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LA SEGUNDA GENERACIÓN: MASSIVE PARALLEL SEQUENCING (MPS)

CONSPROS

• Alta capacidad de multiplex

• Alta sensibilidad

• Detección de mezclas con
marcadores bialélicos

• Permiten inferir la fase de 
los SNPs en un amplicón: 
análisis de microhaplotipos

• Muy sensibles a inhibidores

• Plataformas grandes, fijas e
de alto coste

• Baja escalabilidad que
dificulta el análisis de
muestras urgentes
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LA TERCERA GENERACIÓN: SECUENCIACIÓN MEDIANTE NANOPOROS

• Mejora de precisión: 99,99% en consenso

• Plataforma altamente portátil: MinION

• Coste de implementación bajo

• Alta escalabilidad -> diferentes tamaños de flow cells

Estándar Flongle

Poros > 800 > 50

Max 
output 30 Gb 2 Gb

Precio 810 € 60 €
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Purificación con ExoSAP-IT

Librerías con barcodes

Librería sin barcodes

Preparación de los 
amplicones

+ Lisis

//

PCR directa de captura

Secuenciación y análisis de datos

ADAPTACIÓN DEL PROTOCOLO DE LIBRERÍAS POR LIGADO
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A B S T R A C T

A large number of new microhaplotype loci were identified in the human genome by applying a directed search
with selection criteria emphasizing short haplotype length (< 120 nucleotides) and maximum levels of poly-
morphism in the composite SNPs. From these searches, 107 autosomal microhaplotypes and 11 X chromosome
microhaplotypes were selected, with well-spaced autosomal positions to ensure their independence in re-
lationship tests. The 118 microhaplotypes were assembled into a single multiplex assay for the analysis of for-
ensic DNA with massively parallel sequencing (MPS). A single AmpliSeq-adapted primer set was made for
Illumina MiSeq and Thermo Fisher Ion S5 MPS platforms and the performance of the assay was comprehensively
evaluated in both systems. Five microhaplotypes showed critical sequencing failures in both MPS platforms and
were removed, while a further 13 required manual checks and the application of sequence quality thresholds in
one or both systems to ensure the successful analysis of low-level DNA in these loci. The targeting of short
microhaplotype spans during marker selection, with an average length of 51 nucleotides in the 118 loci, led to a
high level of sensitivity for the panel when sequencing the very degraded DNA typically encountered in forensic
casework and the identification of missing persons.

1. Introduction

Microhaplotypes are small sets of closely-sited single nucleotide
polymorphisms (SNPs) that show contrasting allele frequencies [1–3]
and consequently have a range of haplotypes formed by the combined
composite SNP alleles. The haplotypes have higher levels of poly-
morphism than any of the individual SNPs and such variation rises as
the number of SNPs in the microhaplotype and the levels of contrast in
their allele frequencies increases (although immediately adjacent SNPs
often have identical frequencies, making all but one of them redundant
[4]). Very few microhaplotypes with three or more composite SNPs
have the full extent of haplotypes present (i.e., all 8 possible haplotypes
in 3-SNP loci; 16 with 4-SNPs; 32 with 5-SNPs, etc.). The phase of the
SNP alleles in the microhaplotype - their sequential combination on
each DNA strand - must be detected in order to accurately describe each
haplotype. For this reason, the emergence of massively parallel se-
quencing (MPS) techniques, where the phase of SNP alleles on each
sequenced strand is detected, has brought microhaplotype analysis into

mainstream forensic use. Microhaplotypes have a number of ad-
vantages for forensic identification compared to both SNPs typed as
individual loci, and short tandem repeats (STRs) used in routine for-
ensic profiling. Individual SNPs can be amplified in much shorter
fragments than STRs, whose PCR must target often long repeat regions,
making SNP panels a better choice for analysis of very degraded DNA.
However, SNPs can only reach a maximum 50 % heterozygosity, in
“perfect” loci that have the same 0.5 frequency for each allele. While
this can extend to 62.5 % in tri-allelic SNPs and 75 % in tetra-allelic
SNPs [5], such levels of variability are only seen in a fraction of human
SNP variation, so are difficult to find in sufficient numbers for forensic
use. STRs require longer amplicons than SNPs to ensure the repeat re-
gion is captured, and when STRs are analyzed by MPS, additional fac-
tors can influence the minimum size of the region to be amplified and
sequenced, such as the need for robust alignment of low complexity
sequence close to the repeat region and avoiding common SNPs in these
flanking regions. More importantly, STR repeats create PCR slippage,
which form stutter products detected in both capillary electrophoresis

https://doi.org/10.1016/j.fsigen.2019.102213
Received 1 August 2019; Received in revised form 31 October 2019; Accepted 27 November 2019

⁎ Corresponding authors at: Forensic Genetics Unit, Institute of Forensic Sciences, University of Santiago de Compostela, Spain.
E-mail addresses: m.delapuente.vila@gmail.com (M. de la Puente), c.phillips@mac.com (C. Phillips).

)RUHQVLF�6FLHQFH�,QWHUQDWLRQDO��*HQHWLFV�����������������

$YDLODEOH�RQOLQH����1RYHPEHU�����
������������������7KH�$XWKRUV��3XEOLVKHG�E\�(OVHYLHU�%�9��7KLV�LV�DQ�RSHQ�DFFHVV�DUWLFOH�XQGHU�WKH�&&�%<�1&�1'�OLFHQVH�
�KWWS���FUHDWLYHFRPPRQV�RUJ�OLFHQVHV�%<�1&�1'�������

7

107 MHs autosómicos 
y 11 de cromosoma X 

ADN low-level

ADN degradado

Parentescos lejanos

Mezclas de ADN

Predicción de ancestralidad



XXVII Jornadas Genética Forense GHEP-ISFG, 29/30-08-2022 Washington DC

RESULTADOS I

Análisis de una única muestra

A

B

Cobertura por marcador

Drop-in
Drop-out alélico
Drop-out locus
Genotipo correcto

Concordancia de los genotipos obtenidos con Ion S5

• Buena cobertura media por marcador,
952,18 lecturas en réplica A y 1821,55 en B

• Perfiles altamente informativos con más de
un 93% de concordancia con lo esperado

• Estrategia válida para la obtención de
perfiles de muestras urgentes
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RESULTADOS II

Análisis de sensibilidad

Cobertura por marcador

Cobertura media por marcador

• Cobertura media por marcador en réplicas de 1 ng
considerablemente más baja que la obtenida para el
análisis de muestra única (43,86 vs 1228,46 lecturas,
media de dos réplicas)

• Flow-cell estándar > 16 x Flongle

• ¿Baja eficiencia de la construcción de librerías
con barcodes?

• Resultados consistentes hasta 62,5 pg de ADN que
sugieren que se podrían obtener perfiles mediante el
análisis de muestra única en Flongle



XXVII Jornadas Genética Forense GHEP-ISFG, 29/30-08-2022 Washington DC

RESULTADOS III

Análisis de PCR directa a partir de diferentes tejidos

Cobertura por marcador

• Buenos resultados en hisopo bucal, hisopo
con sangre y mancha de sangre que
sugieren que se podrían obtener perfiles
mediante el análisis de muestra única en
Flongle

• El resto de tejidos requieren mayor
optimización
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