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Abstract

Recent loss of rhinoceros subspecies has renewed interest in using more advanced assisted reproductive technologies
(ART) in rhinoceroses and elephants. Currently, only semen collection, semen preservation and artificial insemination

(Al) have been used repeatedly with success in these species. Although ovum pick-up (OPU) and intra-cytoplasmic sperm
injection (ICSI) have been reported recently in rhinoceroses, the techniques are not yet optimised. In contrast, multiple
ART applications are routinely used in the horse. Since elephants and rhinoceroses share some reproductive features
with equids, we postulate that procedures such as OPU, ICSI, in vitro fertilisation (IVF) and embryo transfer (ET), which are
well established in the horse, may represent a basis to develop protocols for endangered pachyderms. In this review, we
summarise current knowledge on reproductive physiology relevant to ART. We discuss the current state of ART in all three
families and the requirements for the successful implementation of OPU, ICSI, IVF and ET in these species.

Lay summary

Wild rhinoceros and elephant populations are facing ongoing threats; therefore, additional measures are required to
protect these species for future generations. Assisted reproductive technologies (ART) include the collection of semen to
directly inseminate females or to fertilise oocytes (eggs) in a laboratory to produce embryos, which can be transferred into
a recipient female at a later date. While these techniques are routinely used in humans and domestic animals such as the
horse, more research is needed to incorporate such technologies into the breeding of elephants and rhinoceroses. As the
horse is the closest related domestic species to the rhinoceros, it may serve as the best possible role model. We discuss
the current state of ART in the horse, elephant and rhinoceros and the possibilities for future use of these techniques in
breeding such endangered animals.
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Introduction

Captive breeding populations of endangered species
need a certain number of fertile animals with genetic
diversity to remain stable and/or become self-sustaining.
However, natural breeding in captive animals often poses
difficulties. For example, genetically diverse mating
partners may be located at different facilities in other
countries or continents, and fertility may be sub-optimal
when the social needs of captive animals are not met.
The use of assisted reproductive technologies (ART)
would appear to be one solution to help overcome these
problems (Comizzoli 2015) and preserve fertility beyond
the reproductive lifespan of an individual. However,
currently the use of ART in pachyderms is far from being
a routine procedure that can be used to increase an
individual’s breeding prospects and/or increase numbers
within a population.

The application of any ART to increase numbers
and diversity in captive breeding programmes should
never be viewed as the single answer. It is important
to remember that many other factors that influence
reproduction in these animals have not been studied in
enough detail, including the physiology and hormonal
control of reproduction, husbandry needs per se and how
the structure of their societies and social relations affects
breeding and fertility (Lueders & Allen 2020).

Hence, the current rather low success rate of ART in
the rhinoceros and elephant is due, in part, to a lack of
fundamental reproductive knowledge. Coupled with
this are the intractability of these species compared to
domestic animals, low numbers of individuals available
to undertake research on and the substantial cost involved
with developing these techniques in new species (Lueders
& Allen 2020). To complicate the matter still further, there
are several species, and even subspecies, of elephants and
rhinoceroses, each with their own individual reproductive
characteristics.

Nevertheless, for both the elephant and rhinoceros,
ART has a role to play in captive wildlife breeding
programmes (Hermes et al. 2007, 2013, Stoops et al. 2016).
Most of the advancements in the modern reproductive
technologies in pachyderms have been made in ex situ
breeding of Asian and African elephants, primarily by
establishing protocols for semen freezing and artificial
insemination (AI).

Over a decade ago, Hermes et al. (2007) reviewed ART
being undertaken in elephants and rhinoceroses. Since
then, improvements in Al techniques in both families

and developments in other more advanced reproductive
technologies such as ovum pick-up (OPU) and in vitro
embryo production in rhinoceroses have been made
(Hermes et al. 2009b, Hildebrandt et al. 2012, 2018, Stoops
et al. 2016, Pennington et al. 2020). However, the use of
ART in pachyderms is far from routine. Since ART are
more advanced in the horse (Hinrichs 2018), can we use
this species as a model for the elephant and rhinoceros,
despite variations in their reproductive anatomy and
physiology?

Elephants, rhinoceroses and horses are all large
terrestrial mammals. However, taxonomic classification
of these three species varies. Elephants are classified
in the order Proboscidea and family Elephantidae and
consist of three existing species: African savannah
(Loxodonta africana), African forest (Loxodonta cyclotis)
and Asian elephant (Elephas maximus) (Roca et al. 2015)
and are far removed from the rhinoceros and horse on the
evolutionary tree. Two African species, the black (Diceros
bicornis) and white rhinoceros (Ceratotherium simum),
and three Asian species, the Indian (Rhinoceros unicornis),
Sumatran (Dicerorhinus sumatrensis) and Javan rhinoceros
(Rhinoceros sondaicus) (Amin et al. 2006), are classified in
the same order as the horse, Perissodactyla, and although
in different families (Rhinoceridae and Equidae), they
share more reproductive characteristics than the horse and
elephant. Nevertheless, certain reproductive similarities
between the elephant and horse are present (Allen 2010).

Hence, the aim of this review is to highlight similarities
and differences in the reproductive characteristics of the
domestic horse mare, elephant cow and white rhinoceros
cow and discuss how these relate to our ability to practically
apply ART in pachyderms, and to what degree the horse is
a suitable model.

Reproductive anatomy

Understanding the reproductive anatomy of a species is
essential to undertake reproductive procedures, interpret
clinical findings and allow the development of species-
specific equipment.

Schematic drawings of the female reproductive tract
of the horse, elephant and rhinoceros in situ and ex situ are
compared in Fig. 1. Similarities, like a bicornuate uterus
and ovarian functional structures, differences and special
features are summarised in Table 1 and briefly described
below.
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Figure 1 Schematic drawing of the female reproductive organs in situ (A, B, C) and ex situ (D, E, F) in the mare (A and D), elephant (B and E) and rhinoceros
cow (C and F). B, bursa; B lig, broad ligament; Ce, cervix; Cl, clitoris; IC Lig, intercornuate ligament; K, kidney; M, mammary gland; O, ovary; Ov, oviduct;
OVF, ovulation fossa; R, rectum; UB, urinary bladder; UC, uterine corpus; UH, uterine horn; UOs, urethral os; Va, vagina; Ve, vestibule; VOs, vaginal os; Vu,
Vulva. Note that the full vestibule of the elephant ex situ (D) is not displayed due to the length. Adapted from Allen et al. 2003, Schaffer et al. 2001.

Mare

The internal reproductive tract of the mare is positioned
horizontally, extending into the pelvic cavity and abdomen
(Fig. 1A). The vulva forms the gateway to the vestibule
which continues cranially as the vagina; a vestibule-vaginal
ring is present at the junction of the two, and a hymen may
be present in unmated females (Kainer 2011). The relatively
straight cervix consists of a thick muscle layer and multiple
longitudinal mucosal folds, but no transverse cervical
rings, making it easy to pass catheters through for Al or
embryo transfer (ET) (Stout 2020). The external os of the
cervix protrudes into the cranial vagina and is surrounded
by the vaginal fornix, an internal os opens into the uterus

(Fig. 1D). The Y-shaped uterus consists of a prominent
uterine body and two horns suspended within the pelvic
cavity and abdomen by the broad ligament (Kainer 2011).
The relatively long oviducts of 20-30 cm have a fimbriated
infundibulum positioned over the ovulation fossa to
guide the oocyte into the ampulla of the oviduct and
are attached to the lateral surface of the ovaries (Kainer
2011). The ovaries can be readily palpated per rectum, are
comparatively large and consist of an outer medulla and an
inner cortex containing the functional structures, such as
follicles and corpora lutea. Follicles can reach up to 50 mm
prior to ovulation, which can only occur at the ovulation
fossa as the rest of the ovarian surface is covered by the
tough tunica albuginea (Kainer 2011).
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Table 1 Overview of special reproductive anatomy characteristics of mare, African elephant and white rhinoceros cow with

average measurements.

Horse

Elephant

Rhinoceros

Vestibule
and vagina

Horizontally positioned,
separated by vestibule-
vaginal ring, vestibule
10-12 cm, vagina
15-20 cm long

Short (5-7 cm), diameter:
3.5-4 cm; consists of a thick
muscle layer and longitudinal
folds

Bicornuate; Y-shaped,
prominent uterine
body (18-20 cm), horns
(20-25 cm)

Relatively long (20-30 cm),

fimbriated infundibulum

positioned over the ovulation
fossa
Comparably large (6-8 x
3-4 cm) cranially of the tip
of the uterine horns

e Quter medulla and inner

cortex

e Ovulation fossa where

cortical tissue extends to

the ventral surface of the
ovary

Antral follicles of various

sizes always present

e Pre-ovulatory follicle size:

3.5-5cm

e One CL from ovulation

e Accessory CLs during

pregnancy

Cervix

Uterus

Oviduct

Ovaries .

Functional
structures

Extremely long (100-150 cm)
vestibule, opens between the hind
legs; vagina (20-40 cm) has many
longitudinal folds and opens into the
vestibule through small vaginal os
(0.5-2 cm) within the intact hymenal
membrane in nulliparous females,
additional vaginal opening(s) and /or
blind pouches on either side of the
vaginal os possible; vaginal os in
parous females wide at 5-19 cm

Short (6-10 cm), longitudinal folds,
cranio-ventral direction of pelvis

Bicornuate; U-shaped, short body
(5-15 cm); long horns (30-80 cm),
connected for 50-70 cm up to the
uterine bifurcation

Short (10 cm); enveloped by the
infundibulum of the oviduct which is
incorporated in the ovarian bursa,
forms serosal pouch around ovary

e Relatively small (7 x5 x 2.5 cm),

cranially of uterine horn

e Inner medulla and outer cortex

e Surface has irregular ridges

e Entire ovarian surface is enveloped

by ovarian bursa

e Tiny antral follicles only during
follicular phase visible (0.1-1.5 cm)

e Pre-ovulatory follicle size: 2 cm

e One CL from ovulation (4-5 cm)

e Accessory CLs formed from
luteinised unovulated follicles prior
to each ovulation (2-3.5 cm)

Similar conformation to the mare,
transversal, thin vaginal folds in the
cranial vagina, vestibule 14-20 cm,
vagina 20-30 cm long

Long (13-20 cm), tortuous, with firm,
right angle folds of connective tissue,
narrow lumen, prominent cervical os
and fornix similar to mare

Bicornuate; short body (3.5-7.5 cm);
long, straight horns (40-50 cm) of
equal diameter (3-4 cm) over the
entire length

Short, fimbriated at the cranial
opening nearest the ovaries

e Comparably large (8 x 4 x 2cm),
when active, cranially of the tip of
the uterine horns, caudo-laterally
to the kidneys

¢ Inner medulla and outer cortex

e Antral follicles of various sizes
always present

e Pre-ovulatory follicle size: 3-4 cm

e Only one CL during pregnancy, no
accessory CLs

Elephant cow

The reproductive tract of the female elephant, from
vestibule to ovary, is the longest of the terrestrial animals,
reaching a length of approximately 3.5 m in the African
elephant (Balke et al. 1988). Some unique anatomical
features (Figs. 1B and E) complicate the development and
use of ART in these species (Balke et al. 1988, Hildebrandt
et al. 1999). The extremely long vestibule curves from
the caudal pelvis to just under the anus before arching
downwards to open between the hind legs (Fig. 1B). The
pelvic part of the vestibule is separated from the vagina
through a hymen-like structure which breaks only during
the first parturition, and not during copulations as in the
mare and the rhinoceros. Unique to elephants is a small

opening in the hymen and two blind pouches on either
side of the vaginal opening (Hildebrandt et al. 2006),
although variations are seen between individuals (i.e., two
vaginal openings, no blind pouch; Balke et al. 1988 and I.
Lueders, personal observation; Fig. 2D-F). A short cervix
with longitudinal folds opens into a short uterine body.
Similar to the horse, the two horns are initially positioned
straight before diverging laterally from each other towards
the ovaries (Fig. 1E). However, in contrast to the mare,
the long horns are connected by a short intercornuate
ligament for 0.5-0.7 m and aligned in an anterior direction
(Allen et al. 2003, Hermes et al. 2006). The ovaries are
relatively small, lying cranial to the uterine horn at the
termination of short oviducts, and the entire ovarian
surface is encapsulated by an ovarian bursa (Fig. 2). The
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Figure 2 Photographs of special anatomical features of the rhinoceros (A)
and elephant (B-F). (A) White rhinoceros cervix opened, exposing the
folded structure. utb, uterine body; uh, uterine horn; (B) African elephant
ovary within the ovarian bursa (ovb) and uterine horn tip (uh); (C) same
ovary, ovarian bursa (ovb) removed and ovary turned over, note the
corpora lutea (CLs) and a flaccid cystic structure (Cy); (D--F) endoscopic
view (in situ, from vestibulum) onto the hymen-like structure separating
vestibule and vagina in the Asian elephants: (D) with Al catheter placed
through the vaginal os; (E) two small ostia opening into the vagina, (F)
variation of the larger vaginal os with tissue bridge and vaginal mucosa
shining through.

elephant ovary is composed of an inner medulla and outer
cortex, meaning ovulation can occur at any location on
the ovaries’ surface (Hildebrandt et al. 2000). In contrast
to the mare and rhinoceros cow, which have smooth
plum-like ovaries, the surface of an elephants’ ovaries
show irregular ridges (Allen et al. 2003). Antral follicles
are visible only during the follicular phase and at no other
stage. Dominant follicles are considerably smaller than
those of the mare and rhinoceros cow, reaching only
about 2.0 cm prior to ovulation (Hildebrandt et al. 2011).

Rhinoceros cow

The uterus, vagina and cervical os of the rhinoceros
resemble those of the mare (Figs. 1C and F). In maiden
females, a hymenal membrane is present (Hermes et al.

2006). The cervix is particularly long and has firm folds
of connective tissue (Figs. 1F and 2) leaving a narrow,
tortuous lumen (Godfrey et al. 1991, Hermes et al. 2007)
which is challenging to catheterise. The uterine horns are
straight with their tips pointing cranially and not diverging
laterally as in the mare and elephant cow (Fig. 1F). Like
those of the horse, the oviducts consist of a small tubular
structure with fimbriae at the cranial openings nearest
the ovaries. The ovaries are positioned within an ovarian
bursa (Godfrey et al. 1991, Schaffer et al. 2001). Inactive
ovaries are small and flat, while active ovaries are large
and round with follicles, and/or a corpus luteum or corpus
haemorrhagicum (Schaffer et al. 2001, Hermes et al.
2006). Unlike the mare, rhinoceros ovaries show an inner
medulla and outer cortex. Despite this difference, antral
follicles, present at any cycle stage develop similar to the
horse with a single dominant follicle prior to ovulation
(Radclifte et al. 1997).

Reproductive physiology

A precondition for undertaking ART is a thorough
understanding of the hormonal changes of the oestrous
cycle and early gestation. The mare and rhinoceros cow
share several hormonal oestrous cycle features, whereas
elephants present some unique aspects (Fig. 3). While
extensive literature is available for the mare (as reviewed
by Satué & Gardon 2020), only relatively recently did we
understand the reproductive physiology of the elephant
(as reviewed by Hildebrandt ef al. 2011) and rhinoceros (as
reviewed by Roth 2006, Stoops et al. 2016) in more detail.
The most relevant aspects are summarised in Table 2 and
briefly described here.

Oestrous cycle
Mare

The mare is a long day, seasonally polyoestrous breeder
with regular oestrous cycles of 20-23 days occurring
between spring and autumn. Each cycle consists of 5-6
days of oestrus or sexual receptivity induced by oestrogens
secreted by enlarging follicles in the ovaries and which is
followed by 14-15 days of dioestrus under the dominance
of progesterone (Fig. 3A) the source of which is a, usually
single, corpus luteum (CL). Luteinising hormone (LH)
levels rise during late oestrus and peak after, not before,
ovulation (Ginther 1992, Aurich 2008). Regression of
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Figure 3 Model of changes in known reproductive hormones during the
oestrous cycle of the mare (A), elephant (B) and (Indian) rhinoceros cow
(C). Day 0, day of ovulation; P4, progesterone (5a-reduced metabolites in
elephants); LH, luteinising hormone; FSH, follicle-stimulating hormone; E2,
oestrogen; PGF2q, prostaglandin F2alpha. Adapted from Stoops et al.
2004, Ginther 2007, Aurich 2011, Hildebrandt et al. 2011, Lueders et al.
2011.

other follicles in a cohort occurs when one dominant
follicle begins to secrete inhibin as it enlarges causing
suppression of follicle-stimulating hormone (FSH) from
the pituitary, helping to ensure only a single follicle
matures and ovulates (Fig. 3A). Progesterone dominates
until around day 14 of dioestrus when spike-like bursts of
prostaglandin F2alpha (PGF2a), released from the lumenal
epithelium of the endometrium, travel to the ovaries via
the maternal circulation causing luteolysis of the corpus
luteum (Ginther 1992).

The female elephant exhibits a long oestrous cycle of
13-17 weeks, composed of a follicular phase of 6-8 weeks,
followed by a luteal phase of 6-10 weeks (Lueders et al.
2010b). Instead of a single ovulation-inducing LH peak,
the elephant expresses two LH peaks (Fig. 3B), of which
only the second results in ovulation (Brown et al. 1999).
During a first follicular wave, which commences when
progesterone of the previous luteal phase reaches baseline
levels, a cohort of follicles develop over the course of
approximately 3 weeks (Lueders et al. 2010b). This first
wave ends with a first, anovulatory LH peak in the absence
of overt oestrous signs, although interest in the bull and
even mating have been observed at this time (Lueders et al.
2010b, Hildebrandt et al. 2011). Typically, 1-10 follicles of
>10 mm luteinise after the first LH peak but only become
ultrasonographically visible as luteinised unovulated
follicles (LUFs) about 10 days later. These LUFs form slowly
growing accessory CLs in each oestrous cycle. A second
wave of follicular growth then commences and a second
LH peak occurs approximately 3 weeks (19-21 days) later
(as reviewed by Hildebrandt et al. 2011). Only 12-24 h after
the second LH peak does one single follicle of the second
cohort mature and ovulate when the follicle reaches
approximately 2.0 cm (Hildebrandt et al. 2000, Lueders
et al. 2010b). The ovulated follicle develops into the
largest CL, which along with the accessory CLs, produces
metabolites of S-alpha reduced progestagen (Lueders
et al. 2012). The serum progestagen rise occurs within 24
h after the second LH surge (Fig. 3B). The ovulatory CL
is significantly larger than the anovulatory CLs derived
from LUFs and remains discernible into the next follicular
phase (Lueders et al. 2010b). All CLs persist throughout the
dioestrous period after which they regress in the absence
of pregnancy during the new follicular phase (Brown et al.
1999, Hildebrandt et al. 2006, 2011, Lueders et al. 2010b).

The LUFs do not produce measurable progestagens in
the peripheral circulation prior to the second LH peak but
are a source of inhibin (Kaewmanee et al. 2011, Yamamoto
et al. 2012), which rises measurably only after the first LH
peak (Fig. 3B) and in parallel with LUF growth. Therefore,
LUF formation may be a precondition for the selection of
a single, dominant follicle at the second LH peak (Lueders
etal. 2011).

Elephant cow

Rhinoceros cow

The five living rhinoceros’ species show slight variation
in their oestrous cycle length, dominant follicle size and
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hormone secretion, but overall they are akin to the mare
with a 3- to 5-day period of oestrous behaviour (Radcliffe
~ et al. 1997) that accompanies the growth and ovulation
of one single dominant follicle (as reviewed by Roth et al.
2018). Ovulation of the dominant follicle (30-40 mm in
white rhinoceroses) at the end of the follicular phase takes
™ place within the cortex of the ovary and is induced by a
single pre-ovulatory LH peak (Hermes et al. 2007, Radcliffe
etal. 2001, Fig. 3C).

Oestrous cycle length differs, and shorter or longer
cycles have been reported in all captive species (Roth
et al. 2018, Table 2). Unique to the white rhinoceros, two
distinctive cycle lengths of 30-35 and 65-70 days have
been recognised in captive animals (Patton et al. 1999,
Hermes et al. 2012, Pennington et al. 2020). Although
ovulations followed the follicular phase in cycles of both
lengths, the longer cycle was originally thought to be
associated with in- or subfertility (Schwarzenberger et al.
1998, Patton et al. 1999, Brown et al. 2001). However, more
recently, ovulation induction and Al in rhinoceroses
presenting with long luteal phases prior to the new
cycle resulted in pregnancy (Pennington et al. 2020). In
the white rhinoceros and its African relative, the black
rhinoceros, longer cycles are associated with longer luteal
phases which have not been identified in the Asian species.
Instead, longer cycles in Asian rhinoceroses appear to be
related to a delayed development of a dominant follicle in
a follicular wave or ovarian cysts (Stoops et al. 2004).

As reported in the horse, follicles may become
haemorrhagic (Pennington et al. 2019), frequently referred
to as haemorrhagic anovulatory follicles (HAFs) in the
mare (Ginther 2007). These follicles typically grow larger
than the normal pre-ovulatory size and develop echogenic
patterns and fibrinous, spider-web-like structures within
the fluid-filled lumen. Like HAFs in mares, they may
luteinise and secrete some progesterone or slowly organise
and regress without any progestagen production, as noted
in white rhinoceroses (Roth et al. 2018).

Oestradiol, progesterone and LH (Fig. 3C) all play a
part in orchestrating the reproductive cycle in the white
rhinoceros, but other reproductive hormone (especially
proteohormones such as FSH, inhibin, prolactin, PGF2«x)
profiles have not been elucidated.

Javan
5-6

?

No

5

5
490-580

Sumatran

4-6
450-490

21-24
Yes
Induced
2.0-2.5

Indian

6-7

40-50

Yes
Spontaneous
12.0-14.0
450-490

Rhinoceros

Spontaneous

4.7-5.1
450-490

Black
2.5-3.5

4-7
27
Yes

Diffuse epitheliochorial with villus-free areas*

Spherical, mobile (?)*

Partially induced
450-490
2.5-3.5

30-35 or 65-70
1-3
3.0-4.0

Yes
Progesterone

White
5-6
15 days

Prolactin at 120 days
zonary

Spherical, immobile

600-680

4-8
Endotheliochorial

95-120

2-4
Spontaneous
2.0

Yes
55 days

6-10

Spherical, mobile
epitheliochorial

330

1

Horse

20-23
Spontaneous
3.5-5.0

14 days

eCG

Diffuse

5-6
Yes

Placentation and the hormonal control of
early gestation

A sound understanding of early embryonic development,
maternal recognition of pregnancy (MRP) and the

ultrasound
Ovulation type

Serum
Embryonic vesicle

TU at

Table 2 Overview of key features of the reproduction physiology of the mare, elephant cow and the rhinoceros species.
Elephant

*this is for all sub-species of rhinoceros

Oestrous cycle length (days)
Oestrous duration (days)

Repeated reproductive
Intercalving interval (years)

Ovulatory follicle size (cm)
Gestation length (days)
Placenta type

TU, transrectal ultrasound.

Female maturity (years)
Pregnancy detection
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hormonal changes involved during early gestation is
required in order to undertake procedures such as ET
successfully. While the mare has been studied in detail (as
reviewed by Allen 2001), and over the last decade much
has been learnt about early pregnancy in the elephant
(as reviewed by Allen & Stansfield 2021), there remains a
paucity of information regarding the rhinoceros.

Mare

Pregnancy in the mare includes a number of fascinating
and apparently equine-specific events. Only fertilised
oocytes enter the uterus, with the early embryo secreting
prostaglandin E2 (PGE2) from day 5 to day 6 (Weber
et al. 1991) to cause relaxation and contraction of the
muscles of the oviduct and, hence, passage through the
utero-tubal junction into the uterus. Unfertilised oocytes
remain within the oviduct and either degenerate over
time or pass into the uterus in the presence of an embryo.
The equine embryo has a long oviductal transport time of
144-156 h post-ovulation (Battut et al. 1998) and arrives in
the uterus as a late morula or early blastocyst. Practically,
this means embryo recovery for transfer, bisection or
cryopreservation in the mare can only be undertaken
from day 6.5, with optimum recovery rates from day 7.
The spherical equine embryo sheds the zona pellucida
around day 7, underneath which is a tough acellular
glycoprotein capsule, at least partly secreted by the
trophectoderm cells, that will encapsulate the embryo
until around day 25 (Betteridge 2000). The equine embryo
also shows mobility during early pregnancy, continually
moving through the uterine lumen until around day
16 when it lodges at the base of one of the uterine horns
(Ginther 1983). This mobility is believed to be driven by
prostaglandins secreted by the embryo (Stout & Allen 2001)
and is considered essential to liberate the MRP signal over
the uterine epithelial surface to prevent the cyclic release
of PGF2a from the endometrium and a return to oestrus
by the mare. In addition, copious amounts of oestradiol
are produced by the early equine conceptus from at least
day 12 of pregnancy, and although their precise role has
not been elucidated, they have been proposed to play a
role in the establishment of pregnancy (Heap et al. 1982).
Throughout the mobility stage, and even after the
conceptus becomes stationary at the base of a uterine
horn, it relies on protein-rich secretions from the
endometrial glands, the so-called histotrophe, which
proteins (e.g. uterocalin and
uteroferrin) (Ellenberger et al. 2008), to supply its
nutritional needs. Interdigitation of the allantochorionic

contain numerous

placenta does not commence until around day 45 and
this is initially rudimentary (Samuel ef al. 1974), making
histotrophic nutrition very important in the horse.
Indeed, secretions from the endometrial glands play
an important role throughout gestation in the horse
(Ellenberger et al. 2008).

The equine conceptus also produces a chorionic
gonadotrophin (eCG) during early pregnancy with the
only other mammals known to do so being humans and
the higher primates. In the horse, a specialised band of
tissue called the chorionic girdle develops around the
conceptus. This invades the endometrium around days
36-38 of pregnancy to form the endometrial cups which
secrete eCG into the maternal bloodstream between 40
and 120 days of gestation (Allen & Moor 1972).

Hence, following the development of the endometrial
cups, progesterone levels in the mare’s bloodstream,
which had been falling steadily from around day 20, rise
sharply and remain elevated thereafter until days 120-140
as a result of the continuing ‘collaborative’ actions of the
pituitary FSH-stimulated follicular waves and luteinising
properties of the eCG secreted by the endometrial cups
causing accessory CL to develop. Interestingly, eCG also
causes an increase in peripheral oestrogens which are
secreted by luteal tissue within the ovaries (Daels et al.
1991).

Continuinginterdigitation of the allantochorion from
day45resultsin the formation of complex microcotyledons
over the entire surface of the allantochorion which
interdigitate with the endometrium in corresponding
crypts with no breakdown of the maternal tissue (Samuel
et al. 1974). Hence, placentation in the horse is described
as diffuse, non-invasive and epitheliochorial. In addition
to providing the means for haemotrophic nutrition
during pregnancy, the fetoplacental unit also synthesises
steroid hormones during the second half of pregnancy.
To do so, it utilises fetal C-19 precursors produced by the
enlarged fetal gonads to produce oestrogens from around
day 80, peaking at 220 days before falling as parturition
approaches. In addition, maternal C-21 precursors are
synthesised by the placenta to Sa-reduced progestagens
(Allen 2001).

In summary, principal endocrinological changes
during pregnancy in equids are unusual with many being
specific to this genus. Luteal progesterone production
declines during the first 40 days but thereafter shows
a secondary rise during the next 100 days due to the
development of secondary or accessory CLs in the
maternal ovaries stimulated by the combined actions of
continuing 10- to 12-day releases of pituitary FSH and the
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LH-like properties of eCG secreted by the endometrial
cups between 40 and 120 days of gestation. Thereafter
maternal serum progestagen concentrations remain
low and constant until a further rise occurs during the
last 6-8 weeks of gestation as a result of secretion by the
fetal adrenal glands. Oestrogens also play a role in equine
pregnancy with initial production by the early embryo,
then the luteal tissue and in later pregnancy synthesis by
the placenta from precursors from the fetal gonads (Allen
2001).

Elephant cow

A number of aspects of the 590-680 days gestation in the
elephant are of particular interest due to their similarity
to events in the pregnant mare, while other features vary
greatly (Allen & Stansfield 2021).

As mentioned previously, the LUFs from the first wave
of follicular growth persist in the ovaries well beyond the
second follicular wave and the associated ovulation that
canresultin pregnancy, if accompanied by a fertile mating.
If conception has taken place, all CLs enlarge significantly
around the time of implantation (40-50 days). These CLs
persist in the ovaries for the remainder of gestation and
secrete the metabolites of Sa-reduced progestagens needed
to maintain pregnancy, since the placenta of the elephant
does not synthesise progestagens (Lueders et al. 2012).

Implantation of the embryo occurs at the base of the
uterine horn, always ipsilateral to the side of ovulation
(Lueders et al. 2012) with no observable free embryonic
migration as described for the mare. Consistent with
the long oestrous cycle and gestation length, embryonic
development is rather slow. Compared to the horse and
rhinoceros, the embryonic vesicle and the embryo proper
only become apparentultrasonically at 40-50 days (Fig. 4C)
(Lueders et al. 2010a) and 65 days (Fig. 4D), respectively,
resembling the stages of day 14 (Fig. 4A) and day 21 (Fig. 4B)
pregnancy in the mare. At this stage, a band of trophoblast
in the equatorial region of the spherical conceptus
extrudes ‘fingers’ of trophoblast cells, which undermine
and dislodge the lumenal epithelium of the endometrium
to replace it with a layer of trophoblast, which now lies
on the lumenal surface of the endometrial stroma. The
endotheliochorial zonary placenta will subsequently
develop from increasingly elongated upgrowths of the
trophoblast-lined stroma. The trophoblastbegins to secrete
placental lactogen (Yamamoto et al. 2012), which with its
prolactin-like action appears to stimulate the enlargement
of the all persisting CLs at around 40-50 days of gestation.
Unlike the horse, no chorionic gonadotrophin (CG) has

been detected during pregnancy in the elephant. The
zonary-girdle placenta is unable to produce progestagens
to support the pregnancy but probably contributes to its
maintenance through the indirect effect of the prolactin/
placental lactogens it produces (Yamamoto et al. 2017,
Lueders et al. 2012).

The progesterone metabolite-secreting ability of the
fetal gonads, which in parallel with the situation in equids,
enlarge greatly during gestation, may add to the pool of
progestagens and, hence, assist the long-lived maternal
CLs to maintain the pregnancy state until term (Stansfield
& Allen 2012). Thus, as in the horse, the elephant fetus
appears to play a hormonal role in orchestrating the
endocrinology of pregnancy (Allen et al. 2003).

Rhinoceros cow

There is a paucity of information on pregnancy in the
rhinoceros compared to the horse and elephant. The
gestation length averages 450-500 days for the four captive
rhinoceros species (Hermes et al. 2007, Schwarzenberger &
Hermes 2023).

Progesterone rises only 5-7 days after ovulation and
is at luteal phase levels for the first 2-5 months with an
increase to pregnancy levels thereafter (Berkeley et al. 1997,
Patton etal. 1999, Brown etal. 2001, Pennington et al. 2020,
Schwarzenberger & Hermes 2023). Only a single CL has
been described in pregnant rhinoceroses. The rhinoceroses
share some features of early pregnancy with the horse, as
the early embryonic vesicleis spherical (Fig. 4) and appears
to be mobile during the early stages (Radcliffe et al. 1997,
Hermes & Hildebrandt 2011). Furthermore, the vesicle can
be visualised by ultrasound from 15 days post-conception
(Fig. 4E), the embryo itself around 23 days (Fig. 4F) and
an embryonic heartbeat at 26 days (Radcliffe et al. 1997,
Ververs et al. 2015), mirroring the timing of these stages in
the equine conceptus (Fig. 4). Another similarity with the
horse is the diffuse, epitheliochorial placenta, although
the villus surface of the rhinoceros placenta has villus-
free lines, sometimes referred to as ‘streets’ (Benirschke &
Lowenstine 1995).

No CG nor other feto-placental hormones have
been described in the rhinoceros that could play a role
in maintaining the single CL, which appears to remain
throughout pregnancy with no accessory CL formation
(Sherman et al. 1997). However, between 60 and 120
days of gestation, there appears to be a transition from
luteal to feto-placental progestagen secretion since
faecal pregnane metabolite levels rise significantly above
luteal phase concentrations. These faecal pregnanes are
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RHINOGEROS

similar to pregnanes in the plasma of pregnant mares,
where the source is known to be the feto-placental unit
(Schwarzenberger & Hermes 2023). An endocrinological
difference with the horse is the low oestrogen level
throughout gestation in at least three of the five rhinoceros
species in which this hormone has been measured
(Schwarzenberger et al. 2000, Stoops et al. 2004, Roth
2006).

ART - current state

The development, advancement and implementation of
ART in many wildlife species, including elephants and
rhinoceroses, is limited by several challenges, including
restricted access to individuals, individual differences and
intractability as well as low commercial drive (Lueders &
Allen 2020). Additionally, some of the unique anatomical
features of the rhinoceros and elephant, as described
above, complicate routine implementation of ART into
captive breeding programmes.

Reports on the successful application of ART in
pachyderms are mostly limited to a few individuals, thus
bringing the sustainability and repeatability of these
techniques into question (as reviewed by Hermes et al.
2007, Ververs et al. 2015, Pennington & Durrant 2018).
However, equine reproductive physiology and many of the
ARTs in the mare have been studied for decades resulting
in a wealth of knowledge and the ability to apply them

Figure 4 Ultrasonographic appearance of the
early pregnancy of the mare (A, B), Asian elephant
(C, D) and white rhinoceros (E, F) presented at
similar stages of pronounced, spherical
embryonic vesicle (EV) and appearance of the
embryo proper (—). The EV appears very similar in
all three families, although development in the
elephant is considerably longer than that of the
same stage embryos as in mare and rhinoceros
are reached; DAY, day from ovulation; (?), day
from observed last breeding, exact day of
ovulation was not determined in this rhinoceros;
sizes normalised to bar (= 1 cm).

routinely in clinical practice (Hinrichs 2018). To-date
applied ARTs in the mare, elephant and rhinoceros species
are indicated in Table 3.

Ultrasonography of the female reproductive tract

Ultrasonographic visualisation of the reproductive tract is
a requirement to directly undertake ART and to manage
or monitor associated reproductive cycles. Due to a thick
rectal wall in both, elephant and rhinoceros, the ovaries
are not palpable. Like the more tractable mare, both
captive elephants and rhinoceroses can be trained to enter
a restraining chute to facilitate transrectal manipulation
and/or ultrasound of the ovaries and uterus (Fig. 5). Heavy-
duty restraining chutes offer the safest option for repeated
examinations in pachyderms. However, since the use of
chutes requires financial investment and time-consuming
training and not all zoos are equipped with these, a
standing sedation is an alternative option (Hermes et al.
2005, 2007).

Useful descriptions of the female reproductive
sono-anatomy are available for horses (Kihn &
Volkmann 2004), elephants (Hildebrandt et al. 2000)
and rhinoceroses (black: Schaffer et al. 2001, Sumatran
rhinoceros: Roth 2001, white: Hermes et al. 2005, Indian:
Roth et al. 2018).

In contrast to equine transrectal ultrasound, where
a linear probe is commonplace, in elephants and
rhinoceroses a convex, 3-7 MHz ultrasound probe is more
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Table 3 Summary of to-date reported and successfully performed assisted reproductive technologies (ART) in the mare,

elephant and rhinoceros species.

Rhinoceros
Horse Elephant White Black Indian Sumatran Javan

Semen collection AV TM, EE EE, UC EE, UC EE EE None
Semen cryopreservation Yes Yes Yes Yes Yes Yes No
Hormonal oestrous induction Yes No Yes No Yes No No
Artificial insemination

Fresh semen Yes Yes Yes No Yes No No

Frozen-thawed semen Yes Yes Yes No Yes No No
Sperm sex sorting Yes Yes Yes Yes Yes No No
Successful Al with Yes No No No No No No

sex-sorted semen

Ovum pick-up Yes (TV) No Yes (TR) Yes (TR) No Yes (TR) No
In vitro maturation Yes Yes (EM), no (LA) Yes Yes No Yes No
IVF Yes No No 2- and 4-cell No No No
ICSI Yes No Blastocyst No No No No
In vitro embryo production Yes No Yes Yes No No No
Embryo cryopreservation Yes No Yes No No No No
Successful embryo transfer Yes No No No No No No

AV, artificial vagina; EE, electro-ejaculation; EM, Elephas maximus (Asian elephant); ICSI, intra-cytoplasmatic sperm injection; TM, transrectal massage; TV,

transvaginal; TR, transrectal; UC, urethral catheterisation.

appropriate due to the size and depth of the reproductive
organs in these substantially larger patients.

Artificial insemination (Al)

Collecting and maintaining semen are pre-requisites
for successful Al. Improvements in semen collection in
chemically restrained elephants and rhinoceroses using
electro-ejaculation (Saragusty et al. 2016b, Hermes et al.
2018) and urethral catheterisation (rhinoceroses only:
Meuffels 2022) or manual stimulation by transrectal
massage (elephants only: Hildebrandt et al. 1998) as well
as advances in semen cryopreservation protocols (African

ELEPHANT

elephant: Hermes ef al. 2013, Asian elephant: Arnold 2014,
white rhinoceros: Hermes et al. 2018, and black rhinoceros:
Meuffels 2022) have been made in the last decade. Al with
chilled or fresh semen is the easiest approach to breeding
mares and is also a practical option in captive elephants
and rhinoceroses, if distances allow for the movement of
semen within a restricted time frame (Hildebrandt et al.
1999, 2007).

The first report of an African elephant calf born
following Al with fresh semen originates from the late
1990s (Hildebrandt et al. 1999), but it took the same
group more than another decade to repeat this success
using frozen-thawed semen (Hildebrandt et al. 2012).

RHINOCEROS

Figure 5 Ultrasonographic appearance of the
dominant, pre-ovulatory follicle and concurrent
uterine horn in cross-section of mare (A, B), Asian
elephant (C, D), white rhinoceros (E, F); this kind of
ultrasonic appearance (large oval follicle, uterine
horn with oedema, slight intraluminal fluid
accumulation maybe present) would indicate
oestrus and the correct timing for Al with fresh
semen. CL, corpus luteum; EM, endometrium;
Fo, pre-ovulatory follicle; { = myometrium;

— = fluid within uterine lumen; sizes normalised
to bar (= Tcm).
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In Asian elephants, at least one successful conception has
occurred following frozen-thawed semen Al (Thongtip
et al. 2009), although this did not result in the birth of a
live calf. However, results using fresh semen AI are more
encouraging and >40 Asian and African elephant calves
have been born worldwide (Saragusty et al. 2009) using
a non-surgical endoscopic AI method whereby semen is
placed intravaginally (Brown et al. 2004).

The first living white rhinoceros’
successful Al with fresh semen were reported in 2007
(Hildebrandt et al. 2007), and frozen-thawed semen has
since successfully been used in white (Hermes et al. 2009b)
and Indian rhinoceroses (Stoops et al. 2016). However, the
exact number of white and Indian rhinoceros calves born
following Al is not known, and we estimate only a handful
worldwide. No reports of successful Al in black, Sumatran
or Javan rhinoceros were found by the authors.

calves after

Timing of Al

The detection of oestrus and prediction of ovulation is
crucial for successful Al particularly with frozen semen.
Knowledge on the longevity of spermatozoa in the female
tractis also helpful although this is lacking in the elephant
and rhinoceros.

Behavioural observations, endocrine measurements
and ovarian ultrasonography (Fig. 5) all play a role in
oestrous detection in horses, elephants and rhinoceroses.
Similar to the mare, female rhinoceroses may urinate
small volumes, lift the tail and accept the sexual behaviour
of males by showing a standing reflex which allows
mounting (Jenikejew et al. 2021). However, behavioural
signs may be misleading in captive animals, and even in
the domesticated horse, the absence of social cues can
make detection of oestrus difficult.

Non-invasive monitoring of faecal or
progestagen (P4) levels may retrospectively define when
oestrus has occurred. For elephants and rhinoceroses,
ovulation takes place around 3 to 1 days (Brown et al. 2001,
Lueders et al. 2010b) and at least 1 week prior to P4 rising
from the baseline (Stoops et al. 2004).

Another endocrine monitoring option 1is the
determination of the LH peak which, in rhinoceroses
and elephants, occurs approximately 24 h prior to the
ovulation as opposed to the mare, where ovulation
frequently takes place up to 24 h before LH peaks (Fig. 3).
However, daily collection of serum is required to measure
LHin elephants (Brown etal. 1999, 2001) and rhinoceroses;
in the latter species, urine LH determination alone is also
an option (Stoops et al. 2004). Since elephants express two

urinary

quite exactly spaced LH peaks, the identification of the
first, anovulatory LH surge allows prediction of timing
of the second, ovulatory LH surge 19-21 days later and
therefore of ovulation (Brown et al. 1999, Thitaram et al.
2008, Hildebrandt et al. 2012). The ability to measure
LH in elephants is, in part, the reason for the relatively
good success rate following Al. If only LH determination
is feasible in the training routine but not ultrasound,
the best results are obtained using fresh semen Al on the
day of the LH peak, since fresh semen is better placed
into the vagina/uterus well in advance to ovulation (I.
Lueders, personal observation). In both rhinoceroses and
elephants, a commercial in-house serum LH snap test
for cats and dogs (Witness®LH, Zoetis) may be used with
qualitative results within 20 min. In a report of successful
frozen-thawed semen Al in an African elephant, this
in-house LH test was performed every 12 h to optimise the
timing (Hildebrandt et al. 2012). Daily inseminations for
2-4 days around the day of ovulation with fresh or frozen
semen have resulted in pregnancies in elephants (Brown
et al. 2004a, Thongtip et al. 2009, Hildebrandt et al. 2012).
One may speculate that similar to the mare, frozen-thawed
semen Al in elephant and rhinoceros cows may yield the
highest chances of success when the semen in placed no
earlier or later than 6 h prior to or after ovulation.

In the mare, the standard procedure to judge the timing
for insemination is monitoring follicular development
during oestrus via transrectal ultrasound and, since most
mares are easily restrained and tractable, this may be
repeated daily, or more frequently when frozen semen is
used, to measure the size of the pre-ovulatory follicle. Fresh
semen Al in mares is usually performed when a follicle
of >3.5 cm is present on an ovary in combination with
uterine oedema (Fig. SA and B). Ovulation inducing drugs
(e.g. GnRH agonists or human choronic gonadotrophin
(hCGQG)) are usually administered to ensure ovulation
occurs some 36-40 h later. The timing of fresh semen Al
within this time window is often operator preference and
is, in part, dictated by the availability and/or expected
longevity of the semen (Aurich 2012).

As the longevity of frozen equine semen is decreased,
Al is usually undertaken as close as possible to ovulation.
The increasing use of low doses of frozen semen has led to
most mares beinginseminated post-ovulation, with semen
deposition at the tip of the horn ipsilateral to ovulation.

For precise determination of follicular development
and ovulation for Al in rhinoceroses and elephants,
daily ultrasound is the only feasible option in trained
pachyderms in captivity. Like in the mare, the pre-
ovulatory follicle changes shape from round to more
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flaccid (Fig. SA, C and E), and obvious uterine tone
(convoluted uterine appearance) and endometrial oedema
(Fig. 5B, D and F) sometimes with intraluminal fluid
accumulation occur close to ovulation. Fresh semen Al has
been performed when a dominant follicle was >2.0 cm in
Asian and African elephants (Brown et al. 2004a, Thongtip
et al. 2009) and >3.5 cm in white rhinoceroses (Hermes
etal. 2009D).

Control of the oestrous cycle via exogenous hormones
has not yet been described for elephants and appears
challenging given the two LH peaks necessary to prepare
the ovary with sufficient luteal structures to maintain
pregnancy and with the first LH peak needed to provide
inhibin secretion from the LUFs. An attempt to induce
the second LH peak by administering a GnRH agonist
intravenously during the late, anovulatory follicular
phase, resulted in a low non-ovulatory LH peak and a
natural, second LH peak and/or ovulation 15-22 days later
(Thitaram et al. 2008).

In rhinoceroses, particularly white rhinoceroses,
oestrous induction or synchronisation may be carried out
with a combination of oral progestagen supplementation
for at least 30 days followed by GnRH injections or
implants (Hermes et al. 2006, Pennington & Durrant 2018,
Roth et al. 2018).

Practicalities of Al

During natural mating in elephants, the semen is
deposited intra-vaginally, whereas in the mare most of
the ejaculate ends up in the uterus, even though the tip
of the stallion penis does not penetrate the cervix. In the
rhinoceros, due to the shape of the penis and the structure
of the cervix, only a fraction of the ejaculate may reach the
cervical canal.

For Al, the mare’s short cervix is easily passed during
oestrus making intra-uterine insemination easy and
straightforward. In contrast, the white rhinoceros’ cervix is
quite long and consists of three to five tight interdigitated
folds of fibrous connective tissue leaving a very thin lumen
(Fig. 1F and 2A), which can only be passed during oestrus
using a species-specific semi-rigid Al-catheter to allow
intra-uterine semen deposition under standing sedation
or general anaesthesia. Reported sperm doses were 5800
and 10,560 x 10¢ total sperm for fresh (Hildebrandt et al.
2007) and approx. 500 x 10¢ motile sperm for frozen-
thawed semen (Hermes et al. 2009D).

In elephants, the wunique anatomical features
complicate Al. Although the cervical canal is short with
folds like those in the mare, the long vestibule and the

hymen-like structure, which narrows the vestibule-vaginal
opening to <1 cm in nulliparous females (Figs. 2C, D, E and
F), have to be passed to deposit semen as close as possible
to the cervix (Hermes et al. 2007). Initially, a flexible tube
was guided through the curvature of the urogenital canal
(Balke et al. 1988), but endoscopic guidance to visualise
the vaginal os (Fig. 2C, D, E and F) with confirmation of
Al catheter placement into the vagina by trans-rectal
ultrasound is now commonplace (Brown et al. 2004,
Thongtip et al. 2009, Hildebrandt et al. 2012). In African
elephants, Als with frozen-thawed semen were successful
when total doses of 720 x 106 motile sperm/AI were used
(Hildebrandt et al. 2012).

Surgical elephant Al has also been described, whereby
an incision is made ventral of the anus into the proximal
part of the vestibule through which a speculum with
a light source is inserted and an equine insemination
pipette guided through the vaginal os (Schmitt 2006).
Bypassing the long vestibulum vaginae by directly
entering the pelvic part gives straight access to the vagina
and cervix at arms-length. The necessary postsurgical care
of the incision wound leaves the use of this technique for
routine, fresh semen Al impractical and questionable.
For deep intrauterine AI with small doses of frozen-
thawed semen, embryo recovery or ET, it may provide an
interesting option.

Advanced art - future perspectives
Embryo recovery and transfer

In the mare, embryos are generally flushed from the
uterus on day 7 or 8 post-ovulation (day 0=ovulation).
Embryos do not enter the uterus until late day 6 and rapid
expansion of the blastocoele means that by late day 9 or
10, embryos are more fragile and easily damaged using
commercial flushing equipment. Embryo recovery is
undertaken using a sterile flexible two-way 24Fr embryo
flushing catheter which is inserted through the dioestrous
cervix. The uterus is infused with 1-2 L of a physiological
flushing medium (e.g. lactated Ringer solution) and
following gentle trans-rectal massage of the uterus, the
flushing medium is recovered by gravity through an
in-line embryo filter. Searching for the embryo is done
using a binocular dissecting microscope. Equine embryos
are spherical (200-800 um diameter at days 7 and 8) at
this stage and easily visualised. Recovered embryos can be
transferred trans-cervically using a non-surgical technique
into a synchronised surrogate mare with a >80% success
rate (Oguri & Tsutsumi 1972, Wilsher & Allen 2004).
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The mare also boasts an unusually wide window for
synchrony between donor and recipient with +1 to —5 days
with respect to the donor achieving acceptable pregnancy
rates (Stout 2006).

The timing of entry of the embryo into the uterus
in the elephant and rhinoceros can currently only be
speculated upon, so if embryo recovery, either for transfer
or cryopreservation, is to progress in pachyderms, the
timing of entry of the embryo into the uterus will need
to be determined for these two species. As mentioned
previously, in the white rhinoceros female, a clear
embryonic vesicle (EV) is detectable at a similar time (15
days) to the mare (Radcliffe et al. 1997), although it is
possible to visualise the EV ultrasonographically in some
mares as early as day 9 post-ovulation. In elephants, an
ultrasonographically detectable, tiny EV appeared no
earlier than 42 days post-ovulation when elephants were
scanned every other day (Lueders et al. 2010a, 2012).

From maturation of rhinoceros oocytes in vitro, we
know that early embryonic development is slower than
in the horse (Galli et al. 2007), but this may not translate
to a longer oviductal transport time in this species as the
timing of first cleavage, subsequent cell divisions and
oviductal transport varies between species in general.
Trials for embryo flushing would probably need to take
place on days 7 and 8 post-ovulation in the rhinoceros and
not before day 14 post-ovulation or potentially even later
in elephants.

In pachyderms, close and repeated monitoring of
the reproductive cycle and/or hormonal manipulation
to synchronise recipients will only be practical in captive
animals. In the rhinoceros family, different cycle lengths,
the occurrence of long and short oestrous cycles in white
rhinoceros individuals (Pennington et al. 2019) as well as
endocrine differences, complicate the development of
reliable and universal synchronisation protocols. In the
elephant, the few cycles that occur throughout a year and
two LH peaks with an exact timing make synchronisation
with exogenous hormones challenging to say the least.
However, the double LH peak in elephants does on the
other hand allow for accurate timing of natural heat and
ovulation, meaning that cryopreservation of recovered
embryos would appear to be a more promising option,
with subsequent transfer to a recipient elephant that has
ovulated following a natural oestrous cycle.

Embryo transfer equipment for rhinoceros cows
could involve using Wilsher forceps developed for the
non-surgical mare ET (Card 2018) to fixate and straighten
the cervix and a specially designed semi-rigid catheter to
overcome the long folded cervix through which a smaller

diameter ET catheter may be passed to dispose fresh or
frozen-thawed embryos. In the elephant, a minimally
invasive access through the cranial part of the vestibulum
as described previously for Al (Schmitt 2006) may be an
option to ensure access to the cervix and placement of the
embryo into the ipsilateral horn of ovulation.

Oocyte recovery and ovum pick-up (OPU)

In the mare, oocytes can be harvested from ovaries
recovered post-mortem (genetic salvage). This method has
been used to good effect to produce live offspring in the
horse and protocols for recovery and transport of ovaries
are well established. For example, Hatzel et al. (2021)
reported a 19% blastocyst rate from 620 oocytes that
reached metaphase II from 1524 oocytes harvested from
168 sets of ovaries. Results are usually lower than when
oocytes are recovered via follicle puncture and aspiration
in live animals, because compromised mares (e.g., those
with colic that are euthanised) are invariably the majority
in which genetic salvage is undertaken. Likewise, post-
mortem oocyte recovery has been reported in black and
Sumatran rhinoceroses (Stoops et al. 2011a,b), and in the
Asian (Hermes et al. 2007) but not in the African elephant,
although the African elephant ovarian cortex and
folliculogenesis have been described in detail (Stansfield
et al. 2011) and ovarian tissue preservation has been tested
successfully (Gunasena et al. 1998).

Oocyte recovery from live animals requires specific
equipment and skills. Transvaginal OPU in the horse
was first reported in the early 1990s (Briick et al. 1992)
and has gained interest in large commercial breeding
programs over the last decade (Stout 2020). Due to the
lack of commercially available gonadotropins to stimulate
the development of multiple preovulatory follicles,
ultrasound-guided transvaginal aspiration of immature
oocytes is performed in the standing sedated mare.
Immature equine cumulus—oocyte complexes (COCs) in
the mare are anchored to the follicle wall (Hawley et al.
1995), so successful recovery of oocytes requires vigorous
scraping of the follicular wall and repeated flushing of the
follicle with a double-lumen needle (12 gauge). Even with
this approach, the oocyte recovery rates for punctured
follicles are considered good if >50% (Galli et al. 2007).

OPU by laparoscopy or transvaginal ultrasound
guidance is impractical in white rhinoceroses and
elephants due to their body size and anatomical features,
including the distance from the cranial vagina to the
cranial located ovaries (1.2—1.4 m from the anus in
rhinoceroses — Hermes et al. 2007, Hildebrandt et al. 2018).
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To overcome the anatomical problems of the transvaginal
approach, transrectal ultrasound-guided OPU has been
used with success in black and white rhinoceroses leading
to the recovery of multiple oocytes (Hermes et al. 2007,
2009a). Different devices have been developed to facilitate
the procedure (Hildebrandt et al. 2007, 2018, Hermes et al.
2009a). One device was described as 1.5 m long with a
double-lumen needle system at an angle to the instrument
axis, which could be guided by ultrasound through the
cleaned and disinfected rectal wall into the ovarian
tissue. Follicles identified ultrasonographically with a
diameter of at least 1 cm (Hildebrandt et al. 2018) are
aspirated and flushed by repeated refilling of the follicle
with a commercial bovine or equine flushing media
through the outer needle channel, and aspiration of fluid
through the inner channel (Hildebrandt et al. 2018). The
aspirated fluid is collected into sterile tubes and kept at
37°C with the excess passed through a nylon mesh filter
before the remainder is searched for recovered oocytes
with a stereomicroscope. Recovered immature oocytes are
washed and placed in holding media prior to undergoing
in vitro maturation (IVM). Recovery rates of <30% per
aspirated follicle have been reported (Hildebrandt et al.
2018), which is lower than in the horse but may improve
with further modification of the technique.

Successful OPU has not been described for elephants
to date and comes with additional challenges. Similar to
the rhinoceros cow, the reproductive tract of the female
elephant is too large to undertake OPU as in the mare,
and a vaginal approach is unfeasible due to the anatomy
of the wvestibulum. Therefore, transrectal, ultrasound-
guided follicle aspiration would be the method of choice
using a similar set-up to that described for rhinoceroses
(Hildebrandt et al. 2018). OPU in elephants may be
complicated by the thick rectal wall, the ovarian bursa
covering the ovary (Fig. 2B) and the small size and number
of antral follicles (1-15 mm), which are only present
during the follicular phase prior to and between the two
LH surges (Lueders et al. 2010b).

Superovulation protocols as used in cattle, but
ineffective in the mare, may be worth investigating to
potentially produce more/larger follicles for aspiration.
In one report, white rhinoceroses were treated with a
GnRH analogue to boost follicle growth. Intramuscular
injections of 3.0 mL Histrelin (0.5 mg/mL BioRelease®, Bet
Pharm LLC) were given every other day three to four times
and OPU performed 24 or 48 h after the last injection
(Hildebrandt et al. 2018). Superovulation protocols for
elephants have not been considered and it is not known

which exogenous hormone would stimulate elephant
follicular development.

In vitro maturation (IVM)

In humans, where adequate superstimulation and
superovulation allow for the collection of mature oocytes,
IVM is not routinely used. However, in the mare, [VM
of oocytes is the first step required prior to undertaking
IVF or intra-cytoplasmic sperm injection (ICSI) and the
production of an embryo. With the significant increase
in the popularity of ICSI in horses and, hence, the need
for IVM (Claes & Stout 2022), commercial IVM media are
now available and may prove suitable for the rhinoceros
or elephant. In the horse, shipping of immature oocytes
collected via OPU at 20—-22°C to specialised ICSI centres
can be easily accomplished. One review gives the average
maturation rate of equine oocytes shipped to an ICSIlab as
59% (Claes & Stout 2022), which usually involves culture
for 24-30 h for viable oocytes to reach metaphase II (attain
nuclear maturation).

Developing effective protocols and maturation
media for IVM in new species, like the rhinoceros, has
been described as difficult, especially when there is
limited availability of oocytes (Pennington & Durrant
2018). Nevertheless, cell culture media (e.g. Medium 199;
Dulbecco’s Modified Eagle’s Medium -F12) supplemented
with porcine or ovine luteinising hormone FSH, oestradiol,
and insulin-like growth factor 1 (Stoops et al. 2011b),
southern white rhinoceros follicular fluid (Pennington
& Durrant 2018) and white rhinoceros oestrus serum
(Hermes et al. 2009a, Hildebrandt et al. 2018, Ruggeri et al.
2022), have been used as IVM media. In a recent study, a
media containing FSH, LH, oestradiol, somatotropin and
horse follicular fluid achieved better maturation results
compared to white rhinoceros oestrous serum (Ruggeri
etal. 2022).

Rhinoceros oocytes have been typically incubated
at 37.5-38.5°C in a humidified atmosphere containing
5% CO, for 32-44 h prior to being denuded and checked
for a polar body to confirm if they had reached metaphase
II (Hermes et al. 2009a, Stoops et al. 2011b, Hildebrandt
etal. 2018, Pennington & Durrant 2018). In the few existing
reports on IVM of rhinoceros oocytes, maturation rates
were low (<30%) for post-mortem collected Sumatran and
black rhinoceros oocytes after culture times of 24-32 h
(Stoops et al. 2011a,b) and <40% for oocytes recovered
by OPU from White rhinoceroses after culture times of
36-44 h (Hildebrandt et al. 2018).
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In the Asian elephant, IVM of post-mortem collected
oocytes with a success rate of 60% was reported (Hermes
etal. 2007).

IVF and ICSI

IVF and ICSI of oocytes for embryo production have been
described with success in many species including the
horse (Hinrichs 2018).

In the horse, ICSI as opposed to IVF is the method
of choice for in vitro production of embryos, as only very
recently has conventional IVF produced efficient and
repeatable results following prolonged sperm incubation
to induce its capacitation (Felix et al. 2022). IVF has been
attempted in black and white rhinoceroses for more than
a decade, but to date no blastocysts have been produced
(Pennington & Durrant 2018). In black rhinoceroses,
IVF of post-mortem collected oocytes with frozen-thawed
epididymal semen collected post-mortem, resulted in a
two-cell embryo (Stoops et al. 2011b), while a four-cell
embryo was obtained from an oocyte collected via trans-
rectal OPU fertilised with fresh, chilled semen (Hermes
etal. 2009a).

After maturation, COCs were rinsed and incubated
in a humidified atmosphere of 5% CO, in air for 1-4 h at
39°C or for 6.5—48 h at 38.6°C before co-incubation with
sperm in IVF media (synthetic oviduct fluid supplemented
with heparin (20 mg/mL) and 5% (white) rhinoceros
oestrous serum (Hermes et al. 2009a)) or IVF-TALP (Stoops
et al. 2011b), respectively. Homologous and heterologous
(Indian rhinoceros) frozen-thawed sperm were capable
of binding, penetrating and fertilising black rhinoceros
oocytes recovered from post-mortem ovaries (Stoops et al.
2011b).

Results from ICSI in horses do vary between
laboratories, but laboratories with skilled technicians can
produce good results. For example, from a total of 515 OPU
session in 2021, in which recovered oocytes were shipped
overnight to a specialist laboratory, there was a 78%
chance of obtaining one or more blastocysts per session
following ICSI, with a mean of 2.1 embryos per session.
Approximately 60% of transferred embryos result in a live
foal (Claes & Stout 2022).

In rhinoceroses, ICSI was performed by injecting
a single-frozen-thawed motile sperm of northern and
southern white rhinoceroses, with normal morphology
and selected through the swim-up procedure, into the
cytoplasm of southern white rhinoceros’ oocytes using a
piezo-driven micromanipulator (Hildebrandt et al. 2018).
COCs were treated with hyaluronidase and the cumulus

cells were mechanically removed after 36 h of culture
prior to ICSI. Injected oocytes were cultured in a modified
SOF medium supplemented with BSA and MEM amino
acids until blastocyst development after 9-12 days. Of 32
injected oocytes, 12 underwent cleavage and 7 developed
to blastocysts (Hildebrandt et al. 2018).

Oocyte and embryo cryopreservation

Although live offspring have been produced from
cryopreserved oocytes in the mare (De Coster et al. 2019),
blastocyst rates remain poor and the technique is not
routinely undertaken in clinical practice.

Oocyte cryopreservation in rhinoceroses and
elephants is likely to be equally challenging, and current
protocols are insufficient for routine application (Pereira
& Marques 2008). African elephant ovarian tissue has
been successfully cryopreserved (Gunasena et al. 1998),
but to date oocytes have only been obtained at post-
mortem. Although it was recently reported that intravitam-
aspirated oocytes of rhinoceroses were frozen using a
conventional freezing method (Pennington & Durrant
2018), information on their post-thaw quality and viability
has not been published.

Embryos, although sensitive to chilling, freezing
and thawing injury (Pereira & Marques 2008), offer more
prospect as a means to cryopreserve genetics than oocytes
do. Historically, embryo cryopreservation in the horse
was problematic. The reasons typically cited for this were
the late entry of the embryo into the uterus when it has
already begun to blastulate, the quick development of
a large blastocoele cavity and inhibition of the passage
of cryoprotectants by the equine capsule. Hence, only
morulae or early blastocysts <300 pm were originally a
prospect for slow freezing or vitrification with any degree
of success (Eldridge-Panuska et al. 2005). More recently,
considerable success has been achieved in vitrifying
larger embryos by micro-manipulator-assisted or manual
puncture of the blastocoel cavity and its collapse (Wilsher
et al. 2019, 2021) with pregnancy rates upon warming
and transfer only marginally below or equivalent to those
reported for transfer of fresh embryos. For in vivo-produced
equine embryos, vitrification would appear to be the
method of choice, whereas in vitro (ICSI)-produced ones,
with their smaller blastocoele cavity and poorly developed
capsule, have excellent survival rates when slow freezing
or vitrification methods are used (Claes & Stout 2022,
Spanner et al. 2022).

To date, no early elephant embryos have been
recovered/produced and thus, their cryopreservation
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properties remain unknown. However, in recent years,
equine reproduction specialist Dr Cesare Galli succeeded in
producing white rhinoceros blastocysts from in vivo derived
oocytes and frozen-thawed rhinoceros semen which were
subsequently cryopreserved using equine-based protocols
(Hildebrandt et al. 2018). Blastocysts with a clear detectable
inner cell mass (11-13 days after successful ICSI), were
cryopreserved in 0.25 mL straws after equilibration in
media containing glycerol (5% for 5 min followed by
10% for 10 min). A slow-freezing vitrification protocol
developed for cattle and horse embryos was followed using
afreezing machine that allowed a controlled freezing curve
to be achieved, prior to their long-term storage in liquid
nitrogen (Hildebrandt et al. 2018).

The recovery of in vivo-derived embryos from both
rhinoceroses and elephants will require the development
of embryo recovery techniques in these species. The
challenge in doing this lies with catheterising the cervix
and, as previously mentioned, determining the day of
entry of the embryo into the uterus. If these hurdles can be
overcome, the technique should, in theory, be achievable.
Furthermore, given the spherical nature of the rhinoceros
and elephant embryonic vesicle, it is interesting to
speculate that an embryonic capsule may also be present
in these species. If this is indeed the case, the work already
undertaken in the horse to successfully cryopreserve
capsulated embryos could potentially be feasible for
rhinoceros and elephant embryos, too.

Tissue and stem cell preservation and cloning

Cryopreservation of ovarian tissue has been suggested as
an alternative for oocyte and embryo preservation, since
primordial follicles respond better to the challenges of
cryopreservation and therefore more generic protocols
appear tobe successful in freezing ovarian tissue (Gunasena
et al. 1998, Santos ef al. 2010). In African elephants,
pieces of ovarian tissue (1-2 cm3) were preserved under
field conditions and xenografted into mice where antral
follicles developed in the elephant ovarian tissue graft
(Gunasena et al. 1998).

In vitro culture of fibroblasts from tissue can be used
to establish and cryopreserve somatic cell lines and
establish induced pluripotent stem cells (iPSCs), which
has been achieved for the northern white rhinoceros
(Ben-Nun et al. 2011, Saragusty et al. 2016a, Hildebrandt
et al. 2018, Korody et al. 2017). Like embryonic stem cells,
iPSCs have the potential to differentiate into gametes,
which could then be used for IVF or ICSI (Saragusty et al.
2016a). In white rhinoceroses, stem cell derivation from

embryos (Hildebrandt et al. 2018) and the differentiation
of spermatogonial stem cells, isolated from testicular
tissue, into mature spermatozoa, have been reported
(Gomez et al. 2018). Cloning by interspecies somatic
cell nuclear transfer (iSCNT), is especially interesting for
(functionally) extinct species, like the northern white
rhinoceros or the mammoth (Saragusty et al. 2016b).
iSCNT was successfully used to produce blastocysts from
Asian elephant's fibroblast cell lines, established from ear
tissues and porcine oocytes. However despite containing
the elephant genome, when transferred into sows these
embryos appeared non-viable (Nguyen et al. 2022) and
it appears questionable if these blastocysts were truly
elephants.

Conclusion

Although the complex problems wild elephant and
rhinoceros populations are facing cannot be solved with
ART alone, these techniques certainly have a role to play
in contributing to captive breeding programmes. Main
advantages of implementing these techniques are the
ability (i) to extend the individual reproductive lifespan
by gamete preservation, (ii) to enhance genetic diversity
by introducing individuals that are not reproducing
naturally and (iii) to exchange genetics without moving
entire animals which may come with welfare issues and
disease risks.

In horses, ART has advanced tremendously in recent
years and rhinoceros and elephant ART are likely to profit
from the establishment of new protocols and the successes
in equids. Basic applications, such as semen collection and
preservation, and Al are currently applicable to elephants
and rhinoceroses, whereas more advanced methods need
further research. The recent achievements in rhinoceros
OPU, oocyte maturation, fertilisation and embryo
cryopreservation show that even in large pachyderms,
these techniques can be successfully implemented.
Although we are far from achieving consistent results,
in white rhinoceroses the mare has served as a model,
specifically for laboratory protocols. In elephant advanced
ART, we may need to overcome additional obstacles.

Problems with availability of study animals, the
handling of large,
mammals, and sufficient funding remain challenging.
Clever adaptations to routine equine protocols and
equipment are necessary and can be feasible, as discussed
and shown in this review. We need to attract a larger
community and colleagues from the domestic animal

and thus potentially dangerous
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reproductive disciplines to assist in this elephant-sized
task.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the manuscript.

Funding
This research did not receive any specific grant from any funding agency in
the public, commercial or not-for-profit sector.

Author contribution statement
All authors reviewed the literature and contributed to the preparation of
the manuscript. JMB and IL prepared the figures.

Acknowledgements

This review is dedicated to the late Professor WR (Twink) Allen for his
contributions to understanding reproduction in the horse and elephant,
who sadly died before the manuscript was submitted for publication.

References

Allen WR 2001 Fetomaternal interactions and influences during equine
pregnancy. Reproduction 121 513-527. (https://doi.org/10.1530/
rep.0.1210513)

Allen WR 2010 Sex, science and satisfaction: a heady brew. Animal
Reproduction Science 121 $262-S278. (https://doi.org/10.1016/].
anireprosci.2010.04.178)

Allen WR & Moor RM 1972 The origin of the equine endometrial
cups. I. Production of PMSG by fetal trophoblast cells. Journal of
Reproduction and Fertility 29 313-316. (https://doi.org/10.1530/
jrf.0.0290313)

Allen WRT & Stansfield FJ 2021 Placentation in the African elephant
(Loxodonta africana). Advances in Anatomy, Embryology, and Cell
Biology 234 181-204. (https://doi.org/10.1007/978-3-030-77360-1_9)

Allen WR, Mathias S, Wooding FBP & van Aarde RJ 2003
Placentation in the African elephant (Loxodonta africana): 11
morphological changes in the uterus and placenta throughout
gestation. Placenta 24 598-617. (https://doi.org/10.1016/s0143-
4004(03)00102-4)

Amin R, Thomas K, Emslie RH, Foose TJ & Strien NV 2006 An
overview of the conservation status of and threats to rhinoceros
species in the wild. International Zoo Yearbook 40 96-117. (https://doi.
0rg/10.1111/j.1748-1090.2006.00096.x)

Arnold D 2014 Successful Cryopreservation of Asian Elephant (Elephas
maximus) Semen Using Simple Techniques. Masters thesis. University of
Guelph, Ontario, Canada

Aurich C 2008 Recent advances in cooled-semen technology. Animal
Reproduction Science 107 268-275. (https://doi.org/10.1016/].
ANIREPROSCI.2008.04.015)

Aurich C 2011 Reproductive cycles of horses. Animal Reproduction Science
124 220-228. (https://doi.org/10.1016/j.anireprosci.2011.02.005)

Aurich JE 2012 Artificial insemination in horses—more than a century
of practice and research. Journal of Equine Veterinary Science 32
458-463. (https://doi.org/10.1016/j.jevs.2012.06.011)

Balke JME, Boever W], Ellersieck MR, Seal US & Smith DA 1988
Anatomy of the reproductive tract of the female African elephant
(Loxodonta africana) with reference to development of techniques for
artificial breeding. Journal of Reproduction and Fertility 84 485-492.
(https://doi.org/10.1530/jrf.0.0840485)

Battut I, Colchen S, Fieni F, Tainturier D & Bruyas JF 1998 Success
rates when attempting to nonsurgically collect equine embryos
at 144, 156 or 168 hours after ovulation. Equine Veterinary Journal.
Supplement 30 60-62. (https://doi.org/10.1111/j.2042-3306.1997.
tb05102.x)

Benirschke K & Lowenstine LJ 1995 The placenta of the
Rhinocerotidae. In Internationales Symposium iiber die Erkrankungen
der Zoo- und Wildtiere. Dresden, Deutschland: Institut fiir Zoo- und
Wildtierforschung. Verhandlungsbericht Erkrankungen der Zootiere.
15-23.

Ben-Nun IF, Montague SC, Houck ML, Tran HT, Garitaonandia,
Leonardo TR, Wang YC, Charter SJ, Laurent LC, Ryder OA,
et al. 2011 Induced pluripotent stem cells from highly endangered
species. Nature Methods 8 829-831. (https://doi.org/10.1038/
nmeth.1706)

Berkeley EV, Kirkpatrick JF, Schaffer NE, Bryant WM &
Threlfall WR 1997 Serum and fecal steroid analysis of ovulation,
pregnancy and parturition in the black rhinoceros (Diceros bicornis).
Zoo Biology 16 121-132. (https://doi.org/10.1002/(SICI)1098-
2361(1997)16:2<121::AID-Z003>3.0.CO;2-C)

Betteridge KJ 2000 Comparative aspects of equine embryonic
development. Animal Reproduction Science 60-61 691-702. (https://
doi.org/10.1016/50378-4320(00)00075-0)

Brown JL, Schmitt DL, Bellem A, Graham LH & Lehnhardt J
1999 Hormone secretion in the Asian elephant (Elephas maximus):
characterization of ovulatory and anovulatory luteinizing hormone
surges. Biology of Reproduction 61 1294-1299. (https://doi.org/10.1095/
biolreprod61.5.1294)

Brown JL, Bellem AC, Fouraker M, Wildt DE & Roth TL 2001
Comparative analysis of gonadal and adrenal activity in the black
and white rhinoceros in north America by noninvasive endocrine
monitoring. Zoo Biology 20 463-486. (https://doi.org/10.1002/
200.10028)

Brown JL, Goritz F, Pratt-Hawkes N, Hermes R, Galloway M,
Grahham LH, Gray C, Walker SL, Gomez A, Moreland R,
et al. 2004 Successful artificial insemination of an Asian elephant
at the national zoological park. Zoo Biology 23 45-63. (https://doi.
0rg/10.1002/z00.10116)

Briick I, Raun K, Synnestvedt B & Greve T 1992 Follicle aspiration in
the mare using a transvaginal ultrasound-guided technique. Equine
Veterinary Journal 24 58-59. (https://doi.org/10.1111/j.2042-3306.1992.
tb02780.x)

Card C 2018 Non-surgical embryo transfer technique and recipient
mare pregnancy rate. Veterinary Record 183 320-322. (https://doi.
0rg/10.1136/vr.k3700)

Claes A & Stout TAE 2022 Success rate in a clinical equine in vitro
embryo production program. Theriogenology 187 215-218. (https://
doi.org/10.1016/j.theriogenology.2022.04.019)

Comizzoli P 2015 BioBanking efforts and new advances in male fertility
preservation for rare and endangered species. Asian Journal of
Andrology 17 640-645. (https://doi.org/10.4103/1008-682X.153849)

Daels PF, DeMoraes JJ, Stabenfeldt GH, Hughes JP & Lasley BL
1991 The corpus luteum: source of oestrogen during early pregnancy
in the mare. Journal of Reproduction and Fertility. Supplement 44
501-508.

De Coster T, Velez DA, Van Soom A, Woelders H & Smits K 2019
Cryopreservation of equine oocytes: looking into the crystal ball.

© 2023 the author(s)
Published by Bioscientifica Ltd

https://raf.bioscientifica.com
https://doi.org/10.1530/RAF-23-0020

This work is licensed under a Creative Commons

dadeattribGtioR NGREEMMErGal-NEDefivativds 447024 05:03:12AM

Accapternbfibhalbicknss, licensed under a Creative Commons
onCommercial-NoDerivatives 4.0 International License.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1530/rep.0.1210513
https://doi.org/10.1530/rep.0.1210513
https://doi.org/10.1016/j.anireprosci.2010.04.178
https://doi.org/10.1016/j.anireprosci.2010.04.178
https://doi.org/10.1530/jrf.0.0290313
https://doi.org/10.1530/jrf.0.0290313
https://doi.org/10.1007/978-3-030-77360-1_9
https://doi.org/10.1016/s0143-4004(03)00102-4
https://doi.org/10.1016/s0143-4004(03)00102-4
https://doi.org/10.1111/j.1748-1090.2006.00096.x
https://doi.org/10.1111/j.1748-1090.2006.00096.x
https://doi.org/10.1016/J.ANIREPROSCI.2008.04.015
https://doi.org/10.1016/J.ANIREPROSCI.2008.04.015
https://doi.org/10.1016/j.anireprosci.2011.02.005
https://doi.org/10.1016/j.jevs.2012.06.011
https://doi.org/10.1530/jrf.0.0840485
https://doi.org/10.1111/j.2042-3306.1997.tb05102.x
https://doi.org/10.1111/j.2042-3306.1997.tb05102.x
https://doi.org/10.1038/nmeth.1706
https://doi.org/10.1038/nmeth.1706
https://doi.org/10.1002/(SICI)1098-2361(1997)16:2﻿<﻿121::AID-ZOO3﻿>﻿3.0.CO;2-C
https://doi.org/10.1002/(SICI)1098-2361(1997)16:2﻿<﻿121::AID-ZOO3﻿>﻿3.0.CO;2-C
https://doi.org/10.1016/s0378-4320(00)00075-0
https://doi.org/10.1016/s0378-4320(00)00075-0
https://doi.org/10.1095/biolreprod61.5.1294
https://doi.org/10.1095/biolreprod61.5.1294
https://doi.org/10.1002/zoo.10028
https://doi.org/10.1002/zoo.10028
https://doi.org/10.1002/zoo.10116
https://doi.org/10.1002/zoo.10116
https://doi.org/10.1111/j.2042-3306.1992.tb02780.x
https://doi.org/10.1111/j.2042-3306.1992.tb02780.x
https://doi.org/10.1136/vr.k3700
https://doi.org/10.1136/vr.k3700
https://doi.org/10.1016/j.theriogenology.2022.04.019
https://doi.org/10.1016/j.theriogenology.2022.04.019
https://doi.org/10.4103/1008-682X.153849
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://raf.bioscientifica.com
https://creativecommons.org/licenses/by-nc-nd/4.0/

J Meuffels-Barkas et al.

Rcle:productlon
ertility

Reproduction, Fertility, and Development 32 453-467. (https://doi.
0rg/10.1071/RD19229)

Eldridge-Panuska WD, di Brienza VC, Seidel GE, Squires EL
& Carnevale EM 2005 Establishment of pregnancies after serial
dilution or direct transfer by vitrified equine embryos. Theriogenology
63 1308-1319. (https://doi.org/10.1016/j.theriogenology.2004.06.015)

Ellenberger C, Wilsher S, Allen WR, Hoffman C, Kolling M,
Bazer FW, Klug J, Schoon D & Schoon HA 2008
Immunolocalisation of the uterine secretory proteins uterocalin,
uteroferrin and uteroglobulin in the mare’s uterus and placenta
throughout gestation. Theriogenology 70 746-757. (https://doi.
org/10.1016/j.theriogenology.2008.04.050)

Felix MR, Turner RM, Dobbie T & Hinrichs K 2022 Successful in
vitro fertilization in the horse: production of blastocysts and birth
of foals after prolonged sperm incubation for capacitation. Biology of
Reproduction 107 1551-1564. (https://doi.org/10.1093/biolre/ioac172)

Galli C, Colleoni S, Duchi R, Lagutina I & Lazzari G 2007
Developmental competence of equine oocytes and embryos obtained
by in vitro procedures ranging from in vitro maturation and ICSI to
embryo culture, cryopreservation and somatic cell nuclear transfer.
Animal Reproduction Science 98 39-55. (https://doi.org/10.1016/j.
anireprosci.2006.10.011)

Ginther 0J 1983 Mobility of the early equine conceptus. Theriogenology
19 603-611. (https://doi.org/10.1016/0093-691x(83)90180-2)

Ginther 0] 1992 Reproductive Biology of the Mare, Basic and Applied Aspects,
2nd ed. Equiservices: Cross Plains.

Ginther 0], Gastal EL, Gastal MO & Beg MA 2007 Incidence,
endocrinology, vascularity, and morphology of hemorrhagic
anovulatory follicles in mares. Journal of Equine Veterinary Science 27
130-139. (https://doi.org/10.1016/j.jevs.2007.01.009)

Godfrey RW, Pope CE, Dresser BL & Olsen JH 1991 Gross anatomy
of the reproductive tract of female black Diceros bicornis michaeli and
white rhinoceros Ceratotherium simum simum. Zoo Biology 10 165-175.
(https://doi.org/10.1002/z00.1430100208)

Gomez MC, Cates Y, Stansfield DB, Young C, Klee R &

Durrant B 2018 187 Morphological appearance and expression
of spermatogonial stem cell markers in white rhinoceros testicular
tissue. Reproduction, Fertility and Development 30 233. (https://doi.
0rg/10.1071/RDv30n1Ab187)

Gunasena KT, Lakey JRT, Villines PM, Bush M, Raath C,

Critser ES, McGann LE & Critser JK 1998 Antral follicles develop
in xenografted cryopreserved african elephant (Loxodonta africana)
ovarian tissue. Animal Reproduction Science 53 265-275. (https://doi.
0rg/10.1016/S0378-4320(98)00132-8)

Hatzel JN, Lederman J & Stokes J 2021 Equine post-mortem oocyte
recovery: a retrospective analysis. Proceeding of American Association
Equine Practitioners 67 266-267.

Hawley LR, Enders AC & Hinrichs K 1995 Comparison of equine
and bovine oocyte-cumulus morphology within the ovarian
follicle. Biology of Reproduction 52 243-252. (https://doi.org/10.1093/
biolreprod/52.monograph_series1.243)

Heap R, Hamon M & Allen W 1982 Studies o the oestrogen synthesis
by the preimplantation equine conceptus. Journal of Reproduction and
Fertility. Supplement 32 343-352.

Hermes R & Hildebrandt TB 2011 Rhinoceros theriogenology, Fowler’s
Zoo and Wild Animal Medicine: current Therapy. Elsevier Inc. (https://
doi.org/10.1016/b978-1-4377-1986-4.00071-8)

Hermes R, Hildebrandt TB, Blottner S, Walzer C, Silinski S,
Patton ML, Wibbelt G, Schwarzenberger F & Goritz F 2005
Reproductive soundness of captive southern and northern white
rhinoceroses (Ceratotherium simum simum, C.s. cottoni): Evaluation
of male genital tract morphology and semen quality before and
after cryopreservation. Theriogenology 63 219-238. (https://doi.
0rg/10.1016/j.theriogenology.2004.04.007)

Hermes R, Hildebrandt TB, Walzer C, Goritz F, Patton ML,
Silinski S, Anderson MJ, Reid CE, Wibbelt G, Tomasova K,

et al. 2006 The effect of long non-reproductive periods on the genital
health in captive female white rhinoceroses (Ceratotherium simum
simum, C.s. cottoni). Theriogenology 65 1492-1515. (https://doi.
org/10.1016/j.theriogenology.2005.09.002)

Hermes R, Goritz F, Streich W] & Hildebrandt TB 2007 Assisted
reproduction in female rhinoceros and elephants - Current status and
future perspective. Reproduction in Domestic Animals 42(Supplement
2) 33-44. (https://doi.org/10.1111/j.1439-0531.2007.00924.x)

Hermes R, Goritz F, Portas TJ, Bryant BR, Kelly JM, Maclellan L],
Keeley T, Schwarzenberger F, Walzer C, Schnorrenberg A,
et al. 2009a Ovarian superstimulation, transrectal ultrasound-guided
oocyte recovery, and IVF in rhinoceros. Theriogenology 72 959-968.
(https://doi.org/10.1016/j.theriogenology.2009.06.014)

Hermes R, Goritz F, Saragusty J, $6s E, Molnar V, Reid CE,
Schwarzenberger F & Hildebrandt TB 20090 First
successful artificial insemination with frozen-thawed semen in
rhinoceros. Theriogenology 71 393-399. (https://doi.org/10.1016/].
theriogenology.2008.10.008)

Hermes R, Hildebrandt TB, Walzer C, Goritz F, Gray C,
Niemuller C & Schwarzenberger F 2012 Estrus induction in white
rhinoceros (Ceratotherium simum). Theriogenology 78 1217-1223.
(https://doi.org/10.1016/j.theriogenology.2012.05.015)

Hermes R, Saragusty J, Goritz F, Bartels P, Potier R, Baker B,
Streich WJ & Hildebrandt TB 2013 Freezing African elephant
semen as a new population management tool. PLoS One 8 €57616.
(https://doi.org/10.1371/journal.pone.0057616)

Hermes R, Hildebrandt TB & Goritz F 2018 Cryopreservation in
rhinoceros—setting a new benchmark for sperm cryosurvival. PLoS
One 13 e0200154. (https://doi.org/10.1371/journal.pone.0200154)

Hildebrandt TB, Goritz F, Pratt NC, Schmitt DL, Quandt S,
Raath J & Hofmann RR 1998 Reproductive assessment of
male elephants (Loxodonta africana and Elephas maximus) by
ultrasonography. Journal of Zoo and Wildlife Medicine 29 114-128.

Hildebrandt TB, Goritz F, Hermes R, Schmitt DL, Brown JL,
Schwammer H, Loskutoff N, Pratt NC, Lehnhardt JL,
Montali RJ, et al. 1999 Artificial insemination of African (Loxodonta
africana) and Asian (Elephas maximus) elephants. Proceedings of
American Association Zoo Veterinarians, Columbus, OH, USA, pp.
83-86.

Hildebrandt TB, Hermes R, Pratt NC, Fritsch G, Blottner S,
Schmitt DL, Ratanahkorn P, Brown JL, Rietschel W
& Goritz F 2000 Ultrasonography of the urogenital tract in
elephants (Loxodonta africana and Elephas maximus): an important
tool for assessing male reproductive function. Zoo Biology 19
333-345. (https://doi.org/10.1002/1098-2361(2000)19:5<333::AID-
7005>3.0.C0O;2-A)

Hildebrandt TB, Ritz FG, Hermes R, Reid C, Dehnhard M &
Brown JL 2006 Aspects of the reproductive biology and breeding
management of Asian and African elephants, Elephas maximus,
Loxodonta africana. International Zoo Yearbook 40 20-40. (https://doi.
0rg/10.1111/j.1748-1090.2006.00020.x)

Hildebrandt TB, Hermes R, Walzer C, S6s E, Molnar V, Mezési L,
Schnorrenberg A, Silinski S, Streich J, Schwarzenberger F,
et al. 2007 Artificial insemination in the anoestrous and the
postpartum white rhinoceros using GnRH analogue to induce
ovulation. Theriogenology 67 1473-1484. (https://doi.org/10.1016/j.
theriogenology.2007.03.005)

Hildebrandt TB, Lueders I, Hermes R, Goeritz F & Saragusty J
2011 Reproductive cycle of the elephant. Animal Reproduction Science
124 176-183. (https://doi.org/10.1016/j.anireprosci.2010.08.027)

Hildebrandt TB, Hermes R, Saragusty J, Potier R,

Schwammer HM, Balfanz F, Vielgrader H, Baker B, Bartels P
& Goritz F 2012 Enriching the captive elephant population genetic
pool through artificial insemination with frozen-thawed semen
collected in the wild. Theriogenology 78 1398-1404. (https://doi.
org/10.1016/j.theriogenology.2012.06.014)

https://raf.bioscientifica.com
https://doi.org/10.1530/RAF-23-0020

© 2023 the author(s)
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons

(= )q 2 nteribatioR NGREEMAERGA-NEDeRivalivés 2024 05:03: 12AN
= Accqpternafiohal/licknss, licensed under a Creative Commons

onCommercial-NoDerivatives 4.0 International License.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1071/RD19229
https://doi.org/10.1071/RD19229
https://doi.org/10.1016/j.theriogenology.2004.06.015
https://doi.org/10.1016/j.theriogenology.2008.04.050
https://doi.org/10.1016/j.theriogenology.2008.04.050
https://doi.org/10.1093/biolre/ioac172
https://doi.org/10.1016/j.anireprosci.2006.10.011
https://doi.org/10.1016/j.anireprosci.2006.10.011
https://doi.org/10.1016/0093-691x(83)90180-2
https://doi.org/10.1016/j.jevs.2007.01.009
https://doi.org/10.1002/zoo.1430100208
https://doi.org/10.1071/RDv30n1Ab187
https://doi.org/10.1071/RDv30n1Ab187
https://doi.org/10.1016/S0378-4320(98)00132-8
https://doi.org/10.1016/S0378-4320(98)00132-8
https://doi.org/10.1093/biolreprod/52.monograph_series1.243
https://doi.org/10.1093/biolreprod/52.monograph_series1.243
https://doi.org/10.1016/b978-1-4377-1986-4.00071-8
https://doi.org/10.1016/b978-1-4377-1986-4.00071-8
https://doi.org/10.1016/j.theriogenology.2004.04.007
https://doi.org/10.1016/j.theriogenology.2004.04.007
https://doi.org/10.1016/j.theriogenology.2005.09.002
https://doi.org/10.1016/j.theriogenology.2005.09.002
https://doi.org/10.1111/j.1439-0531.2007.00924.x
https://doi.org/10.1016/j.theriogenology.2009.06.014
https://doi.org/10.1016/j.theriogenology.2008.10.008
https://doi.org/10.1016/j.theriogenology.2008.10.008
https://doi.org/10.1016/j.theriogenology.2012.05.015
https://doi.org/10.1371/journal.pone.0057616
https://doi.org/10.1371/journal.pone.0200154
https://doi.org/10.1002/1098-2361(2000)19:5﻿<﻿333::AID-ZOO5﻿>﻿3.0.CO;2-A
https://doi.org/10.1002/1098-2361(2000)19:5﻿<﻿333::AID-ZOO5﻿>﻿3.0.CO;2-A
https://doi.org/10.1111/j.1748-1090.2006.00020.x
https://doi.org/10.1111/j.1748-1090.2006.00020.x
https://doi.org/10.1016/j.theriogenology.2007.03.005
https://doi.org/10.1016/j.theriogenology.2007.03.005
https://doi.org/10.1016/j.anireprosci.2010.08.027
https://doi.org/10.1016/j.theriogenology.2012.06.014
https://doi.org/10.1016/j.theriogenology.2012.06.014
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/RAF-23-0020
https://raf.bioscientifica.com
https://creativecommons.org/licenses/by-nc-nd/4.0/

J Meuffels-Barkas et al.

Rcle:productlon
ertility

Hildebrandt TB, Hermes R, Colleoni S, Diecke S, Holtze S,
Renfree MB, Stejskal J, Hayashi K, Drukker M, Loi P, et al.
2018 Embryos and embryonic stem cells from the white rhinoceros.
Nature Communications 9 2589. (https://doi.org/10.1038/s41467-018-
04959-2)

Hinrichs K 2018 Assisted reproductive techniques in mares. Reproduction
in Domestic Animals 53(Supplement 2) 4-13. (https://doi.org/10.1111/
rda.13259)

Jenikejew J, Wauters J, Dehnhard M & Scheumann M 2021 Linking
socio-sexual and vocal behaviour with faecal progesterone and
oestrogenmetabolite levels in Southern white rhinoceros females.
Conservation Physiology 9 coab098. (https://doi.org/10.1093/conphys/
c0ab098)

Kaewmanee S, Watanabe G, Kishimoto M, Jin WZ, Yamamoto Y,
Yamamoto T, Nagaoka K, Narushima E, Komiya T & Taya K
2011 Secretion of inhibin during the estrous cycle in the female Asian
elephant (Elephas maximus). Journal of Veterinary Medical Science 73
77-82. (https://doi.org/10.1292/jvms.10-0267)

Kihn W & Volkmann D 2004 Ultrasonography in the mare. In
Veterinary Reproductive Ultrasonography. W Kdhn & D Volkmann
Eds. Hannover: Schliitersche Verlagsgesellschaft mbH, pp. 11-80.

Kainer RA 2011 Internal reproductive anatomy. In Equine
Reproduction. AO McKinnon, EL Squires, WE Vaala & DD Varner
Eds. Philadelphia, London: Wiley-Blackwell, pp. 1582-1597.

Korody ML, Pivaroff C, Nguyen TD, Peterson SE, Ryder OA
& Loring J 2017 Four new induced pluripotent stem cell lines
produced from Northern White Rhinoceros with non-integrating
reprogramming factors. Biorxiv. (https://doi.org/10.1101/202499)

Lueders I & Allen WRT 2020 Managed wildlife breeding-an
undervalued conservation tool? Theriogenology 150 48-54. (https://
doi.org/10.1016/j.theriogenology.2020.01.058)

Lueders I, Drews B, Niemuller C, Gray C, Rich P, Fickel J,

Wibbelt G, Goritz F & Hildebrandt TB 2010a
Ultrasonographically documented early pregnancy loss in an Asian
elephant (Elephas maximus). Reproduction, Fertility, and Development 22
1159-1165. (https://doi.org/10.1071/RD09305)

Lueders I, Niemuller C, Gray C, Rich P & Hildebrandt TB 20100
Luteogenesis during the estrous cycle in Asian elephants (Elephas
maximus). Reproduction 140 777-786. (https://doi.org/10.1530/REP-
10-0022)

Lueders I, Taya K, Watanabe G, Yamamoto Y, Yamamoto T,
Kaewmanee S, Niemuller C, Gray C, Streich W] &
Hildebrandt TB 2011 Role of the double luteinizing hormone peak,
luteinizing follicles, and the secretion of inhibin for dominant follicle
selection in Asian elephants (Elephas maximus). Biology of Reproduction
85 714-720. (https://doi.org/10.1095/biolreprod.110.090167)

Lueders I, Niemuller C, Rich P, Gray C, Hermes R, Goeritz F &
Hildebrandt TB 2012 Gestating for 22 months: luteal development
and pregnancy maintenance in elephants. Proceedings. Biological
Sciences 279 3687-3696. (https://doi.org/10.1098/rspb.2012.1038)

MeufFels J 2022 Improved Methods for Collection and Cryopreservation
of Semen from African Rhinoceroses (Ceratotherium simum simum;
Diceros bicornis) and African Elephants (Loxodonta africana). Pretoria:
University of Pretoria.

Nguyen TD, Li H, Zhuang Y, Chen B, Kinoshita K, Jamal MA,

Xu K, Guo J, Jiao D, Tanabe K, et al. 2022 In vitro and in vivo
development of interspecies Asian elephant embryos reconstructed
with pig enucleated oocytes. Animal Biotechnology 1-10. (https://doi.
0rg/10.1080/10495398.2022.2058005)

Oguri N & Tsutsumi Y 1972 Non-surgical recovery of equine eggs,
and an attempt at non-surgical egg transfer in horses. Journal of
Reproduction and Fertility 31 187-195. (https://doi.org/10.1530/
jrf.0.0310187)

Patton ML, Swaisgood RR, Czekala NM, White AM, Fetter GA,
Montagne JP, Rieches RG & Lance VA 1999 Reproductive
cycle length and pregnancy in the Southern White Rhinoceros

(Ceratotherium simum simum) as determined by fecal pregnane
analysis and observations of mating behavior. Zoo Biology 18 111-127.
(https://doi.org/10.1002/(SICI)1098-2361(1999)18:2<111::AID-
7003>3.0.C0O;2-0)

Pennington PM & Durrant BS 2018 Assisted reproductive
technologies in captive rhinoceros. Mammal Review 49 1-15.

Pennington PM, Marshall KL, Capiro JM, Felton RG &

Durrant BS 2019 Ovulation induction in anovulatory southern
white rhinoceros (Ceratotherium simum simum) without altrenogest.
Conservation Physiology 7 coz033. (https://doi.org/10.1093/conphys/
coz033)

Pennington PM, Marshall KL, Capiro JM, Howard L &

Durrant BS 2020 Pregnancies following long luteal phases in
southern white rhinoceros (Ceratotherium simum simum). Zoo Biology
39 141-144. (https://doi.org/10.1002/200.21529)

Pereira RM & Marques CC 2008 Animal oocyte and embryo
cryopreservation. Cell Tissue Bank 9 267-277. (https://doi.org/10.1007/
$10561-008-9075-2)

Radcliffe RW, Czekala NM & Osofsky SA 1997 Combined serial
ultrasonography and fecal progestin analysis for reproductive
evaluation of the female white rhinoceros (Ceratotherium simum
simum): preliminary results. Zoo Biology 16 445-456. (https://doi.
01g/10.1002/(SICI)1098-2361(1997)16:5<445::AID-ZO07>3.0.CO;2-A)

Radcliffe RW, Eyres Al, Patton ML, Czekala NM & Emslie RH
2001 Ultrasonographic characterization of ovarian events and fetal
gestational parameters in two southern black rhinoceros (Diceros
bicornis minor) and correlation to fecal progesterone. Theriogenology
55 1033-1049. (https://doi.org/10.1016/s0093-691x(01)00464-2)

Roca AL, Ishida Y, Brandt AL, Benjamin NR, Zhao K &
Georgiadis NJ 2015 Elephant natural history: a genomic
perspective. Annual Review of Animal Biosciences 3 139-167. (https://
doi.org/10.1146/annurev-animal-022114-110838)

Roth T 2001 Ultrasound and endocrine evaluation of the ovarian
cycle and early pregnancy in the Sumatran rhinoceros, Dicerorhinus
sumatrensis. Reproduction 121 139-149. (https://doi.org/10.1530/
reprod/121.1.139)

Roth TL 2006 A review of the reproductive physiology of rhinoceros
species in captivity. International Zoo Yearbook 40 130-143. (https://
doi.org/10.1111/j.1748-1090.2006.00130.x)

Roth TL, Schook MW & Stoops MA 2018 Monitoring and controlling
ovarian function in the rhinoceros. Theriogenology 109 48-57.
(https://doi.org/10.1016/j.theriogenology.2017.12.007)

RuggeriE, Young C, Ravida N, Sirard MA, Krisher R, de la Rey M,
Herbst C & Durrant B 2022 Glucose consumption and gene
expression in granulosa cells collected before and after in vitro oocyte
maturation in the southern white rhinoceros (Ceratotherium simum
simum). Reproduction, Fertility, and Development 34 875-888. (https://
doi.org/10.1071/RD22071)

Samuel CA, Allen WR & Steven DH 1974 Studies on the equine
placenta. I. Development of the microcotyledons. Journal of
Reproduction and Fertility 41 441-44S5. (https://doi.org/10.1530/
jrf.0.0410441)

Santos RR, Amorim C, Cecconi S, Fassbender M, Imhof M,
Lornage J, Paris M, Schoenfeldt V & Martinez-Madrid B
2010 Cryopreservation of ovarian tissue: an emerging technology
for female germline preservation of endangered species and breeds.
Animal Reproduction Science 122 151-163. (https://doi.org/10.1016/].
anireprosci.2010.08.010)

Saragusty J, Hildebrandt TB, Behr B, Knieriem A, Kruse J &
Hermes R 2009 Successful cryopreservation of Asian elephant
(Elephas maximus) spermatozoa. Animal Reproduction Science 115
255-266. (https://doi.org/10.1016/j.anireprosci.2008.11.010)

Saragusty J, Diecke S, Drukker M, Durrant B, Friedrich Ben-
Nun I, Galli C, Goritz F, Hayashi K, Hermes R, Holtze S, et al.
2016a Rewinding the process of mammalian extinction. Zoo Biology
35 280-292. (https://doi.org/10.1002/200.21284)

https://raf.bioscientifica.com
https://doi.org/10.1530/RAF-23-0020

© 2023 the author(s)
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons
qadesttibatioRNGREEMMErGA-NBDefivativés 802024 05:03:12AM
Accapternbfibhalbicknss, licensed under a Creative Commons

onCommercial-NoDerivatives 4.0 International License.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1038/s41467-018-04959-2
https://doi.org/10.1038/s41467-018-04959-2
https://doi.org/10.1111/rda.13259
https://doi.org/10.1111/rda.13259
https://doi.org/10.1093/conphys/coab098
https://doi.org/10.1093/conphys/coab098
https://doi.org/10.1292/jvms.10-0267
https://doi.org/10.1101/202499
https://doi.org/10.1016/j.theriogenology.2020.01.058
https://doi.org/10.1016/j.theriogenology.2020.01.058
https://doi.org/10.1071/RD09305
https://doi.org/10.1530/REP-10-0022
https://doi.org/10.1530/REP-10-0022
https://doi.org/10.1095/biolreprod.110.090167
https://doi.org/10.1098/rspb.2012.1038
https://doi.org/10.1080/10495398.2022.2058005
https://doi.org/10.1080/10495398.2022.2058005
https://doi.org/10.1530/jrf.0.0310187
https://doi.org/10.1530/jrf.0.0310187
https://doi.org/10.1002/(SICI)1098-2361(1999)18:2﻿<﻿111::AID-ZOO3﻿>﻿3.0.CO;2-0
https://doi.org/10.1002/(SICI)1098-2361(1999)18:2﻿<﻿111::AID-ZOO3﻿>﻿3.0.CO;2-0
https://doi.org/10.1093/conphys/coz033
https://doi.org/10.1093/conphys/coz033
https://doi.org/10.1002/zoo.21529
https://doi.org/10.1007/s10561-008-9075-2
https://doi.org/10.1007/s10561-008-9075-2
https://doi.org/10.1002/(SICI)1098-2361(1997)16:5﻿<﻿445::AID-ZOO7﻿>﻿3.0.CO;2-A
https://doi.org/10.1002/(SICI)1098-2361(1997)16:5﻿<﻿445::AID-ZOO7﻿>﻿3.0.CO;2-A
https://doi.org/10.1016/s0093-691x(01)00464-2
https://doi.org/10.1146/annurev-animal-022114-110838
https://doi.org/10.1146/annurev-animal-022114-110838
https://doi.org/10.1530/reprod/121.1.139
https://doi.org/10.1530/reprod/121.1.139
https://doi.org/10.1111/j.1748-1090.2006.00130.x
https://doi.org/10.1111/j.1748-1090.2006.00130.x
https://doi.org/10.1016/j.theriogenology.2017.12.007
https://doi.org/10.1071/RD22071
https://doi.org/10.1071/RD22071
https://doi.org/10.1530/jrf.0.0410441
https://doi.org/10.1530/jrf.0.0410441
https://doi.org/10.1016/j.anireprosci.2010.08.010
https://doi.org/10.1016/j.anireprosci.2010.08.010
https://doi.org/10.1016/j.anireprosci.2008.11.010
https://doi.org/10.1002/zoo.21284
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://raf.bioscientifica.com
https://creativecommons.org/licenses/by-nc-nd/4.0/

J Meuffels-Barkas et al.

Rcle:productlon
ertility

Saragusty J, Prieto MT, Courtiol A, Potier R, GoritzF,
Hildebrandt TB & Hermes R 2016b Sperm rescue in wild African
elephants. Reproduction, Fertility, and Development 28 1433-1442.
(https://doi.org/10.1071/RD14378)

Satué K & Gardon JC 2020 Physiological and clinical aspects
of the endocrinology of the estrous cycle and pregnancy
in mares. In Animal Reproduction in Veterinary Medicine. F Aral, R
Payan-Carreira & M Quaresma Eds. London: Intech Open Book
Series, pp. 5-20.

Schaffer NE, Foley GL, Gill S & Pope CE 2001 Clinical implications
of rhinoceros reproductive tract anatomy and histology. Journal of
Zoo and Wildlife Medicine 32 31-46. (https://doi.org/10.1638/1042-
7260(2001)032[0031:CIORRT]2.0.CO;2)

Schmitt D 2006 Reproductive system. In Biology, Medicine, and
Surgery of Elephants. Blackwell Publishing. ME Fowler & S Mikota
Eds. IA: Aimes, pp. 347-356.

Schwarzenberger F & Hermes R 2023 Comparative analysis of
gestation in three rhinoceros species (Diceros bicornis; Ceratotherium
simum; Rhinoceros unicornis). General and Comparative Endocrinology
334 114214. (https://doi.org/10.1016/j.ygcen.2023.114214)

Schwarzenberger F, Walzer C, Tomasova K, Vahala J, Meister J,
Goodrowe KL, Zima J, Strauf3 G & Lynch M 1998 Faecal
progesterone metabolite analysis for non-invasive monitoring of
reproductive function in the white rhinoceros (Ceratotherium simum).
Animal Reproduction Science 53 173-190. (https://doi.org/10.1016/
S0378-4320(98)00112-2)

Schwarzenberger F, Rietschel W, Vahala J, Holeckova D,
Thomas P, Maltzan J, Baumgartner K & Schaftenaar W
2000 Fecal progesterone, estrogen, and androgen metabolites for
noninvasive monitoring of reproductive function in the female
Indian rhinoceros, Rhinoceros unicornis. General and Comparative
Endocrinology 119 300-307. (https://doi.org/10.1006/gcen.2000.7523)

Sherman GB, Lund LA, Bunick D & Winn RJ 1997 Characterization
and phylogenetic significance of rthinoceros luteinizing hormone
beta (LHbeta) subunit messenger RNA structure, complementary DNA
sequence and gene copy number. Gene 195 131-139. (https://doi.
0rg/10.1016/s0378-1119(97)00080-2)

Spanner J, Pedersen J & Lorenzen E 2022 Transport of vitrified-
warmed ICSI blastocysts in straws for up to 5 hours does not affect the
pregnancy rate. Journal of Equine Veterinary Science 113. (https://doi.
0rg/10.1016/j.jevs.2022.103986)

Stansfield FJ & Allen WR 2012 Luteal maintenance of pregnancy in
the African elephant (Loxodonta africana). Reproduction 143 845-854.
(https://doi.org/10.1530/REP-12-0032)

Stansfield FJ, Picton HM & Nothling JO 2011 Early primary-rather
than primordial follicles constitute the main follicular reserve in the
African elephant (Loxodonta africana). Animal Reproduction Science 123
112-118. (https://doi.org/10.1016/j.anireprosci.2010.11.003)

Stoops MA, Pairan RD & Roth TL 2004 Follicular, endocrine and
behavioural dynamics of the Indian rhinoceros (Rhinoceros unicornis)
oestrous cycle. Reproduction 128 843-856. (https://doi.org/10.1530/
rep.1.00328)

Stoops MA, Bateman H, Campbell MK & Roth TL 20114 Attempted
in vitro maturation and fertilization of postmortem Sumatran
rhinoceros (Dicerorhinus sumatrensis) oocytes. American Association of
Zoo Veterinarians 42 723-726. (https://doi.org/10.1638/2010-0186.1)

Stoops MA, O’Brien JK & Roth TL 20115 Gamete rescue in the African
black rhinoceros (Diceros bicornis). Theriogenology 76 1258-1265.
(https://doi.org/10.1016/j.theriogenology.2011.05.032)

Stoops MA, Campbell MK, DeChant CJ, Hauser J, KottwitzJ,
Pairan RD, Shaffstall W, Volle K & Roth TL 2016 Enhancing
captive Indian rhinoceros genetics via artificial insemination of

cryopreserved sperm. Animal Reproduction Science 172 60-75. (https://
doi.org/10.1016/j.anireprosci.2016.07.003)

Stout TA 2006 Equine embryo transfer: review of developing
potential. Equine Veterinary Journal 38 467-78. (https://doi.
01g/10.2746/042516406778400529)

Stout TA & Allen WR 2001 Role of prostaglandins in intrauterine
migration of the equine conceptus. Reproduction 121 771-775.
(https://doi.org/10.1530/rep.0.1210771)

Stout TAE 2020 Clinical application of in vitro embryo production in
the horse. Journal of Equine Veterinary Science 89 103011. (https://doi.
01g/10.1016/j.jevs.2020.103011)

Thitaram C, Brown JL, Pongsopawijit P, Chansitthiwet S,
Wongkalasin W, Daram P, Roongsri R, Kalmapijit A,
Mahasawangkul S, Rojansthien S et al. 2008 Seasonal effects
on the endocrine pattern of semi-captive female Asian elephants
(Elephas maximus): Timing of the anovulatory luteinizing hormone
surge determines the length of the estrous cycle. Theriogenology 69
237-244. (https://doi.org/10.1016/j.theriogenology.2007.09.018)

Thongtip N, Mahasawangkul S, Thitaram C, Pongsopavijitr P,
Kornkaewrat K, Pinyopummin A, Angkawanish T,
Jansittiwate S, Rungsri R, Boonprasert K, et al. 2009
Successful artificial insemination in the Asian elephant (Elephas
maximus) using chilled and frozen-thawed semen. Reproductive
Biology and Endocrinology 7 75. (https://doi.org/10.1186/1477-
7827-7-75)

Ververs C, Van Zijl Langhout M, Govaere J & Van Soom A 2015
Features of reproduction and assisted reproduction in the white
(Ceratotherium simum) and black (Diceros bicornis) rhinoceros. Vlaams
Diergeneeskundig Tijdschrift 84 175-187. (https://doi.org/10.21825/vdt.
v84i4.16593)

Weber JA, Freeman DA, Vanderwall DK & Woods GL 1991
Prostaglandin E2 secretion by oviductal transport-stage equine
embryos. Biology of Reproduction 45 540-543. (https://doi.org/10.1095/
biolreprod45.4.540)

Wilsher S & Allen WR 2004 An improved method for nonsurgical
embryo transfer in the mare. Equine Veterinary Education 16 39-44.
(https://doi.org/10.1111/j.2042-3292.2004.tb00265.x)

Wilsher S, Rigali F, Couto G, Camargo S & Allen WR 2019
Vitrification of equine expanded blastocysts following puncture with
or without aspiration of the blastocoele fluid. Equine Veterinary Journal
51 500-505. (https://doi.org/10.1111/evj.13039)

Wilsher S, Rigali F, Kovacsy S & Allen WT 2021 Successful
vitrification of manually punctured equine embryos. Equine Veterinary
Journal 53 1227-1233. (https://doi.org/10.1111/evj.13400)

Yamamoto Y, Nagaoka K, Kamite Y, Watanabe G, Allen T,
Stansfield F & Taya K 2017 Different origins of two corpora lutea
recovered from a pregnant African elephant (Loxodonta africana).
Reproduction in Domestic Animals 52 1138-1141. (https://doi.
org/10.1111/rda.13010)

Yamamoto Y, Yuto N, Yamamoto T, Kaewmanee S, Shiina O,
Mouri Y, Narushima E, Katayanagi M, Sugimura K,

Nagaoka K, et al. 2012 Secretory pattern of inhibin during estrous
cycle and pregnancy in African (Loxodonta africana) and Asian
(Elephas maximus) elephants. Zoo Biology 31 511-522. (https://doi.
0rg/10.1002/200.20415)

Received 4 April 2023

Accepted 13 April 2023

Available online 13 April 2023

Version of Record published 7 August 2023

https://raf.bioscientifica.com
https://doi.org/10.1530/RAF-23-0020

© 2023 the author(s)
Published by Bioscientifica Ltd

This work is licensed under a Creative Commons
(== )4 centrribatioR NeREmERAl-NEDefivafivés 42024 05:03:12AM
= Accqpternafiohal/licknss, licensed under a Creative Commons

onCommercial-NoDerivatives 4.0 International License.
https://creativecommons.org/licenses/by-nc-nd/4.0/



https://doi.org/10.1071/RD14378
https://doi.org/10.1638/1042-7260(2001)032[0031:CIORRT]2.0.CO;2
https://doi.org/10.1638/1042-7260(2001)032[0031:CIORRT]2.0.CO;2
https://doi.org/10.1016/j.ygcen.2023.114214
https://doi.org/10.1016/S0378-4320(98)00112-2
https://doi.org/10.1016/S0378-4320(98)00112-2
https://doi.org/10.1006/gcen.2000.7523
https://doi.org/10.1016/s0378-1119(97)00080-2
https://doi.org/10.1016/s0378-1119(97)00080-2
https://doi.org/10.1016/j.jevs.2022.103986
https://doi.org/10.1016/j.jevs.2022.103986
https://doi.org/10.1530/REP-12-0032
https://doi.org/10.1016/j.anireprosci.2010.11.003
https://doi.org/10.1530/rep.1.00328
https://doi.org/10.1530/rep.1.00328
https://doi.org/10.1638/2010-0186.1
https://doi.org/10.1016/j.theriogenology.2011.05.032
https://doi.org/10.1016/j.anireprosci.2016.07.003
https://doi.org/10.1016/j.anireprosci.2016.07.003
https://doi.org/10.2746/042516406778400529
https://doi.org/10.2746/042516406778400529
https://doi.org/10.1530/rep.0.1210771
https://doi.org/10.1016/j.jevs.2020.103011
https://doi.org/10.1016/j.jevs.2020.103011
https://doi.org/10.1016/j.theriogenology.2007.09.018
https://doi.org/10.1186/1477-7827-7-75
https://doi.org/10.1186/1477-7827-7-75
https://doi.org/10.21825/vdt.v84i4.16593
https://doi.org/10.21825/vdt.v84i4.16593
https://doi.org/10.1095/biolreprod45.4.540
https://doi.org/10.1095/biolreprod45.4.540
https://doi.org/10.1111/j.2042-3292.2004.tb00265.x
https://doi.org/10.1111/evj.13039
https://doi.org/10.1111/evj.13400
https://doi.org/10.1111/rda.13010
https://doi.org/10.1111/rda.13010
https://doi.org/10.1002/zoo.20415
https://doi.org/10.1002/zoo.20415
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1530/RAF-23-0020
https://raf.bioscientifica.com
https://creativecommons.org/licenses/by-nc-nd/4.0/

	Abstract
	Reproductive anatomy
	Mare
	Mare
	Mare
	Elephant cow
	Elephant cow
	Elephant cow
	Rhinoceros cow
	Rhinoceros cow
	Rhinoceros cow

	Reproductive physiology
	Oestrous cycle
	Mare
	Mare
	Mare
	Elephant cow
	Elephant cow
	Elephant cow
	Rhinoceros cow
	Rhinoceros cow
	Rhinoceros cow

	Placentation and the hormonal control of early gestation
	Mare
	Mare
	Mare
	Elephant cow
	Elephant cow
	Elephant cow
	Rhinoceros cow
	Rhinoceros cow
	Rhinoceros cow

	ART – current state
	Ultrasonography of the female reproductive tract
	Artificial insemination (AI)
	Timing of AI
	Practicalities of AI

	Advanced art – future perspectives
	Embryo recovery and transfer
	Oocyte recovery and ovum pick-up (OPU)
	In vitro maturation (IVM)
	IVF and ICSI
	Oocyte and embryo cryopreservation
	Tissue and stem cell preservation and cloning

	Conclusion
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

