discovered, reaching a point
where safety and long-term medical risks will no
longer be a constraint and sexed semen will be
more economically viable. Consequently, cur-
rent legislation, regarding sex selection must be
subject to a future revision.
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