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Abstract

Somatic cell nuclear transfer (SCNT) is an asexual reproductive technique where cloned off-
spring contain the same genetic material as the original donor. Although this technique pre-
serves the sex of the original animal, the birth of sex-reversed offspring has been reported in
some species. Here, we report for the first time the birth of a female foal generated by SCNT
of a male nuclear donor. After a single SCNT procedure, 16 blastocysts were obtained and
transferred to eight recipient mares, resulting in the birth of two clones: one male and one
female. Both animals had identical genetic profiles, as observed in the analysis of 15-horse
microsatellite marker panel, which confirmed they are indeed clones of the same animal.
Cytogenetic analysis and fluorescent in situ hybridization using X and Y specific probes
revealed a 63,X chromosome set in the female offspring, suggesting a spontaneous Y chro-
mosome loss. The identity of the lost chromosome in the female was further confirmed
through PCR by observing the presence of X-linked markers and absence of Y-linked mark-
ers. Moreover, cytogenetic and molecular profiles were analyzed in blood and skin samples
to detect a possible mosaicism in the female, but results showed identical chromosomal
constitutions. Although the cause of the spontaneous chromosome loss remains unknown,
the possibility of equine sex reversal by SCNT holds great potential for the preservation of
endangered species, development of novel breeding techniques, and sportive purposes.

Introduction

Somatic cell nuclear transfer (SCNT) is an asexual reproductive technique commercially avail-
able in horses. It is mainly applied to multiply elite individuals [1, 2], but also to reintroduce
valuable genomic backgrounds to breeding programs in cases where the original horse has
died or is no longer fertile [3]. General interest in SCNT technology is based on the fact that
cloned offspring contain the same genomic information as the original donor. However, geno-
mic alterations have been sporadically found in clones of some species. Some of the most strik-
ing examples are related to sex modification in the cloned offspring. In the mouse, a female
offspring was born from a male nuclear donor as a consequence of the spontaneous loss of the
Y chromosome [4]. In dogs, incomplete epigenetic reprogramming after SCNT led to a hyper-
methylated Y chromosome, resulting in genetically male (XY) animals with a female pheno-
type [5, 6]. A similar result was reported in wolves, although the cause of sex reversal was not
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Table 1. In vitro and in vivo development of embryos obtained after a SCNT procedure using MSCs of a male donor.

Oocytes | Mature oocytes | Embryos | Cleavage Blastocysts No. of No. of transferred Pregnancies Born Days of Sex
(%) (%) (%) recipients embryos (%) (%) gestation
420 225 (53.57) 170 125 (73.53) 17 (10) 8 16 3(37.5) 2(25) 366/351 male/
female

https://doi.org/10.1371/journal.pone.0279869.t001

defined [7]. In horses, and despite the numerous clones born to date, no sex-associated genetic
alterations have been described to the best of our knowledge. Here, we report a viable female
horse born by SCNT of a male nuclear donor. This is the first report of sex modification in
equine cloning, which opens the door to sex manipulation by SCNT in this species.

Results

Passage-2 mesenchymal stem cells (MSCs) derived from a male horse were used as nuclear
donors for a standard SCNT procedure performed in November 2019 (Table 1). Two live foals
were born in November 2020, one male-as expected, considering the sex of the nuclear
donor-and one female (Fig 1). At the time of birth, the female foal showed no anatomic abnor-
malities, although internal reproductive structures could not be observed yet given the ani-
mal’s young age. At the age of 2 years, it still shows normal external genitalia, with a normally
sized and shaped vulva and clitoris. Ultrasonographic evaluation was performed, and showed
anormal uterus but small underdeveloped ovaries (right: 10 x 6 mm; left: 7 x 5 mm), suggest-
ing gonadal hypoplasia. In addition, there was no sign of corpora lutea.

Genotyping of the born foals

In order to determine whether the two born clones are indeed genetically identical, hair sam-
ples from each foal were genotyped with a 15-horse microsatellite marker panel (Fig 2). Analy-
ses rendered identical genotypes, which showed that both foals are indeed clones derived from
the same donor. To evaluate possible mosaicism in the female clone, a blood sample was also
analyzed, with results showing the same profile in both hair and blood samples.

Cytogenetic and molecular analysis of the sex chromosomes

After confirming that the female and male foals are clones, cytogenetic analyses were carried
out to elucidate the cause of this sex modification. Fibroblast (n = 30) and blood samples
(n = 100) obtained from the female and male clones were evaluated by conventional Giemsa
staining, C banding and G banding to determine the chromosome number and sex chromo-
some constitution. In addition, the MSCs used as nuclear donors (n = 80) were also analyzed.
The MSCs (Fig 3A and 3B) and the samples from the male foal (Fig 3C) showed the expected
64,XY chromosome set, whereas the samples from the female foal presented a 63,X chromo-
some set (Fig 3D). In addition, fluorescence in situ hybridization (FISH) using X and Y specific
probes on the MSCs (n = 268) and blood samples from the male (n = 278) and female (n = 309)
clones confirmed the X monosomy in the female foal (Fig 4A and 4B), and the normal male sex
chromosome configuration in the male foal and donor MSCs (Fig 4C and 4D, respectively).
Moreover, PCR analysis of X- and Y-linked markers was performed using genomic DNA
derived from hair samples of the male foal, and hair and blood samples of the female foal (Fig
5). The sample from the male foal amplified the AMEL-X and AMEL-Y chromosome markers,
whereas the samples from the female foal amplified only the AMEL-X chromosome marker. In
addition, the female clone showed the profile expected for a female genotype, without amplifi-
cation of the SRY gene or any of the Y-linked short tandem repeats (STR) markers. X-linked
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Fig 1. Foals born after a SCNT procedure using male-horse-derived MSCs as nuclear donors. Male: left, female:
right.
https://doi.org/10.1371/journal.pone.0279869.g001

STRs in the female and male clones showed homozygous genotypes, as expected for genotypes
carrying only one X chromosome.

Discussion

In SCNT, sex is determined by the genotype of the nuclear donor. However, alterations involv-
ing the sex chromosome pair have been found in clones of some species. Here, we report the
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Fig 2. Microsatellite profiles from the foals. Results from the analysis of a 15-panel of microsatellites, used for routine parentage and identity purposes.

https://doi.org/10.1371/journal.pone.0279869.g002

first sex modification in cloned horses, opening the door to sex manipulation through SCNT
in this species.

Cytogenetic and molecular analysis of the female foal showed that the sex modification was

the consequence of a Y chromosome loss that led to an X monosomy. This alteration might
have occurred in the cell culture, or during early embryo development. Previous studies report
a10.2% incidence of X monosomy on mouse established XX and XY embryonic stem cell cul-
tures [8], and around 15-18% of aneuployd cells in passage 2 human MSC cultures [9]. Differ-
ent factors are thought to induce alterations in the chromosome number of cells in culture,
including passage number [9, 10], Mycoplasma infection [11] and stress [12]. The MSCs used
as nuclear donors in this work were at passage 2, and Mycoplasma contamination is periodi-
cally evaluated in our lab. Therefore, these factors were excluded as possible causes of chromo-
somal alterations. Nevertheless, cell samples were maintained at ambient condition for several
hours before SCNT. According to the literature, the room temperature could have induced a
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Fig 3. Representative metaphase spreads from the foals and the donor MSCs. (A) G banding and (B) C banding from the MSCs used as nuclear donors (64,
XY). (C) C banding from the male clone (64,XY). (D) C banding from the female clone (63,X). Arrows indicate the Y chromosome and arrowheads indicate
the X chromosome. Magnification 1000X.

https://doi.org/10.1371/journal.pone.0279869.9003

stress response [13], which led to genome instability. In addition, the high oxygen tension trig-
gers an oxidative stress response in MSC cultures as a consequence of a high oxygen consump-
tion rate, which is strongly related to DNA damage and unstable chromosomal aberrations
[9]. Nevertheless, the MSCs used as nuclear donors contained an euploid chromosome count
according to the cytogenetic analysis. Alternatively, a spontaneous chromosome loss may have
occurred during the early embryonic stages. In this case the result would be a mosaic embryo
and, consequently, a mosaic female foal with 63,X and 63,XY cells. However, the two tissues
evaluated in this study-blood and skin, which represent two different embryonic layers—
showed the same genetic constitution according to karyotyping and PCR genotyping.
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Fig 4. Specific identification of the X and Y chromosomes by FISH. (A) and (B) Blood cells from the female foal. (C)
Metaphase spread derived from the blood sample of the male foal. (D) Interphase cells from the MSC culture used as
nuclear donor. Red color indicates the X chromosome probe and green color indicates the Y chromosome probe.
Magnification 1000X.

https://doi.org/10.1371/journal.pone.0279869.g004

Therefore, this alteration occurred in the cell culture at a rate below 1/348 and could not be
detected, the female is indeed mosaic and presents 63,XX cells in tissues different from blood
and skin, or the Y chromosome was lost during the earliest embryonic stage.

The horse is an attractive model for sex manipulation, as the X0 sex chromosome condition
is well tolerated in this species. In fact, horses present the second-highest incidence, only after
humans, of viable X chromosome monosomy. The negative correlation between the incidence
of viable X0 individuals and the size and gene content of the pseudoautosomal region (PAR) of
the sex chromosomes suggests that horses present a permissive genetic background towards
this chromosomal alteration compared to other species [14].

Different strategies can be evaluated in horses to specifically eliminate a sex chromosome,
according to previous reports in other species. For example, human chromosome 21 was func-
tionally eliminated by insertion of a XIST transgene, which led to a stable chromatin modifica-
tion and the silencing of the extra chromosome in human Down syndrome pluripotent stem
cells [15]. In addition, targeted chromosome elimination was achieved through the insertion of
oppositely oriented loxP sites and Cre-mediated sister chromatid recombination [16], or
through the insertion of a TKNEO transgene into a targeted chromosome followed by selection
of cells that spontaneously lost the edited chromosome [17]. More recently, the complete Y
chromosome has been deleted using CRISPR/Cas9 technology in the mouse [18]. Furthermore,
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Fig 5. Characterization of X- and Y-linked markers. Results of microsatellite analysis in the female and male horses. Boxes indicate the Y-linked markers.

https://doi.org/10.1371/journal.pone.0279869.g005

sex-reversal has been achieved in mice [19], rabbits [20], and pigs [21] through SRY gene
knock-out, which yielded phenotypic females with an XY genotype. However, the use of these
strategies involves gene editing techniques that would require approval from regulatory entities.
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Alternatively, chromosome instability can be induced in cell cultures to promote spontane-
ous chromosome losses as described above while avoiding the use of molecular tools. Deriva-
tion of clonal cell lines, as achieved previously by our group in horses [22], may enable the
isolation, identification, and replication of the X0 cells. Therefore, establishing X0 cell cultures,
which might additionally be combined with specific X or Y chromosome transfer to zygotes
[23, 24], could result in sex modification in horses by SCNT.

Equine sex manipulation can be applied to the preservation of endangered species, Turner
syndrome research, and reproductive and sportive purposes. To date, conservation breeding
programs are the main strategy applied for the preservation of wild horses. However, advanced
assisted reproductive technologies (ARTs) are a powerful tool to be included in conservation
programs for endangered species [25-27]. Derivation of X0 cell lines combined with specific
sex chromosome transfer and SCNT might enable the production of individuals of both sexes
from cryopreserved samples of endangered and even extinct species. The horse stands as a par-
ticularly attractive model in this case, as the genetic plasticity shared among Equus [27] could
enable the sex modification of individuals using X or Y chromosomes from a different equid
species. Regarding medical research, 63,X mares show phenotypic features similar to those of
Turner syndrome in humans, unlike those found in X0 mice [14], which makes the horse an
attractive model for the study of this syndrome. Moreover, sex manipulation could be used as
a breeding tool. If a female clone can be derived from a male horse and then bred, the genetic
material from two original males could be combined. Finally, regarding commercial applica-
tion, sex modification could be applied to sporting individuals. Polo, for example, is a sport
practiced worldwide for which female horses are preferred over males. Considering that
advanced biotechnologies are popular within this equine discipline (see the Argentine Polo
Pony Breeder’s Association Statute at www.criapoloargentino.com.ar), obtaining a female
clone from an exceptional male player may be of interest.

In conclusion, although the cause of the spontaneous chromosome loss reported in this
work and how to intentionally reproduce it in the laboratory remain to be elucidated, the pres-
ent report shows that sex manipulation by SCNT is feasible in horses, a finding of great poten-
tial for the preservation of endangered species, development of novel breeding techniques, and
sportive purposes.

Materials and methods
Animal care and use of research animals

This study was carried out following the Guide for the Care and Use of Agricultural Animals
in Agricultural Research and Teaching. The protocols involving animal manipulations were
approved by the Institutional Committee for the Care and Use of Experimental Animals of the
San Martin National University, Buenos Aires, Argentina (CICUAE-UNSAM, Permit Num-
ber: 001/16).

Isolation and culture of MSCs

MSCs were obtained from bone marrow aspirates of an adult male as described previously [2]
with slight modifications. Briefly, aspiration was performed under sedation using 1 mL acepro-
mazine maleate (Holliday-Scott SA, Buenos Aires, Argentina) and local anesthesia with 2%
lidocaine. By pressing on the sternum, 200-300 ml of bone marrow aspirate was collected into
a blood bag treated with sodium citrate. After discarding the blood through an infusion guide
and washing with PBS, MSCs were collected through enzymatic treatment of the filter and
blood bag with 0.25% Trypsin-EDTA (25200-56; Gibco, Waltham, MA, US) at 37°C for 10-15
min and vigorously shaking the bag and filter of the infusion guide. Finally, cells were collected
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by washing twice with 25 ml of DMEM-high glucose (10569-010; Gibco, Waltham, MA, US)
supplemented with 20% fetal bovine serum (FBS, 10499-044; Gibco, Waltham, MA, US), 2%
antibiotic—antimycotic (ATB; penicillin, streptomycin, and amphotericin B; 15240-096;
Gibco), 1 uL/ml insulin-transferrin-selenium (ITS; 51300-044, Gibco) and 10 pl/ml MEM
non-essential amino acids (11140-050; Gibco, Waltham, MA, US) and plated into a 150 mm
cell culture dish (430599, Corning). Culture medium was changed twice a week until culture
reached 70-80% confluence, when cells were cryopreserved in DMEM-high glucose supple-
mented with 20% FBS and 10% DMSO. At the moment of shipping this samples in particular,
cells were thawed and plated on T25 flasks at 30% confluence, where they were kept for around
55 h at room temperature during transportation. When cells were received at the laboratory,
flasks were immediately put at 38°C and 5% CO2 until 80% confluence, when cells were cryo-
preserved as described above.

SCNT and embryo transfer

The cloning procedure was performed as described previously [1] with some modifications.
Briefly, equine oocytes were in vitro matured in HEPES-buffered TCM-199 (12340-030;
Gibco) supplemented with 10% FBS, 1 ul/ml ITS, 1 mM sodium pyruvate (P2256), 100 mM
cysteamine (M-9768), 0.1 mg/mL of follicle-stimulating hormone (NIH-FSH-P1, Folltropinl;
Bioniche, Belleville, ON, Canada), and 2% ATB at 38°C. Cumulus cells were removed by vor-
tex in hyaluronidase solution (H4272, 1 mg/ml) and only those oocytes with a visible first polar
body were depleted of the zona pellucida by enzymatic digestion with 1.5 mg/ml pronase (P-
8811). Zona-free (ZF) oocytes were stained with 1 pug/ml Hoechst bisbenzimide 33342
(H33342) and enucleated by micromanipulation under UV light. Enucleation was confirmed
by direct observation of the stained metaphase plate inside the pipette. Each ooplast was cou-
pled with a MSC using phytohemagglutinin (PHA; L8754) and fused by a double direct cur-
rent pulse of 1.2 kV/cm, each pulse for 30 ps, separated by 0.1 s. Fused oocytes rested in 5 pl
droplets of DMEM/F12 (D8062, Sigma, St Louis, MO, US) for 2.5 h to allow somatic cell repro-
gramming. Reconstructed embryos were activated with a 4-min incubation in 8.7 uM ionomy-
cin (124222; Invitrogen, Carlsbad, CA, USA) followed by individual culture in 5 ul droplets of
DMEM/F12 with 1 mM 6-dimethylaminopurine (6-DMAP; D2629) and 5 mg/ml cyclohexi-
mide (CHX; C7698) for 4 h. Activated embryos were cultured in groups of three in micro-
wells similar to the well of the well system [28] into 100 ul droplets of DMEM/F12 supple-
mented with 10% FBS and 1% ATB, in a humidified gas mixture (5% CO,, 5% O,, 90% N,) at
39°C. Cleavage was evaluated after 4 d of in vitro culture and medium was supplemented with
10% FBS. Blastocyst formation was observed between days 7 and 9.

The blastocysts were transferred to synchronized mares as described previously [1]. Briefly,
blastocysts were transferred non-surgically in pairs, in 0.5 ml straws with DMEM-F12. Seven
to fifteen days after the embryo transfer, pregnancies were diagnosed by transrectal ultraso-
nography, and fetal monitoring was performed once a week. Three to four weeks before
expected parturition, the pregnant mares were transported to an equine hospital (KAWELL,
Equine Rehabilitation Center, Solis, Argentina) to give birth.

Clone genotype identification

Both male and female clones were genotyped with a 15-horse panel of microsatellites, used for
routine parentage and identity purposes and standardized according to the International Soci-
ety of Animal Genetics (ISAG) (https://www.isag.us/committees.asp; S1 Table).

DNA was extracted from 5 hair roots using 100 pL of lysis buffer (10 mM Tris HCI, pH 8.0,
50 mM KCl, 2.5 mM MgCl,, 0.5% Tween 20, 10 pg proteinase K; Invitrogen) and incubated at

PLOS ONE | https://doi.org/10.1371/journal.pone.0279869 January 4, 2023 9/13


https://www.isag.us/committees.asp
https://doi.org/10.1371/journal.pone.0279869

PLOS ONE

First sex modification case in equine cloning

60°C for 45 min followed by heating at 95°C for 45 min. When a blood sample from the female
clone was genotyped, DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen, Hilden,
Germany).

Microsatellites were multiplexed into 2 mixes, as described previously (mix 1: VHL20,
HTG4, AHT4, HMS7, ASB17, AHT5, HMS6, ASB23, TKY28; mix 2: ASB2, HMS2, HTGI10,
HMS3, UCDEQ425, TKY325), grouped by their annealing temperatures -60°C and 56°C,
respectively—[29].

Each 25-pL reaction contained 20 ng genomic DNA, 1x PCR buffer, 2.2 mM MgCl,, 0.3
mM dNTPs (PCR buffer, MgCl,, and dNTPs; Invitrogen), 2% DMSO (dimethylsulfoxide;
Millipore, Sigma), 0.15-0.5 uM of each primer (Applied Biosystems, Waltham, MA, US), and
1 U Platinum Taq DNA polymerase (Invitrogen). The PCR protocol consisted of 10 min at
95°C, followed by 31 cycles of 30 s at 95°C, 30 s at appropriate annealing temperature, 30 s at
72°C, and a final extension step of 72°C for 60 min. PCR products were separated by electro-
phoresis (3130x]; Applied Biosystems) and analyzed using GeneMapper v.4.0 (Applied
Biosystems).

Sex molecular analysis

Both hair and blood from the female and the male clones, along with female and male control
samples, were tested with a sex panel of X- and Y-linked markers (S2 Table) that were multi-
plexed into: mix 1 (X-linked microsatellites: TKY38, TKY270, Lex0003, and Lex026; Y-linked
microsatellite: ECAYA16; annealing temperature 50°C), and mix 2 (AMEL gene, Y-linked
microsatellites: ECAYH12, ECAYM2, and SRY gene; X-linked microsatellites: Lex0003 and
UCDEQ502; annealing temperature 58°C) [30, 31]. PCR was carried out and fragments were
analyzed as described in the previous section.

Cytogenetic analysis

The chromosome set was determined according to standard cytogenetic procedures. MSCs
and fibroblasts were harvested from cells cultured as described previously. Phytohaemaggluti-
nin stimulated lymphocytes were obtained from peripheral blood and cultured in RPMI-1640
supplemented with 20% FBS [32]. CBG-banding was performed according to the method of
Sumner [33].

FISH analysis

Cell spreads were obtained from the donor MSCs used for the cloning procedure or from
peripheral blood of the foals, and prepared as described above. The probes used were EQ-ENX
(ZFX—Zinc Finger Protein X-Linked) labelled with rhodamine, and EQ-ENY (TSPY2—Testis
Specific Protein Y-Linked 2) labelled with FITC (LEXEL SRL, Buenos Aires, Argentina). Slides
were first incubated for 1 h at 45°C. During this time, 1 pl of each probe was mixed with 7ul of
hybridization buffer, according to the manufacturer s instructions. Both mixes were placed on
the cell spreads and preparations were then covered and sealed with removable glue. The DNA
samples and the probes were simultaneously denatured at 71°C for 8 min, followed by hybrid-
ization at 37°C overnight. After hybridization, the glue was carefully removed, and slides were
immersed in 2xSSC (0.3M NaCl, 0.03M C¢H;sNa3;0,.2H,0) at room temperature for 5 min or
until the cover glass detached. Preparations were then placed for 2 min in 0.4xSSC + 0.3%
Tween a 71°C, and immediately transferred to 2xSSC + 0.1% Tween for 2 min at room tem-
perature. The excess of liquid was removed. Diamino-phenylindole (100ng/ml) and antifade
(p-phenylenediamine 1mg/ml) were used as mounting media, and spreads were covered with
a cover glass.
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Images were taken using an Olympus IX71 epi-fluorescence microscope and Olympus DP-

72 camera. Rhodamine and FITC signals were captured in separate images using Cell-Sence
Viewer software (Olympus Corporation) and merged using Image-Pro Plus (Media
Cybernetics).

Supporting information

S1 Table. Primer sequences for the genotype identification of the cloned foals.
(DOCX)
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