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New reproductive technologies based on stem cells offer several potential benefits to carnivore
species. For example, development of lines of embryonic stem cells in cats and dogs would allow
for the generation of transgenic animal models, which could be used to advance both veterinary and
human health. Techniques such as spermatogonial stem cell transplantation and testis xenografting
offer new approaches to propagate genetically valuable individual males, even if they should die
before producing sperm. These techniques might therefore have application to the conservation of
endangered species of carnivores, as well as to biomedical research. Recently, our laboratory has
successfully performed spermatogonial stem cell transplantation in the dog, with a recipient dog
producing sperm of donor genetic origin. Testis xenografting has been used to produce sperm from
pre-pubertal testis tissue from both cats and ferrets. These early steps reinforce the need not only for
research on stem cell technologies, but also for additional research into complementary technologies
of assisted reproduction in carnivores, so the widest array of research and clinical benefits can be
realized.

Introduction

Stem cells are defined by their abilities to self-renew and to produce progeny cells of one or
more tissue types. Although somatic stem cells can be used for anumber of research and clinical
applications, this manuscript will concentrate solely on stem cells that originate from the
germline and can be used to propagate it and/or modify it—embryonic stem cells and
spermatogonial stem cells. Some controversy exists regarding the presence of ovarian and
extra-ovarian stem cells capable of contributing to the germline in adult females (Hutt and
Albertini, 2006), but this debate is outside the scope of this report. Technologies of assisted
reproduction based on stem cells have the potential to be used for the preservation of genetically
valuable animals, such as endangered species of wildlife or animal models of diseases. In
addition, the opportunities provided by these techniques for germline modification can greatly
expand the utilization of canine and feline biomedical models of disease, thereby benefiting
both human and veterinary medicine. Because reproductive research in cats and dogs lags
behind that in humans, laboratory rodents, and agricultural species, this manuscript will review
the current state of knowledge and describe key points and technological advancements that
will be needed to promote applications of stem cell-based technologies to canine and feline
reproduction.
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Embryonic Stem Cells: Current State of Knowledge

Embryonic stem cells (ESC) are pluripotent, with the ability to differentiate into multiple cell
types representing all three embryonic tissue lineages. Of practical importance, they can
maintain this undifferentiated nature despite repeated passages in culture. ESC are typically
derived from the inner cell mass of a blastocyst, and were first generated in mice (Evans and
Kaufman, 1981; Martin, 1981), then non-human primates (Thomson et al., 1995; Thomson et
al., 1996), and then in humans (Thomson et al., 1998; Reubinoff et al., 2000). The ability to
maintain ESC in culture provides access to modify the genome of these cells, which can then
be injected into a blastocyst to generate chimeric offspring. Should the transduced ESC
contribute to the germline, then this approach would allow the generation of transgenic
offspring. When grown in vitro, the plasticity displayed by ESC in being able to be induced to
differentiate into various cell types makes them an attractive resource for the generation of
cells that could be used for transplantation-based, regenerative therapies. Dogs and cats are
already important biomedical models for transplantation studies and for the study of a number
of heritable diseases that have direct homology to human conditions. For these reasons,
derivation of canine and feline ESC would be of great significance for basic scientific/ pre-
clinical studies that would benefit both human and veterinary medicine.

Verification that a cell line represents actual ESC involves multiple levels of evidence. First,
the line should express specific markers, such as alkaline phosphatase and transcription factors
such as Oct4 and Nanog. Next, it should be demonstrated that the cell line can differentiate
into tissues representing all three embryonic lineages (endoderm, mesoderm, and ectoderm).
For this purpose, generation of embryonic bodies or injection of putative ESC into
immunodeficient mouse models to produce teratomas are often used. Yet, the “gold standard”
for demonstration of true ESC nature in non-human animal models is demonstration of the
ability of the cells to contribute to the germline in chimeric animals.

No cell lines have been described for the dog or cat that fulfill all these criteria; only one report
of ESC-like cells has been made in the cat (Yu et al., 2008). These authors noted that after 7
passages, evidence of differentiation appeared and alkaline phosphatase activity was lost (Yu
et al., 2008). Similar results have been obtained by another group, who also found that
enzymatic dissociation induced differentiation in this species (James Kehler, personal
communication). Reports have been made regarding 3 putative ESC, or ESC-like, lines in dogs.
The first described ESC-like cells that maintained an undifferentiated state for 8 passages
(Hatoya et al., 2006). The second brief report described only differentiation into hematopoietic
cells (Schneider et al., 2007). The most recent report has been the most complete, with evidence
of multiple markers consistent with ESC, as well as clear evidence of differentiation into tissues
from all three embryonic lineages, and demonstration of a stable karyotype through 15 passages
(Hayes et al., 2008). Reflecting species-specific difficulties inherent to the dog, the line has
not yet successfully been used for teratoma formation nor for contribution to a chimera.

Embryonic Stem Cells: Future Directions

The current inability for this last cell line to form teratomas or to show germline transmission
might not represent a shortcoming in these cells. As will be described below, support of canine
germ cells in murine recipients appears to be less robust than for other species. Demonstration
of contribution to a chimera would also require the ability to harvest canine blastocysts at
precise times, inject them with the ESC, and then transfer them to synchronized recipient
females. Although successful embryo transfer in the dog has been described several times
[(Tsutsui et al., 2001a; Tsutsui et al., 2001b; Lee et al., 2005) and Kim, Meyers-Wallen and
Travis unpublished observations], manipulation of canine embryos at the blastocyst stage to
form chimeras would be a novel and significant development. One key requirement for these
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studies in the dog is the synchronization of bitches that would be used for embryo donor and
recipient. Several methods have been described and are in use with varying degrees of efficacy
(Kutzler, 2007). Embryo flushing from one female, injection of ESC into the blastocysts, and
then transplantation of them back into that same female, would dispense with the need for
synchronization. However, recovery of embryos by flushing as a surgical procedure has been
shown to have significantly lower yield than flushing after removal of the tract (Tsutsui et
al., 2001b). An alternative to strict synchronization (i.e. having two bitches experience the LH
surge within a day of each other) would be provided by the ability to cryopreserve dog embryos.
This would allow for collection and manipulation of embryos to occur at any interval before
the date of transfer. However, this has never been performed successfully in the canine model
and represents a critical enabling technology in need of study.

As noted, feline ESC have to this date not been reported. In some respects, this model is more
amenable to immediate use of ESC to generate chimeric or transgenic individuals because the
required downstream technologies of assisted reproduction are more advanced in the cat. Feline
oocytes can be matured in vitro; in vitro fertilization (IVF) and intra-cytoplasmic sperm
injection (ICSI) have both been performed successfully in cats; feline embryos have been
successfully cryopreserved and thawed; and embryo transfer has been performed in several
felid species. In their own right, these technologies have the ability to contribute to the
propagation of genetically valuable individuals (Pope et al., 2006; Pukazhenthi et al., 2006;
Swanson, 2006). Should feline ESC be generated, then experience with these downstream
technologies will provide a foundation for a rapid translation to clinical and research
applications.

Although somewhat outside the scope of this paper, it is worth noting that transgenic cats
expressing red fluorescent protein have been generated through the technique of somatic cell
nuclear transfer (SCNT) (Yin et al., 2008a). Since successful cloning was first reported in cats
(Shin et al., 2002), the SCNT technology has been applied to African Wildcats (Gomez et
al., 2004), and has received much study. Indeed, feline SCNT has advanced to the point where
second generation clones have been produced (Yin et al., 2008b), and the fertility of cloned
individuals by normal mating has been documented (Choi et al., 2007). However, despite this
progress, feline SCNT remains a relatively low yield, labor and cost-intensive process. For
example, only 2 live, apparently normal African Wildcat kittens resulted from the transfer of
1552 embryos into domestic cat recipients (Gomez et al., 2004). Of 176 cloned embryos
expressing the red fluorescent protein transgene that were transferred, only 2 transgenic kittens
were produced (Yin et al., 2008a). Should they be developed, feline and canine ESC might
provide a more practical approach for the generation of transgenic cats and dogs.

In this regard, one finding of potentially great practical importance for non-rodent animal
species was the recent demonstration that expression of 4 genes was sufficient to give murine
and human fibroblasts the essential characteristics of ESC (Takahashi and Yamanaka, 2006;
Okita et al., 2007). Referred to as “iPS” cells (for “induced pluripotent stem” cells), this
technology is highly deserving of study in carnivores in that it might greatly reduce usage of
laboratory animals and the associated costs, while simultaneously advancing the rate of
progress. But caution should be exercised when contemplating clinical application until more
research can be performed. For example, tumors have been noted in 20% of resultant murine
offspring, and these were associated with reactivation of the c-myc transgene (Okita et al.,
2007). Recently, iPS cells have been described that avoided the induction of this transcription
factor (Nakagawa et al., 2008). The derivation and characteristics of iPS cells, and the potential
applications of this technology, are highly deserving of concentrated study.
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Spermatogonial Stem Cells: Current State of Knowledge

Thus far, most work on technologies of assisted reproduction in males has focused on mature
spermatozoa. Successful semen collection, cryopreservation, and thawing techniques have
been determined for a number of species. Advancements in the handling and storage of mature
sperm have revolutionized the practice of both human and veterinary clinical reproductive
medicine. In addition, these innovations have changed the nature of agriculture and agricultural
economics, as artificial insemination has often supplanted natural breeding in intensive
production regimens. Research on mature sperm is limited in that there are no cell culture
systems that support spermatogenesis in vitro; therefore, sperm can only be obtained as primary
cells from reproductively mature individuals. The stem cells that will produce sperm, on the
other hand, are present in early neonates.

Soon after birth in most species, the gonocytes migrate to the basement membrane of the
seminiferous cords; at this point in time the gonocytes transition into spermatogonia. One must
be careful to distinguish between spermatogonial stem cells (SSC) and spermatogonia in
general. The term “spermatogonia™ is used collectively to refer to a continuum of cells ranging
from those resting on the basement membrane (known as either Ajsolated OF Asingle), 10
proliferating sub-populations (Apaired t0 Aaligned), to differentiating sub-populations [A;4,
Intermediate and Type B]. The differentiating stages are committed to enter spermatogenesis,
but whether the Ajsolated Cells represent the only spermatogonia with a true stem cell nature is
not yet fully clear [Please see (Russell et al., 1990) for a review of spermatogenesis.].

The development of reproductive technologies based on SSC could preserve the breeding
potential of males that die prior to puberty. This can be of great importance when the genetic
contribution of a single individual could have significant impact on the long-term viability of
a population. Examples of this would include attempts to preserve the genetic information
represented in offspring of founder individuals in captive breeding programs, or attempts to
propagate individuals with diseases that preclude natural mating. In addition, because SSC can
be maintained in culture, these cells are similar to ESC in providing an opportunity for genetic
manipulation that is not present in the terminally-differentiated spermatozoa. Efforts to take
advantage of the attributes of SSC have thus far focused on two technologies: spermatogonial
stem cell transplantation (SSCT) and testis xenografting.

Spermatogonial stem cell transplantation

Before describing this technique, it bears mentioning that several different terms have been
used for this technology, including “spermatogonial stem cell transplantation” (SSCT) and
“germ cell transplantation,” and both names are somewhat unsatisfactory. First, both terms
imply that only germ cells are being transplanted, when in most cases using fresh cells, a mixed
population including Sertoli cells is actually transplanted (though only the spermatogonia
appear to colonize). “Germ cell transplantation” implies that transplantation of several stages
of germ cells might be equally efficacious, and this is not the case for the later stages of
spermatogenesis. Conversely, the term “SSCT” implies that only SSC are transplanted (which
is not true), and makes an assumption that the only germ cells that are colonizing and eventually
producing the sperm are the true SSC. This point is unclear given that the “stemness” of the
early proliferating spermatogonia still needs to be determined, as is knowledge of the specific
stages of spermatogonia that can be transplanted successfully. Identification of surface and
expression markers for the individual stages of spermatogonia for the different species will be
needed to determine the most precise name for this technology.

Regardless of terminology, this procedure entails the transplantation of spermatogonia from a
donor into the seminiferous tubules of a recipient, where they will move to their appropriate
niche. At least 4 distinct steps are typically involved: 1). Preparation of the recipient's testes,
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2). Isolation of the donor spermatogonia, 3). Transplantation of the donor cell suspension, often
enriched in spermatogonia, and 4). Collection of sperm and determination of their genetic
origin. First performed in the mouse (Brinster and Avarbock, 1994; Brinster and Zimmermann,
1994), SSCT has been attempted using germ cells isolated from a variety of donor species.
Transplanted rat and hamster spermatogonia were able to produce sperm in the testes of
recipient mice (Clouthier et al., 1996; Ogawa et al., 1999). However, donor cells from rabbits
and dogs (Dobrinski et al., 1999), primates (Nagano et al., 2001), bulls (Oatley et al., 2002),
and cats (Kim et al., 2006) have been able to colonize the testes of recipient mice, but have not
been able to undergo spermatogenesis. These results directed scientists to reduce the
phylogenetic distance between the donor and recipient species, requiring recipient preparation
in non-mouse models. Allogeneic transplantation has been performed successfully in the pig
(Honaramooz et al., 2002a) and goat (Honaramooz et al., 2003). Recently, we have performed
this technique successfully in the dog (Kim, et al., 2008), and will use our work in the dog as
the primary example for discussion of the steps of this technology, which has recently been
the subject of a more thorough review (Dobrinski and Travis, 2007).

The recipient testes should have their endogenous germ cells depleted prior to transplantation.
This would facilitate access of the donor spermatogonia to their appropriate niche on the
basement membrane of the seminiferous tubules, allowing more room for proliferation of donor
spermatogonia and ultimately providing a higher yield of sperm of donor origin (Brinster et
al., 2003). Although a number of techniques have been described for this purpose, in practice,
chemotherapeutic drugs or external beam irradiation are the methods most commonly used for
depletion of endogenous male germ cells. In cats and dogs, we prefer focal irradiation because
of the lack of systemic effects (Kim et al., 2006; Kim et al., 2008) . Germ cells are known to
be highly radiosensitive (Dym and Clermont, 1970; Huckins, 1978), whereas Sertoli cells and
Leydig cells are relatively radioresistant (Dym and Clermont, 1970; Joshi et al., 1990; van der
Meer et al., 1992; Vergouwen et al., 1994). Thus, protocols to deplete the germ cells can be
optimized that leave the supporting somatic cell components functional.

Typically, donor cells are isolated by decapsulation of the testes, followed by enzymatic
dissociation of the seminiferous tubules with collagenase. Trypsin is then used to separate the
individual cells (Bellvé et al. 1977; Bellvé et al. 1977; Dobrinski et al. 1999; Kim et al.,
2006; Kim et al., 2008). In some species, surface markers and specific culture conditions can
be utilized to enrich the relative percentage of SSC in the donor cells, but such markers and
conditions have not yet been identified or optimized for carnivores. Once the donor cell
population is obtained, then transplantation can be performed. In the mouse, the efferent ducts
can easily be observed because the testes are readily separated from the epididymides (Ogawa
etal., 1997). However, in larger species, dense connective tissue makes visualization of the
efferent ducts technically challenging. In these species, ultrasonography can be used to guide
injection into the rete testis (Honaramooz et al., 2002a; Honaramooz et al., 2003; Izadyar et
al., 2003; Herrid et al., 2006). In both cases, retrograde injection is performed to fill as many
seminiferous tubules as possible with the donor cells. In our experience, ultrasonographic
guidance is of high importance to achieve injection into the rete testis of dogs (Kim et al.,
2008).

Once the transplantation is performed, it is necessary to give the introduced cells a chance to
occupy their niche on the basement membrane, to expand, and to produce progeny cells that
undergo spermatogenesis. Allowing time for several spermatogenic cycles is advisable to
maximize the likelihood of identifying sperm of donor origin. In laboratory species for which
transgenic technology is already available, observation of fluorescent, enzymatic, or genetic
markers can help identify and quantify the relative amount of donor versus endogenous
recipient spermatogenesis. In carnivore species for which transgenesis is not available, we have
utilized a genetic approach. In the dog, we identified microsatellite markers that differed
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between donor and recipient. Testing the recipient's sperm in comparison with the known
profiles of the donor and the recipient allowed us to identify the presence of donor alleles in
the recipient's sperm. However, this approach is not quantitative. Therefore, we next performed
quantitative PCR using TagMan probes for single-nucleotide polymorphisms (SNPs) that
differed between donor and recipient to determine the relative production of sperm of donor
origin. In one recipient dog in which SSCT was successful, we quantified that 19.5% of the
sperm were of donor origin (Kim et al., 2008).

Interestingly, we did not need to suppress the recipient's immune system for this procedure to
be successful between unrelated dogs. In xenogeneic transplantation into mice,
immunodeficient strains have been used to avoid rejection (Clouthier et al., 1996; Dobrinski
et al., 1999; Dobrinski et al., 2000; Kim et al., 2006). But in several species, there are reports
of heterologous transplantation without immunosuppression of the recipient (Honaramooz et
al., 2002a; Honaramooz et al., 2003; Herrid et al., 2006). It is currently unclear how the donor
spermatogonia avoid rejection by the recipient, given that their position on the basement
membrane lies on the blood side of the Sertoli cell tight junctions that are considered a major
component of the blood-testis barrier.

Testis xenografting

Unlike SSCT, testis xenografting is technically very straightforward, involving only the
placement of 1-2 mm? pieces of testis tissue into an immunodeficient mouse host. Because the
tubule and interstitial cell architecture is maintained inside the xenografts, there is little
preparation that needs to be performed in the donor tissue or host. One step that is usually
performed is castration of the immunodeficient host so that local testosterone production in
the xenografts is stimulated. However, xenografts can also be placed under the host's testicular
capsule (Shinoharaet al., 2002). Because the mouse cannot recognize the xenografts as foreign,
they are not rejected, but rather are nurtured. The individual xenografts can then support
spermatogenesis. Mature testicular sperm can be collected by dissection of part or all of a
xenograft, after a period of time that varies with donor species. However, because of the
absence of epididymal maturation, these sperm can only be used for ICSI to generate offspring.

For most studies, neonatal or early pre-pubertal donor tissue has been used (Oatley et al.,
2005). Using the domestic cat as donor, we demonstrated that pre-pubertal xenografts would
support spermatogenesis, but once meiosis began in the donor tissue, then testis xenografts
would not produce sperm (Kim et al., 2007). Although xenografts from adult tissue uniformly
degenerated, the xenografts from pubertal donors often survived and produced physiologically
relevant levels of testosterone (Kim et al., 2007). Thus, xenograft failure with pubertal donor
tissue was not primarily due to inadequate testosterone production by the xenograft Leydig
cells. Why xenografts of pubertal and adult tissue uniformly fail is currently unknown.

Testis xenografting has been performed successfully using donor tissue from a number of
species including the mouse, pig, and goat (Honaramooz et al., 2002b), Djungarian hamster
(Schlattetal., 2002), bull (Oatley et al., 2005), rabbit (Shinohara et al., 2002), and cat (Snedaker
et al., 2004; Kim et al., 2007). Interestingly, in some species such as the rhesus monkey, the
onset of spermatogenesis is accelerated in comparison to when tissue had just been left within
the donor (Honaramooz et al., 2004). In agricultural species, the time needed for
spermatogenesis in the xenografts to produce mature testicular sperm is more or less the same
as if the tissue had been left in the donor. However, two reports have shown that in feline
xenografts, production of mature sperm is greatly delayed versus age-matched controls left
within the testis (Snedaker et al., 2004; Kim et al., 2007). Moreover, spermatogenesis seems
to be somewhat abnormal in the feline xenografts (Kim et al., 2007). We are currently
investigating whether these xenograft-derived feline sperm are functional, using ICSI as an
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assay. Live offspring have been derived using sperm produced from mouse and rabbit
xenografts (Shinohara et al., 2002).

We have also performed testis xenografting using canine donor tissue. Interestingly, although
some xenografts were supported and survived, we observed successful sperm production in
<1% of the total xenografts (Gourdon, Kim, Meyers-Wallen, and Travis, unpublished
observations). Cats and dogs therefore seem to differ from the majority of other species. To
determine whether this represented a broad incompatibility between carnivores and the mouse
hosts, we next performed xenografting using the domestic ferret as a source of donor tissue.
Notably, xenograft sperm production was outstanding in terms of timing, the number of sperm
produced, and the histological appearance of the xenograft seminiferous tubules (Gordoun,
Kim, Meyers-Wallen, and Travis unpublished observations). Thus, there appears to be a
species-specific incompatibility in the dog, and to a lesser extent, the cat. A somewhat similar
situation was observed in the marmoset (Callithrix jacchus) (Wistuba et al., 2004). This was
ascribed to a deletion in the luteinizing hormone receptor of this species, which makes it
insensitive to that hormone (Wistuba et al., 2004). It will be interesting to determine the
underlying incompatibility between the mouse host and canine spermatogenesis.

Spermatogonial Stem Cells: Future Directions

Both SSCT and testis xenografting offer different relative advantages and disadvantages.
Additional research on SSCT might ultimately improve our understanding of testis
immunology as well as of SSC niches and the nature of “stemness” in the continuum of cells
that are spermatogonia. SSCT might also provide a practical means of developing transgenesis
in carnivore species in which ESC are not yet available (Figure 1). To facilitate this, research
to identify surface markers for the various stages of canine and feline spermatogonia is needed.
Such markers would allow enrichment of the appropriate stem cell population(s), and therefore
increase the relative efficiency of sperm of donor origin. In addition, enrichment of the SSC
would improve the efficiency of transduction, facilitating the generation of transgenic
offspring.

From a conservation perspective, xenogeneic SSCT might also be useful to generate sperm
from genetically valuable individuals that die prior to gamete production. However, for this
latter application, appropriate recipient species must be identified that can support donor
spermatogenesis. It is not yet known whether the taxonomic distances between domestic cats
and dogs and wild felids and canids will prevent the use of the domestic species as recipients
for conservation efforts. A potential advantage of SSC relative to testis xenografting is that
epididymal maturation of sperm can also take place. This would theoretically allow the sperm
produced to be used for a number of downstream applications ranging from artificial
insemination to IVF to ICSI. But again, caution should be exercised because species-specific
differences might exist in epididymal conditions that prevent extra-testicular maturation of any
xenogeneic sperm produced.

As noted above, testis xenografting is technically easier than SSCT, although there is an
absolute requirement for maintenance of a colony of immunodeficient mice. Although this
technique is currently limited regarding donor age, it would have utility upon occurrences of
neonatal or pre-pubertal mortality, which can be a problem in captive breeding programs.
Research into the cause of pubertal/adult xenograft failure might identify interventions that
could overcome this limitation. In any case, one must have the downstream technology of ICSI
developed for each donor species for the xenograft-derived sperm to be of practical use.
Logistically, development of good cryopreservation protocols for the 1-2 mms3 pieces of donor
testis tissue would greatly enable incorporation of xenografting technology into conservation
efforts. This would allow immediate preservation of the testicular tissue, and give time for
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procurement of immunodeficient mice of young age to serve as hosts. It would also allow the
preservation of genetic information of species for which ICSI has yet to be optimized.
Therefore, tissue that is currently being discarded could be banked for future use.

Currently, there are no definitive feline or canine ESC lines. iPS technology might provide an
alternative technical approach and is highly deserving of study because of the multitude of
potential applications for ESC. SSCT in the dog has recently been performed by our lab, and
represents another approach to transgenesis in this species. Although SCNT has been used to
produce transgenic cats, SSCT might be more technically accessible to a wider range of
investigators who wish to generate transgenic cats. Although SSCT can also be used to preserve
the genetic information of genetically valuable donors, the relative technical ease of testis
xenografting makes this approach of greater practical interest for the conservation of threatened
and endangered species being bred in captivity. Testis xenografting has yet to be successful
using canine donor tissue, although it has been used to produce morphologically mature cat
and ferret sperm. Should neonatal or pre-pubertal male animals of high genetic value die,
cryopreservation of small pieces of their testis tissue should be considered. If an ICSI protocol
is one day optimized for their species, then xenografting of the thawed donor testis material
might allow for the future introduction of their genetic diversity into their population.
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Figure 1.

Method of using SSCT to produce transgenic dogs. This diagram presents a schematic approach
of how SSCT could be used to achieve transgenesis in a model carnivore species. SSC would
be collected from pre-pubertal donor testes to maximize the relative percentage of SSC in the
mixed cells collected from the seminiferous tubules. If surface markers for canine SSC are
identified, these could be used to enrich the SSC population. The cells would then be incubated
with a viral vector carrying a gene of interest. For the purposes of this diagram, the color green
denotes a marker such as green fluorescent protein. The transduced cells would be washed and
then injected into the rete testis of a recipient that already had its endogenous SSC population
depleted (not shown in diagram). After waiting a period of time sufficient to allow the injected
SSC to colonize and undergo spermatogenesis, the recipient's semen would be collected and
evaluated for the presence of the transgene. Depending on the percentage of sperm carrying
the transgene, the recipient could be bred to pass that gene on to offspring. Assuming that the
transgene had no impact on either male reproductive fitness or embryo survival, the relative
percentage of offspring expressing the transgene would approximate the percentage of sperm
carrying that gene.
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