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ABSTRACT

Objective: To describe the anatomy, morphology and physiology of the reproductive system of male jaguars,
as well as assisted reproduction techniques.

Methodology: A literature review on the anatomy and morphology of the jaguar’s reproductive system,
its physiological characteristics and assisted reproduction techniques were carried out to document relevant
information on the topic.

Results: With this review, basic aspects of the morphology of the reproductive system of the jaguars are
disclosed, although scarce knowledge is available on their reproduction. The advances in the collection,
evaluation and cryopreservation of semen of this feline are shown, in addition to assisted reproduction
techniques such as artificial insemination and in vitro fertilization, which have a great potential to safeguard
the species.

Study limitations: The jaguar, an emblematic species of Latinamerica, is an endangered species, like other
wild felids species as ocelot (Leopardus pardalis) and margay (Leopardus wiedii), which makes it necessary to have a
national assisted reproduction program. However, for this to be possible, information about their reproductive
physiology is necessary, which is complicated in wild animals and even more so because the reproductive
mechanisms greatly differ between felids species. There is scarce information in this regard from its free-living
or Mexican zoos, it is for this reason necessary to generate such information.

Conclusions: It is necessary to continue working on designing protocols for artificial insemination and other
assisted reproduction techniques such as in-vitro fertilization specifically for male Panthera onca.
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INTRODUCTION

Within an ecosystem, felines are of great importance because they are predators and help
to keep it in balance; however, many of them are in danger of extinction due to habitat loss
and poaching. Six of the 36 reported species of the Felidae family that existing worldwide
distribute in Mexico (Ceballos and Oliva, 2005); among them, the jaguar, an emblematic
species for Latin America. According to PROFEPA (2016), among the members of the
Felidae family, the jaguar (Panthera onca), the ocelot (Leopardus pardalis) and the margay
(Leopardus wiedii) are in endangered status, while the jaguarundi (Herpailurus yagouaroundi)
is in the threatened category. This unfavorable situation raises the importance of a national
assisted feline reproduction program. For this to be possible, information about their
reproductive characteristics 13 necessary, which is complicated in the case of free-living
animals and even more so because the reproductive mechanisms greatly differ between
species. Therefore, information must be generated for each of them (Roldan, 2010). In
addition, it would be prudent to use assisted reproduction techniques generated for other
mammals. According to the Yaguareté network in Argentina (http://www.redyaguarete.
org.ar/el-yaguarete/celo-y-reproduccion/), there is no specific reproductive season for
jaguars, although it is noted that they give birth during spring in extreme climates, which
could be due to greater prey availability; and at any time in tropical areas, since light
and humidity remain constant throughout the year. In the case of Mexico, Ceballos et
al. (2011) mention that the jaguar’s reproductive season occurs between December and
January. Knowledge regards the jaguar’s reproduction will allow a better understanding of
the mechanisms involved in its occurrence. Therefore, the objective of this review was to
describe the anatomy, morphology and physiology of the jaguar’s reproductive system, as
well as assisted reproduction techniques in this species.

REPRODUCTION
Anatomy of the reproductive system

The reproductive apparatus of the jaguar consists of a penis and testes. The penis is
conical and located within a prepuce; when animals are not sexually active, it is caudally

oriented, however, during coitus the position is reversed (Figure 1).

Figure 1. Reproductive apparatus of the jaguar, testicles (A) and penis (B).
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The penis consists of a root, a body and a glans penis, the latter covered by numerous
androgen-dependent cornified papillae that appear after puberty. The testes (Figure 2)
are in the perineal region with a craniocaudal orientation and formed by testicular tissue,
head, body and tail of the epididymis, efferent and deferent ducts, spermatic cord, testicular
artery and veins. The head of the epididymis is situated craniolaterally, the body is dorsal
and the tail is caudal to the testicles. The vas deferens surround the testis in a cranial
direction penetrating the spermatic cord. Attached to the testes are two bulbourethral
glands that contribute to the formation of seminal plasma and the prostate, which is formed
by a compact and a disseminated portion (Mayor and Lopez, 2010).

Reproductive process
The jaguar’s reproductive process is poorly understood, but it is believed that more
than one factor is involved in its regulation, including geographic space, photoperiod,

temperature, food availability and psycho-social environment (Figure 3; Feldman and
Nelson, 1996).

Figure 2. Male gonad showing its parts 1) testicle, 2) head of the epididymis, 3) tail of the epididymis, 4) vas
deferens, 5) testicular vessels and nerves. With permission from Mayor and Lépez (2010). Atlas de Anatomia de
especies silvestres de la Amazonia peruana.
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Figure 3. Influence of environmental factors on jaguar reproductive behavior. Pheromones help them to mark
territory and avoid the entry of other males, androgens stimulate pheromone production, and secretion is
constant or regulated by photoperiod.
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Reproductive hormones. Neuroendocrine interactions between the hypothalamus
and pituitary gland control testicular function. GnRH (gonadotropin-releasing hormone),
a neurohormone secreted by the preoptic-hypothalamic area (APO-H), stimulates the
gonadotropes in the pituitary to secrete LH (luteinizing hormone) and FSH (follicle-
stimulating hormone). These gonadotropins enter and travel through the bloodstream to
reach the testes to directly influence spermatogenesis through their effect on Leydig and
Sertoli cells (Figure 4). For example, if the secreted testosterone concentration by Leydig
cells is increased in the blood, negative feedback is exerted at the APO-H and pituitary
level, inhibiting pulsatile GnRH/LH secretion, which decreases the testosterone secretion
by Leydig cells. On other hand, FSH directly acts on sperm production, Sertoli cells, in
turn, secrete inhibin and activin (Johnston et al., 2001).

Photoperiod effect. Photoperiod also influences males, who show a seasonal variation
in androgen levels during the year. An increase in these hormones level seems to be linked
both to the increase in prey and to the season in domestic cats (Felis catus), Pallas’s cat
(Otocolobus manul), snow leopard (Uncia uncia), among others. Swanson and Brown (1996)
mentioned that changes in the spermatogenesis relate to the photoperiod; in addition, they
indicated that there were variations in the quantity, sperm quality and hormone levels in
the blood at different times of the year. Regard the free-living felids, particularly jaguars.
Morato et al. (2001) conducted a study on reproductive aspects of this felid in captivity
and found an average ejaculate volume of 8.6+1.3 mL (n=28), with a concentration of

s

Figure 4. Procedures to be performed before obtaining semen samples in jaguar. A) Anesthetized jaguar. B)
Physiological constants check. C) Palpation of the testicles. D) Penile exposure.
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3.920.7x10° spermatozoa per mL. Although there were variations in ejaculate volume
during the seasons (autumn 6.0+0.9 mL, 10.9+4.3 mL in winter, 9.0%3.7 mL in spring
and summer 7.9%+0.8 mL), there were no seasonal differences. For testosterone, these
researchers indicated that there were also no differences due to the sampling season,
although there were some numerical variations. For example, during fall, testosterone
production was 170+20.7 ng dL™", while in winter and spring it was 324+60.4 and
987.9%52.5 ng dL. ™, respectively. Regard sperm quality, Morato et al. (1999) mentioned
having found a high percentage of sperm malformations (51%), a large amount of sperm
malformations is common in captive felids (Table 1). In the case of the domestic cats and
the black-footed cats (Felis nigripes), Herrick et al. (2010) reported higher than 80% sperm
abnormalities.

Spermatogenesis. Spermatogenesis is a sequence of cytological events of male
germ cells (multiplication and differentiation) that result in spermatozoa formation.
Spermatogenesis takes place cyclically in the epithelium of the seminiferous tubules of the
testis, starting at the onset of puberty. At the end of the spermatogenic process, spermatozoa
are released into the lumen of the seminiferous tubules and taken to the epididymis, where
they complete the maturation process and acquire fertilizing capacity (Gilbert, 2005). The
sperm membrane is capable of absorbing different substances produced in the seminiferous
tubules, epididymis, vas deferens and accessory sex glands (semen). Another interesting
aspect is that, unlike other mammals, feline sperm capacitation is simpler and takes less

time (Holstein ez al., 2003).

Assisted reproduction techniques

In Mexico, as in other countries, the jaguar is an endangered species due to its
habitat destruction, illegal hunting and prey scarcity (Ceballos, 2010). Therefore, captive
reproduction of this feline is an important option for its preservation by properly managing
assisted reproduction techniques such as semen freezing, artificial insemination, in vitro
fertilization and embryo transfer (Morrell et al., 1998). These techniques can help genetic
exchange between populations (Morato et al., 2001), improve reproductive success, reduce
aggressive behavior, female-male incompatibility and physical problems, and reduce the
transmission of infectious diseases during mating. It is also possible to transfer semen from
captive males to free-living females, or between geographically separated wild populations,
which contributes to increasing genetic variability (Swanson, 2006; Morato et al., 2001).
This can be done with fresh or frozen semen. Therefore, there is a need for genetically
characterized specimens, which is not easy to obtain (Morato ez al., 2001). According to
Paz (2000), in Brazil only 4% of captive jaguars has reproduced in recent years, possibly
due to the difficulty of determining behavior during the estrous cycle, lack of knowledge
of the hierarchical structure when kept in the same cage, photoperiod (induced ovulation
vs. spontaneous ovulation; Wildt et al., 1995) and perhaps also to nutritional status
(undernutrition).

In some countries, assisted reproduction techniques are applied in wild animals based
on the pharmacological protocols used in domestic animals, although sometimes it is not
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possible to apply the same protocols from one species to another, due to the differences in

their reproductive mechanisms and their behavior.

Semen collection

Animal handling. The characteristics of wild animals are special, therefore, obtaining
semen samples is performed in anesthetized animal (Herrera et al., 2017) with an electro-
ejaculator, whereas in any other medical procedures using anesthetics, it requires to
withdrawal water and food from the specimens at least 12 and 24 h, respectively before
its application. According to the AZA (2016), the following products can be used 1)
Telazol® [4-8 mg kg_1 IM (intramuscular), Kreeger and Armstrong, 2010], 2) Xylazine®
(2 mg kg™ ") via IM combined with Ketamine®. It is recommended to give Rohimbine®
(0.125 mg kg_l) after anesthesia to reverse the Xylazine® effects. Atropine sulfate®
(0.04 mg kg_l) or Glycopyrrolate® (0.01-0.02 mg kg_l) can also be administered as a
single dose IM or subcutaneously in case, the animal presents excessive salivation. In
some cases, anesthesia can cause contamination of the seminal sample with urine, as
the bladder relaxes. Therefore, in jaguars, it is recommended to use Zoletil®, 6-8 mg
kg_1 and even supplement it with ketamine. Once the animal is anesthetized (Figure 4),
it is advisable to determine their body condition, palpate the testicles and evaluate their
consistency (flaccid, normal or turgid) and measure their length and width (Morato et
al., 2001) to determine the volume. The penis is extruded from the sheath and examined
to visualize the presence of cornified papillae (1-3 scale, 3=most prominent papillae) as
indicated by Swanson et al. (1995).

Sperm samples obtention. It consists in following protocols for collecting and storing
by cooling or freezing the sperm samples obtained by electro-ejaculation, epididymal lavage
or testicular tissue (Garde ez al., 1998), once the sampling is done, the semen is evaluated to
determine its macroscopic and microscopic characteristics, deposited in straws and stored
in liquid nitrogen tanks for later study or use.

Electroejaculation. It consists of electrical stimulation through a transrectal probe
coupled to a voltage unit (Figure 5).

On jaguars, Morato et al. (2001) used a 2.6 cm diameter probe with a 29 cm length and
a 60 Hz battery-powered electrostimulation (AC, 60 Hz), applying 80 electrical stimuli
divided into three series; 30, 30 and 20 stimuli with 10-minute intervals between series.

Sperm recovery from the epididymis. This technique can be used when a genetically
valuable animal dies. With this technique, spermatozoa are obtained directly from the tail
of the epididymis (Chatdarong et al., 2010). Two techniques can be used for this purpose
1) flotation, which consists of cutting the epididymis into small pieces in a diluent solution
for the sperm extraction (Morton et al., 2010); and 2) retrograde lavage which consists of
injecting a buffered solution into the vas deferens and then retrieving.

Testicular tissues preservation. Another technique is the preservation of testicular
tissue, which represents a challenge for cryobiology; there are predictions that if the
testicular tissue retained active spermatogenesis, elongated spermatids could be obtained
for oocyte fertilization by using intracytoplasmic sperm injections (Oliveira et al., 2015).

On other hand, Abrishami ¢t al. (2010) proposed that testicular freezing can be used in
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Figure 5. Electro-ejaculation technique applied to a 3-year-old jaguar in captivity.

cases where animals suddenly die. Regard the above, in recent years Campos-Junior et al.
(2014) published a successful study in collared peccary.

Sperm evaluation. Once the semen is collected, their evaluated parameters are their
total volume (mL), pH, sperm count (X 106), motility (0-100%), advancement on a scale
of 0 to 5 (0=no movement and 5=rapid forward movement; Wildt et al., 1983), sperm
concentration, normal or abnormal classification (Josthon et al., 1994; Morato et al.,
2001) and acrosomal integrity (Yanagimachi, 1994). Some data on sperm evaluation
are shown in Table 1, where some differences in reproductive parameters measured
in captive and free-living jaguars can be observed, as well as the high percentage of
abnormal sperm cells found.

Sperm conservation. Techniques and protocols in semen preservation should focus
on the specific characteristics of each species, given the differences in the physiology
during sperm production and the inherent changes in the preservation process to which
the spermatozoa are subjected. How the semen is evaluated, its type of packaging (straws),
the composition of the extender (diluters), duration of equilibration time, freezing curve,
storage and thawing speed are determining factors for success in the conservation of male
gametes from wild felines (Roldan, 2010).

Table 1. Testicular, seminal and hormonal characteristics in jaguar males.

Species Weight (kg) | TV (cm®) | Vol (mL) | C (x10%mL™) | A (%) | M (D) (%) | ST (ngmL™) Author
Captive Jaguar 45.3+3.9 8.6x1.3 3.9%0.7%* 51.0 50.6%5.8 | 114-445%** Morato et al. (1999)
Free Jaguar 96.0%7.7 52.4+3.4 4.1+0.7 35.0%x21.3 26.5 73.0%6.1 2.1+0.8 | Morato et al. (2001)
Captive Jaguar 72.0x11.0 41.6x0.6 8.3+0.7 8.0x1.7 50.0 64.0%£2.4 3.1x0.7 Morato et al. (2001)

. Gaviria-Sciolle y
*
Captive Jaguar 83.1%£20.3 ND ND ND ND 32+24.3 ND Arias-Bernal (2011)

VT=Testicular volume, C=Concentration, A=abnormalities, M=motility, [=index. *Progressive motility after semen thawing at 37 °C, **X
106/mL, ST=Serum testosterone, *** (ng/dL). ND=Not determined in the works cited.
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Artificial insemination

It is a technique used to deposit spermatozoa in the female reproductive tract at the
“right” time to achieve oocyte fertilization. Despite its popularity in animals of zootechnical
interest, it is rarely used in reproductive programs of free-living animals due to the scarce
knowledge of the female’s reproductive physiology (Roldan, 2010). Despite this, they have
been able to obtain offspring in ocelot females by laparoscopy (Swanson et al., 1995) and
in puma, tiger, cheetah, clouded panther, snow leopard, ocelot and margay females with

artificial insemination using fresh semen (Roldan, 2010).

In vitro fertilization and sperm microinjection

These techniques can be used when the quantity or quality of spermatozoa is reduced
or in cases where the sperm do not survive the freezing process. In the case of in vitro
fertilization, it is recommended that the conditions are like those in the genital tract,
although further research is required (Rolddn, 2010).

CONCLUSIONS

Advances in assisted reproductive techniques involving male jaguars were presented.
However, the necessity of specific protocols for seminal conservation and its possible use in
in vitro fertilization and artificial insemination is made evident.
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