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SUMMARY

Recent developments have imparted a new reality to the old dream of gender se
lection for livestock. Repetitive DNA elements that are associated exclusively with the Y 
chromosome of cattle have now been isolated in a number of laboratories. Until re
cently, the utility of these sequences as invasive diagnostic probes for determining the 
genetic sex of bovine embryos had been limited by two technical requirements -  the 
need for a rapid, benign procedure for removing small biopsies and the need for a rapid 
assay of exquisite sensitivity to detect homologous DNA sequences in the biopsies. The 
latter deficiency has been overcome with the introduction of target amplification by 
polymerase chain reaction (PCR); the former by development of a compact, portable 
system that allows routine embryo splitting and biopsy on-site. Perhaps the most signif
icant implication of these widely available "twinning" and sexing technologies is that 
embryonic marker assisted selection (MAS) has come of age. While the economic and 
genetic consequences of MAS for sex are significant, this is but the first of a broad spec
trum of potential applications of similar technology.

INTRODUCTION

The impetus for extensive (and expensive) research into predetermination of sex 
of livestock progeny ("gender selection") derives from the fact that all domestic animal 
production industries have an inherent preference for animals of one sex. The desired 
sex varies geographically and temporally, it varies with the industry concerned and it 
varies with the role of the animals as stud or production resources. Introduction of bi
ased sex ratios may be related to short-term productivity or to longer term genetic gain. 
In general, the demand for prenatal sex control presages the advent of large-scale IVF 
and cloning.

The lodestone for biased sex ratios is, of course, fractionated semen. However, 
the growing adoption of superovulation and embryo transfer introduces an alternative 
that fits into the framework of existing genetic improvement programs -  the possibility 
of embryo sexing. This has been explored on the basis of karyotyping, H-Y antigen im- 
munoreactivity (Wachtel, 1984; Anderson, 1985) and dosage of an X-linked gene 
(Williams, 1986), none of which has proven suitably fast, simple, reliable and accurate.

For the present, non-invasive procedures offer little hope. The key to developing 
an assay with a high degree of reliability lay in the isolation of DNA sequences associ
ated specifically with the Y chromosome. Since this chromosome contains the genetic in
formation that triggers male differentiation it is absent from female mammals. Detection 
of Y-chromosomal DNA in a tissue sample thus provides powerful evidence for the tis
sue being of male origin. The only theoretical source of error arises when the target 
DNA is not an essential contributor to male phenotype. It may be absent from some
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males, or it may exist in variant form that is not detected by assay -  the usual concerns 
with marker assisted selection.

With one exception (Reed et a l,  1988; Lord, 1989), there is no evidence that any of 
the bovine Y-chromosomal DNA sequences reported to date play a role in the expres
sion of male phenotype. Nevertheless, the probability of an individual male not contain
ing a representative of a specific Y-chromosomal target sequence is diminished if the 
target characteristically occurs in multiple copies in the species' Y chromosome. The 
probability of all males containing representatives of the target is increased further if the 
repeats are characteristic not only of the species but are conserved in related species. A 
number of laboratories have now reported the cloning and sequencing of repetitive 
DNA elements from the bovine Y chromosome (Unknown inventors, 1986; Khandekar 
et al., 1986; Ellis et al., 1988; Reed et al., 1986,1988). Most of those repeats are specific to 
Bos and show substantial variation in copy number between breeds, but at least one 
class has been conserved throughout the Bovid lineage, occurring not only in cattle, 
sheep and goats (Reed et al., 1988), but in the barbary sheep, sitatunga and oryx (Lord, 
1989).

Analysis for repeated DNA also provides the inherent advantage of increasing 
assay sensitivity. This has enabled the application of dot blot hybridisation with [32p]- 
labeled probes to embryo biopsies (Ellis et a l,  1988; Ellis and Harpold, 1988; Bondioli et 
al., 1989) or the higher sensitivity but even slower technique of in  situ hybridisation 
(Leonard et al., 1987; Vaiman et a l, 1988). More recently, the remarkable sensitivity of 
the polymerase chain reaction (PCR; Saiki et a l, 1985) has been adapted to the analysis 
of embryonic sex in humans (Handyside et al., 1989) and cattle (Herr et al.,1989,1990a,b; 
Kirszenbaum et a l,  1989; Preben Dybdahl Thomsen, personal communication) by 
analysis for repetitive DNA elements. The potential of the technique has been realised 
fully in the elegant studies of Holding and Monk (Holding and Monk, 1989) in which a 
single copy gene in a single mouse blastomere was detected; sensitivity cannot be 
increased beyond the limit of single molecules.

The rationale for unequivocal .detection of Y-chromosomal DNA has thus been 
well established. Implementation of the assay in a reliable format beyond the sterile 
confines of the laboratory is another matter entirely. Two major developments have 
been instrumental in allowing us to establish a rapid method for determination of the 
genetic sex of preimplantation embryos on-farm.

First, we have developed a portable embryo splitting system (the Twinner System) 
for use in the field. Secondly, we have addressed the problems inherent in the extraor
dinary sensitivity of PCR assay not only by implementing rigourous physical precau
tions similar to those described elsewhere (Holding and Monk, 1989) to prevent contam
ination , but we have developed a complete, single-tube reaction mix which is freezable 
in liquid nitrogen. Quality assurance can thus be established in the laboratory, minimis
ing the opportunity for human error in the field.

MATERIALS AND METHODS

Embryo Splitting and Biopsy

Blastocyst-stage embryos were sectioned in a small plastic dish on the stage of an 
inverted microscope using a finely ground micro-surgical blade controlled by an elec
tronic micromanipulator (Herr et a l, 1990c). The Twinner System enables clear viewing of
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both the embryo and the splitting tool during Z-axis splitting, allowing bisection of the 
inner cell mass during splitting and easy removal of trophoblast for biopsy. The split
ting or biopsy procedures can be completed in less than two minutes under field condi
tions. Pregnancy rates with the resultant zona-less demi-embryos are approximately 
5-10% less than for entire zona-intact embryos (Herr et al., 1990c).

Embryo Sexing Trials

Three field trials with bovine embryos are described here. In Trials 1 and 2, em
bryos were dissected into four asymmetric sections. Each section was assigned an arbi
trary number and a note made of the number of cells it contained. The sections were 
then transferred (in 5 pi of 'splitting medium') into 20 pi of distilled water for YCD 
assay.

Trial 3 was conducted on-farm with cattle embryos to generate sexed pregnan
cies. Each embryo was split into two asymmetric sections and a small biopsy (2-10 cells) 
was removed from the larger section for YCD assay as above. Some embryos were 
biopsied without being transferred into recipients.

A fourth field trial was conducted with ovine embryos, similar to bovine Trial 1. 

Embryo Sexing (YCD) Assay

Embryo biopsy samples, together with positive controls containing ten lympho
cytes isolated from male and female Holstein/Friesians and a negative 'no sample' con
trol, were heated for 10 min at 100°C and an aliquot of single tube reaction mix (25 pi) 
was added. The YCD (Y-chromosome-detecting) reaction mix contains Taq DNA poly
merase, buffer components, deoxynucleotide triphosphates and two pairs of 
oligodeoxynucleotide primers: one pair of primers is for amplification of a segment of 
Y-chromosomal repeated DNA (132 bp for cattle, 124 bp for sheep; Reed et al., 1988), the 
second pair for amplification of an autosomal satellite (226 bp for cattle, 258 bp for 
sheep; Reed et al., 1988). The latter seryes as an internal control, validating both transfer 
of the microscopic biopsy and PCR amplification.

The samples were subjected to 32 cycles between 95°C and 65—> 75°C in a 
Hybaid™ thermal cycler. Amplified DNA products were resolved by agarose mini-gel 
electrophoresis and visualised by ethidium staining and ulfraviolet illumination. The 
complete sexing assay required less than three hours.

Hybridisation Analysis

Amplified DNA fragments resolved by agarose gel electrophoresis were trans
ferred to Hybond-N+ membrane (Amersham) by alkaline Southern blotting (Reed and 
Mann, 1985) and hybridised with [32P] end-labeled oligonucleotides (Miyada and 
Wallace, 1987; Reed, 1990) that had been synthesised to correspond to sequences sub
tended by the Y-chromosomal amplification primers (Reed et al., 1988).

RESULTS

The application of PCR to genetic diagnosis demands that two minimal criteria 
be met to eliminate the possibility of false negatives: (i) target primer sequences corre
sponding exactly to the genotype of interest must be present in the genome of every in-
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dividual in the population with that genotype; (ii) the PCR reaction should be internally 
controlled.

The second criterion is met by including within each YCD assay a second pair of 
primers (at low concentration) that correspond to elements that are conserved within 
the repeats of major satellite DNA sequences (Reed et al., 1988). A sample of cells or 
DNA is typed as male when discrete fragments of approx. 130 bp and 230 bp are visible 
following electrophoresis of PCR products. A female sample is indicated by a single 
band at approx. 230 (the amplified satellite fragment in sheep is indicated by a band at 
approx. 260 bp). The absence of a visible amplified fragment denotes assay failure, re
sulting either from absence of tissue sample (failure in a single case) or deficient ampli
fication (failure in all samples).

The Y-chromosomal target sequences used for YCD assay are repeats that have 
been conserved throughout the Bovid lineage (cattle, sheep, goats; Reed et al., 1988; Lord, 
1989), and hence have a high probability of having representative elements conserved 
within and between each species of that lineage. In the context of sexing cattle, the 
question was addressed experimentally by applying the assay to lymphocyte samples 
isolated from a number of different breeds and species of cattle (Table 1). The assay 
provided consistent, unequivocal results not only for a variety of breeds of Bos taurus 
but for Bos indicus and the North American bison.

Table l  Y-chromosome-detecting (YCD) assay of Bovinae lymphocytes

Animal
l.D. BreedJ Actual

Sex
Assay2

Sex
Animal

l.D. Breed1 Actual
Sex

Assay2
Sex

215 Holstein F F 230F Hereford F F
201F Sim-Here X F F 211F Hereford F F
220F Hereford F F 130E Holst-Here X F F
142E Holst-Here X F F 222F Hereford F F
241F Hereford F F 229F Short-Here X F F
167F Hereford F F* 999 Here-Holst X F F
140 Here-Holst X F F 188F Here-Holst X F F

214F Hereford F F 218F Hereford F F
B001 N.A. Bison F F B002 N.A. Bison M M

Amigo Brahman M M Noosa Hereford M M
0100 Holstein M M 0040 Holstein M M

Trease Jersey M M 0110 Holstein M M
Dalith Jersey M M Bud Angus M M
Stunen Poll Here M M EXS Hereford M M
Cougar Hereford M M IMP Holstein M M

BC Holstein M M July4 Simmental M M
Darwin Holstein M M Curly Holstein M M
Ranson Holstein M M Bomb Holstein M M

D1
D2

Charolais
Charolais

F
M

F
M

L30 Charolais M M

J Sim is Simmental, Here is Hereford, Holst is Holstein, Short is Shorthorn, N.A. Bison is 
North American bison, X represents cross-breed;

2 F  is female, M  is male.
Data differ significantly from random chance (p < 0.001).
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Trials were conducted to determine the accuracy of the YCD embryo sexing as
say under field conditions, based on double-blind assay of four sections from each of 
eight cattle embryos (Table 2). In the first trial, concordance of embryonic sex was found 
for each section where clear results could be obtained. However, in four cases individ
ual sections gave a signal too weak to interpret unambiguously, and in one case it ap
pears that a section was lost during transfer to the assay tube since no signal was 
evident. In the second trial, all sections of the same embryo yielded identical results 
(Table 2). Statistically, this approach is formally equivalent to tossing four coins and 
having all four show the same face on each of eight repeated tosses. The probability of 
achieving such a result by chance is 6 x 10‘®, i.e. (0.125)°.

Table 2 YCD assay of sectioned bovine embryos

Trial
No.

Embryo
No. Section No.1 Estimated Cell No.2 Assayed Sex3

1 1 3 4 18 22 4 6 6 6 M M M M
1 2 1 7 13 15 8 10 8 6 W M M W
1 3 8 17 23 25 12 8 14 4 F F F F
1 4 2 10 29 31 6 7 9 7 F F F L
1 5 11 16 20 28 2 12 8 12 W M M M
1 6 6 9 26 32 6 12 12 12 F F W F
1 7 5 12 27 30 7 10 12 10 F F F F
1 8 14 19 21 24 10 10 10 12 F F F F

2 1 1 13 15 31 12 14 12 10 M M M M
2 2 2 5 11 23 12 14 8 14 F F F F
2 3 6 16 18 26 10 14 7 20 M M M M
2 4 4 17 19 24 14 7 29 15 F F F F
2 5 8 22 16 28 20 20 16 4 M M M M
2 6 20 21 25 29 12 8 15 15 F F F F
2 7 12 14 30 32 15 12 12 6 M M M M
2 8 3 7 9 10 4 9 12 20 F F F F

1 Number of cells per section is presented respectively in adjacent column;
2 Cell number is estimated ± 20%;
3 F is female, M is male; W is weak signal, L is lost section.
Probability of the data of Trial 2 being obtained by chance is 6 x 10~8, i.e. (0.125)8.

The third trial was a project conducted on-farm with Holstein embryos at 
Hollywood Park, a property near Yass (NSW), where actual sex was determined pheno- 
typically on calves born at term. In all but one case (recipient #3, Table 3), the YCD em
bryonic sex agreed with actual sex of the calf. This single error may have been due to a 
failure of the sexing assay, but the unequivocal photographic record of the assay data 
(Fig. la) suggests that it may have been due to a mistake in handling the embryo or 
biopsy.
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Table 3 Sex of calves born from YCD-sexed bovine embryos at Hollywood Park

The results below are from a field trial where preimplantation embryos were sexed 
cow-side with the YCD assay before transfer into recipients. The results of assay are 
compared with the phenotypic sex of the calves born at term. In all but one case 
(recipient #3) the assayed sex of the embryos agreed with the sex of the resulting calves.

Donor # 634 732 732 732 732 577 577 577 619 619 619 619
Recipient # 32 22 36 50 3 27 11 8 25 38 13 10
Assayed Sex F M M F F F M F F F F F
Actual Sex F M M F M F M F F F F F

Figure 1 YCD assay data from Hollywood Park

Below are shown the photographic results of the YCD assay from the field trial per
formed cow-side at Hollywood Park. A male is indicated by the control band at approx. 
230 bp and the Y-specific band at approx. 130 bp. A female is indicated by the control 
band at approx. 230 bp only. The arrow in (a) indicates the discordant result (Table 3 
and Results). Refer to Materials and Methods for further details.

DNA
fragm ent

(a )  sizes (bp) (b )

f C * CR f  1 3  r  V < "l *  9  tejwn
oin * s' "

T
The assignment of sex in routine assay is based on the presence of DNA frag

ments of discrete size corresponding to the predicted size of specific amplified target 
sequences. To demonstrate the validity of equating fragment size with specific target 
amplification, the identity of these fragments with the putative target segments has been 
demonstrated by hybridisation with labeled oligonucleotides corresponding to se
quences subtended by the primers (Fig. 2).
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Figure 2 Ethidium-stained gel after electrophoresis of PCR-amplified products of 
single bovine spermatozoa and lymphocytes

Individual cells were removed microscopically from a thin layered suspension with a 
pipette attached to an electronic micromanipulator. Isolated sperm were prepared for 
YCD assay as described (Li et a l,  1988). Cells containing a Y chromosome are indicated 
in the gel photograph (a) by bands at approx. 130 and 230 bp; cells lacking a Y chromo
some are indicated by a single band at approx. 230 bp. DNA in the diagnostic gel was 
transferred to nylon membrane by alkaline blotting and hybridised with an oligonu
cleotide specific to an internal segment of the amplified Y chromosomal sequence. The 
resultant autoradiograph is shown in (b). The numbers refer to individual sperm; M is a 
single male lymphocyte; F  is a single female lymphocyte; NC  is a negative control con
taining no sample. Samples 2 ,4 ,9 ,10 ,2 0  & 25 that contain no visible DNA reflect failure 
to transfer individual sperm into the assay tube.

Upper row sample # 
Inferred sex chromosome 

content of cell by YCD 
Hybridisation with 

Y-specific probe

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Y - Y - X X X Y - - Y Y Y Y Y

+ _ +  _ _ _ _  + - _  + + + + +

M F NC 
XYXX -

+ -  -

Lower row sample # 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 M F NC
Inferred sex chromosome 

content of cell by YCD
Y X X Y - X X Y Y - X Y Y X X XYXX -

Hybridisation with 
Y-specific probe

11++11++111+11+ + -  ~

DNA
fragm ent

(a )  sizes (bp) (b )

1 2 3 4 5 6 7 8 9 10 11 12131415 M F NC 1 2 3 4 5 6 7 8 9 1011 12131415 M FNC

16 1718192021 22 23 24 25 26 27 28 29 30 M F NC 16 17181920 21 22 23 24 25 26 27 28 29 30 M FNC
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The fourth field trial, double-blind assays of 56 sections from 14 ovine embryos 
(Table 4), confirmed the validity of the YCD embryo sexing assay for this second rumi
nant species (p < 0.001). Two discordant results were obtained; in both cases, presumed 
male sections were typed as female. Subsequent refinement of the assay for sheep Y- 
chromosomal DNA has further improved its accuracy.

Table 4 YCD assay of sectioned ovine embryos

E- bry°  Section No.1 Estimated Cell No.2 Assayed Sex5

1 4 16 25 8 8 8 8 8 F F F F
2 15 6 29 23 8 12 8 8 M F M M
3 31 11 28 2 12 12 F F F
4 33 32 10 12 8 8 8 8 F F F F
5 13 14 21 34 3 12 12 12 12 1 F F F F F
6 19 26 22 27 12 20 12 12 M M M M
7 9 5 35 30 12 12 12 8 F F F F
8 18 20 15 24 12 12 10 20 F F F F
9 181 175 169 133 20 10 10 20 F F F F

10 150 153 120 136 15 25 20 7 F F F F
11 161 154 179 143 20 10 15 2 M M M F
12 199 104 171 177 20 15 10 10 F F F F
13 193 115 198 162 20 20 10 20 F F F F
14 163 159 192 195 15 15 10 10 M M M M

1 Number of cells per section is presented respectively in adjacent column;
2 Cell number is estimated ± 20%;
3 F  is female, M is male.
Data differ significantly from random chance (p < 0.001).

DISCUSSION

We describe here the design and implementation of a rapid and accurate proce
dure for the sexing of cattle and sheep embryos, a procedure that has been developed 
for use entirely in the field.

Using the Twinner System we have routinely split 45 blastocyst embryos in an 
hour with minimal damage to the embryo, commonly observing just a 5-10% reduction 
in pregnancy rate compared with unsplit whole embryos (Herr et al., 1990c). Indeed, this 
procedure offers the most significant opportunity for increasing pregnancy rates from 
routine embryo transfer. Refinements to the embryo splitting technology have increased 
the speed and minimised reduction of embryo viability. Several improvements have 
been made to the protocol for embryo splitting that are integral to its utility:

(i) Elimination of the need for a holding pipette by utilising electrostatic charge dif
ferences between the zona pellucida and the culture dish;

(ii) Preventing adherence of embryos and blastomeres to the splitting tool by keeping 
it wet and washing it sequentially in ethanol, distilled water and medium contain
ing BSA;
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(iii) Releasing embryo sections rapidly after splitting or biopsy by charge neutralisation 
with 1.2% BSA;

(iv) Reducing cellular lysis by inclusion of 200 mM sucrose in the splitting medium.

The success of the system in practice has been demonstrated by pregnancies from 
split zona-less ovine embryos (Herr et al., 1990c) and by the results obtained from the 
Hollywood Park trial where bovine embryos were both split and biopsied; each calf re
sulted from transfer of less than half an embryo.

The size of biopsy required for YCD sexing can be as little as a single cell -  indi
vidual sperm have been successfully typed (Fig. 2; Matthaei et al., 1990; see also Li et al., 
1988), as have single lymphocytes (Fig. 2). However, removal and handling of single cell 
biopsies introduces unnecessary technical difficulties. It is more convenient to remove 
biopsies of 4-10 cells, particularly since this does not further compromise the viability of 
the remaining embryo. At present this technology is applicable to the sexing of embryos 
not only from cattle and sheep, but also from goats (unpublished data). In principle it is 
applicable to all domesticated animals and to many endangered species.

It is particularly fruitful to think of embryo sexing in terms of marker assisted 
selection (MAS). In this context, it is clear that the key technologies implemented in 
these studies are directly applicable to MAS of embryos for any trait for which se
quenced DNA probes are available. Future progress is limited solely by the availability 
of such probes.
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