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(54) METHOD FOR THE STUDY OF EMBRYO MUTATIONS IN VITRO REPRODUCTION PROCESSES

(57) The invention relates to a method for the study
of embryo mutations in in vitro reproduction processes
with the particular feature that it combines the detection
techniques of Aneuploidy (PGD-A) and the study of mo-
nogenic diseases in embryos (PGD-M), and wherein the
method comprises: a SNP selection process, wherein
the values of some n candidate SNPs (t1... tk) of each

subject x, in a chromosomal region of interest and spe-
cifically extracted for a study population, are taken as
input; a SNP selection process, wherein all the SNP com-
binations are evauated to obtain a minimum set t of tag-
SNPs from the matrix M obtained in the first SNP selec-
tion process; and a process involving in-silico validation
of the tagSNP panel obtained in the second process.
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Description

[0001] The object of the present invention is a method for the study of embryo mutations in in vitro reproduction
processes with the particular feature that it combines the detection techniques of Aneuploidy (PGD-A) and the study of
monogenic diseases in embryos (PGD-M) according to claim 1.

TECHNICAL FIELD

[0002] The present invention relates to a method for the study of mutations in embryos of couples undergoing in vitro
reproductive cycles by means of SNP (single nucleotide polymorphism) analysis by massive sequencing that combines
the detection of Aneuploidies (PGD-A Preimplantation Genetic Diagnosis of Aneuploidies) and the study of monogenic
diseases in embryos (PGD-M, Preimplantation Genetic Diagnosis for Monogenic Diseases) with a single biopsy.

PRIOR ART

[0003] A single nucleotide polymorphism or SNP is a variation in the DNA sequence that affects a single base (adenine
(A), thymine (T), cytosine (C) or guanine (G)) of a genome sequence.
[0004] Preimplantation genetic diagnosis (PGD) was developed in the 1980’s as an option for those couples who were
at risk of having a child affected by a monogenic disease or a specific chromosomal disorder and who wanted to avoid
the possibility of requiring voluntary termination of pregnancy.
[0005] The PGD consists of performing a biopsy of one or more cells of the embryos generated during an in vitro
fertilisation cycle when the embryos are between 3 to 5 days old, to use said material in drawing up a genetic diagnosis.
Therefore, only those embryos diagnosed as unaffected by a specific genetic alteration are transferred in order to result
in a healthy child.
[0006] It should be noted that PGD has two features that differentiate it from the genetic diagnosis applied to any other
field. On one hand, the response time must be much shorter, since in many cases it is necessary to obtain results in
less than 24 hours to enable embryos to be transferred in the same cycle. Thus, for example, an embryo biopsied on
day 3 must be transferred or vitrified on day 5 or 6. On the other hand, each couple normally produces an average of 6
to 10 embryos, such that the cost of the analysis must be low to be able to analyse all the embryos and that this does
not entail a substantial increase in the current cost of an in vitro reproduction cycle.
[0007] Due to the above, PGD is carried out using multiple and varied techniques, depending on the nature of the
alteration studied. Traditionally, for monogenic diseases, methods based on polymerase chain reaction (PCR) and
fragment analysis and, more recently, systems like Karyomapping based on the use of microarrays applied to SNP
detection (for example, as described in document ES2360085T3), were used. Despite being very different, all methods
share common features:

Firstly, they require prior amplification. In this case very little starting genetic material, often coming from a single
cell, is used, such that it is necessary to amplify it. To do so, a method known as MDA (Multiple Displacement
Amplification) that amplifies the genetic material thanks to the Phi29 polymerase at a constant temperature is
traditionally used. This method produces long DNA fragments with a low error rate.

Secondly, they have a high Allele-Dropout (ADO) rate. ADO is a common artefact in this type of analysis, about 5%
of the analyses have it, which consists of the preferential amplification of one of the alleles. For this reason, if an
analysis does not detect a mutation when carried out, it is possible that it is due to the fact that the mutated allele
has not been amplified.

Thirdly, an indirect analysis is carried out. As a consequence of the above, an indirect analysis of the mutation is
always carried out. This analysis consists of studying a series of polymorphisms around the mutation, generally
STR or Short Tandem Repeats, and determining whether the polymorphisms present in the embryo are those
associated with the pathological allele or the healthy allele, this is, a linkage analysis is carried out.

Fourthly, they require a prior informativity study. In order to determine which polymorphisms segregate with the
healthy allele and which ones with the pathological allele, it is necessary to carry out a prior informativity study. This
study consists of analysing 5 to 10 STRs close to the mutation, located on both sides, in the couple and in other
family members. Ideally, a child in common with the mutation, or parents of the couple. Thus, for example, if it can
be established that a specific number of repetitions of a specific STR is always present in relatives with the pathogenic
mutation, said polymorphism may be associated with the pathological allele and those embryos that possess it may
be discarded.
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Lastly, the direct analysis of the mutation is not always possible. Whenever possible, the direct analysis of the
mutation of the embryos is generally carried out through mini sequencing. However, this is only possible if it is a
point mutation. With this kind of technique, it is not possible to detect other types of alterations, such as deletions.
In turn, Karyomapping is not able to detect the direct mutation in any case.

[0008] Recently, massive sequencing (NGS) has been incorporated as a technique to the PGD, as described in
documents US20140274741, WO2014082032, US20150038337 or EP2947156. Nevertheless, only its application to
the detection of aneuploidies (PGD-A) is described in the state of the art.
[0009] Although technology has evolved in the improvement of these PGD techniques, there are currently certain
limitations on the analysis technique. The main techniques and their limitations on PGD are:
Microarray CGH (Comparative Genomic Hybridisation). This technique is used for detecting aneuploidies (PGD-A) and
unbalanced alterations when one of the parents is a carrier of a balanced alteration. The main limitations of the technique
are:

It is an expensive technique, such that many couples who would truly benefit from it, for example, older mothers
since a high number of their oocytes would be aneuploidies, would not be able to choose them.

A PCR-based amplification method is used, which has a much higher percentage of ADO than the MDA-based
methods, which hinders the integration with techniques for the study of monogenic diseases, as indicated above.

It requires specific equipment, such as a microarray scanner.

It does not allow for the analysis of mutations, such that it cannot be used to select embryos free from genetic
pathology when the parents are carriers.

It does not allow distinction between normal embryos and those that carry a balanced translocation.

It does not allow identification of those embryos that carry numerical anomalies in mosaic.

[0010] Mini sequencing. It is used for directly detecting a specific mutation in the study of monogenic diseases in
embryos (PGD-M). The main limitations are:

It requires the design of specific primers in a very specific region, which can hinder the analysis.

It requires previous amplification through MDA, making it difficult to combine with techniques for the screening of
aneuploidies.

Prior knowledge of the mutation to be analysed and a long set-up process is needed.

It requires a capillary sequencer.

It does not enable structural anomalies of any kind to be detected.

It is only useful in the case of point mutations.

[0011] Fragment analysis. It is used alone or in conjunction with the above, to carry out the indirect study of the
pathologies, such that the limitations are the same as those in the case of mini-sequencing, in addition to,

it requires the design of specific primers fluorescently labelled to design the prior informativity study.

Sometimes, the informativity study can be prolonged due to the difficulty of finding informative STRs.

[0012] Karyomapping. It is a technique that analyses thousands of polymorphisms by microarray, combining the
analysis of aneuploidies and the study of monogenic diseases. The great advantage is that the same microarray is used
to analyse different pathologies. Its limitations are the following:

Although it detects aneuploidies, it is not able to detect mitotic errors, which means that it is not capable of determining
the presence of mosaicism.
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It requires samples in trio (father, mother and child previously affected) to determine the segregation of the alleles.
This is because it only carries out an indirect study.

In no case is it possible to detect the mutation itself, such that the risk of recombination is never excluded.

It is expensive.

The protocol is long, and thus cannot be used for cycles with fresh transfer.

[0013] Document ES2360085T3 discloses that chromosomal analysis by molecular karyotyping (for example, for the
detection of trisomy) can be carried out using an analysis of biallelic markers of the whole genome (e.g., biallelic single
nucleotide polymorphisms (SNP)) that are distributed by the genome, and that can be easily detected using existing
technologies. This discovery is unexpected for several reasons, but mainly because a priori it would be assumed that
a biallelic marker (which only provides binary information at a given position on the chromosome) could not positively
identify the presence of three or more different chromosomes.
[0014] Nevertheless, this document carries out a high-density analysis of nearby adjacent SNPs and is able to positively
identify, among others, the presence of two chromosomes derived from a parent and based on well-established as-
sumptions about the frequency and spacing of recombination events between parent chromosomes during meiosis, this
will enable accurate detection of trisomy. Furthermore, the parental origin of the error is identified in each case, which
is not possible by some karyotyping methods.
[0015] However, it has not yet been possible to successfully establish a quick, effective and economical method that
enables PGD-A and PGD-M to be combined with a single biopsy. Therefore, progress in the technique accompanies
the improvement of the PGD-A and PGD-M tools with a single biopsy by massive sequencing, a main line in the devel-
opment of the present project.

DESCRIPTION OF THE INVENTION

[0016] An object of the present invention is a method that combines PGD-A and PGD-M techniques with a single
biopsy by massive sequencing. This object is achieved with the method of claim 1. Particular embodiments of the method
of the invention are shown in the dependent claims. In other aspects, the kit including an electronic device that executes
the method of the invention, as well as the software product that contains the executable instructions for carrying out
the method of the present invention is claimed.
[0017] For the combination of both techniques, first, a PGD-A library is prepared. Any available commercial kit can
be used in the preparation of this library, such as, for example, Ion Reproseq (ThermoFisher), PicoPlex (Rubicon Ge-
nomics), Veriseq (Illumina) and Repli-G (Qiagen).
[0018] Subsequently, an aliquot of that amplified DNA is taken, and a method to enrich the SNPs of interest is applied.
Preferably, this method is based on multiplex amplification, but capture, simple PCR, or any other method can also be
used. After the amplification of the regions of interest, the libraries are then prepared, by adding the necessary adapters
and barcodes. Thus, the library for PGD-M will be obtained.
[0019] Finally, after the quantification of both libraries, they are combined in specific proportions, and the standard
sequencing protocol for the chosen platform is continued. Since different library preparation methods are used for both
processes, each of them with their barcode, the sequencer yields the results of PGD-A and PGD-M separately. Thus,
the analysis is carried out independently for PGD-A, using the appropriate solution according to the selected library
preparation method and sequencer, whereas the PGD-M analysis is carried out by phasing SNPs, as described later.
[0020] This protocol is faster than other technologies such as Karyomapping (ES2360085T3) because it only adds
four hours (preparation time of the PGD-M library) to the overall PGD-A process by massive sequencing. In this manner,
if, for example, the combination of Ion Rerproseq for PGD-A together with the method of the invention is used, the whole
process can be carried out in less than twelve hours, being, therefore, an ideal method for performing biopsy in D-3 and
transfer in D-5, but also for biopsy in D-5 and transfer in D-6 and, obviously, for cycles with deferred transfer since in
the protocol there are multiple steps where it can be stopped.
[0021] This method is also more economical than the methods based on karyotyping or karyomapping (ES2360085T3)
since the price depends on the cost of library preparation for PGD-A. Furthermore, it is adaptable to the number of
samples that are to be analysed, whereas in karyomapping a slide of 12 arrays is used, such that the number of samples
must be a multiple of 12 in order to maximise results.
[0022] For example, a library for PGD-A can be prepared using Ion Reproseq. If the couple has, for example, 8
embryos, 8 different libraries with the corresponding barcodes will have been prepared, from 1 to 8. Later, an aliquot is
taken and the corresponding polymorphisms are amplified. If the couple is a carrier, for example, of mutations in the
SMN1 gene, a kit that amplifies certain polymorphisms around that mutation will be used. After the amplification, the



EP 3 825 414 A1

5

5

10

15

20

25

30

35

40

45

50

55

library will be prepared using the corresponding method. One method could be amplification by means of multiplex PCR
using Ampliseq, with its corresponding library preparation kit, and adding different barcodes to the previous ones (for
example, from 9 to 16). Both libraries are quantified, and they are mixed in a 3:1 ratio, that is to say, three times more
PGD-A library than PGD-M library. After quantification, if the selected sequencing method is, for example, Ion PGM, the
preparation of the sequencing and the sequencing itself is then carried out, using the standard protocol of the equipment
manufacturer. Once the sequencing is finished, the sequencer will yield 16 files, 8 for the PGD-A library and 8 for PGD-
M. The files for PGD-A will be analysed using the equipment manufacturer’s software, or any other solution. For the
PGD-M analysis, SNP phasing will be carried out using the software proposed in the present invention. FIG. 1 shows
an outline of the complete process.
[0023] Thanks to the method described, it is possible to combine PGD-A and PGD-M techniques by means of massive
sequencing. Furthermore, it is considerably faster than technologies based on karyotyping or karyomapping, in addition
to being more economical.
[0024] Throughout the description and the claims, the word "comprises" and its variants are not intended to exclude
other technical features, additives, components or steps. For those skilled in the art, other objects, advantages and
features of the invention may be inferred from both the invention and the embodiments of the invention. The following
examples and drawings are provided by way of illustration and do not seek to limit the present invention. Furthermore,
the invention covers all possible combinations of particular and preferred embodiments indicated herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] What follows is a very brief description of a series of drawings that aid in better understanding the invention,
and which are expressly related to an embodiment of said invention that are presented by way of a non-limiting example
of the same.

FIG.1 shows an outline of the method object of the present invention. Firstly, the gene with the mutation to be
discarded in the embryos is analysed and a surrounding region is selected (typically, 4 Mb). Those polymorphisms
that do not meet any exclusion criteria are selected, and those most likely to be informative are searched. Furthermore,
those polymorphisms that can be tag by correlation and linkage disequilibrium analysis are identified. With both, a
final panel design is made, and in silico validation is performed by simulating cross-links among a multitude of
subjects whose genomes are available in public databases.

FIG.2 shows an outline of the whole process, including the method of the invention, for a first example of use, starting
with the design and synthesis of the panel that will then be used to amplify the library for PGD-M. On the one hand,
patients and other relatives are analysed to determine the distribution of polymorphisms in the different alleles. As
for the samples of the embryos, after the biopsy, the library for PGD-A is prepared, and with an aliquot thereof the
library for PGD-M is prepared. All libraries are quantified and mixed, and then sequencing is carried out. Lastly, the
bioinformatic analysis of aneuploidies and monogenic disease is independently performed.

FIG.3 shows an example of SNP phasing, in the case of a trio formed by the couple and an affected child. The SNPs
are shown before and after phasing, with the distribution thereof in the alleles. Furthermore, it indicates which ones
are informative (they give information about the phase) and which ones are not.

FIG.4 shows an example of phasing of SNPs with analysis of results in embryos. In short, only those SNPs that are
informative are shown. In this case, the couple carries mutations in heterozygosis in the CEP290 gene, which causes
Meckel syndrome. As this syndrome is a prenatal lethal disorder, DNA from a previous foetus was used for phasing.
In this case, the panel was designed including the direct analysis of the mutation, which is the shaded area.

FIG.5 shows the result of SNP phasing in an embryo, where different problems and artefacts arise, along with the
description thereof. The developed phasing algorithm enables these errors to be detected.

FIG.6 shows an example of a couple with a balanced translocation, and the embryos that can be produced as a
result. 50% of these embryos can inherit an unbalanced alteration with serious consequences (from repeat abortions
to children with mental retardation and dysmorphic features). 25% of the embryos will be normal, and the other 25%
will have balanced alteration like one of the parents.

DESCRIPTION OF A DETAILED EMBODIMENT OF THE INVENTION

[0026] The method for the study of embryo mutations in in vitro reproduction processes object of the present invention
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can be divided into three sequential and differentiated processes. The method of the invention combines several tagSNP
selection techniques, since it calculates the linkage disequilibrium correlations for the block of interest (by default, 4 Mb
around the mutation, 1 Mb is equal to one million nucleotides). The SNPs present in this region, in turn, will be considered
as in a block-free approach, such that all the correlations between SNPs are calculated and taken into account in the
selection of the tagSNPs. In this way, the present invention selects polymorphisms that are highly likely to be informative,
considering the allele frequencies of the same within the target population and whether or not they are part of the same
haploblock (set of SNPs that are inherited together). A tagSNP is the SNP that is considered representative for the entire
haploblock, that is to say, that if the tagSNP is in heterozygosis, for example, all the SNPs belonging to that same
haploblock will be in heterozygosis. A tagSNP avoids having to analyse all the polymorphisms because by knowing how
it behaves, it is possible to deduce how the rest of the polymorphs of the haploblock behave.
[0027] Therefore, the objective of the method of the invention (FIG.1) focuses on obtaining a minimum tagSNP panel
with maximum informative capacity, simplifying the subsequent analysis and interpretation of the results of an informativity
analysis.
[0028] More specifically, the method of the invention is divided into two basic processes and a third validation process.
The first two processes do not have to necessarily be in this order:

(i) A first SNP selection process:

a. In this process, the values of the n candidate SNPs (t1 ... tk) of each subject x, in a chromosomal region of
interest and specifically extracted for the studied population, are taken as an input. SNPs that are biallelic are
selected, such that subjects can be represented as length haplotypes m formed by binary strings {1,0}, being
1|0 and 0|1 the values for heterozygous SNPs and 0|0 and 111 the values for the homozygotes. This is done
in the entire chromosomal region of interest that is defined as any position that is 2 Mb (it is a default value that
can be modified) upstream and 2 Mb downstream of the gene/mutation that is to be studied.
b. Subsequently, the n candidate SNPs of the region are analysed and those that meet any of the following
conditions are excluded:

i. SNPs with more than one alternative allele (non-biallelic SNPs)
ii. SNPs whose alleles are different from the change of a single nucleotide (indels, changes of polynucleotide
pattern, among others)
iii. SNPs that are homozygous in at least 99% of the population of interest
iv. Uncommon SNPs, that is, whose minor allele frequency is less than 1%

c. The next step is to maximise the situation in which one of the parents has the value of an SNP in a heterozygous
state, while in the other parent it is presented as a homozygote, that is, it is informative. This is achieved through
the maximisation of the value of two functions above a certain threshold value: 

wherein p and q, respectively, are the allele frequencies of the reference and alternative alleles for each SNP.
These are the equations of the Hardy-Weinberg equilibrium and its derivative.
d. The output of this algorithm will be a panel of z optimised SNPs for both values in the form of matrix M whose
columns correspond to the subjects of the population and the rows to the values of each SNP for each subject.

(ii) A second SNPs selection process:

a. Through an exhaustive search, all the SNP combinations are evaluated to obtain a minimum set t of tagSNPs
from the matrix M obtained in point (i).
b. First, the SNPs of the matrix M of the block-region are organised in groups of high correlation based on the
pairwise r2 criterion. To do this, the pairwise r2 value is calculated from the allele frequency calculated for the
matrix M. In this way SNPs from different groups will present low correlation, such that two SNPs will belong to
the same group only when the pairwise r2 therebetween exceeds a certain threshold value (set by the user).
c. After this, the selection of tagSNPs within each group is made based on the LD criterion, starting with k=1
SNPs and studying all possible k-combinations, organising the SNPs within each group.
d. Assuming two SNPs whose frequencies are p (most frequent allele) and q = 1-p, the following equations are
used: 
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Being pA and pB the observed probability of the allele p for SNP1 and SNP2, respectively, and pa and pb the
probability for the minor allele. Lastly, pAB is the combined probability of the pair pq. By using these equations,
SNPs whose functional ranges exceed a certain threshold value will be considered tagSNPs.
The organisation of the SNPs within each group based on the LD criterion enables a selection to be made based
on the functional range, ensuring that the first solution found is an optimal solution and enabling the computing
time to be considerably reduced.
Finally, if a SNP does not exceed the r2 or LD thresholds it will be considered in one group only and taken as
tagSNP by itself.

(iii) A third validation process consisting of an in-silico validation of the tagSNP panel obtained. For this purpose
and using the 1000Genomes db database, subjects are randomly chosen to perform multiple crosses. After this,
the number of informative tagSNPs of each crossing is counted and the average is provided as informative data of
the informative power of the panel.

[0029] As indicated, FIG.2 shows an outline of the method of the invention, where firstly, the gene with the mutation
to be discarded in the embryos is analysed and a surrounding region is selected (typically, 4 Mb). Those polymorphisms
that do not meet any exclusion criteria are selected, and those most likely to be informative are searched. Furthermore,
those polymorphisms that can be a tag by correlation and linkage disequilibrium analysis are identified. With both, a
final panel design is made, and in silico validation is performed by simulating cross-links among a multitude of subjects
whose genomes are stored in public databases.

Example 1. Diagnosis of aneuploidies

[0030] In FIG.2 the complete outline for use in the diagnosis of aneuploidies is shown. It is considered a European
population couple wherein a member of the couple is a carrier of the autosomal dominant pathogenic variant
VHL:c.233A>G p.(Asn78Ser) (chromosomal position chr13:10183764) causing a condition known as Von Hippel-Lindau
syndrome, which has an autosomal dominant mode of inheritance.
[0031] The input of the software will be the 69473 SNPs contained in the block-region chr13:9181319-11681319. The
output of this algorithm will be a matrix M of 1625 candidate SNPs, which will act as input for the SNP selection algorithm,
whose output will be a panel of 283 tagSNPs. In the validation phase, it was found that on average 49% of tagSNPs in
the panel were informative.
[0032] Wet laboratory protocol. Once selected the polymorphisms that are to be sequenced, positions are entered
into the corresponding enrichment platform. Preferably, Ion Ampliseq. This platform designs the primers needed to
capture the regions. In the IVF laboratory, produced embryos are biopsied when they reach the blastocyst stage. The
biopsy is placed in a PCR tube and sent to the laboratory. At the laboratory, the DNA is amplified using, for example,
Ion Reproseq, so that, in addition to the amplification, the library is made for PGD-A. Following the appropriate protocol,
all the regions designed with Ampliseq in the previously amplified material are amplified, and the library for PGD-M is
produced. Subsequently, massive sequencing is carried out. It is important to keep in mind that in order to be able to
simultaneously sequence multiple samples, it is necessary to mark the samples with a molecular barcode. Special care
must be taken in that the barcodes do not coincide between the samples.
[0033] Data analysis. Once the sequencing is finished, a series of files with readings for the whole embryo (PGD-A)
and other files with the detected polymorphisms (PGD-M) are obtained. A bioinformatic analysis must be carried out
with these files. With the first files, the aneuploidies are determined using the most appropriate software according to
the platform. With the second files, the segregation pattern of each polymorphism is determined for the PGD-M analysis.
Firstly, the obtained readings are aligned to the reference genome, and polymorphisms are identified in each and every
sample, including patients, relatives used as a reference and embryos. In the case of relatives, the simplest situation is
that in which we have the couple and an affected child. For SNP phasing, it is necessary to determine which polymorphisms
are shared in the trio and in this way, to find out which ones segregate with the healthy allele and which ones segregate
with the pathogenic allele. Since biallelic SNPs have been selected, each of the samples can be 0/0, 0/1, 1/1 if they are
homozygous for the wild SNP, heterozygous or homozygous for the alternative SNP, respectively. The number 0 indicates
that it is the reference SNP (whatever it is) while 1 indicates that it is the alternative SNP. This is true for all chromosomes,
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except sex chromosomes, in which women can be homozygous or heterozygous, while men are always hemizygotes
(0 or 1). With this data, the SNP phasing is then carried out. To do so, those SNPs that are informative in the couple
are analysed. Informative SNPs are those in which one of the patients is heterozygous (0/1) and the other homozygous
(0/0 or 1/1). The polymorphism that is used for phasing is that which is different in the heterozygous subject. For example,
if we have a subject 0/1 and the other 1/1, the polymorphism that we will use for phasing is 0. By comparing one or more
subjects in the family, it is arbitrarily determined which allele each one belongs to. An example of SNP phasing would
be the following:

Considering the situation in which there is a couple with a child, each with their alleles. It is considered that the
father has the alleles P1 and P2, the mother M1 and M2. Logically, the child will have inherited one allele from each,
for example, P1 of the father and M1 of the mother. If when analysing polymorphisms, the result is that the father
is 0/1, the mother 1/1 and the child 0/1, it will be determined that the polymorphism 0 belongs to the P1 allele, which
is shared between father and child, since both have said polymorphism. In another case, the father may be 0/1, the
mother 1/1 and the child 1/1. In this case, the polymorphism 0 must necessarily belong to the P2 allele of the father,
since it is not shared between father and child. We process all the polymorphisms that are informative for the mother
in a similar manner.

Once the haplotypes of the parents are determined, the analysis of the embryos is carried out. To do so, the
informative SNP in each one of the embryos is identified. For example, if polymorphism 0 belongs to the P1 allele,
if an embryo has said polymorphism, it means that it has said haplotype. Indeed, the informative SNPs in the different
embryos are identified, thus determining the haplotype of each of them.

[0034] An example of the SNP phasing process is shown in FIG.3, wherein it is specified, moreover, whether the SNPs
are informative, non-informative or semi-informative. An informative SNP is one that complies with the above, that is to
say, it is heterozygous in one of the parents, and homozygous in the other; A non-informative SNP can occur when both
parents are homozygous, or when both are heterozygous and the child is heterozygous as well; a semi-informative SNP
occurs when both parents are heterozygous and the child is homozygous. This classification can be extended to other
family combinations.
[0035] Once SNP phasing has been carried out with relatives, the pattern of polymorphisms must be compared with
the sequenced embryos, and in this way, it will be determined which embryos are carriers and which are normal. In
FIG.4 an SNP phasing example is shown that includes the analysis of the embryos.
[0036] The SNP phasing algorithm is, moreover, able to identify the different possible sources of error and alert the
analyst so that he/she can weigh and analyse them. There are different sources of error. In FIG.5 the result is shown
for an embryo similar to FIG.4, but where the different sources of error are identified and described:

For example, there can be an allele dropout phenomenon. This phenomenon implies that, in an embryo, only one
of the alleles is amplified. In this way, when sequencing, it can be interpreted that an embryo is homozygous for a
polymorphism, when in reality it is heterozygous. For example, an embryo can be 0/1 but have suffered an ADO
phenomenon during the amplification and thus be shown as 1/1 in the sequencing. This error can lead to a misin-
terpretation of the results, mistakenly assigning the allele of the embryos. In order to avoid it, it is necessary to
distinguish those polymorphisms that, in addition to being informative, are key. The key polymorphisms are those
that, in addition to being informative, are heterozygous in the embryo. For example, if there is a father 0/1 and a
mother 1/1, and the embryo is 0/1, the polymorphism is key because it is informative and heterozygous. On the
contrary, if the embryo is 1/1, the polymorphism is only informative. In this last case it is not possible to determine
whether the embryo is really 1/1, or if there has been allele dropout and only one of the alleles 1 is seen.

Another source of error is due to what is called No Call. It occurs when no signal is obtained for any of the alleles
for a given polymorphism, so it is impossible to know even one of them.

Finally, another source that can lead to confusion is recombination. Recombination is when the alleles in one of the
parents are exchanged, and this is reflected in the embryo. For example, if 100 polymorphisms in an embryo are
analysed, it may happen that part of them (for example, 60) belong to the P1 allele and the remainder belong to the
P2 allele. In order to identify recombination, the change of allele P1 to P2 must be sequential. That is, for example,
that the first 60 polymorphisms belong to the P1 allele and the following belong to the P2 allele. If the exchange of
polymorphisms occurred more or less randomly, that would mean that it is a sequencing error, since statistically it
cannot be the case that an embryo has more than two recombinations in a space as small as the fragment analysed
(4 Mb).
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It can also happen that there are sequencing errors or artefacts. These artefacts can be easily identified because
they seem to be recombinations or allele dropouts, but they happen sporadically in one or very few positions.

Lastly, in order to be able to carry out the allocation of alleles unequivocally, it is required that there be at least three
informative polymorphisms and that they also be key on each side of the mutation, consecutively, in addition to at
least 3 other non-key polymorphisms.

Example 2. Identification of triploid embryos

[0037] Triploid embryos are a major problem in any IVF cycle. They account for 15% of miscarriages due to chromo-
somal abnormalities. Triploid embryos should always be discarded from any in vitro fertilisation cycle, but it is difficult
to identify them because there are no differences in embryo quality with respect to normal embryos. Sometimes, it is
possible to distinguish them because in D+1 three pronuclei are observed, but it is not always possible. The triploid
embryos may be of a dyspermic origin (in cases of IVF) or be originated by an oocyte failure when the second polar
corpuscle is not extruded.
[0038] Triploid embryos cannot be identified by ordinary PGD-A techniques, despite being a numerical anomaly.
Sometimes, through visual inspection, it is possible to detect embryos 46, XXY when observing an abnormal distribution
of the readings of the sex chromosomes, but it is not always possible and requires trained personnel.
[0039] The method herein described can be used to identify this type of embryo. Informative polymorphisms can be
selected along the genome and it can be determined whether they are triploids by analysing the polymorphisms present
and the frequency thereof. Normally, a polymorphism in heterozygosis should be found in a proportion of around 0.5,
since half of the readings will correspond to one allele and half to another. A triploid embryo has three alleles, so this
proportion will be diverted. Thus, the result can be three polymorphisms for the same position (if they are multiallelic)
or two polymorphs but one of them with frequency over 33% and the other over 66%. If all polymorphisms with sufficient
readings follow this pattern throughout the entire genome, this means that the embryo is triploid.

Example 3. Identification of embryos with balanced translocations

[0040] Sometimes, some couples decide to undergo in vitro fertilisation cycles because one of them is a carrier of a
balanced translocation. In these cases, these parents have a high reproductive risk, since 50% of their embryos will
have an unbalanced translocation as a result of inheriting one of the altered chromosomes. Furthermore, there will be
a 25% chance of producing completely normal embryos, and a 25% chance of producing embryos with the balanced
alteration. FIG.6 shows an outline of the possible embryos produced. Current techniques enable those embryos with
unbalanced alterations to be distinguished, most of the time by simply using PGD-A. Nevertheless, it is not possible to
differentiate those embryos with the balanced alteration from those that are completely normal, since there are no
changes in copy number. Through the present development, it is possible to map the entire chromosome by different
polymorphisms and, by studying the distribution of these polymorphisms in the unbalanced embryos, determine which
are present in the altered chromosome and which are in the normal one. In this manner, it will be possible to know
whether the embryos without changes in copy number have received from their parent the normal chromosome or the
altered one. This study is possible thanks to the combination of PGD-A and PGD-M.

Claims

1. A method for the study of embryo mutations in in vitro reproduction processes with the particular feature that combines
the detection techniques of Aneuploidy (PGD-A) and the study of monogenic embryonic diseases (PGD-M) and
characterised in that comprises the processes of:

a SNP selection process wherein the values of some n candidate SNPs (t1 ... tk) of each subject x, in a chro-
mosomal region of interest and specifically extracted for a study population, are taken as an input; and wherein
this process is configured to maximise the situation in which one of the parents has the value of an SNP in a
heterozygous state, while the other parent has the value of an SNP in a homozygote state, and to obtain a
panel of z optimised SNPs for both maximised values in the form of matrix M whose columns correspond to the
subjects of the population and the rows to the values of each SNP for each subject;
a SNP selection process wherein all the SNP combinations are evaluated to obtain a minimum set t of tagSNPs
from the matrix M obtained in the first SNP selection process; and an in-silico validation process of the tagSNP
panel obtained in the second process.
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2. The method according to claim 1, wherein the first SNP selection process comprises the selection of those SNPs
that are biallelic, wherein subjects can be represented as length haplotypes m formed by binary strings {1,0}, wherein
1|0 and 0|1 are the values for heterozygous SNPs and 0|0 and 1|1 are the values for the homozygotes SNPs; and
wherein this selection is made throughout the chromosomal region of interest.

3. The method according to claim 2, wherein the chromosomal region of interest is defined as any position that is
located two megabases above and two megabases below the gene or mutation under study.

4. The method according to any one of claims 1 to 3, wherein the first process comprises a stage of analysing the n
candidate SNPs in the region and excluding the SNPs that meet any of the following conditions: SNPs with more
than one alternative allele (non-biallelic SNPs); SNPs whose alleles are different from the change of a single nu-
cleotide; SNPs that are homozygous in at least 99% of the population of interest; and uncommon SNPs, wherein
the minor allele frequency is less than 1%.

5. The method according to any one of claims 1 to 4, wherein the first process comprises a stage of maximising the
situation in which one of the parents has the value of a SNP in a heterozygous state, while the other parent has the
value of the SNP in a homozygote state, wherein is informative through the maximisation of the value of two functions
above a certain threshold value: 

wherein p and q are, respectively, the allele frequencies of the reference and alternative alleles for each SNP.

6. The method according to any one of claims 1 to 5, wherein the second SNP selection process comprises, firstly,
that the SNPs of the matrix M of the block-region are organised in groups of high correlation based on the pairwise
r2 criterion; wherein the pairwise r2 value is calculated from the allele frequency calculated for the matrix M.

7. The method according to claim 6, wherein the SNPs of different groups will present low correlation, wherein two
SNPs will belong to the same group only when the pairwise r2 therebetween exceeds a certain threshold value set
by the user.

8. The method according to any one of claims 1 to 7, wherein the selection of tagSNPs within each group is made
based on the detection limit (LD) criterion, starting with k = 1 SNPs and studying all possible k-combinations,
organising the SNPs within each group.

9. The method according to any one of claims 6 to 8, wherein if a SNP does not exceed the r2 or LD thresholds it will
be considered in one group only and taken as tagSNP by itself.

10. The method according to any one of claims 1 to 9, wherein in the third validation process a genomic database is
used where subjects are randomly chosen to perform 300 crosses, after which the number of tagSNPs that were
informative of each crossing is counted and the average is provided as informative data of the informative power.

11. A kit for the study of embryo mutations in in vitro reproduction processes, characterised in that it comprises, at
least one electronic device with a processor or processors and a memory, wherein the memory stores instructions
that when executed by the processor or processors cause the electronic device to execute the method according
to any one of claims 1 to 10.

12. A computer program product with instructions configured to be executed by one or more processors that make the
electronic device of the kit of claim 11 carry out the method according to any one of claims 1 to 10.
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