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About the International Commission
on Missing Persons

The Interna�onal Commission on Missing Persons (ICMP) is an independent,
treaty-based interna�onal organiza�on, based in The Hague, with 25 years of
experience in more than 40 countries. The organiza�on is en�rely voluntarily
funded and receives the majority of its support from governments.
ICMP endeavors to secure the coopera�on of governments and other
authori�es in loca�ng persons missing as a result of conﬂict, human rights
abuses, disasters, organized crime and other causes and to assist them in
doing so. ICMP also supports the work of other organiza�ons in their eﬀorts,
encourages public involvement in its ac�vi�es and contributes to the
development of appropriate expressions of commemora�on and tribute to
the missing.
ICMP was created at the 1996 G-7 Summit to address the issue of persons
missing as a consequence of the conﬂicts in the former Yugoslavia. Star�ng
in 2004, it began working globally. In 2014, the Netherlands, the United
Kingdom, Belgium, Sweden and Luxembourg signed the Agreement on the
Status and Func�ons of the Interna�onal Commission on Missing Persons
(the ICMP Agreement) establishing ICMP as an intergovernmental
organiza�on with headquarters in The Hague. ICMP is the only interna�onal
organiza�on tasked exclusively to work on the issue of missing persons and
as such it has helped governments build rule-of-law ins�tu�ons that
successfully and impar�ally search for and iden�fy missing persons.
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I. Introduction to the proceedings
Vietnam still has hundreds of thousands of individuals unidentified from
past wars. Estimates are that over 350,000 of these individuals are buried
in various national cemeteries throughout Vietnam. Reuniting the remains
with their families is an important task, and the Vietnamese Government has
paid a lot of attention to this issue. Current methods of DNA analysis have
progressed to the point that it is now likely possible to individually identify
these remains, and the United States Agency for International Development
(USAID) working with the Government of Vietnam has engaged the
international community to explore and assist these issues with Vietnamese
scientists and government officials.
On the 25th March 2021, USAID and Vietnamese Office for Seeking Missing
Persons (VNOSMP) co-organized a scientific workshop that gathered
world renown international forensic experts, Vietnamese scientists and
management authorities to discuss on the DNA identification of remains
from war in Vietnam. This is one of the activities in a broader program funded
by USAID to support the Vietnamese government in improving its current
DNA analysis technology and the effectiveness of its large-scale remains
identification program overall.
The workshop began with welcoming remarks from Mr. Lê Chí Dũng,
VNOSMP Director, and Ms. Ann Marie Yastishock, USAID/ Vietnam Mission
Director. The morning session was dedicated to a series of five presentations,
including two from the United States Defense POW/MIA Accounting Agency
(DPAA) and Armed Forces DNA Identification Laboratory (AFDIL) on methods
and activities relating to recovery and identification of missing US military
personnel from past conflicts. The International Commission on Missing
Persons (ICMP) presented its methods and mission to assist globally with
missing persons identification projects, including advanced, integrated
forensic sciences and DNA identification.
Vietnamese scientists provided two overview presentations. The first
presentation was provided by the Ministry of National Defense (MoD)
scientists from the Military Institute of Forensic Medicine (MIFM). This
presentation focused on the development of protocols for the recovery and
sampling of human remains, and efforts coordinated with the Department
of National Devotees (DND), Ministry of Labor, War Invalids and Social Affairs
(MOLISA) for collection of family reference samples. The second presentation
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was by the Center for DNA Identification (CDI), Vietnam Academy of Science
and Technology (VAST), representing a summary of information from seven
institutions that participated in various remains identification efforts in
Vietnam. This presentation focused on the mtDNA testing workflow in
various laboratories and the limited results from some efforts on DNA testing
of remains recovered from specific cemeteries.
In the afternoon session, representatives from each of the Vietnamese
institutions/departments and the international experts discussed a number
of important issues related to the specific situations on the remains
identification of Vietnam and how to overcome them.
The workshop has successfully brought together important partners
involved in the remains identification efforts in Vietnam and linked them to
international forensic experts. The success of the workshop opens future
opportunities for the application of more advanced and effective DNAled identification approaches for the identification of remains from war in
Vietnam. The proceedings are intended to provide information about the
workshop. These include technical information, copies of the presentations
and, importantly, conclusions and recommendations for future program
developments.
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II. Abbreviations
AFDIL - Armed Forces DNA Identification Laboratory
CDI - Center for DNA Identification
DAO – Office of Defense Attaché
DND - Department of National Devotees
DPAA - Defense POW/MIA Accounting Agency
DVI – Disaster Victim Identification
EMPOP- EDNAP Forensic mtDNA Population Database
JFR – Joint Forensic Review
FFR – Field Forensic Review
LCN – Low Copy Number
LIMS – Laboratory Information Management System
ICMP - International Commission on Missing Persons
ICTY – International Criminal Tribunal for the former Yugoslavia
iDMS – Identification Data Management System
MFA – Ministry of Foreign Affairs
MIA - Missing in Action
MIFM - Military Institute of Forensic Medicine
MoD - Ministry of National Defense
MoH – Ministry of Health
MOI – Memorandum of Intent
MoLISA - Ministry of Labor, War Invalids and Social Affairs
MPS – Massive Parallel Sequencing
mtDNA – Mitochondria Deoxyribonucleic Acid
NGS – Next Generation Sequencing
NuMT – Nuclear Mitochondria Deoxyribonucleic Acid
PCR – Polymerase Chain Reaction
rCRS – revised Cambridge Reference Sequence
RFS - Reference Family Sample
SNPs – Single Nucleotide Polymorphisms
STR – Short Tandem Repeat
UMI – Unique Molecular Index
USAID – United States Agency for International Development
VAST - Vietnam Academy of Science and Technology
VNOSMP - Vietnam Office for Seeking Missing Persons
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III. Program and participants
FINAL AGENDA
SCIENTIFIC WORKSHOP ON DNA IDENTIFICATION
OF HUMAN REMAINS FROM WAR
Thursday, March 25, 2021
Location: Government Guesthouse, 2 Le Thach - Hoan Kiem – Ha Noi
Virtual via Zoom

08:30 – 09:00
09:00 – 09:15
(Wed 22:00 DC)
(Wed 16:00 Hawaii
(Thu 03:00 Hague)
SESSION 1
09:15 – 09:30

Registration
Opening Remarks
Mr. Lê Chí Dũng, Vietnam Office for Seeking Missing
Persons (VNOSMP) Director
Ms. Ann Marie Yastishock, USAID Mission Director
(Virtual from Washington DC)

A short report on the project to build the
identification procedure for Martyrs’ remains with
insufficient information
Military Institute of Forensic Medicine (MIFM),
Ministry of National Defense (MoD), Vietnam

09:30 – 09:45

A short report on the current DNA identification
methods and their limitations
Center for DNA Identification (CDI), Vietnam
Academy of Science and Technology (VAST), Vietnam

09:45 – 10:00

Coffee Break

SESSION 2
10:00 – 10:30

Latest methods in DNA testing of missing US
military service personnel at AFDIL
Dr. Timothy McMahon, Armed Forces DNA
Identification Laboratory (AFDIL), USA
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10:30 – 10:45

DPAA Lab Role in Identifying American Missing in
Action (MIA)
Dr. Gregory Berg, Defense POW/MIA Accounting
Agency (DPAA) Laboratory , USA

10: 45 – 11:15

Global experiences in effective, DNA-led processes
for large scale missing persons identification at ICMP
Dr. Thomas Parsons, Director of Science and Technology, International Commission on Missing Persons
(ICMP) ), The Netherlands

11: 15 – 13:00

LUNCH

SESSION 3
13:15 – 15:15
15:15 – 15:30

Questions and Answers/Discussions
Coffee Break

SESSION 4
15:30- 16:00

Recommendations and Conclusions
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LIST OF PARTICIPANTS
A. REPRESENTATIVES FROM VIETNAMESE DEPARTMENTS/INSTITUTIONS
1. VIETNAMESE OFFICE FOR SEEKING MISSING PERSONS (VNOSMP)
2. INSTITUTE OF CRIMINAL SCIENCES – MINISTRY OF PUBLIC SECURITY
3. MILITARY INSTITUTE OF FORENSIC MEDICINE (MIFM) – MINISTRY OF
NATIONAL DEFENSE (MoD)
4. NATIONAL INSTITUTE OF FORENSIC MEDICINE (NIFM) – MINISTRY OF
HEALTH (MoH)
5. CENTER FOR DNA IDENTIFICATION (CDI) – VIETNAM INSTITUTE OF
SCIENCE AND TECHNOLOGY (VAST)
6. DEPARTMENT OF NATIONAL DEVOTEES (DND) – MINISTRY OF LABOUR
– INVA LIDS AND SOCIAL AFFAIRS (MoLISA)
7. OFFICE OF STEERING COMMITTEE FOR PROJECT 515 – DEPARTMENT OF
POLICY - MINISTRY OF NATIONAL DEFENSE
8. VINMEC RESEARCH INSTITUTE OF STEM CELLS AND GENE TECHNOLOGY
(VRISG) – VINMEC INTERNATIONAL HOSPITAL
9. CENTER FOR DNA TESTING (GENE VIET)
10. INSTITUTE FOR DNA TECHNOLOGY AND GENETIC ANALYSIS (GENLAB)
B. REPRESENTATIVES AND INVITED SPEAKERS FROM INTERNATIONAL
AGENCIES
1. UNITED STATES AGENCY FOR INTERNATIONAL DEVELOPMENT (USAID)
- VIETNAM
2. OFFICE OF DEFENSE ATTACHÉ (DAO) – US EMBASSY IN VIETNAM
3. US DEFENSE POW/MIA ACCOUNTING AGENCY (DPAA)
4. INVITED SPEAKER: Dr. Timothy P. McMahon, Director, DoD DNA
Operations Armed Forces Medical Examiner System, Armed Forces DNA
Identification Laboratory (AFDIL)
5. INVITED SPEAKER: Dr. Gregory E. Berg, D-ABFA, Laboratory Case
Manager, Isotopes Manager, DPAA Laboratory
6. INTERNATIONAL COMMISSION ON MISSING PERSONS (ICMP)
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1. WELCOME REMARKS
1.1. Welcome remarks from Mr. Le Chi Dung, Director of VNOSMP
Dear Ms. Ann Marie Yastishock, Director of USAID Vietnam,
Dear Sr. Colonel Thomas Stevenson, Defense Attaché of the US Embassy in
Vietnam,
Dear Vietnamese Ministry delegates and scientists,
On behalf of the VNOSMP, I would like to welcome all the delegates and
distinguished guests to the “Scientific Workshop on DNA Identification for
Human Remains from War”. This event is part of the implementation of the
MOI (Memorandum of Intent) signed between USAID and VNOSMP in July
2020.
Since the normalization of the relationship between Vietnam and the US,
there have been significant progresses that not many people can imagine.
From being former enemies after wars, the two countries have become
partners and then comprehensive partners in 2013. To achieve such results,
we have gone through a process of trust building with tireless efforts, in
which, the partnership to restore the effects of the wars has contributed
significantly. The MIA partnership has helped the two countries better
understand the goodwill of each other, thereby promoting cooperation in
other important areas.
In the 2015 Joint Vision Statements, the 2016 Joint Statements and the two
2017 Joint Statements, senior leaders of the two countries have reaffirmed
the importance of resolving issues left by the wars. In fact, although the war
has ended for more than 45 years, the consequences that the Vietnamese
people are suffering are still heavy. One of them is the large number (more
than 200,000) of martyrs’ remains that have not been collected. More than
850,000 martyrs’ remains have been gathered but are still unidentified.
Searching, gathering and identifying the martyrs’ remains are sacred and
meaningful tasks that are of high concern for both senior leaders of the
country and of the whole Vietnamese society.
Over the past time, relevant ministries, departments and agencies have
been making efforts in gathering martyrs’ remains, collecting information,
reviewing dossiers, building a national database of the martyrs and the
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graves and have made some important achievements. However, besides some
advances, the searching, collection and identification of martyrs’ remains in
Vietnam are still facing many difficult and complicated problems, especially
limitations in terms of technologies and facilities for the identification of
the collected samples. This raises the capacity building requirement for
Vietnamese agencies and scientists in this regard. Meanwhile, the US
technologies and remain identification capabilities have long been highly
appreciated by the scientific community. This was also confirmed by the US
Ambassador in Vietnam, Daniel Kritenbrink. In addition, the US Government
and Congress also regularly emphasize their commitment to support Vietnam
in this regard.
International cooperation in the searching, collection and identification
of martyrs’ remains has always been a priority of Vietnam to improve the
effectiveness of this humanitarian work. The Ministry of Foreign Affairs
and other relevant agencies always actively expand international relations,
strengthen relations with relevant countries, organizations and individuals to
collect information, share experiences and build capacities for Vietnamese
organizations and workforces who are working on these important tasks.
Accordingly, the scientific workshop organized today with the participation
of leading US laboratories and experts is a great opportunity for Vietnamese
scientists to study and learn the best methods in the world in forensic science
and in DNA analysis for human remain identification. I hope and look forward
to this workshop to help identifying a breakthrough testing method that is
suitable to Vietnamese conditions, thereby contributing to improving the
efficiency of DNA testing in Vietnam, which is currently still in the early stages
of development with many difficulties.
On this occasion, I would like to thank the US Embassy, USAID office leaders in
Vietnam as well as relevant ministries, scientists and experts from both sides,
those who attend in person and those who attend online. I believe that after
this workshop, we will work further together to develop specific, effective
and practical projects and plans to improve the technology and capacity of
the Vietnamese testing centers and scientists.
Thank you and I wish you all a successful workshop.
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1.2. Welcome remarks from Ms. Ann Marie Yastishock, Mission Director
at USAID/ Vietnam
Good morning Vietnam and good evening and good afternoon to all our
international participants. We are assembled quite an impressive array of
scientists from all over the world for today’s important workshop.
I would like to start by thanking the Director of the Vietnamese Office for
Seeking Missing Persons, or VNOSMP, Mr. Lê Chí Dũng and his staff for working
with USAID to organize this workshop today and advance our partnership.
Our goal is to bring the best, cutting edge DNA analysis technology and
techniques to Vietnam in order to improve identification of human remains
from the war.
Since we launched this partnership with the signing of a memorandum of
intent last July, USAID has been working with VNOSMP to understand what
support Vietnamese experts feel is needed. USAID has also been consulting
with international experts in DNA analysis to better understand the available
technologies that can guide our cooperation.
Today, USAID and VNOSMP have joined together to bring Vietnamese and
international experts together for a direct dialogue on this topic. I would like
to thank all of you for taking time out of your busy schedules to share your
views on the status of Vietnamese DNA analysis efforts to identify human
remains from the war and recommend to USAID and VNOSMP how our
cooperation can help improve these efforts.
The United States stands with Vietnam as they work to recover lost souls
from the war. USAID’s support to improve DNA analysis is only part of a
broader U.S. Government strategy, led by the U.S. Department of Defense,
to support Vietnam in reuniting the remains of loved ones with their families.
From our own experience, we know this to be one of the most meaningful
actions that a government can take. We want to help Vietnam succeed in this
important mission.
To the scientists in the room, I am so impressed at the expertise you all bring
to the table and truly grateful for your participation from all over the world.
Thank you in advance for your contributions to our efforts and I wish you all
productive deliberations.
Thank you.
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2. MORNING SESSION
2.1. Presentations from Vietnamese scientists
2.1.1. A short report on the project to build the identification procedure
for Martyrs’ remains with insufficient information - MIFM, MoD
The MIFM was assigned by the Government and the MoD to conduct parts of
a project for the identification of martyrs’ remains. The project has 4 items:
(1) developing protocols for collecting and processing data of the unidentified
martyrs’ remains (assigned to the Department of Policy); (2) developing
protocols for excavating and examination of remains samples; (3) developing
the DNA identification process, and (4) building a data processing pipeline for
the unidentified martyrs’ remains.
The total number of martyrs’ graves in cemeteries across the country is
871,373 and of those managed by families is 156,000. Among these, 77%
of the remains are unidentified (855,880) with 626,886 graves having some
information and the rest being without any information. The identification
project in Vietnam encounters several challenges such as: (1) no available
information; (2) the remains are highly degraded; (3) reference families are
no longer available; and (4) there are no standard identification procedures.
The project also requires the coordination of several departments and
ministries as well as the supports of international experts. Our aims are to
develop standard procedures and a database system.
The project was designed to collect information of the cemeteries, graves,
families and other related information of 300 graves together with 300
associated families for a pilot study and a validation study. For the pilot
study, 91 samples at Lot E, Daklak Province National Cemetery and Cư M’gar
Cemetery were examined and matched to 172 reference family samples. For
the validation study, 209 samples were chosen to compare to 128 reference
family samples.
There were a total number of 2,000 graves at Daklak National Cemetery with
only 8 graves having full information, 1,698 graves having some information
and 508 graves having no information. The pilot study at Lot E revealed that
there were 204 graves in which 74 graves were martyrs from the Cambodian
war and 130 graves were relocated from Dat Ly cemetery. Among the 130
graves, 5 graves were found to have complete information and 125 graves
have some or no information.
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It has also been determined that there were 59 individuals of the Regiment
25 (E25) B3 (Central Highlands army unit) and 39 individuals of other army
units that may be related to the graves at Lot E. Additionally, 98 graves at Lot
E and 8 unidentified graves at Cư M’gar cemetery were determined to have
information related to the E25-B3 army unit (i.e. total 106). Among the 106
graves examined, 93 graves had human remains; 11 graves had no remains;
and 2 graves had animal remains. In addition, 2 graves had human remains
of more than one person.
In regard to the conditions of the remains, 91/93 graves had bone remains
suitable for DNA sampling but in very low quality. Most of the teeth had no
root or had degraded roots with discolored and soft enamel. The bones were
incomplete and easy to break when sampled. Further analysis revealed that
16/106 (15.1%) remains could have sex identified; 19/106 (17.9%) remains
could have age identified; and 10/106 (9.4%) remains could have height
identified.
For the pilot study, 172 samples of the martyrs’ relatives were collected.
Among these, 132 samples were from brothers and sisters; 3 samples were
from mothers; 30 samples from nephews and nieces; 3 samples from first
cousins; 3 samples from second cousins; and 1 from a son (not eligible for
mtDNA identification).
The DNA analysis procedure was performed via the following workflow:
• An organic DNA extraction method was performed manually on the remain
samples and the Chelex DNA extraction method was performed on the
reference samples using the Automate Express system.
• PCR amplification was performed and the PCR products were examined on
agarose gels
• The PCR products were purified and subjected to Sanger cycle sequencing
cycling reactions, and purified.
• The sequencing reactions were run on capillary electrophoresis instruments.
• Data analysis and assessment
Among the samples collected for both the pilot and validation studies,
61/91 of the remains from the pilot study and 151/209 of the remains from
the validation study gave analyzable DNA data. Profiles were successfully
obtained from all the reference samples (172 for the pilot study and 128 for
the validation study). Analysis of the results revealed that 34 remains gave an
mtDNA match to family reference samples.
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In addition to the pilot and validation studies, the project has completed
the development of two protocols for DNA identification: (1) A protocol
for sampling and examination of martyrs’ remains; and, (2) A protocol for
collecting and storage of the remains samples at laboratories. Standards
and criteria for acceptable mtDNA sequence quality were established, as
were criteria for contamination detection and avoidance. Criteria for the
assessment and interpretation of the control region poly-Cytosine sequence
stretches have been established. The standards for the length of the mtDNA
sequences are 342, 268 and 139 base pairs for control region hypervariable
regions HV1, HV2 and HV3 respectively. The data after Sanger sequencing are
read by Sequencing Analysis 6 software. Sequencher v5.1 is used to compare
the mtDNA sequence to the Cambridge Reference Sequence (rCRS). The
haplogroups of the mtDNA sequences are examined via Halogrep (https://
haplogrep.i-med.ac.at). The mtDNA sequences were stored in specialized
software.
In regard to the software development, three systems have been successfully
built: (1) The barcode generating system; (2) The sample collection and
management system; (3) The procedure control and data management
system. Protocols for the use of the information of the martyrs, the graves,
the cemeteries and the relatives have also been established.
A management and operation system for the martyr remain identification has
been established. The Department of National Devotees (DND) at MoLISA is
the general management unit. The samples and data are managed using a
barcode system. The DND also manages the financial support for this project.
Participated laboratories are well equipped and staff have been trained.
There are also DNA identification specialists to analyze the DNA data and sign
the results. Equipment to run the database and facility for the storage of the
remains are available. The identification results can be reported periodically
through the management software.
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PROJECT WORK ITEMS
• Work Item 1: Study to develop protocol on collecting and processing data

SUMMARY REPORT

of unknown martyrs – Department of Policy, Ministry of National Defense
(MOND)

PROJECT ON DEVELOPING PROTOCOL
TO IDENTIFY UNKNOWN MARTYRS
REMAINS

• Work Item 2: Study to develop protocols on excavating and assessment
of remain status, remain recovery and relatives’ bio-specimens in
identifying unknown martyr remains – Institute of Forensic Medicine
• Work Item 3: Study to develop DNA testing process in identifying
unknown martyr remains – Institute of Forensic Medicine, MND
• Work Item 4: Study to develop protocol on identification data use and a

Senior Colonel Nguyen Le Cat – Institute of Forensic Medicine

software for database administration and operations for the unknown
martyr remain identification – Institute of Forensic Medicine

BACKGROUND
• According to statistics:
-

Total number of martyr graves in cemeteries: 871,373 (76.02%)

-

Number of martyr graves managed by families: 156,000 (13.60%)

-

Number of martyr graves with full information: 15,493 (1.35%)

-

Number of martyr graves with information

BACKGROUND
• Martyr remain identification remain difficult due to:
-

Lack of information, degraded remains, unavailability of relatives

-

Absence of uniform protocol among implementing units

• In order to improve the efficiency of identifying unknown martyr
remains, it is needed to:

shortage (unknown): 855.880 (77.28%), including:

-

Engaged more agencies, institutions

-

Develop uniform protocol to apply throughout the country

• 626,886 graves with partial shortage of information
• 225,647 graves without any information

• Project objectives:
1. Develop protocol to identify unknown martyr remains
2. Develop a database administration and operation software

TARGET GROUPS
1. Target groups
•

Information martyr in cemeteries in Dak Lak Province
-

Information on martyr cemeteries and graves

-

Information on graves

-

Information on martyrs

-

Information on relatives

-

Other related information

• 300 remain samples:
- 91 samples in Lot E, martyr cemeteries in Dak Lak and Cu M’gar

STUDY RESULTS
1. Protocols on martyr data collection & processing developed
• 03 protocols developed
-

Protocol on data collection & processing for “unknown” martyrs located
in graves, cemeteries with information shortage

-

- 209 martyr remain samples for protocol pilot

Protocol on data collection & processing for “unknown” martyrs for
remains recently recovered but without sufficient information

• 300 relative samples:
- 172 relative samples in Dak Lak and Cu M’gar
- 128 relative samples for protocol pilot

-

Protocol on data collection & processing for “unknown” martyrs for
graves with information overlaps

1
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STUDY RESULTS

STUDY RESULTS

• Study results at martyr cemeteries in Dak Lak Province
-

Total martyr graves in cemeteries: 2,214

-

08 graves (0.36%) with complete information

-

1,698 graves (76.69%) with partial information

-

508 graves (22.95%) with no information

• Study results in 130 martyr grave in Lot E

• Study results in Lot E
-

Total martyr graves in Lot E: 204

-

74 graves are martyrs died in Cambodia

-

130 graves are those reallocated from Dat Ly Martyr Cemetery

-

05 graves (3.85%) with complete information

-

125 graves (96.15%) with information shortage

-

27 graves (20.77%) with partial information

-

98 graves (75.38%) with no information

-

59 graves with information related to martyrs of e25-B3

-

39 graves maybe related to martyrs of other army units

STUDY RESULTS

STUDY RESULTS

2. Develop protocols on morphologic examination and DNA sampling

• Types of graves

• 02 protocols developed:
-

Excavation and remain examination
Recovery and storage of remains and relatives’ bio-specimens

• Gathering features & burying arrangement
-

•

Quantity (N)

Percentages (%)

93

87.7

11

10.4

Animal bones

2

1.9

Total

106

100

Number of individuals in grave

In Lot E, Dak Lak Martyr Cemetery, 98 graves unidentified due to
lack of information relating to martyrs of e25-B3

-

Graves
With remains
Without remains

In Cu M’gar Martyr Cemetery, Dak Lak Province, 08 graves

No. of individual
remain in one grave

Quantity (n)
13

12.3

91

85.8

From and more than 2

2

1.9

Total

106

100.0

unidentified due to lack of information relating to martyrs of e25-B3

STUDY RESULTS

STUDY RESULTS
• Results of sampling in 93 graves with remains

• Likelihood of sex, age and height identification

Identifiable

Unidentifiable

No remain

ĐĐ

Total

ID value
n

%

n

%

n

%

n

%

Sex

16

15.1

77

72.6

13

12.3

106

100

Age

19

17.9

74

69.8

13

12.3

106

100

Height

10

9.4

83

78.3

13

Percentages (%)

0
1

12.3

106

100

No samples
taken

01

03

sample/grave

samples/grave

taken

taken

Total

n

6

85

2

93

%

6.5

91.4

2.1

100

Teeth &

No samples

Teeth

Bone

taken

sample

sample

n

6

59

18

10

93

%

6.5

63.4

19.4

10.8

100

ĐĐ

bone

Total

samples

2

19

STUDY RESULTS

STUDY RESULTS

• Preliminary examination results in collected remain samples
-

91 remain samples with poor quality

-

Teeth samples:

No
1

Root lost or degraded root
Enamel color change and not firm
-

• Results of relatives’ sample collection

Bone samples:

Martyr’s mother

3

Martyr’s niece or nephew

30

6

Martyr’s blood son

1

Children born to younger sisters of
martyr’s mother
Maternal grandchildren of sisters of
martyr’s mother

Degradation, easy-to-break upon recovery

Total

STUDY RESULTS

Note

132

3

5

Incomplete bone body

(blood

2

4

Incomplete bone

No. of
samples

Target group
Same generation samples
brothers, sisters of martyrs)

Cannot be used for
mtDNA

3
3
172

STUDY RESULTS

3. Develop mtDNA analytical protocol

• Results of protocol pilot

• Protocol development
- DNA extraction from martyr remain samples with organic methods
- DNA extraction from samples with Chelex

- Samples stored at unit: Successfully analyzed 151/209 remain
samples (72.25%); 128/128 relative samples (100%).

- DNA extraction from samples with Automate Express
- Carry out DNA enrichment (PCR)

- Samples collected at Dak Lak Martyr Cemetery: Successfully analyzed

- PCR product electrophoresis on gel agarose

61/91 remain samples (67.03%); 172/172 relative samples (100%.)

- PCR product purification
- Conduct cycle sequencing

- Identified 34 samples pair (martyr remain and relative samples) with

- Purify cycle sequencing and sequencing products

maternal kinship

- Analyze and interpret results

STUDY RESULTS

STUDY RESULTS
• Develop standards on mtDNA sequence

• Quantity and mtDNA position changes in analyzed samples
Changes

Quantity changes

Changed position
compared with rCRS

-

Unmet requirement sequence

-

Standards on control and contamination assessment

-

Poly C

• Standards on length of analyzed fragments:

Region

Quantity

%

Quantity

%

-

HV1 342 bp (16024 - 16365)

HV1

2232

54.40

115

67.25

-

HV2 268 bp (73 - 340)

HV2

1614

39.34

51

29.83

-

HV3 139 bp (438 - 576)

HV3

257

6.263

5

2.92

Total

4103

100

171

100

• Standards on read and sequence storage :
-

Read sequence by Sequencing Analysis 6.

-

Compare sequence (rCRS) with Sequencher v5.1.

-

Identify haplogroup via website: haplogrep.uibk.ac.at

-

Sequence stored by specialized software

3
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• Guide on protocol management and operation

4. Results of software and data use protocol development

Managing agencies:
Department of National Devotees, Ministry of Labor, War Invalids

• Developed 02 software with three sub-systems:

and Social Affairs (MOLISA)

-

Barcode generation sub-system

-

Remain and relative samples centrally managed with barcode

-

Budget allocated for the whole process

-

A sub-system to support data collection, management and use

-

A sub-system to control the implementation & data management

-

Implementing agencies, units:

• Study data utilization process

-

Existence of all necessary equipment

-

Existence of trained personnel with mtDNA capacities

-

Method of using “martyr information”

-

Existence of examiners to read, interpret, match and signify results

-

Method of using information on martyr grave

-

Existence of equipment to run all specialized software

-

Existence of warehouse and cabinets to store samples and DNA

-

Method of using information on martyr remains

-

Regularly report via management software's

-

Method of using information on “martyr relatives”

STUDY RESULTS

STUDY RESULTS

Model: “Sub-system to support data collection, management and use”

Central
database

Support
collection,
management
& use
martyr
information

Control & support
implementation of protocol on
unknown martyr remains

Remain
morphology
Auto
match
data
629.886
according
to exam
requireme
nts; Report
results to
managing
agencies

Printer
barcode

User

Nhậpdata,
liệu,search
tra cứu-so
Input
khớp dữ
liệu, báo cáo
match,
report

Reception
section

DNA data
Dossiers &
samples

Sample handling lab

Other data

CONCLUSIONS
1.

Model: “Sub-system to control implementation of DNA analytical protocol”

Máy đọc
Barcode
barcode
reader

DNA extraction lab

PHOTOS OF PROJECT ACTIVITIES

Complete development of protocols on identification of unknown martyr
remains, including:
- Protocol on data collection and processing for unknown martyr remains
- Protocol on excavation, morphologic examination and sampling for DNA
testing in unknown martyr remain identification
- Protocol on mtDNA testing for unknown martyr remain identification
- Application of protocol resulted successful identification of 34 unknown
martyr remains

2.

Complete development of database management & operation software
for identifying unknown martyr remains, including 03 sub-systems:
- Barcode generation
- Sub-system to support data collection, management & use
- Sub-system to control implementation process & data management

4
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PHOTOS OF PROJECT ACTIVITIES

PHOTOS OF PROJECT ACTIVITIES

5
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2.1.2. A short report on the current DNA identification methods and
their limitations - CDI, VAST
The presentation of CDI represents information compiled from seven
laboratories to give an overview of the common DNA analysis workflow for
bone remains, and a discussion of its current limitations. The normal workflow
includes the collection of the remains from national war cemeteries; DNA
extraction; and sequencing and data analysis (of mainly mtDNA due to the
highly degraded nature of the samples).
Human bone remains are collected at national war cemeteries and are
assessed by forensic experts or laboratory staff, transferred to the DND and
then distributed to participated laboratories. The samples are stored at-80oC
at these labs. Sample pre-treatment includes note-taking and condition
assessment of the bone remains, surface clean-up and pulverization to
produce fine bone powder for DNA extraction. The bone powder samples
are demineralized and DNA extractions are performed. Different labs use
different methods for DNA extraction. For example, CDI uses magnetic
beads and the Qiagen automatic extraction system EZ1. Vinmec is using
silica membranes and Qiagen extraction kits. Other labs also use the organic
extraction (phenol-chloroform) and Chelex methods. After amplification of
mtDNA fragments, DNA sequencing is perform using Sanger method with
a prior PCR amplification step. In addition, some labs are performing Next
Generation Sequencing (NGS) method for this step using Illumina (MiSeq)
and Thermo Fisher (Ion Torrent S5) systems.
Although mtDNA is consider highly abundant and stable, the DNA analysis
results often does not give desired results. Various factors may contribute to
this, including a lack of expertise in forensic anthropology as well as standard
protocols and equipment to collect the correct bone samples. Many samples
are collected as once. Sample assessment was thus done at the laboratories
instead of at the sampling sites. The DNA is highly degraded and contaminated
as the remains were buried in very harsh conditions. The soil in Vietnam has
very low pH, high humidity with very high microbial activities. In addition, the
remains have been buried for a very long time. The DNA lab is constrained to
use the small fragments that were submitted, rather than evaluate the best
portion of a larger bone to be used for testing. Another complication is that
there is an expectation for spiritual reasons that bone samples be returned
immediately after testing, rather than awaiting results to determine the need
for retesting or the use of additional genetic systems.
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Within the last six months of 2020, CDI has received 1855 samples at 5
National War Cemeteries. 60% of the samples collected by CDI staff and 20%
of the samples that collected by other agencies were considered suitable for
DNA testing. Overall, only 50% of the samples were considered good enough
for DNA testing. For the DNA extraction step, the laboratories have to deal
with samples that have been exposed to vastly different environmental
conditions. There is a need for a standard protocol for the assessment of the
input samples when they are collected from the National War Cemeteries.
In addition, there is a need to optimize the DNA extraction and amplification
methods as each laboratory. For example, CDI is currently using the
amplification and sequencing method from AFDIL for mtDNA where the
three highly variable (HV) regions are amplified and sequenced. From CDI’s
experience, there are more than 30% of the samples required repeated
extraction. 40% of the samples have analyzable DNA and 30% of the samples
have usable mtDNA sequences. Among the obtained mtDNA sequences, 45%
of them are full HV1 sequences, 25% are interrupted by Poly C and others are
partial HV1 sequences.
The Sanger sequencing encounters difficulties as the sequences are short
and interrupted. The sequencing results have high background with a
lot of noises and artefacts. The sequencing can stop prematurely when
encountering poly cytosine sequences. With the NGS method, there is no
standard criteria to determine whether the variations are true or due to
contamination or heteroplasmy. Examples of data from Sanger sequencing
and NGS showed instances where results were inconclusive due to both
technical difficulties and the degeneration nature of the samples. Regarding
interpretation and mtDNA matching, there is currently limited knowledge of
the mtDNA sequence variations in Vietnamese populations. The matching is
done 1 to 1 in all cases.
In conclusion, the lab current capacity can recover mtDNA from roughly
50% of samples tested. Among them, 40% of the samples have analyzable
mtDNA sequences. Further optimization is required for DNA extraction
and amplification methods. There is a need for more DNA markers such as
mini-STRs or SNPs for the identification. This requires better nuclear DNA
extraction as well as standard methods to analyze these markers. More
studies are required to assess the use of the whole mtDNA sequence instead
of using only the hyper-variable regions. More studies are also required for
the analysis of the very old bones in Vietnam. Especially, there is a need for
an expanded DNA sequence database for Vietnamese populations. Currently
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only CDI and NIFM have collected data for a population database. The data
have been published and deposited onto international databases. AFDIL has
also published a small Vietnamese mtDNA population data and deposited
the data into the EMPOP searchable population database (https://empop.
online). STR data have been collected for Kinh and Mong populations. NGS
sequencing instruments are available in three laboratories. CDI has the Ion
Torent S5 (Thermo Fisher), the Institute of Criminal Sciences has a MiSeq
system (Illumina) and Vinmec has a MiSeq, a NextSeq, a HiSeq and a NovaSeq
6000 (Illumina).
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Short report on current identification
method and its limitations
March 25th, 2021

• Center for DNA Identification (CDI)
Vietnam Academy of Science and Technology (VAST)
• National Institute of Forensic Medicine (IFM)
Ministry of Health (MoH)
• Institute of Forensic Medicine
Ministry of National Defense (MND)
• Institute of Criminal Science
Ministry of Public Security
• Center for DNA Testing
Gene Viet
• Vinmec Institute of Stem Cells and Gene Technology
Vinmec International Hospital
• Insitute for DNA Technology and Genetic Analysis
GenLab

Current workflow

INTRODUCTION

PARTICIPATING LABORATORIES

SUMMARY OF WORKFLOW

FOR IDENTIFICATION USING MITOCHONDRIAL DNA

Sample collection

Human remains unearthed

Stored – 80oC

Bone fragments and teeth

1
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Sample pre-treatment

Note-taking

Bone and teeth
powder

DNA extraction

Sample powder

Surface clean-up by Dremel tool

Pulverisation

Dry at 50oC, 2h

Washing by EtOH 95%,
Bleach and Water

DNA sequencing

Magnetic bead extraction

Demineralization by EDTA

Phenol chloroform extraction

DNA Precipitation
(Ethanol, Isopropanol)

Data management

Sanger Sequencing
With PCR amplification

Next Generation
Sequencing
Illumina MiSeq system
Illumina MiSeq system

Ion S5 XL System

Sample collection

•

LIMITATIONS OF METHODS

FOR IDENTIFICATION USING MITOCHONDRIAL DNA

•
•
•
•

Lack experts in forensic anthropology to assist with
sample collection in the field
Lack standard method and equipment for sample
collection in the field
Too many samples are collected at a time causing
bottlenecks in processing
Most details of the samples are recorded at the
processing lab, not the field
Can only collect a part of the remains; and can only store
samples in a short time (have to return almost
immediately) due to spiritual reasons

2
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• Preliminary examination results in collected remain samples
-

91 remain samples with poor quality

-

Teeth samples:

1

Root lost or degraded root
Enamel color change and not firm
-

• Results of relatives’ sample collection
No

Bone samples:

Martyr’s mother

3

Martyr’s niece or nephew

30

6

Martyr’s blood son

1

Children born to younger sisters of
martyr’s mother
Maternal grandchildren of sisters of
martyr’s mother

Degradation, easy-to-break upon recovery

Total

STUDY RESULTS

Note

132

3

5

Incomplete bone body

(blood

2

4

Incomplete bone

No. of
samples

Target group
Same generation samples
brothers, sisters of martyrs)

Cannot be used for
mtDNA

3
3
172

STUDY RESULTS

3. Develop mtDNA analytical protocol

• Results of protocol pilot

• Protocol development
- DNA extraction from martyr remain samples with organic methods
- DNA extraction from samples with Chelex

- Samples stored at unit: Successfully analyzed 151/209 remain
samples (72.25%); 128/128 relative samples (100%).

- DNA extraction from samples with Automate Express
- Carry out DNA enrichment (PCR)

- Samples collected at Dak Lak Martyr Cemetery: Successfully analyzed

- PCR product electrophoresis on gel agarose

61/91 remain samples (67.03%); 172/172 relative samples (100%.)

- PCR product purification
- Conduct cycle sequencing

- Identified 34 samples pair (martyr remain and relative samples) with

- Purify cycle sequencing and sequencing products

maternal kinship

- Analyze and interpret results

STUDY RESULTS

STUDY RESULTS
• Develop standards on mtDNA sequence

• Quantity and mtDNA position changes in analyzed samples
Changes
Region

Quantity changes
Quantity

Changed position
compared with rCRS

%

Quantity

%

-

Unmet requirement sequence

-

Standards on control and contamination assessment

-

Poly C

• Standards on length of analyzed fragments:
-

HV1 342 bp (16024 - 16365)

HV1

2232

54.40

115

67.25

-

HV2 268 bp (73 - 340)

HV2

1614

39.34

51

29.83

-

HV3 139 bp (438 - 576)

HV3

257

6.263

5

2.92

Total

4103

100

171

100

• Standards on read and sequence storage :
-

Read sequence by Sequencing Analysis 6.

-

Compare sequence (rCRS) with Sequencher v5.1.

-

Identify haplogroup via website: haplogrep.uibk.ac.at

-

Sequence stored by specialized software

3
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Data interpretation

• Not able to increase coverage with Sanger sequencing to

determine true variants and avoid mistakes due to Cytosine
deamination
• Limited experience in detection and evaluation of mutation,

heteroplasmy
• Limited knowledge of population statistics
• Current DNA matching: only 1-1 comparison despite having

Bonaparte
• The need of database for Vietnamese people to aid with

variant detections

●

●

●

Conclusion

PCR amplification succeeded in 44% of the samples, and from the field
49% samples were selected => current capacity can recover DNA from
roughly 20% samples in this project (> 100,000)
Sample collection and assessment will be the focus for improvement
so that the grading can be better and more aligned with extraction &
PCR amplification results

●

●

Need further optimisation for the DNA extraction and amplification
process.
●

CURRENT PROGRESS ACROSS
LABORATORIES

Conclusion (cont.)

Sanger sequencing efficiency was only 50% from PCR (27.7% of
total samples) => low and costly. Need to move to massively
parallel sequencing (i.e. MPSplex) to increase output and to
sequence smaller fragments with higher coverage
Increase the number of DNA markers for identification and
matching: mini-STRs, SNPs, etc. => need to improve extraction of
nuclear DNA for skeletal samples in Vietnam and adapt data
interpretation for these markers
Need to construct a DNA database for Vietnamese populations

Forensic DNA databases

Currently only CDI (VAST) and IFM (MoH) have collected and published on
international databases for Vietnamese populations:


STR data:

Allele frequencies for 22 autosomal STRs in the Kinh population in Vietnam. Tran HL, Nguyen HT,
Pham TT, Nguyen MH, Hoang H, Chu HH. Int J Legal Med. 2019;133(6):1761-1762.
Genetic characteristics of 23 Y-chromosomal STRs in the Kinh population in Northern Vietnam. Ha
HH, Nguyen TH, Tran LH, Nguyen HTH, Hoang H, Chu HH. Int J Legal Med. 2019;133(5):1403-1404.
Population genetic data of 22 autosomal STR loci for the Mong people in Vietnam. Tran HL, Ta
TAM, Nguyen NN, Pham TT, Hoang H, Ha Chu H. Leg Med (Tokyo). 2021;48:101825.


mtDNA data:

AFDIL helped published 187 mtDNA sequences on EMPOP: Mitochondrial control region sequences
from a Vietnamese population sample. Irwin JA, Saunier JL, Strouss KM, et al. Int J Legal Med.
2008;122(3):257-259.

4
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●

Application of Next generation sequencing
Only CDI and Vinmec are equipped with NGS instruments
suitable for MPSplex
○
CDI: Thermo Fisher Ion S5 XL system
○
Vinmec: Illumina MiSeq system

5
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2.2. Presentations from international scientists
2.2.1. Latest methods in DNA testing of missing US military service
personnel at AFDIL - Dr. Timothy McMahon, AFDIL
AFDIL was established in 1990s to identify missing US military service
personnel. Working in coordination with DoD authorities charged with this
mission (now called the Defense POW/MIA Accounting Agency, DPAA) since
the 1990s, AFDIL has accredited DNA laboratories that meet both ISO 17025
and FBI quality assurance standards. AFDIL has mainly used mtDNA in the
past accounting mission. Although nuclear DNA testing was brought online
for degraded skeletal remains since 2010, after the development of the
demineralization DNA extraction protocol, AFDIL still needs mtDNA analysis
due to the degradation of DNA over almost 70 years after World War II, Korea
and Vietnam wars.
AFDIL has validated a number of commercial STRs kits such as the Applied
Biosystems Global Filer and Promega Flex Fusion that have 23 loci, and also
tests for Y-STRs using low copy number protocols. These kits have a 60%
success rate on samples from WWII, Korea and Vietnam wars. These kits are
used to increase the statistical strength of a matching but mainly to exclude
relationships when there matches with common mtDNA types.
mtDNA is a small circular DNA located in the mitochondria. mtDNA occurs
in high copy number, and is a haploid marker and can be traced solely
through the maternal side. Being small circular structure, the perception is
that mtDNA is more stable in harsh environment when in fact the stability
comes from the abundance of mtDNA compared to nuclear DNA. Shortly
after death, in vivo and environmental factors introduce nicks in the circulate
DNA, which allows the degradation process to occur. Mitochondrial due to
its abundance was the only DNA that could be successfully tested in the
90s. AFDIL designed primer sets for ~200 base pair mtDNA amplicons for
the hypervariable regions in the control region and later on designed the
mini-primer sets amplicon of about 120 bps. 70% of the samples that are not
chemically treated required the use of the mini-primer sets.
The hardest samples that AFDIL encountered were the samples in Korea that
were immersed in 50% formaldehyde solutions for 3-5 days, treated with
fungicide and a hardening compound. The success rate up to 2016 was 6%
using traditional Sanger bases sequence methods. Examination of the DNA
samples extracted from the bone remains revealed that the mean mtDNA
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strand length of the chemically treated samples is about 50bps, which
explains the limited success achieved using the 120 bp the mini-primer set
amplicons.
The new NGS method developed is a Massive Parallel Sequencing
(MPS) method where the whole mtDNA genome is analyzed. There are
commercially available methods for mtDNA enrichment which include longrange amplicons (8,000 bps) with 2 primer sets and the mini- amplicon
(120-150 bps) methods. These methods can run on the Illumina MiSeq or
Ion Torren S5 platforms. However, bone samples often contain high levels of
bacterial DNA which can competitively inhibit MPS testing, particularly in the
most highly degraded samples and these commercial tests did not work with
AFDIL’s typical samples. To overcome this, a Hybridization Capture method
was employed that uses hybridization probes to selectively bind and enrich
the human DNA via magnetic bead capture prior to the library preparation
step.
In 2016, AFDIL completed the development of a complete kit for MPS of
mtDNA for chemically treated or highly damaged samples. Three samples
can be processed per week and the process takes two weeks to complete.
For reference samples, AFDIL uses the long-range amplicon method for
sequencing and can process 24 samples in 4 days using the Illumina Nextera
XT chemistry on the MiSeq system. AFDIL has also successfully developed an
informatic workflow using the CLC Genomics Workbench to align and analyze
millions of reads from the MPS to make variant calls and report an mtDNA
sequence.
The mtDNA MPS kit with the Hybridization Capture method was first used
in February 2016. Only the control region of the mtDNA was analyzed and
matched with reference samples due to the limited terms in the consent form
which family members agreed to upon sample donation. The consent form
had to be modified to inform the donor that the whole mtDNA genome would
be analyzed and that there was the potential for medical information to be
identified. The work also raised the need for an mtDNA Statistical Reference
Database. AFDIL’s previous database work generated >1500 forensic-quality
mitogenomes that have been deposited in the EMPOP database. AFDIL is
currently working on a 3-year National Institute of Justice funded project
to sequence 5,000 mtDNA genomes from samples of various origins. The
project has developed and validated an automated HyperPlus mitogenome
workflow for family reference samples processing, which has been

32

SCIENTIFIC WORKSHOP

ON DNA IDENTIFICATIONS FOR HUMAN REMAINS FROM WAR

demonstrated to produce more uniformly distributed data compared to the
Nextera XT workflow. When the database is completed, it will enable the
resolution of common CR sequences, provide for evaluation of mtDNA match
signficance for whole genome results, and the establishment of a mutation
rate for mtDNA. The project is almost completed and the data have been
uploaded onto EMPOP.
There are a number of complicating issues related to the use of mtDNA that
should be addressed in forensic work. The first is the presence of mtDNA
pseudogenes that have become inserted into nuclear chromosomes, called
NuMT (nuclear mtDNA). NuMTs can be co-enriched with the mtDNA during
the preparation process and may interfere with the results. Possible solutions
include increasing mapping stringency (more stringent calling guidelines),
optimizing consensus sequence for re-alignment, performing NuMT database
alignment and automated NuMT removal.
Another complicating factor with damaged samples from acidic environments
is cytosine deamination that may occur very frequently, leading to C to T or
G to A substitutions. DNA repair methods prior to the library preparation
step can be used to remove the mutations. The use of enzymes designed for
use on formalin-fixed or paraffin imbedded enzymes can be recommended,
as they have been shown to effectively remove damage in MPS sequencing
data.
In mtDNA sequences, heteroplasmy, which is the presence of more than one
nucleotide at a position, is frequently observed. MPS methods allow authentic
heteroplamsy calling and AFDIL established a minor variant threshold of 5%
for calling a true heteroplasmic position. The data showed that control region
heteroplasmy is present in ~28% of the population. Most of the samples have
one instance of point heteroplasmy. The number of heteroplasmic positions
can go up to three per sample.
Sequencing of the mtDNA genome outside of the control region may reveal
pathogenic variants, and it is desirable not to report this sensitive medical
information. AFDIL removes these variants in the analysis pipeline. This step
was shown to not affect the haplotype frequencies.
An example of recent AFDIL identification work is the case of the Cabanatuan
POW graves in the Philippines where Sanger sequencing has failed due to the
chemical preservation of the bodies. As background the POWs were allowed
to bury any individual who died on a given day in a single common grave.
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For example, common grave 225, has 15 associated unknown service
members and one of the unknown service members associated with
common grave 225 can also be associated with three other common graves
due to poor record keeping. The Defense POW/MIA Accounting Agency
disinterred common grave 225 and based on the minimum number of
individuals submitted bone samples for testing. Mitochondrial NGS analysis
showed that the samples were highly commingled with multiple individuals
associated with a single skeletal assemblage. To date, 18 sequences have
been generated. Each color within the unique case numbers in this slide
represents a unique sequence demonstrating that although it looks like a
single skeleton, there are in fact multiple individuals represented. There are
over 1000 graves in the Cabanatuan POW camp and each grave can have
multiple number of unknowns associated with it. AFDIL and DPAA through a
disinterment plan are working to identify these individuals.
Since 2016, AFDIL has used MPS to sequence the mtDNA of more than 2,300
samples. The success rate increased from 28% in 2016 to 74% in 2021. AFDIL
has assisted DPAA in producing more than 400 DNA comparison reports with
175 new identifications where previous DNA testing did not work. AFDIL is
also working to increasing its throughput capacity.
The use of Sanger sequencing at AFDIL is decreasing. In addition, due to the
increasingly high number of samples that have been chemically treated,
AFDIL is moving from the MiSeq FGX platform (2-6 samples per run) to the
NextSeq platform with the Mid OutPut kit (≤ 24 samples per run). This has
been shown to increase high throughput as well as decrease processing time
and costs per sample. The average number of samples processed per month
at AFDIL has increased from 4 to 75.
A variety of other improvements have recently been implemented. Cross
contamination was observed when using human DNA as the positive control.
PhiX DNA, which is a non-human DNA, is now used as a positive control,
with PhiX-specific primers that demonstrate the reaction is working correctly.
DNA extraction is continuously optimized and a new extraction method has
been developed every 2-3 years. At the moment, the Dabney et al (https://
doi.org/10.1073/pnas.1314445110). extraction procedure is being used for
the extraction method optimization. This method was developed to recover
ancient DNA which supported the recovery of DNA fragments as small as 35
bps through purification using large volume silica columns. When adapting
this method into the current demineralization protocol, the success rate has
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been shown to increase. Lastly, in the library preparation step, the use of
single stranded DNA has been shown to increase the percentage of reads
mapped to the rCRS although the number of unique reads might decrease
in some cases.
With the development of genetic genealogy, a number direct-to-consumer
MPS genetic tests are currently commercially available in the US, such as
those from 23andme and Ancestry.com. These tests are able to provide
information on who people are related to, what potential medical issues they
might have and what their population ancestry is. The Golden State Killer
case in the US in April 2018 is one of the cases where the commercial kit
and genealogy data were used to identify the suspect after 24 years. AFDIL
has tested the commercially available kit with 800,000 Single Nucleotide
Polymorphisms (SNPs) for Past Accounting activities. However, the kit did
not work as the DNA is too damaged. AFDIL is in the process of developing
a nuclear DNA SNP the Hybridization Capture assay and software with for
degraded samples in collaboration with Parabon NanoLabs as a part of
the Department of Defense funded Defense Forensic Enterprise research
project. AFDIL is looking to develop a method to obtain sufficient SNP data
from chemically treated and highly degraded samples and Parabon NanoLabs
will develop the analysis software to include modules for extended kinship
analysis and ancestry estimation.
In conclusion, there are many methods available for mitogenome sequencing
and the data analysis can be performed in automated fashion. However, the
data analysis might require critical thinking skills and each assay might require
customized design due to the difference in the microenvironment. AFDIL is
looking to modernize the approach to maximize the discrimination power,
decrease processing time with automation, increase number of samples per
run and increase first-pass success rate with NGS.
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Latest methods in DNA testing
of missing US military service
personnel at AFDIL
Timothy P McMahon; Ph.D
Director, DoD DNA Operations
Armed Forces Medical Examiner System

Disclaimer
The opinions or assertions presented hereafter are
the private views of the speaker(s) and should not
be construed as official or as reflecting the views
of the Department of Defense, its branches, the
Defense Health Agency, the U.S. Army Medical
Research and Materiel Command or the Armed
Forces Medical Examiner System.

Armed Forces DNA
Identification Laboratory
(AFMES-AFDIL)

Purpose
-Past Accounting Mission

• Division of the Armed Forces Medical Examiner
System (AFMES)
– Defense Health Agency (DHA)

-NGS at the AFMES

• Established in 1990
– Utilize DNA methods to identify the remains of US service
members

-Casework Examples

• Mission Partner with the Defense POW/MIA
Accounting Agency (DPAA) since 1990

-Way Ahead

• Accredited DNA Forensic Laboratory

– ANSI National Accreditation Board (ANAB – ISO 17025
International Certification)
– Federal Bureau of Investigation Quality Assurance Standards
(FBI-QAS)

The Human DNA Genome

Nuclear DNA Capabilities
(auSTR and YSTR)

Nuclear DNA
~3.2 billion
base pairs (bp)
AmpFlSTR GlobalFiler

https://www.thermofisher.com/order/catalog/product/4476135

PowerPlex Fusion
https://promega.com

Mitochondrial
DNA
16,549 bp
AmpFlSTR MiniFiler
https://strbase.nist.gov/kits/MiniFiler.htm

AmpFlSTR YFiler
https://strbase.nist.gov/kits/YFiler.htm

1
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Current AFDIL
Amplification Strategies

Mitochondrial (mt) Genome
(Mitogenome)

Control Region

Differences from the nuclear
genome

• Small circular genome
located in the
mitochondria

16024

576

F15971

R599

Primer sets (~200bp)

PS5

PS1

– 16,569 bp

F15/R285
PS4

PS2

• High copy number
– Hundreds to thousands per
cell

PS3

F16381/R16569

F15989/R16251

F155/R389

F16190/R16410m19

Mini-primer sets (~100bp)

• Haploid

mps1a

– Passed down from a
mother to her children

mps3a

mps2a

mps1b

mps4a

mps3b

mps2b

mps4b

DNA Fragment Size:
By Bone Submission

Most Challenging Set
Korea Unknowns
• During the Korean War, the Central
Identification Unit (CIU) in Kokura,
Japan was used for processing of
remains.

1602
4
F15971

576
mps5a

mps2b

mVR1

R599

• Operation Glory: ~850 unknowns
• Bodies were immersed in vats of
~50% formaldehyde solution for 3-5
days, then treated with fungicide and
a hardening compound.
• Buried in the national Memorial
Cemetery of the Pacific

Mini-primer sets
(~120bp)

• Disinterments began in the late
1990s and early 2000s to attempt
identification using modern
technologies.
Success
Rates:
6% mtDNA
0% STRs

Mitogenome Enrichment
Long Amplicon

Mini Amplicon

Mitogenome Enrichment

Hybridization Capture

Gorden et al., in review, FSI:Genetics

2
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Mitogenome Sequencing
Method for Reference Samples

Mitogenome Capture

• PCR enrichment

3 samples per set
(6 total incl controls)

– 2 long-range amps
(~8500 bp)

• Library preparation
– Nextera XT (Illumina)

• Illumina sequencing

2 weeks to complete

Fendt et al. 2009

– V2 300 single-end
~4 days for 24 samples

CLC Genomics
Workbench

NGS Data Analysis
High Quality Workflow

• Software program for analyzing, comparing, and
visualizing NGS data
• Combines the functionality of freeware into a
single user-friendly interface (no coding)

Workflows specific to
the sample type
and/or preparation

Low Quality Workflow

CLC Genomics Workbench
Variant List

Mapping

• Platform, sample type and enrichment/library
preparation method agnostic
– Can even be used for Sanger data

• The CLC Genomics Server incorporates multiple
processing nodes to reduce analysis time

Statistical Reference
Database

Mitogenome NGS
• Capture method was validated in
January 2016 (started in June 2015)
• The first set of samples was
processed with the capture method in
February 2016

•

– Previous NIJ grant generated >500 forensic-quality haplotypes with Sanger sequencing (20102012)
– Around 1500 forensic-quality mitogenomes are available to search in EMPOP

•

AFDIL was awarded an NIJ grant to sequence 5000 high-quality mitogenomes with
NGS
– 4,000 U.S. samples and 1,000 global samples
• 3 year project
• Nearly all were processed previously as part of NIJ-funded mtDNA CR databasing projects

• Modification of Donor Consent Form
• Reporting out CR data only

Implementation of mitogenome sequencing requires more reference data for
statistics

•
•

Developed and validated automated HyperPlus mitogenome workflow for family
reference samples processing.
Goals:
– Ability to separate common CR sequences.
– Statistic for whole genome results
– Establish a mutation rate for mtDNA

*Just et al., Full mtGenome reference data: Development and characterization of 588 forensic-quality haplotypes
representing three U.S. populations, FSI: Genetics 2015.

3

SCIENTIFIC WORKSHOP

ON DNA IDENTIFICATIONS FOR HUMAN REMAINS FROM WAR

9 March 2016

Consistent Coverage

NIJ Project Status
*Whole genome sequencing (WGS) data from the SweGen study (Ameur et al EJHG 2017)

38

1000
Amp Overlap

800
600
400
200
0

African
Published

Caucasian Hispanic
EMPOP Complete

Asian

Native
American

AFDIL Complete

Global

In Progress

Other*
Needed

As of November 30 2020

NUMTs
•
•
•
•
•
•
•
•
•

POTENTIAL DATA ISSUES

Nuclear Mitochondrial DNA (mtDNA) segments
Pseudogenes located in chromosomal (nuclear) DNA
Homologous to mtDNA due to mitochondrial origin
~35-18,000 bp in length (or more!)
Co-enriched with mtDNA
Align to rCRS
May comprise an appreciable proportion of aligned reads
May impact variant calling, presenting as heteroplasmy
Divergent NUMTs may exhibit linked variants found along the
same sequence read (phased)

21

22

Handling NUMTs
• Increase mapping
stringency
• Consensus sequence
re-alignment

NUMTs

• NUMT database
alignment
• Automated NUMT
removal

A

B

23

24

4
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Emerging Technologies

Cytosine Deamination

• Repairing DNA Damage Due to Degradation
Unrepaired

FFPE Repaired

Dabney et al., 2013, Cold Spring Harbor Perspectives in Biology

https://www.macmillanhighered.com/BrainHoney/Resource/6716/digital_first_content/trunk/test/hillis2e/asset/img_ch9/c09_fig18.html

25

Heteroplasmy

Heteroplasmy

27

28

Pathogenic Variant Filtering

CASEWORK EXAMPLE

5
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Common Grave 225

Cabanatuan POW Graves

• Blue circle is CG
225.

• Initial disinterment worked poorly in Sanger
sequencing.

• 15 Unknowns
associated with
this grave.

– Required multiple extracts, amplifications, and
troubleshooting to get confirming results.

• Historical records do not indicate chemical
treatment utilized.

• One unknown due
to poor record
keeping can be
associated with
CG 226, 225,224,
401, 423.

• DNA damage suggests that some form of
chemical preservative was used.
• All Cabanatuan disinterments being processed
through NGS

CG 225

NGS Results: Commingling
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

• Have 18 Sequence generated to date.

1

• Representation of multiple individuals per set of
groupings.
• Based on initial results additional samples have
been submitted for testing.
• There are ~1000 graves containing unknown
service members.

NGS Success
Fisical Year

16

17

NGS Analyses Reported

78

291 519 553 693 231

2365

NGS Analyses Reported with Data

22

129 247 331 468 170

1367

28% 44% 40% 60% 68% 74%

58%

Percent Success Rate
Average Samples per Month

11

Whole Genome Family References

24

18

19

20

21

43

46

58

77

93

279 179

58

Overall

609

• DNA Reports

Emerging Technologies:
The Way Ahead

– 400 DNA Comparison Reports
– 175 First Time Named Reports (New Identifications)
– 225 Addendum Reports
• Processing Capacity
– New Teams
– New Instruments

6
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How to Meet Increasing
NGS Needs

NextSeq 550

• Sanger processing declining.
• Number of Disinterments increasing:
– Majority of samples have been chemically treated.

• Outgrown current FGX platform for number of
samples per run
~15X

~5X

more reads than a MiSeq v3 kit
Offers sequencing and microarray capabilities
37

Optimized Extraction

NextSeq Validation
• Validated 2x75 sequencing with Mid Output kit

• Dabney extraction procedure

– Sample sequencing approach as validated for the MiSeq

– Developed in ancient DNA field
– Recovery of DNA fragments as small as 35 bp (Dabney
et al. 2013)
– Purification using large vol silica columns (Rohland et
al. 2018)

• Increased throughput

– MiSeq: 1-2 sample sets (2-6 samples plus controls)
– NextSeq: Up to 8 sample sets (≤24 samples plus controls)

• Decreased cost and time
Validated
Systems
5
2

Sequencer
MiSeq
NextSeq

Sequencer
MiSeq
NextSeq

Sequencing Kit

Cost per Kit

v3 150
Mid 150

$ 989.00
$ 1,179.00

Cost per
Sample
$ 164.83
$ 49.13

Samples
per Week*
171
384

Sequencing
Run Time (hr)
21
15

38

Max Samples
per Run
6
24

SAMPLE COST:

70%

THROUGHPUT:

125%

• Optimized further to fit current methods and
reagents validated
• Proof of concept studies demonstrate method
increases success rates compared to current
extraction method.
39

*Assuming five workdays (168 hours)

ssDNA Library Preparation
Kit Testing

40

Where To Go Next
• Genetic Genealogy:
– Who am I related to

Sample
Sample 1
Sample 2
Sample 3

% Reads
Mapped to
Library Prep Kit
rCRS

# Unique
Reads

Unique
Read
Length

Average
Coverage

# PHPs

– What potential medical issues may I have

dsDNA

10.51%

849,525

64.53

1,531.1

0

ssDNA

15.27%

489,460

51.92

695.4

0

dsDNA

5.89%

313,238

90.32

787.3

ssDNA

21.45%

508,257

59.6

920.6

0

dsDNA

0.49%

39,372

52.81

60.2

1

ssDNA

18.30%

472,340

48.21

617.4

0

– What is my heritage

• Ancestry.Com, 23 and Me

0

• Golden State Killer (April 2018)
– Investigative Genetic Genealogy
• Can this work for Past Accounting
– Not in current commercial form
– DNA to damaged
41

– Develop method that will

7
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Kinship Analysis from
Nuclear SNPs

Degrees of Relatedness

DNA

Relationship
Identical Twins
Parent-Offspring
Full Siblings
2nd Degree Relatives
3rd Degree Relatives
4th Degree Relatives
5th Degree Relatives
6th Degree Relatives
7th Degree Relatives
8th Degree Relatives
9th Degree Relatives

greatgrandfather

great-greatgreat-grandfather

great-greatgreat-grandmother

great-greatgrandfather

great-greatgrandmother

great-greatgreatuncle / aunt

greatgrandmother

great-greatuncle / aunt

first cousin
thrice removed

grandfather

grandmother

greatuncle / aunt

first cousin
twice removed

second cousin
twice removed

mother

uncle / aunt

first cousin
once removed

second cousin
once removed

third cousin
once removed

first cousin

second cousin

third cousin

fourth cousin

father
brother / sister

self / twin

niece / nephew

son / daughter

first cousin
once removed

second cousin
once removed

third cousin
once removed

grandniece / nephew

grandson / daughter

first cousin
twice removed

second cousin
twice removed

third cousin
twice removed

Slide obtained courtesy of Ellen Greytak (Parabon)

Take Home Points

• Part of a OSD-ATL funded Defense Forensic
Enterprise research project
• Collaborative effort with Parabon NanoLabs, Inc.
– Develop a SNP capture assay for use with AFDIL’s
degraded samples
– Extended kinship and ancestry estimation

• Collaborator responsibilities:

– AFDIL is will develop a method to obtain sufficient
SNP data
– Parabon will optimize the software specifically for
these data

Modern Approach to DNAAssisted Identification

• Mitogenome sequencing can be achieved using
many methods.

• Maximize discrimination power of the
mtDNA

• Data analysis can be performed in an automated
fashion.

• Faster processing using automation
• Increased number of samples per run

• However, data interpretation requires critical
thinking skills.

• Increased first pass success rates with
NGS.

• Fit for use assays

SUPPORT MORE IDENTIFICATIONS FASTER

• Thanks to all my staff
– Emerging Technology Section: Dr. Marshall and staff
– Past Accounting Section
– Family Reference Section
– Current Day Operations
– Quality Management and Training

• Thanks to Defense Health Agency and the
Armed Forces Medical Examiner System Leader
ship
Unclassified

Director DoD DNA Operations: Timothy.P.McMahon10.civ@mail.mil

8
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2.2.2. DPAA Laboratory’s Role in Identifying American MIA – Dr.
Gregory E. Berg, DPAA Laboratory
Worldwide, there are about 82,000 US service men missing in action with
32,000 of them being considered recoverable. In South East Asia, there are
~1580 missing persons from ~1030 incidents. In the past 20+ years, the
Vietnam and US governments have cooperated extensively in conducting
excavation and field recoveries. The Field Forensic Review (FFR) and Joint
Forensic Review (JFR) processes have been conducted very efficiently
between DPAA and VNOSMP. Recovered cases were quickly triaged for
review from both sides to determine if the remains in question could be from
US service personnel. The most pertinent cases are forwarded to JFR. During
COVID with the inability to conduct bilateral review in person, Vietnamese
authorities have unilaterally submitted to DPAA cases thought to be US
remains, and this process has been very effective.
DPAA uses multiple lines of evidence to make an identification, including
historical research, anthropology, odontology, DNA/isotopes, material
evidence and archaeology. In the US system, legal requirements demand
scientific proof of identity and DPAA brings as many types of evidence as
possible to bear in each case. Depending on the situation of each case, the
starting point of the identification process varies. However, most of the
lines of evidence are pursued whenever possible and concurrently with the
acquisition of the remains.
One of the initial analyses at DPAA is the Forensic Anthropology analysis
which builds the biological profile of the remains (i.e. sex, age, ancestry,
stature, trauma, etc.). This allows DPAA to narrow the search space of possible
individuals. However, remains are often commingled (mixed together),
creating a much more complex challenge. For example, in the Cabanatuan
Prison Camp case mentioned in Dr. McMahon’s presentation, the remains are
extremely degraded and all the people who died in one day were buried in a
Common grave. There are, for instance, 13 accessions that were registered
into DPAA Laboratory for 14 different individuals but single accessions were
found to contain 2-8 different DNA sequences. The DPAA does the DNA
sampling in-house and sends samples to AFDIL, which is the primary and only
DNA analysis provider. However, DNA sequences are not always obtained and
new methods are constantly developed to increase the success rate.
In the last four years, a new method that has been conducted in house at
DPAA is the Stable Isotope Analysis. Isotopes are atoms of the same element
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with the same number of protons but different number of neutrons. The
isotopes can reflect the bulk dietary components and water consumption
during the last 10-15 years of life. This can separate people with different
diets and living places. An example of the data obtained from this method
is the Isotope Analysis of the commingled remains at the Cabanatuan CG
917. 46 samples were sorted according to their isotopic signature and they
are distributed into different distinct groups. Baseline research has been
performed to determine possible carbon and nitrogen isotope variations in
different individuals. When these variations were overlaid on the isotope
distribution graph, three individuals were found to segregated out and
others were found to be mixed together. All of the data was supported by
DNA analysis, suggesting that the isotope analysis can be used as a triage.
In fact, the data has supported the categorization and re-association of the
commingled remains.
Another important line of evidence at DPAA is obtained from Forensic
Odontology. This may not be applicable in Vietnam as DPAA has extremely
good record-keeping of antemortem X-rays of service personnel. The dental
remains are analyzed for lesions, restorations and other traits. Afterward, this
“postmortem chart” is compared to the antemortem charts of individuals
whom the remains may represent in order to look for points of concordance.
DPAA also uses Material Evidence Analysis where artifacts and material
obtained at recovery sites can link or correlate the site to a specific incident
(e.g. how many people are related to an airplane crash). Personal items can
also be individualized to assign potential names to the samples.
In order to achieve an identification, all of the lines of evidence, including
archaeology which establishes where the remains may have come from
the material evidence, have to be compiled and analyzed together across
multiple platforms. Data management, therefore, is the key to success. In
fact, data sharing and management has become a major focus of DPAA in the
last five years. DPAA has moved to a large “Case Management System” which
has multiple levels of data management. The anthropology laboratory uses
the StarLIMS (Laboratory Information Management System). There are also
Documentum – a file sharing tool across agencies; Qlik - a data mining tool;
SalesForce – an inquiry tool; and the GIS platform – a mapping tool. There is
also a need to cross-talk between agencies (e.g. DPAA, AFMES/AFDIL, Army,
Navy, Airforce and Marine Corps). The data include identifiers for every
single missing person. At each agency, each casualty has its own key and the
communication is massively complex as different Agencies have different
responsibilities. The communication must be successful for an identification

45

to be made. DPAA is in the process of building an elaborate system for family
reference samples.
In conclusion, DPAA cannot do its mandate without the help of the world
governments. DPAA does its job through science and data management is key,
both internally and externally, as there have to be constant communications
between Agencies to make a successful identification.
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Problem Scope: American MIAs World-Wide

The DPAA Laboratory’s Role in
Identifying American MIAs
Dr. Gregory E. Berg, D-ABFA
Laboratory Case Manager
Isotopes Manager

American MIAs in SEA
• ~1030 Incidents (blue dots )
• ~1580 Missing

REFNO 0164, Viet Tri, 63rd JFA

~82,000 Missing
~32,000 Recoverable

American MIAs in SEA

• Each icon represents one case

FFR and JFR process
• Quickly triage field cases
for review from both
sides
• Most pertinent cases get
forwarded to JFR
• COVID precipitated a
series of unilateral JFRs
• Entire process has been
very successful

1
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DPAA Identifications Use Multiple Lines of Evidence
• Legal requirements demand
scientific proof of identity.
• DPAA brings as many of
these to bear in each case.
• Start points on the circle
vary, case dependent, but
ultimately, each portion that
can be done, is done.
• Acquisition of remains places
the circle start point.
• Actions can be concurrent

Historical research

Anthropology

Archaeology

Material
evidence

Forensic Anthropology at DPAA

• Biological profile
– Sex
– Age
– Ancestry
– Stature
– Trauma
• Narrow the search space of possible individuals
• Remains are often commingled (mixed together)

Odontology

DNA/Isotopes

Commingling Can Occur Burial Systems
Cabanatuan Prison Camp,
Philippines
• Mass grave system used in
the camp cemetery
• Common Grave (CG)
• 13 accessions into DPAA
Laboratory
• A single accession typically
contains 2–8 different DNA
sequences

DPAA and Stable Isotope Analysis
• Atoms of same
element with same
number of protons but
different number of
neutrons

8

DPAA and DNA ANALYSIS
• DPAA samples in-house, sends samples to the Armed Forces DNA
Identification Laboratory (AFDIL)
• DNA does not always sequence
‒ Degradation, fragmentation, burning, chemically modified remains
• Constantly producing new methods
‒ Next Gen, Demineralization

10

DPAA Isotope Analysis and Commingled
Remains
Isotope Values, Cabanatuan CG 917, n=46

• Reflect bulk dietary
components and
water consumed
during last 10-15
years of life.
• Sample prep and
analysis is conducted
in house at DPAA

2
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DPAA Isotope Analysis and Commingled
Remains
Isotope Values, Cabanatuan CG 917, n=46

Forensic Odontology at DPAA
• Dental remains are analyzed for lesions, restorations, and other traits.
• Afterwards, this “postmortem chart” is compared to the antemortem charts of individuals whom the remains
may represent in order to look for points of concordance.
#32
Table 1. Dental comparison table of CIL
Tooth #

#32

Tooth #

Postmortem

Antemortem

27

R-11

E

V

28

R-12

E

V

29

R-13

E

30

R-14

V

31

R-15

V

32

R-16

V, impacted

V
V
V
V, impacted

KEY: green shade = similar findings, E = missing perimortem/postmortem; V =
unrestored.

Multiple Lines of Evidence

Material Evidence Analysis at DPAA

Historical research

‒Incident and Battle History
‒Short list of casualties
‒Medical and dental records

• Material Evidence can link a site to a specific
incident; even correlate it.
• Personal items can be individualized.
• Life-support equipment, found at crash sites, can
provide clues ejection clues.

Archaeology

‒Establishing solid
provenience of where
evidence came from

Anthropology

‒Biological profile
‒Trauma & pathology
‒CXR

IDENTIFICATION
Paul Charvet’s ID tag, recovered
via a Vietnamese Unilateral
Excavation Team in 2020. Charvet
remains later this year. was shot
down over near Hon Me Island in
1967. His mother will receive his
remains later this year.



DPAA-Lab
SCI 101: Overview of the ID process

For Official Use Only

Data Sharing and Data Management
• DPAA has a large “Case Management System;” Data sharing
platforms include:
• StarLIMS (Laboratory Information Management System)
• Documentum (File Sharing across Agency)
• Qlik (Data mining tool)
• SalesForce (inquiry tool)
• GIS platform (mapping tools)

Material evidence

Odontology

‒Personal items
‒Life-support equipment
‒ID media

‒Comparison of dental remains
to antemortem records

Must all
communicate
together
across
multiple
platforms to
affect an ID.

Chemistry (DNA/Isotopes)

‒Sorting commingling, geographic
provenance
‒mtDNA, Autosomal and Y-Chromosome

Data Sharing and Data Management
• Data sharing platforms move across multiple agencies (DPAA,
AFMES/AFDIL, Army, Navy, Airforce, Marine Corps)
• Data includes identifiers for every single missing person, in
common, between Agencies “keys”
• Massively complex as different Agencies have different
responsibilities
• But must be successful, in order for an identification to be made

3
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FRS Status Updates

C3
Machine Learning ETL

Starlims, Documentum, Qlik

A1

A2

C2

A3

FRS Requests

FRS Received
Case Coordinator

Historians, Project leads

Request
Prioritization

Data Analyst
FRS Requests

Case Coordinator

B1

MIA Case Seq

A4.2

FRS Tracker

SCO Priority Requests

Data conflict
resolution

B2
C1

B3
eLISA

SCO Priority Requests

Air Force Marine
Corps
Stop

Army SCO comments

Navy

APM

DA Civilian Case Manager
NOK Information
Unavailable
Coordinate
SNA Case
Case Lead
Public
Manager
Databases

Search

eMilRecs

Request OMPF

• Low transparency

• Information security
• Communication overhead

Exhausted
Send Cases

Assigns

• Independently
maintained data sources

• ETL intensive

Various Data
Requirements
FRS Status Updates
Case Coordinator

• Redundant processes

• Data inconsistency

A4.1
Lab Management

DPA
A
Request IDPF

PCRB Management
Geno Request

Geno
Requested or
Received?

OPM

Case
Previously
Assigned?

Case Created?

PCRB
Tracker

SNA
Tracker

• Dropped data risk
Email

APM

ETL* = Extract, Transform, Load
A. FRS Request Process
B. FRS SCO Priority Requests
C. FRS Received Process

Trackers/ Excel

Conclusions
• DPAA cannot do its mandate without the help of world
governments; this year marks the 26th year of normalized
relationships between Vietnam and the U.S.
• DPAA does its job through science – from Historical Analysis to
Isotopes, with DNA and Forensic Anthropology and Odontolgy.
• Data management is key, both internally and externally.
• Must have constant communication between the Agencies to
make an identification successful.

Stakeholders
Management/Analyst/Case
Coordinator

4
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2.2.3. Global experiences in effective, DNA-led processes for large
scale missing persons identification at ICMP - Dr. Thomas J. Parsons, ICMP.
ICMP introduction: ICMP was established in 1996 to deal with ~45,000
missing persons at the end of civil wars in 1990s. In 2004, ICMP started to
work globally, cooperating with governments and other authorities to deal
with missing persons issues including Disaster Victim Identification (DVI).
ICMP works in many countries around the world. Depending on the contexts
of each country, ICMP would provide technical assistance or capacity
building. The mandate of ICMP is to secure the cooperation of governments
and authorities in locating and identifying missing persons as a result of
armed conflicts, human rights abuses, natural and man-made disasters
and other involuntarily reasons and to assist them in doing so. The support
ICMP provides can include direct technical assistance, capacity building and
training, missing persons policy and legislative development, and forensic/
DNA database provision and/or support.
In 2014, ICMP had a signing ceremony with five governments in Brussels which
established it as treaty-level inter-governmental international organization.
ICMP’s Headquarters and DNA Laboratory are in The Hague, The Netherlands.
ICMP is an organization with diplomatic status that has the ability to operate
and protect sensitive data and is immune from legal process. ICMP also
has offices in the Western Balkans, Middles East and Americas. The newly
established laboratory in The Hague in 2018 has a strong focus on MPS.
ICMP uses a DNA-led approach in human identification. To date, ICMP has
collected more than 93K reference family samples representing 30,421
missing persons. ICMP has 44,421 STR profiles from bones and have made
the DNA identification of over 18,500 individuals. This is calculated as 4
identifications per day over 18 years. This contributed to the identification
of 70% of the number of missing persons from the conflicts in the former
Yugoslavia.
Forensic DNA analysis is very important in criminal prosecution and ICMP has
been engaged heavily in trials in The Hague from the International Criminal
Tribunal for the former Yugoslavia (ICTY) where ICMP provided thousands of
DNA match reports and forensic archeology excavation reports. These trials
resulted in verdicts including genocides and crimes against humanity.
Several components are required for success in the identification of missing
persons. First of all, there need to be public outreach with the participation
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of families to provide reference samples. Family members need to provide
missing person reports and reference samples for genetic analysis. Skeletal
remains need to be recovered appropriately using the state-of-the-art
method in archaeology. Anthropological examination of the remains needs
to occur to establish the biological profiles of the remains (i.e. age, sex, statue
and other distinguishing characteristics). DNA samples are also need to be
taken using expert knowledge of the most suitable bone sample types, and
DNA testing done with highly specialized protocols for degraded samples.
Once DNA profiles are established, there needs to be a high throughput DNA
kinship matching capability. Large scale DNA identification requires a very
large database. The 1:1 analysis would not work in cases where there are
thousands of missing persons. The requirement for a centralized database for
DNA profiles and forensic evidences was highlighted.
ICMP has extremely experienced teams that have been involved in the
large-scale excavation of more than 3,000 mass graves around the world.
ICMP also has experiences in physical anthropological examination where
biological profiles of the victim are established to assist the identification
such as evidence of trauma, pathology and other characteristics such as age,
sex and statue of the remains. Many of the graves that ICMP have worked on
are secondary graves where bodies have been moved from the primary sites
and become commingled. The work in the formal Yugoslavia has been called
the greatest forensic puzzle of all times in terms of analyzing the remains and
DNA sampling.
The ICMP laboratory has ISO17025 international accreditation for both
DNA profiling and DNA matching with refined techniques for dealing with
highly degraded skeletal remains. The system is blinded, which means the
DNA laboratory does not have any prior knowledge of the sample origin and
hypothesis of the identity. The DNA matching is also performed in a blinded
manner to ensure objectivity.
The need of a highly effective full demineralization DNA extraction protocol
was highlighted and ICMP has published several articles on this. The protocol
has been used by other institutions including AFDIL and Dr. Parsons has also
worked for AFDIL for more than 12 years where many of the DNA extraction
and mtDNA amplification methods were developed.
ICMP mainly uses short tandem repeats (STRs) analysis for the identification.
The 93,000 reference family database was built using large STR multiplexes
such as the Promega PP16 kit which has 16-locus random match probability
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value of ~1 in 1017. ICMP also applies and has ISO17025 accreditation for
the Low Copy Number (LCN) approach for highly degraded samples and
interpretation criteria have been validated. ICMP also uses other modern
systems such as ESX17, PP21, Globalfiler, Minifiler and Y-Chromosome STRs.
ICMP has a system called the Identification Data Management System (iDMS)
which was developed by its own software engineer team concurrently with
development of the technical protocols. The iDMS manages data from
different disciplines such as archaeological field Recovery, mortuary and
anthropological examination, skeletal case management and DNA sample
tracking and DNA matching. The system is able to perform complex DNA
kinship matching that allows large-scale database searching and finding a
match amongst large number of families of the missing. The DNA matching
modules links directly to the Missing Persons and Relatives module where
the missing persons and families are registered. It also has on Online
Inquiry Center where families and societies can access certain amount of
information. ICMP is willing to provide the iDMS system to other laboratories
upon agreement.
Samples in Vietnam are highly degraded where DNA cannot be obtained in
large fragments and nuclear STRs testing often fails. In addition, multiple
close relatives are often not available to provide reference samples and
quite often there are only a single reference sample or samples from very
distant relatives. These problems are not unique to Vietnam as ICMP has
encountered them in many contexts around the world. mtDNA has the
advantages of being available in high copy number per cell that increases the
chances for success with highly degraded remains. The maternal inheritance
pattern allows the use of distant relatives as references. In addition, the
development of MPS would provide maximum sequence information from
the entire mtDNA genome. However, ICMP does not use mtDNA method as
it is of limited use in large-scale contexts where tens of thousands of people
are missing. mtDNA testing requires complicated lab work and data analysis,
making it labour intensive and high cost. Importantly, mtDNA is not a unique
identifier. There are many common mtDNA types in the population that
make the chance for random matches high. Even for “rare” mtDNA types,
the strength of mtDNA testing is dependent on the size of the population
database. In general, the likelihood ratio obtained from mtDNA matches is
in range of 100-1000, which make random matches very likely in large-scale
searching. mtDNA thus can only be used to support other distinctive data in
making an identification such as in the US DPAA model where there is often a
lot of non-DNA evidence available.
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ICMP has a Research and Validation Unit that continuously develops and
optimizes new methods to overcome the limitations in DNA testing. ICMP
works in collaboration and exchange with prominent DNA laboratories
worldwide including universities, corporations and government partners
such as AFDIL. The research and validation unit mission are to publish and
disseminate new methods, and the DNA laboratory has a training unit to
assist with the implementation of the latest methods to other laboratories.
Since 2016, ICMP has collaborated with university partners and Qiagen
research and development team to develop a large, MPS SNP panel (called
MPSplex) for missing person identification. SNPs provides the shortest
possible target (only 1 nucleotide) that is more suitable for degraded DNA.
Although each SNP has a lower discrimination power than an STR but with
MPS, multiple SNPs can be targeted at once. SNPs also have relatively low
mutation rates and there are SNPs with multiple variants (triallelic, rather
than biallelic) that can increase the discrimination power. The data from the
MPS SNP test are easier for handling, nomenclature and reporting compared
to other methods. Moreover, there are available allele frequency databases
such as those from the 1000 genome project that includes a database of the
Vietnamese population. The current SNP panel targets 1371 different SNP
sites, including 1270 tri-allelic SNPs, 46 haplotypes and 55 ancestry SNPs. The
assay has been designed to work with very short DNA fragments. 96% of the
primers are less than 100 base pairs away and 75% of them are less than 50
base pairs away from the targets. The MPSplex test has been proven to work
on a degraded bone sample with DNA concentration as low as 100pg/µl. An
example was shown of a sample that only gave a few STR loci, but more than
1100 MPSplex SNP loci were recovered.
As the tri-allelic loci have high variability, the MPSplex can provide definitive
identification even with single distant relatives. ICMP has done simulations
using Vietnamese genome data from the 1,000-genome project. A comparison
to the first cousin gave a likelihood ratio of 100 billion (The technical details
of the MSPplex can be found in the articles and in the webinar with link
provided in the appendices).
How ICMP can assist Vietnam:
• ICMP is currently developing a high-throughput, automated system for the
MPSplex. This includes an automated DNA extraction method using cutting
edge ancient DNA protocol, an automated library preparation method
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and sequencing protocol using the Illumina MiSeq system. Once this is
completed, ICMP will provide protocols, instrument specifications, software
and provision of training.
• ICMP would like to establish an on-going scientific exchange with Vietnamese
laboratories. This includes multi-institution remote and in-person round
table discussions with international experts. The topics of discussion would
be all the technical aspects and standards for an identification, the use of
DNA in an identification process, the integration of forensic disciplines and
data required for a successful large-scale program.
• ICMP can provide the iDMS system at no cost to Vietnamese institutions.
This system enables a Central Database of missing persons and relatives that
is linked to the DNA profiles. The system allows the large-scale searching to
find DNA match with relatives using autosomal STR profiles and MPS SNP
data as well as provide DNA matching reports.
• ICMP can also provide training and assistance in forensic archaeology and
anthropology if required. Especially, ICMP can provide protocols for optimal
sampling of skeletal remains for DNA testing.
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ICMP: Global experiences in effective,
DNA-led processes for large scale
missing persons identification.

International Commission on Missing Persons – ICMP
•1995 Dayton Peace Accord;
•~45,000 missing at end of
conflict.
•1996 Search for the missing
begins.

Thomas Parsons
Director of Science and Technology
International Commission on Missing Persons
thomas.parsons@icmp.int
www.icmp.int

•June 1996 - ICMP was created
following the G-7 Summit in
Lyon, France

International Commission on Missing Persons – ICMP
•1995 Dayton Peace Accord;
•~45,000 missing at end of
conflict.
•1996 Search for the missing
begins.
•June 1996 - ICMP was created
following the G-7 Summit in
Lyon, France

www.icmp.int

2004 and Beyond: Global Mandate, Including DVI

Major Programs of Assistance in Missing Persons Identification
Civil Society Initiatives, Forensic Training in Archaeology, Anthropology, DNA

ICMP Treaty-Level Status as an
International Organization

MANDATE
• ICMP endeavors to secure the cooperation
of governments and other authorities in
locating and identifying missing persons as
a result of armed conflict, human rights
abuses, natural and man-made disasters
and other involuntary reasons and to assist
them in doing so.

•
•
•
•

December, 2014. Signing ceremony in Brussels.
Internationally recognized global mandate
New ICMP Headquarters and Laboratory in The Hague
Legal status: ability to operate and protect sensitive
data, immune from legal process.

1
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ICMP Country Programs
• Headquarters: The Hague, Netherlands
• Western Balkans; Sarajevo, Bosnia office
• Middle East:
– Baghdad and Erbil, Iraq Offices
– Beruit, Lebanon

• Americas:
– Bogota, Colombia
– Monterrey, Mexico

Identification Success in the
former Yugoslavia
Family reference
blood samples: 93,471
Missing represented: 30,421
Bone samples profiled: 44,412

DNA Assistance to Justice

International Criminal Tribunal for Yugoslavia
• Extensive provision of evidence and expert witness
testimony in 6 major ICTY prosecutions
– Thousands of DNA Match Reports
– Excavation Reports
• Verdicts include genocide and crimes against humanity.

Individual DNA Identifications:
18,557
~4 identifications per working day, for 18 years

Necessary Components of Success for
Identification of Missing Persons

Archaeological Excavation

• Public outreach, participation of families.
– Missing Persons Reports, Reference Sample Donors

• Recovery of Skeletal Remains, Archaeology
• Anthropological examination of skeletal remains
– Age, sex, stature, distinguishing characteristics
– Sampling for DNA Testing

• State-of-the-art DNA Identification
– High throughput DNA Extraction and Testing
– DNA Kinship Matching

• Centralized Database for DNA and Forensics

2
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Stratigraphic Excavation

Physical Anthropological
Examination
•Through examination a biological profile of the
victim is established. Forensic anthropologists
examine skeletal elements for evidence of trauma,
pathology, and to assist identification through
assessment of sex, age, stature of remains.

ICMP has assisted with excavation
of over 3000 mass graves

Fragmentary and Commingled Remains

ICMP DNA Laboratory
• International Accreditation
• ISO 17025
– DNA Profiling and Matching
• Specialized for Degraded Skeletal
samples
• System is blinded: Independent on any knowledge
of sample origin or hypothesis of identity

Published DNA Extraction Protocols
Full Demineralization

SHORT TANDEM REPEATS
PCR amplifies STR regions and labels the amplicons with
fluorescent dyes using locus-specific primers
8 repeats

Locus 1

10 repeats

8 repeats

Locus 2

9 repeats

Capillary Electropherogram

3
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ICMP’s Database

iDMS: Identification Data Management
System

Promega PP16
16-locus Random Match
Probability ~ 1 in 1017
LCN Approach, 34 cycles
amplification
Accredited ISO17025/ILAC

Validated Interpretation
Criteria:
Drop- in
Drop-out

•
•
•
•
•
•
•

Archaeological Field recovery
Mortuary, Skeletal Case Management
DNA Laboratory
Complex DNA kinship matching
Missing Persons and Relatives Module
On-Line Inquiry Center
Can be made available to other labs.

Additional Systems as needed: EXS-17, PP21,
Globalfiler, Minifiler, Y-Chromsome STRs

Primary Challenges for Vietnam
• Samples are highly degraded.
– Nuclear STRs require 150-300 bp fragments
• Usually cannot be obtained.

• Multiple close relatives are often not
available to provide reference samples.
• These problems are not unique to Vietnam

mtDNA: Advantages
– High copy number per cell, increased chance
for success with highly degraded remains.
– Maternally inherited; can use even distant
maternal relatives as references.
– Massively parallel sequencing can provide the
maximum sequence information, from the
entire mtDNA genome.

– ICMP encounters them in many areas where
we work.
Butler; Forensic DNA typing

mtDNA Disadvantages
(Why the ICMP does not use mtDNA)
– Labor intensive. High cost.
• Complicated Lab Work
• Complicated Data Analysis
– Not a unique identifier.
• Many common types in the population
• Strength of mtDNA is dependent on the size of the
population database.
• Depending on database size, maximum likelihood
ratios in the range of 100-1000
– mtDNA can only be used to support other distinctive
data in making an identification.

ICMP Research and Validation Unit-A Global Resource
• Continually developing and optimizing new
methods to overcome limitations in DNA testing.
• Collaborations and exchange with prominent
DNA laboratories worldwide.
– Universities
– Corporations
– Government (for example, AFDIL)

• Publication and dissemination of methods.
• Training in latest methods.

4
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The case for SNPs and MPS

ICMP “MPSplex” SNP assay

• Shortest possible target, suitable for degraded DNA.
• Low mutation rates.
– Eliminates a complication with STRs that can be
problematic.
• Lower power of discrimination
– But can target many SNPs with MPS
– Not all SNPs are binary: increased power.
• Ease of data handling, nomenclature, and reporting.
• Allele frequency database available from the 1000
Genomes Project
– Including a Vietnam database.

ICMP MPSplex Panel, Version 2

Single Primer Extension Design

MPSplex Target Markers

• 1371 Targets

29

46

55

>96% are less than 100 bp
away from the target

– 1270 Tri-allelic SNPs

>75% are less than 50 bp
away from the target

• 1241 Autosomal SNPs
• 29 X Chromosome SNPs

1241

– 46 Microhaplotypes
• 2-4 SNPs

– 55 Ancestry SNPs

Autosomal

X's

MHs

AIMs

• Kidd et al 2014 Progress toward an efficient panel of SNPs for ancestry inference

Degraded Bone Sample
• Sample
– Quantifiler– 4.32
ng/µL

MPSplex: Kinship Matching
• Can provide definitive identification even with
single, distant relatives.
• Vietnamese population data, likelihood ratio with
a first cousin as a reference sample.

• STR profile
– low partial profile
– Drop out of large
amplicons

LR= 10,000,000,000,000

• MPSplex profile
– ~1100 loci recovered

5
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MPSplex information/resources

What can ICMP do to assist missing
persons identification in Vietnam?
• We are currently developing a high-throughput,
automated system for MPSplex
– Automated DNA extraction using cutting edge ancient
DNA protocols.
– Automated MPS library preparation.
– Sequencing on Illumina MiSeq Instrument.

• T. Parsons, MPSplex Webinar, on demand:

• https://vimeo.com/473443513/bba6fecfd9
• (sorry, in English)

What can ICMP do to assist missing
persons identification in Vietnam?
• We would like to establish an ongoing program of
scientific exchange with Vietnam laboratories.
– Multi-institution round table discussions
• Remote and in person.
– Standards for identification
– Use of DNA data in an identification process.
– Not only DNA, but to discuss the integration of
forensic disciplines and data required for a
successful large scale program.

• Once completed, we propose to provide this
system to Vietnam laboratories.
– Protocols, Instrument Specifications, Software
– Provision of Training

What can ICMP do to assist missing
persons identification in Vietnam?
• Provision of iDMS database system.
– At no cost to Vietnam institutions.
• Central Database of missing persons and relatives
• Linked to DNA profile database
• Large scale searching of database to find DNA
matches with relatives.
– Autosomal STR profiles
– MPS SNP data
– Generation of DNA Matching Reports

What can ICMP do to assist missing
persons identification in Vietnam?
• Training and assistance in forensic
archaeology and anthropology as needed.
• Especially important;
– Protocols for optimal sampling of skeletal
remains for DNA testing.

6
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3. AFTERNOON SESSION
3.1. Questions and answers
3.1.1. Comments from the NIFM, MoH
1. Can we design (the MPSplex) to have about 100 additional SNPs on the Y
chromosome? The markers on mtDNA can help retrieving maternal origin
while those on the Y chromosome can help retrieving paternal origin. This
would increase the accuracy of the test.
2. The environment conditions such as high humidity, high pH enable a lot
of microbial growth in the Vietnamese bone remains. The extracted DNA
contains a lot of sequences from bacteria and fungi. Many fungal sequences
are similar to those of human DNA. When we design primers to amplify the
small amplicons of around 50 base pairs for the SNP identification, it would
be difficult to get them specific to only human DNA. Is there any requirement
for the SNP test to be optimized based on the input concentration of the DNA
to ensure specificity?
3. Very often in Vietnamese bone samples, there is a phenomenon called
deamination, which substitutes Thymine to Cytosine. Does ICMP use
repairing enzymes before the library preparation step?
4. There are 55 SNPs in the mtDNA sequences that have valuable information
to us, would it be possible for ICMP to include them for Vietnam in the newly
developed test?
5. The software and systems used at ICMP are really good, can the NIFM use
the online ICMP platform now together with the protocols and chemicals
from ICMP to work on a number of challenging cases. We can send both the
raw and analyzed data to ICMP for checking. For example, for us to collect
4.32ng of DNA from Vietnamese bone sample is quite difficult.
6. AFDIL has the experience of repairing bones that were submerged in
formalin like FFPA samples. Does AFDIL keep the data of any Asian American
soldier and would it be possible for AFDIL to share that data with us?
Responses from Dr. Thomas Parsons, ICMP.
1. The MPSplex was designed to achieve a profile that is strong enough to
work with distant relatives so that the use of lineage markers such as those
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on mtDNA and Y-chromosome can be omitted. AFDIL is developing a SNP
panel for Y-chromosome and that can be of interest. The biggest issue is the
conditions of the DNA in the bone samples (i.e. if it is difficult to recover
the MPSplex markers, it would also be difficult to recover the Y-chromosome
markers)
2. All forensic DNA tests have primers designed to be specific to human
sequences. However, there are samples that have more microbial DNA
than human DNA and the problem of unspecific binding and amplification
requires continuous monitoring. As presented earlier, AFDIL has developed
the Hybridization Capture method for human mtDNA enrichment. This
method can be of interest.
3. The MPSplex uses Unique Molecular Indices (UMI) and that enables
the test to distinguish sequence artefacts from sequence variations. The
UMI allows the identification of sequences coming from the same starting
molecule. ICMP has not found it necessary to use repairing enzymes in its
works; however, this advanced technique maybe of interest.
4. It would not be necessary to design specific SNPs for Vietnam as the
SNPs have been selected to be variable in all populations. The amount of
genetic information obtained from that SNP panel is strong enough that no
further genetic information is needed even when matching to first cousins.
There is no need to go back to the starting point and seek additional SNP
data. Moreover, as already presented, the MPSplex have been tested on the
Vietnamese Kinh population data from the 1,000-genome project and has
been proven to have extremely high discrimination power.
5. The amount of DNA that can be extracted from the degraded sample is
the biggest challenge and there is no system sensitive enough to work on all
samples. It would be beneficial to engage institutions in mutual exchanges
of samples and/or protocols to characterize comprehensively the extent of
DNA preservation and many other different factors together. One critical
aspect is what sample is actually taken from the remains for DNA typing.
It is important to have samples taken from experts who are able to make
judgement of the quality of the samples. ICMP is continuing to optimize its
extraction methods for bone. The previous methods were highly optimized
for larger DNA fragments for STR testing. There are some very recent
publications describing how to capture the very small fragments of DNA that
are very useful for the MPS of SNPs while they would not have been useful
for STR testing (which requires longer DNA fragments).

63
When there is an agreement for the involvement of ICMP in Vietnam, the
iDMS can be considered for sharing. This would be extremely important
to establish a Central Database for multiple laboratories to use and also to
have the software tools that are required to do the kinship matching for the
MPS system. The protocols being developed by ICMP are complex, so it isn’t
simply a case of sending materials and expecting laboratories in Vietnam
to implement the protocols. It would be better to have a progressive series
of scientific exchanges and training to engage Vietnamese institutions in a
systematic way to develop these tests. The ultimate goal would be to have an
integrated set of protocols that have been tested on Vietnamese samples so
that new extraction methods can be developed and tested.
Responses from Dr. Timothy McMahon, AFDIL
6. The AFDIL’s DNA extraction methods and protocols can be shared with the
Vietnamese institutions. AFDIL is further optimizing the DNA extraction using
a filter from Qiagen that allows the removal of a lot of contaminating bacterial
DNA. AFDIL has American personnel of Asian descent in its database and this
information can also be shared. SNPs can make it possible to go further out
in generations with the discrimination that is delivered through STRs, but
SNPs allow a “single shot assay” that gives more information. Because of the
DNA damage and contamination, it is not optimal to have many SNPs in one
assay. The more targets, the less efficient the reaction becomes. In regarding
the DNA damage by deamination, if the efficiency is not up to expectation,
DNA repairing method can be considered. In agreement with ICMP, this is a
complex process and everything should be brought together for the design
of a fit-to-use assay.

64

SCIENTIFIC WORKSHOP

ON DNA IDENTIFICATIONS FOR HUMAN REMAINS FROM WAR

3.1.2. Comments from the MIFM, MoD
We highly appreciate AFDIL for the previous and continuous supports.
From our experiences, we all agreed that the remains in Vietnam are highly
degraded. Therefore, the main problem is the DNA extraction method. We
encountered difficulties in both mtDNA and STR analyses due to this. The
DNA sequences are too small. We highly regard the new MPSplex method
developed by ICMP. Should we develop a new center to study and apply the
new method on the Vietnamese samples? We would like to evaluate this
method by a specific study.
In previous collaborations, several methods were proposed but not all of
them were highly effective. We also would encounter a lot of difficulties with
the very high number of samples. We also need more specific markers. We
also need more specific markers. We would like to have ICMP to collaborate
with us in developing the new system. We would like to ask how long it
would take to develop such system? What are the challenges for ICMP in this
collaboration?
Responses from Dr. Thomas Parsons, ICMP.
It would be ideal to test the methods in one lab, which could then be used
by other labs as a training center for the dissemination of protocols. It is also
very important to have a central database as, it has been our experience that
several different labs operating independently will often deliver less. In the
Western Balkans, progress was made once there was a central database for
computerized matching. Vietnam has very complex identification problems
due to the high degree of degradation in the samples coupled with distant
relatives providing Family Reference Samples. There are several different
newly developed methods and it is advisable not to move quickly and in
multiple directions at one time. A deliberate, multi-institutional approach
was recommended to set up an appropriate and effective system. One system
would be a highly effective DNA extraction method that can be automated.
ICMP is working on the DNA extraction protocol with a large robotic system
and could test this with different Vietnamese institutions in order to provide
specifications and protocols. There should be a continuing inter-institutional
dialogue bringing together laboratories in Vietnam to discuss issues such
as the limitations in mitochondrial DNA analysis, the need for population
databases, and the use of MPS.
The inter-institutional dialogues can engage all the Vietnamese laboratories,
ICMP, AFDIL and other laboratories in the world that are working on different
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fronts. For instance, ICMP is in close contact with the University of Innsbruck
in Austria who are working with mtDNA analysis. mtDNA analysis is important
in Vietnam but will not lead to large-scale identification. It can work well in
cases where there are presumptive hypotheses of the identity or a lot of
additional contextual evidence.
It is recommended to stay up-to-date with developments in the ancient
DNA field for getting nuclear DNA from challenging samples. The ancient
DNA extraction method can recover DNA from extinct human such as the
Neanderthal; however, very costly and time consuming. Once the success
rate of the MPSplex system is established, different optimization methods
can be taken into consideration such as the ancient DNA extraction and the
Hybridization Capture methods.
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3.1.3. Comments from CDI – VAST
1. The vastly different environmental conditions in different regions across
Vietnam together with many soldiers dying in different wars and fields make
the collected samples vastly different in conditions. We do not think there
can be a one-size-fit all method for the DNA extraction of our Vietnamese
samples.
2. The development of the central database system in Vietnam is currently
not efficient and we have no solution for this. We would like to ask where to
start to have a standard identification procedure in Vietnam.
3. With the methods proposed in this workshop, we would like to ask how
much they would cost. If the tests are too expensive, the costs would be
the barrier for the implementation of the new identification procedure in
Vietnam.
4. How many people do we need to efficiently implement the MPSplex
workflow?
Responses from Dr. Thomas Parsons, ICMP.
1. One of the biggest problems around the world in DNA identification is that
different institutions are doing different things on different samples and not
being able to have a common methodology where every lab multiplies the
output of other labs. Inadequate data-sharing was another common problem.
It is suggested that all the relevant laboratories in Vietnam meet together
to undertake an assessment. For instance, using a very good quality bone
sample, taken by anthropologists could be used to examined various state-ofthe-art methods for DNA extraction to see help assess which one is the most
suitable method. Small DNA fragments that are suitable for both mtDNA and
MPS testing should be targeted. Once an optimal protocol is determined, the
validation and testing methods can be rolled out and applied at each of the
different laboratories. It is recommended not to do it fast, but slowly with a
truly effective and deliberate long-run program to address all the issues.
2. In regarding the costs, the MPSplex is in the intermediate development
stage. The current method at ICMP is still manual and therefore, slow and
cumbersome. For large-scale applications like in Vietnam, it is necessary
for the methods to be worked out on robotic platforms to increase the
throughput and thus reduce the costs. This assay is currently much costlier
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than STR typing for bones but it would not be costlier than mitochondrial
DNA analysis. ICMP is working on optimizing the test so that it can be time
efficient and cost effective before transferring the methods to Vietnam and
intends to provide training on a continuing basis for large-scale application.
3. Regarding the staff, a single person can go through the entire MPSplex
workflow. This is the question of maximizing the workflow to increase
throughput from given resources, it is recommended to have different teams
of individuals. For example, one team would engage in the DNA extraction
method, a team engages in generating the libraries and running instrument
and another team conducts the DNA analysis and matching DNA to the
relatives. That is only one model that ICMP has used in a lot of its works and
found it to be quite efficient. However, there should be good communication
between the teams. The samples should be tracked all the way from the
graves that they were found in through the mortuary, thorough to the results.
It is important to devise a system to encompass the entire process. If the aim
is to have a high-throughput laboratory generating hundreds of samples a
month using any MPS approach, ideally, quite a number of people would be
required. Another factor that need to take into consideration is the capacity
of the sequencing instruments.
4. ICMP is developing the MPSplex to fit onto the Illumina MiSeq system
which is readily acessible to laboratories in Vietnam. Once the system has
been developed as a whole, new automated systems can be considered for
processes such as DNA extraction and library preparation. Other sequencing
instruments that allow more sample multiplexing in one assay can also be
considered. It would be best for ICMP to conduct laboratory visits in Vietnam
to have systematic recommendations on human resource development for
the new identification process.
Responses from Dr. Timothy McMahon, AFDIL
1. It is emphasized that reducing the cost is related to optimization. For
instance, when AFDIL started to use the MPS, the success rate was 34% in
2016. Optimization was performed through careful reading of the literature,
considering and continued evaluating of newly available techniques in
cooperation with external partners. When the extraction was changed from
organic to inorganic method and the single stranded DNA method was used,
the success rate now increases to more than 70% for the capture type mtDNA
analysis. Similar approach was taken for the STR methods. The optimization
process took time with one thing being systemically adapted at one time so
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so that at the end, there is a common unified method. When the first-pass
success rates increase, the costs decrease.
2. The MPS assay can be reduced in price through increasing efficiency and
automation. For example, when the NextSeq system was used instead of the
MiSeq, more sample libraries can be pooled together for sequencing as the
different indices allow the bioinformatic separation of the samples during
analysis. AFDIL is also working on automation for the library preparation step.
Some processes were streamlined. For example, at the extraction level, if all
of the double stranded and single stranded DNA are collected, less PCR and
purification steps are required. The cost for the MPS mtDNA Capture assay
has been reduced from 3,500 USD to 1,200 USD per sample. This is similar
to the cost of the Sanger sequencing method, however, the MPS method is
more time efficient.
3. It is also recommended to work closely with experienced anthropologists
(such as DPAA and the Vietnamese colleagues), who understand what the
bone is, how it looks and what damage would have happened to the bones,
to increase the success rate. It is also suggested to have constant exchange
of knowledge. All the laboratories and international partners should work
together as a group. AFDIL has a single extraction method that can work
against all the samples in Vietnam in different areas. ICMP also has a standard
DNA extraction method. Those methods can be shared and brought into
discussion for further optimization.
4. Similar to the recommendation from ICMP, since the introduction of MPS,
AFDIL used to have 6 MiSeq machines in 2017 and through systematically
optimization of the DNA extraction and library preparation to increase the
first-pass success rate, AFDIL is now able to adapt to the NextSeq system.
Improvements are delivered through incremental and optimal use of
instruments and methodologies. A lot of staffing is assay dependent: ‘just
for assay capture, we started with two teams – four analysts, two technicians
and two supervisors.’

69
3.1.4. Comments from the Institute of Criminal Sciences – Ministry of Public
Security
1. If we are to build a new center for the identification of martyrs’ remains,
what would the ratio of investment be on Sanger sequencing versus MPS?
Do we still have the Sanger sequencing system or just focus on building the
NGS system?
2. Our institute is mainly working on criminal cases and have our own criminal
DNA databases. Do you think if we can utilize the facilities and resources of
that database? Can we upgrade some modules of that system so it can also
be used in the identification of martyrs’ remains?
3. In mtDNA analysis of martyrs’ remains, the two most challenging technical
problems are (1) microbial DNA contamination and (2) the presence of
heteroplasmy. From your experiences, how would you overcome these
problems and identify true variants in these cases?
Responses from Dr. Thomas Parsons, ICMP
1. Regarding Sanger sequencing versus MPS, it is recommended to completely
use MPS for mtDNA analysis nowadays. MPS is also needed for the largescale SNP assays. As STR testing does not work on the degraded Vietnamese
remain samples, the future exclusively relies in the realm of MPS.
2. If the criminal database is established as STRs, it which would not be
very useful in the identification of missing persons where STR testing is not
successful. In addition, in many other countries, there are a lot of concerns
from families about the combination of criminal databases with missing
person’s databases. The families would like to have an investigation process
of the missing persons that is not related to criminalistic consequences.
3. mtDNA analysis is really susceptible to contamination. In the presentation,
Dr. McMahon has also mentioned the nuclear mtDNA that can confound
analyses and contribute to the heteroplasmy phenomenon. These are all real
complications of mtDNA analysis. It is recommended that Vietnam should not
depend on entirely on mtDNA analysis. To prevent contamination, mtDNA
analysis requires complicated process such as separating pre-PCR to postPCR procedures, staff training and dedicated instruments and reagents. It is
also easy to contaminate the bone samples with modern DNA depending on
the staff who take and process the samples. In ancient DNA literature, there
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are a lot of guidelines that can be shared. There are also methods to
decontaminate the DNA samples before processing.
Responses from Dr. Timothy McMahon, AFDIL
1. Regarding the percentage of Sanger sequencing versus MPS, it is about
the fit-for-use assay. AFDIL used mtDNA Sanger sequencing and then adopt
nuclear STR analysis in 2010 and MPS in 2016. In 2021, AFDIL is developing
SNP assays because it has been proven in the literature and in AFDIL’s
research that the assays can recover information from DNA extracted from
damaged samples. If a laboratory is to be established from scratch for
remains identification, SNPs are recommended as the main focus. With the
development of the MPSplex where the amplicons are less than 50-100 base
pairs, it would work much better for degraded DNA. Sanger sequencing might
be needed just to support “filling in the gaps” in the whole MPS process.
2. It would be difficult to use the criminal STR-based database to do searching
based on SNPs. ICMP might need to understand the parameters and the
types of searches the system is doing to make it possible.
3. mtDNA analysis procedure is prone to contamination. Precautions should
be taken to decontaminate DNA samples such as sanding, washing with water
and ethanol before grinding. It has also been presented that most people
have a least 1 point of heteroplasmy and a few people have 2-3 points of
heteroplasmy. As heteroplasmy tends to be relatively rare, if there are a lot
of heteroplasmy in the samples, it is probably due to contamination. With
Sanger sequencing, the point of heteroplasmy should be seen in both the
forward and reverse sequences. However, it is not quantitative and the ratio
obtained from one strand can be different from the other strand. Robust
annotation guidelines are required for reporting heteroplasmy using Sanger
sequencing.
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3.1.5. Comments from Prof. Trương Nam Hai, Former Director of the
Biotechnology Institute, VAST
VAST is the first institution in Vietnam suggested the DNA-led approach
for martyrs’ remain identification. At the beginning, we only used mtDNA
Sanger sequencing and now we have STRs and MPS. We are aware of the
advantages and disadvantages of the mtDNA method and have also thought
of designing new tools to solve the limitations. While we couldn’t obtain the
financial support for this, we are glad to know that USAID is willing to support
Vietnam, especially in engaging international partners. This is not only our
hope but also the hope of other involved laboratories. The workshop today is
necessary; however, apart from exchanging technical information, we should
also focus on the future plan after this workshop, the direction and strategies
to have the new technologies implemented in Vietnam.
Besides the presentations today, we have already heard about these new
technologies. We asked international experts at a conference a few years
ago about the use of nuclear SNPs in our works, the experts at that time
told us that the technologies were still in the research stage and was not
ready to be applied. We are glad to see these technologies have now been
developed to the implementing stage, which haven’t been seen or thought
would be possible previously, such as the use of nuclear SNPs in martyrs’
remain identification. This is an opportunity to see how the technologies can
be applied to solve the case of Vietnam.
Everyone including international experts all agreed that the problem in
Vietnam is a very difficult one compared to other countries. We would not
promise that we can solve 100% cases in Vietnam but we should try our best
to solve the problem as much as possible. We hope the new technologies
can do this. The presentations from the experts today showed that new
technologies are being developed every day. We thus should have a plan that
can also embrace future technology developments. The use of nuclear DNA
and the development of SNP systems such as the MPSplex is the way to go in
the near future for Vietnam. There would be more advanced technologies in
the future and we should be ready to adapt them.
It is great that USAID has invited international experts in workshops for the
technical exchanges. However, in the next plan, we would like to see the
new technologies actually implemented in Vietnam. From the presentation
of Dr. Cat from the MoD and the international partners, we can see that
each partner has already had a general standard workflow for remains
identification. These workflows can be complementary. Would it be possible
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to have all the partners come together to upgrade our Vietnamese general
workflow, beside the DNA technology? From that work we can build a model
to apply the new workflow to examine if it is applicable and effective for
Vietnam.
From the Vietnamese side, we would like to choose a cemetery that has
graves with unidentified remains. We will then coordinate the Vietnamese
institutions, such as the Department of National Devotees (MoLISA) and the
Department of Policies (MoD) to obtain information about the war, the army
units the graves belong to and the possible associated families. The workflow
and new technologies can then be applied on those cases to examine the
effectiveness. From this kind of pilot study, we can start building the reference
family database and the remains database. The pilot study should be designed
so that the works can be expanded in the future. Once the central database
is built, the DNA test alone can then give the identification. Due to Covid-19
related restrictions, in person meetings with international partners would
not be possible, we would like to have advice from the international partners
to prepare the implementation. Would it be possible for USAID to provide
funding for these works in Vietnam?
Responses from Dr. Thomas Parsons, ICMP
The idea of a targeted pilot project is important; however, the focus should
be on establishing a centralized system that is capable of expanding beyond
that project. In the time of Covid-19, it is recommended to establish a regular
series of round table discussions to delve more into the technical details and
to make some concrete plan. After that, Vietnamese scientists can visit ICMP
and ICMP would also like to conduct laboratory tours in Vietnam.
So far, the discussion focuses on the DNA technology; however, that is only a
piece of the puzzle. Other components of a successful identification should
also be considered and discussed. For example, one important component
is the collection of reference family samples. The mechanisms that are
employed to collect the samples and what kind of databases available in
Vietnam should be discussed. It is critical to have a centralized database of
the missing persons and the families that are associated with those missing
persons with information of who the donors are and what the exact biological
relationship is. It is recommended not to collect samples for just one
technology. Reference samples should also not be taken only from maternal
or paternal relatives but from any relative and in the case of distant relatives,
more is better. The mechanism of reaching out to families, how they contact
authorities to register their missing persons and provide information when
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should also be discussed. In addition, there should be cooperation of the
military to provide investigatory information of the missing persons as who
these bodies would be.
Success in large-scale DNA identification has only been seen when there is
a real dialogue with the families. The fact that the bone samples in Vietnam
have to be returned to the families quickly is not ideal as it does not allow
for more than one genetic test. More genetic information is needed when
the mtDNA test fails or the mtDNA type is one of the most common types in
the population. This becomes problematic when the samples are no longer
available. Families should understand that the laboratories have to keep the
samples for a long time until the case is closed. They should also understand
the whole identification process to properly manage their expectations and
desires.
How an identification is made in Vietnam and the significance of an mtDNA
match should be discussed. There should be protocols to determine
the significance of an mtDNA match by comparing the mtDNA type to a
population database to know how frequent it is in the population. In addition
to the mtDNA database, there would also be other databases such as the
one that keeps the records of the age, sex and the stature of the skeletal
remains that have been examined. All of these information systems should
be centralized. ICMP can make the iDMS available to address these issues.
The pilot project should address all the components of the system to make
sure that it would work.
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3.1.6. Comments from the DND - MoLISA
The DND is the organization in charge of the Project 150, which is the
martyrs’s remain identification project in Vietnam. The Project 150
encountered a lot of difficulties as (1) the number of martyrs’ remains are
too high (~500K); (2) the remains are from very old conflicts (75/60/45 years
ago); and (3) the remains have been moved at least twice. Remains from the
martyr remains gathering project conducted by the MoD are handed over
to MoLISA for management at national war cemeteries across the country.
Regarding the associated information, these remains can be classified into
three categories: (1) without any information; (2) with some information; (3)
with full information. Most of the samples given to the lab nowadays are the
ones without any information. We just have information about the dates the
remains were buried, the cemeteries, the provinces, villages and locations in
the cemeteries.
The environment and the soil conditions in Vietnam are very particular and
different cross the country. During the war, the body were buried directly
under the ground without any coffin or protection so the remains are highly
degraded. The movement of the remains from one cemetery to another
happened quite often in the past; however, we do not have the record of the
movements and all primary information are lost. There are families who have
no relative belong to the 6 categories eligible for mtDNA test as the relatives
have passed away. The quality of the samples that MoLISA is sending to the
laboratories are deteriorating. In addition, there is no standard procedure
for the identification at each institution. Each laboratory is equipped with
different technical system.
With the support of USAID and the connection with international partners, we
would really like to have the most optimized procure that fits the Vietnamese
situations. We would not expect to make identification for 100% of the
remains but it would be great if we can increase the percentage of remains
that can successfully be identified. In regarding the sources of the remains
samples, there are three types of remains. One comes from the cases when
the persons who buried the martyrs tell the families to come to the sites to
collect the remains. The families then send the samples to MoLISA for DNA
testing. Another type of samples comes from those given from the MoD’s
annual excavation activities. The third type is the samples from National War
Cemeteries labeled as unidentified.
We totally agree with the suggestion from GVN partners that we will provide
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a number of remains samples with associated relative samples to apply
the new technologies, examine the success rate and determine how the
technologies can be applied in Vietnam. We have information at MoLISA
(DND) and MoD (Department of Policies). However, the information is not
linked to the information of the martyrs’ remains at the cemeteries. There
are cases where more than one family consider the remains belong to their
loved ones and they have evidence to prove. However, there are absolutely
no information associated with the grave to confirm as the remains when
collected have no associated relics. This happens quite frequently and DNA
testing is the last method to help us confirm the identity of the martyrs.
However, in a lot of cases, the DNA is matched to more than one family and
we cannot give the identification result to any.
We would not choose a cemetery with too high number of graves (such as
2000 graves) to work on but about 100 graves would be reasonable number.
It is challenging for us already to have 100 graves with associated family
information. We have no medical and odontology records of the martyrs.
The information we have are only names, places of origin, dates of death,
military rankings, military registration dates and relative names such as
mothers, fathers and spouses. In most cases, this information is not linked
to the graves. We have more than 3,000 cemeteries across the country and
the origins of the graves in each cemetery are mixed. It would be possible
that we would have a specific lot at a cemetery with reasonable amount of
information of the relatives to apply the new identification procedure.
In order to select the graves and relatives for the pilot study, we fist need to
get information from the Department of Policies (MoD) to identify graves that
have some associated military and family information. In regarding the public
outreach to collect family reference samples, the Department of National
Devotees (MoLISA) is responsible for this task and can contact the families
directly. In the cases that we do not know the families but know what war
and army units the graves belong to, we can use Vietnam Televisions (VTVs)
and other media outlets to inform the families that are potentially associated
to the graves being examined.
It was also recommended that a particular laboratory should be chosen for
the validation study. That laboratory should have all the equipment and
human resources ready for the implementation and ICMP should conduct
the assessment to choose the right laboratory. The international partners
would then have working space when coming to Vietnam. Staff from other
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laboratories involved in this project can also come to that particular
laboratory for their contributions and training. The final standard protocols
will be disseminated to other laboratories at the end of the validation study.
Responses from Dr. Timothy McMahon, AFDIL
This approach is very similar to the experiences of AFDIL and DPAA in
identifying remain samples from World War II. As for a proof-of-concept
project, if there are graves with information of the war, the army units and
the families of those soldiers can be contacted and obtained DNA samples
from, it would make a good case to test the new procedure. The whole
procedure can then be validated from the beginning to the end. For example,
there would be an anthropologist present at the disinterment to make sure
good samples are sent to the laboratories. This would allow the laboratories
to validate the reagents, the procedure and the matching guidelines at the
end. AFDIL and DPAA has a similar case where 75 people were missing from
one unit. There was 60% chance of identifying the persons based on physical
characteristics, odontology and DNA. The plan to look at a cemetery and use
that to develop the method with ICMP has a lot of validity. Dr. Berg (DPAA)
later also agreed on the likely success of choosing a cemetery where there is
accompanying documentation and available family reference samples).
Regarding choosing a particular laboratory to implement the new method,
a similar model has been successfully utilized in California where there are
13 different jurisdiction laboratories. The primary method was developed in
one laboratory and then disseminated to the other 12 satellite laboratories
in the system. Each laboratory might have to finely adjust the method to fit
its particular conditions but roughly the same procedure is used across the
laboratories. This is much better than having all the laboratories trying to
optimize the whole the procedure at different times.
Using the media to contact families is also a good approach. In Korea, the
radio had been successfully used in order to communicate with families of
the missing. When contacting families regarding the particular war or army
units, more family samples may be obtained than the number of graves being
examined. This is necessary and this also indicates the need of a central
database to store and share the information that is gathered. In the end, all
the laboratories should refer to one central database. It should also be taken
into consideration as how the database is developed; i.e. the infrastructure,
the human resource and who would keep and maintain the database. In the
US system, DPAA has the mandate to recover and identify the remains. As the
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DNA laboratory, AFDIL creates and owns its DNA database as well as perform
the database searching. This is, however, maybe dependent on the situations
at each country.
Responses from Dr. Thomas Parsons, ICMP
It is critical to have a central database as there is currently no information
of the families associated to the graves. Families should be able to register
their missing persons and over the years, the database would grow to tens
of thousands of missing persons and contact information. The iDMS is linked
to an Online Inquiry Center (OIC) where families can provide information and
reference samples. All of this information is linked to the central database.
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3.1.7. Comments from Vinmec Research Institute of Stem Cells and Gene
Technology - Vinmec
We would like to have more information on the data obtained from the
MPSplex tested on highly degraded samples. The MPSplex should be
validated on the Vietnamese samples as the degradation is extremely high
in our samples.
Vinmec has a martyrs’ remain identification project approved since 2017.
We have built a 300m2 forensic laboratory for this project with both Sanger
sequencing and NGS facilities including the Illumina MiSeq, NextSeq, HiSeq
and NovaSeq. We also have the Biomek FX system for library preparation.
We are willing to share the infrastructure and facilities for the validation and
training.
One of the aims of the project at Vingroup is to build the DNA database of
the reference family. We have collected more than 700 reference family
samples and have used NGS to sequence the whole mtDNA genome of these
individuals. The data have been deposited to the database at the Department
of National Devotees. VinGroup also has a 1,000 Vietnamese Genome
Project. We hope that these samples and data might be useful in supporting
the development of the MPSplex system in Vietnam. At the moment, we still
do 1 to 1 comparison and it is not effective. Should we start building the
reference family database using MPS and SNPs systems?
Responses from Dr. Thomas Parsons, ICMP
The primary purpose of the MPSplex is to work on highly degraded samples. A
variety of experiments have been performed on the MPSplex with decreasing
concentrations of DNA. The details of the experiments and technical
information of the MPSplex are presented in a watch-on-demand webinar
(link provided in appendices). Very good results (full profiles) were obtained
with DNA concentration as low as 100pg. Below this threshold, it starts to
have drop-outs and below 60pg, the system is not effective. It is critical to
get representative ranges of samples from Vietnam and characterize the
performance of the whole system, starting from the DNA extraction to all the
MPSplex testing procedure. The sites already selected by ICMP can be applied
to the Vietnamese population but data obtained from the 1,000 genomes
would be useful to calculate allele frequency specific to this population.
Regarding the developments of the MPSplex system, ICMP is in the process
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of automating the library preparation and adapting it to the Illumina MiSeq
instrument, which would work much better than the Qiagen system. The
robotic platform that ICMP is planning to use is from Hamilton. It would be
possible for the MPSplex to also be adapted on the Biomek robotic system.
It is true that the 1:1 comparison would not work in large-scale missing
persons. The iDMS works for large-scale database screening of the MPSplex
system. It is recommended to collect the registries of all missing persons and
all reference samples.
Responses from Dr. Timothy McMahon, AFDIL
The nuclear SNPs work very well within 3 generations. With each generation,
the amount of shared DNA goes down. It is better to have more than one
sample for distant relatives such as first cousins. By establishing the database
through the media where people can register themselves, the closest family
samples can be pointed out and collected and additional reference samples
can then be obtained when required. It is always better to have more than
one sample in the cases of distant relatives. There were cases in the US that
the relatives had no genetic connection to the missing persons due to of
adoption. Having more than one samples will help resolve those cases.
In regarding the maternal references that have been collected for mtDNA
sequencing, a lot of these can be utilized with the new ICMP’s system.
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3.2. Summary of the discussions
The afternoon sessions provided a forum for questions and answers, and
discussion. From this dynamic inter-institutional exchange, a number of
themes and related conclusions were easily identified, as summarized below.
Degraded samples and the need for optimal DNA extraction methods. The
environmental conditions in Vietnam causes an extreme problem of DNA
degradation. Nuclear STR testing has a requirement for long DNA fragment
length and generally fails. In order for DNA testing with any system to be
successful, optimal DNA extraction methods need to be researched and
implemented across Vietnam laboratories, taking advantage of recent
protocols from the ancient DNA community that recover small fragments
of DNA suitable for SNP or mtDNA testing. With USAID support, ICMP
proposes to develop laboratory automation for such ancient DNA protocols
and proposes to collaborate with Vietnamese laboratories on an evaluation
of representative samples from Vietnam, and for the validation of this DNA
extraction system in Vietnam laboratories. Coupled to this initiative is the
critical importance of optimal methods for taking DNA samples from skeletal
remains, based on expert examination.
mtDNA. Because nuclear STRs are not successful, mtDNA has been a major
focus of DNA testing in Vietnam. However, because of the lack of nonDNA information for most cases in Vietnam, mtDNA can play only a limited
role in identifications on a large scale. mtDNA has a high random match
probability in the population and can only be used to support identifications
together with additional distinctive identifying information. The evidentiary
significance of an mtDNA “match” needs to be evaluated in a scientific
framework that refers to the frequency of the mtDNA type in a reference
population database. Therefore, a Vietnamese mtDNA population database
needs to be established. For this, modern MPS-based sequencing approaches
are optimal, including those that increase the power of discrimination by
sequencing the entire mtDNA genome. The low success rate of mtDNA
testing on many Vietnam samples indicates that smaller amplicons should be
used. Additionally, the MPS-based mtDNA bait-capture approach that was
presented on by AFDIL offers substantially increased performance with the
most highly degraded samples.
Nuclear SNPs. Recognizing the fundamental weakness of mtDNA for
conclusive identification, and the failure of nuclear STR testing, emerging
methods of testing nuclear SNPs offer a powerful alternative that should be
investigated for application to Vietnam. ICMP has developed a “MPSplex”
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SNP test with carefully selected tri-allelic SNP targets that provide extreme
power of kinship identification in all global populations, including Vietnam.
This permits conclusive identification with even single distant relatives.
Because the system needs only small fragments of DNA, MPSplex works far
better than STRs on highly degraded DNA. ICMP is adapting MPSplex to a
laboratory automation system to decrease cost and increase throughput and
with USAID financial support proposes to test the system on Vietnam samples
in collaboration with Vietnam institutions. The aim of this collaboration
would be to ultimately establish the MPSplex system in Vietnam laboratories,
together with informatic systems of data analysis and database searching and
statistical DNA matching software.
Centralized Database. The need for a centralized database was highlighted
by the MoD presentation in the morning. A large-scale project such as that in
Vietnam will take years to develop and apply, and global experience indicates
that building a single, central database for storage of forensic data and DNA
matching is the most important element for large success. The database needs
to permit DNA searching of all DNA profiles from families of the missing, which
grows progressively over the lifetime of the project. In the case of Vietnam, a
central family database of tens of thousands or even hundreds of thousands
of records and DNA profiles will be needed for comparison of DNA profiles
from human remains, no matter which DNA laboratory generated the DNA
profile. ICMP has developed such an Identification Data Management System
(iDMS) database that accommodates a complete range of forensic data,
including DNA matching and statistical calculation. With USAID support, ICMP
could share this system with the Vietnamese institution responsible for such
database management and build their capacity to manage the database.
Pilot Project. There was strong support for the idea of conducting a new pilot
project of identification from a selected cemetery, to test and demonstrate
effective approaches. In order for this to have greater success than previous
efforts to identify remains from cemeteries, many components need to be
carefully planned. This will involve the action of multiple institutions, and
should be performed with well characterized genetic systems and detailed
planning throughout the following necessary components: contextual
information on what missing persons may be in the cemetery, directed
outreach to families and reference sample collection, expert examination and
DNA sample selection, DNA testing with optimal methods for extraction and
typing, establishment of a central DNA matching database, statistical evaluation
of mtDNA and nuclear DNA data, and protocols for reaching the conclusion of
identification and return of remains to families. All these components should
be addressed in an effective series of inter-institutional workshops.
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4. CONCLUSIONS AND RECOMMENDATIONS
4.1. Conclusions
• There is interest on both sides and some optimism that there are techniques
and new technologies that can be adapted. Everyone wants to learn more,
and there should be more such meetings (perhaps lasting more than one day).
• There should be further discussion about having a central laboratory in
Vietnam where the new technologies can be strategically developed and
implemented.
• There is already considerable mutual understanding regarding new methods
and workflows that can be developed in cooperation with AFDIL and ICMP.
• Stakeholders will work with government agencies and private organizations
with a view toward establishing a central database and a high-tech center for
remains identification.
• There was broad support for launching a pilot project when appropriate
samples are agreed upon.
• A pilot project for remains identification, separate from DNA optimization
efforts, should be conceptualized based on cemeteries with the most
information and with the most family reference sample coverage.
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4.2. Recommendations
Taking into account the foregoing presentations and discussion, the following
may be considered as very general points of recommendations of the
workshop:
• The challenges of DNA identification of Vietnam missing call for improved
methods of DNA extraction, the implementation of massively parallel
sequencing, and new, powerful genetic systems based on nuclear SNPs.
• An effective identification process in Vietnam needs a more centralized
approach, and enhanced inter-institutional coordination is required to
establish optimal protocols common to various laboratories.
• Information on the potential identities of individuals represented within
battlefield contexts or particular recoveries or cemeteries should be sought
and analyzed to facilitate directed family reference sample collection to permit
DNA identification, including for the purpose of planning a pilot project.
• A centralized database is required to permit registration of missing persons
and families, and to permit centralized DNA matching.
• Vietnamese institutions should carefully plan a pilot project based on a
selected cemetery, for implementation and demonstration of an enhanced
identification system.
• Continued development should be supported by ongoing interinstitutional
round table discussions including participation and facilitation by international
experts.
• The magnitude of the technical issues relating to DNA identification in
Vietnam, and the notable commitment of the Vietnamese government for
the vast scale of this project, distinguish this effort as one of the world’s most
ambitious and challenging missing persons projects. Accordingly, Vietnamese
institutions should be closely integrated with the global forensic science
community of experts, both for recognition of their effort and to ensure that
cutting edge methods and international standards are applied. Vietnamese
institutions should work with partner organizations such as the ICMP, DPAA,
AFDIL and others to promote that integration, and to provide training,
technology transfer and other capacity building support.
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5. EVENT PHOTOGRAPHS AND PRESS RELEASES
5.1. Event Photographs

Mr. Le Chi Dung, Director of the Vietnam Office for Seeking Missing
Persons VNOSMP spoke at the workshop

Ms Ann Marie Jastishock, Mission Director at USAID/ Vietnam spoke
at the workshop
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View of the workshop
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5.2. Press Releases
1.
http://baochinhphu.vn/Khoa-hoc-Cong-nghe/Thao-luan-phuong-phapgiam-dinh-ADN-de-tim-kiem-hai-cot-liet-si/426860.vgp

2. https://www.qdnd.vn/xa-hoi/tin-tuc/hoi-thao-khoa-hoc-ve-phuong-phapgiam-dinh-adn-phuc-vu-cong-tac-tim-kiem-hai-cot-trong-chien-tranh-655116
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3. https://vovworld.vn/vi-VN/xa-hoi-doi-song/hoi-thao-khoa-hoc-ve-phuongphap-giam-dinh-adn-phuc-vu-cong-tac-tim-kiem-hai-cot-trong-chientranh-966201.vov

4. https://baotintuc.vn/thoi-su/thao-luan-phuong-phap-giam-dinh-adn-detim-kiem-hai-cot-trong-chien-tranh-20210325183026912.htm

88

SCIENTIFIC WORKSHOP

ON DNA IDENTIFICATIONS FOR HUMAN REMAINS FROM WAR

5.
http://tuyengiao.vn/thoi-su/hoi-thao-khoa-hoc-ve-phuong-phap-giamdinh-adn-phuc-vu-cong-tac-tim-kiem-hai-cot-trong-chien-tranh-132617

6. https://vnanet.vn/vi/anh/anh-thoi-su-trong-nuoc-1014/hoi-thao-khoa-hocviet-nam-hoa-ky-ve-giam-dinh-adn-phuc-vu-cong-tac-tim-kiem-hai-cot-trongchien-tranh-5355488.html
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In a directed search of 1000 Genomes Phase III variation data, 271,934 tri-allelic single nucleotide polymorphisms (SNPs) were identiﬁed amongst the genotypes of 2,504 individuals from 26 populations. The majority of tri-allelic SNPs have three nucleotide substitution-based alleles at the same position, while a much
smaller proportion, which we did not compile, have a nucleotide insertion/deletion plus substitution alleles.
SNPs with three alleles have higher discrimination power than binary loci but keep the same characteristic of
optimum ampliﬁcation of the fragmented DNA found in highly degraded forensic samples. Although most of the
tri-allelic SNPs identiﬁed had one or two alleles at low frequencies, often single observations, we present a full
compilation of the genome positions, rs-numbers and genotypes of all tri-allelic SNPs detected by the 1000
Genomes project from the more detailed analyses it applied to Phase III sequence data. A total of 8,705 tri-allelic
SNPs had overall heterozygosities (averaged across all 1000 Genomes populations) higher than the binary SNP
maximum value of 0.5. Of these, 1,637 displayed the highest average heterozygosity values of 0.6-0.666. The
most informative tri-allelic SNPs we identiﬁed were used to construct a large-scale human identiﬁcation panel
for massively parallel sequencing, designed for the identiﬁcation of missing persons. The large-scale MPS
identiﬁcation panel comprised: 1,241 autosomal tri-allelic SNPs and 29 X tri-allelic SNPs (plus 46 microhaplotypes adapted for genotyping from reduced length sequences). Allele frequency estimates are detailed for
African, European, South Asian and East Asian population groups plus the Peruvian population sampled by 1000
Genomes for the 1,270 tri-allelic SNPs of the ﬁnal MPS panel. We describe the selection criteria, kinship simulation experiments and genomic analyses used to select the tri-allelic SNP components of the panel.
Approximately 5 % of the tri-allelic SNPs selected for the large-scale MPS identiﬁcation panel gave three-genotype patterns in single individual samples or discordant genotypes for genomic control DNAs. A likely explanation for some of these unreliably genotyped loci is that they map to multiple sites in the genome - highlighting the need for caution and detailed scrutiny of multiple-allele variant data when designing future forensic
SNP panels, as such patterns can arise from common structural variation in the genome, such as segmental
duplications.

1. Introduction
The primary aim of the 1000 Genomes Project was to construct a
comprehensive catalog of human variation using fully evolved highthroughput sequencing technologies [1]. Single nucleotide polymorphisms (SNPs) are by far the most common variant type in the

⁎

human genome, amounting to more than 96 % of polymorphic variation. Amongst the 88 million variants recorded by the project’s ﬁnal
data release, SNPs comprised 84.7 million variants with minor allele
frequencies > 1 % [2]. The 1000 Genomes project reported the compiled variant catalogs in two stages named Phase I [3] and Phase III [2];
producing an initial genome variation map in Phase I based on 1,092
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individuals (from 14 worldwide populations), which then progressed to
the more extensive Phase III variant map from the sequencing of 2,504
individuals (26 populations). We originally developed a simple search
interface for the Phase I data called ENGINES [4] accepting multiple
SNP queries (using rs-number lists), or searches for all the Phase I SNPs
identiﬁed within a user-deﬁned chromosome segment or gene. When
ENGINES is queried with SNPs known to have three nucleotide alleles,
commonly termed tri-allelic SNPs [5–12], such as the well-established
forensic markers rs4540055 and rs5030240 [5–9], the Phase I allelic
data returned is binary with just two alleles shown. We interpreted this
variant data to indicate that the sequence analysis used to identify the
1000 genomes Phase I variants took a cautious approach when ﬁnding
atypical patterns of nucleotide variation and reserved description of
such loci for more detailed re-sequencing. Consequently, when the
Phase III catalog was released, tri-allelic SNPs had been re-instated at
all previously identiﬁed sites, such as rs4540055. These SNP’s polymorphisms had now been fully characterized and matched their known
patterns of variation in the main population groups. Multiple allele
SNPs (i.e. including tetra-allelic SNPs [11], as well as tri-allelic SNPs
described here) now made up a signiﬁcant proportion of the total
variation observed - with approximately 0.32 % of all listed SNPs
showing three alleles in Phase III. Although this is a higher proportion
than might be expected given two separate substitutions must become
ﬁxed in a population to establish such polymorphisms, there is growing
evidence that the substitutions in tri-allelic SNPs are not independent
events and the mutations that create these SNPs occur at a higher frequency than predicted from the distribution of binary SNPs in the
human genome [13,14].
The six genotypes possible in tri-allelic SNPs clearly raises the
overall level of polymorphism per marker compared to binary SNPs,
making tri-allelic variants compelling markers for forensic use, since a
multiplex of such SNPs achieves higher discrimination power, but can
still be based on short ampliﬁed fragment sizes not possible with most
mainstream STRs. This study compiled all the detected tri-allelic SNPs
in the 1000 Genomes Phase III catalog and identiﬁed the most informative of them. A massively parallel sequencing (MPS) test was
designed which combined the most polymorphic tri-allelic SNPs to
make a single large-scale MPS multiplex for the identiﬁcation of missing
persons (herein, the MPS Panel). As so many highly polymorphic triallelic SNPs were listed by 1000 Genomes, it was viable to carefully
adjust the chromosomal distribution of the loci to minimize linkage in
closely clustering markers – that could potentially interfere with
probability calculations assuming marker independence in related individuals [15]. Although an extensive list of candidate identiﬁcation
markers allows the selection of a p-arm and q-arm location per chromosome, as previously made with forensic ID-SNP panels [16], we
sought to develop a multiplex for MPS on a much larger scale than ∼50
component loci. Simulations based on 1000 Genomes allele frequency
estimates were used to gauge the informativeness of the ﬁnal MPS
multiplex design when applied to the most diﬃcult kinship testing

scenarios of pairwise comparisons of distant relationships in a deﬁcient
pedigree. This paper reports the genomic data of all tri-allelic SNPs now
listed by 1000 Genomes; the population variation in the most polymorphic of these SNPs selected for the MPS Panel; details of apparent
tri-allelic SNPs that were removed from the ﬁnal panel due to atypical
patterns of allelic variation; and the performance of the SNP set’s
genotype data in simulated kinship testing scenarios typically encountered in the identiﬁcation of missing persons. The development,
optimization and operational application of this large-scale MPS multiplex for the identiﬁcation of missing persons, as well as the adaptation
of a sub-set of microhaplotypes and addition of a small set of binary
SNPs in the same panel, are the subject of a separate publication.
2. Materials and methods
2.1. Directed searches of the 1000 Genomes Phase III variant database to
discover tri-allelic SNPs
1000 Genomes Phase III variant data were downloaded from the
project’s FTP site [17] and SNP sites tagged as "MULTI_ALLELIC” were
extracted with a combination of bcftools, sed and grep scripting. The
1000 Genomes VCF data for multiple allele SNPs comprises the reference allele (i.e. RefSeq) with label “0”, and alternative alleles listed
alphabetically are assigned “1” and “2”; plus “3” when all four nucleotide substitution alleles are observed. The VCF header line for each
variant combines the populations of ﬁve continental regions into groups
with averaged allele frequency estimates (AMR: admixed Americans;
AFR: Africans; EUR: Europeans; SAS: South Asians; EAS: East Asians).
This frequency data was used to gauge the level of polymorphism in
each population group by simple heterozygosity value estimation. Because of high levels of admixture in American continent population
samples, only the Peruvians from Lima, Peru (PEL) data was used to
assess Native American variation in the SNPs selected for the MPS Panel
(see the predominantly red AME population structure of PEL in Fig. 2a
of [2]). Note that since the 1000 Genomes project closed, ongoing
human variant data curation has been made by IGSR, the International
Genomes Sample Resource [18] and this organisation also compiles
data from TOPmed (Trans-Omics for Precision Medicine, 9,000 genomes [19]) and gnomAD (Genome Aggregation Database, 4,368 genomes [20]). Although TOPmed and gnomAD only report allele frequencies, they beneﬁt from larger sample sizes than 1000 Genomes and
therefore greater sensitivity to detect very low frequency “2 and 3 alternative alleles”. In this study, all tetra-allelic sites detected were listed
alongside tri-allelic SNPs but excluded from analyses, as they had been
the subject of a separate detailed compilation to identify informative
forensic markers with four alleles [11].
There is not always a direct relationship between the binary SNP
allele data in Phase I and the characteristics listed for the same loci in
Phase III when they are identiﬁed to be multi-allelic. Table 1 lists
genomic details of the six tri-allelic SNPs adopted in an MPS forensic

Table 1
Genomic details of six well established tri-allelic SNPs and the contrasting allele frequency estimates from 1000 Genomes Phase I and Phase III (for population CEU:
CEPH Europeans from Utah). Allele frequency estimates from gnomAD (Genome Aggregation Database) are for non-Finnish Europeans (NFE). Chr. chromosome; Ref.
reference (i.e. RefSeq); Alt. alternative.
Locus details

1000 Genomes Phase I

1000 Genomes Phase III

gnomAD

SNP ID

Chr.

GRCh37
position

Gene

Ref.

Alt.

Ancestral

Ref.

Alt-1

Ref.

Alt-1

Alt-2

Ancestral

Ref.

rs17287498

10

54530788

MBL2

C

A

A

0.77

0.23

C

A

T

A

rs2069945
rs2184030
rs433342
rs4540055
rs5030240

20
1
8
4
11

33761837
206667441
17747876
38803255
32424389

PROCR
–
FGL1
TLR1
WT1

C
G
A
A
C

G
A
G
C
A

C
C
A
A
–

0.517
0.46
0.259
0.989
0.948

0.483
0.54
0.741
0.011
0.052

C
G
A
A
C

A
A
C
C
A

G
C
G
T
G

C
C
A
T
A

(no data listed in 1000
genomes)
0.48
0.101
0.419
0.465
0.515
0.02
0.232
0.04
0.727
0.793
0.01
0.197
0.712
0.056
0.232

2

Alt-1

Alt-2

Ref.

Alt-1

Alt-2

0.5661

0.2055

0.2284

0.4348
0.52611
0.259
0.7761
0.6987

0.1006
0.4596
0.028
0.0256
0.0927

0.4646
0.0143
0.713
0.1983
0.2086
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ancestry analysis panel [9], which illustrates some of the Phase I vs
Phase III disparities that can arise when comparing both variant catalogs. First, the alternative allele identiﬁed in Phase I is not necessarily
very frequent; alleles rs4540055-C and rs5030240-A are less frequent
than the rs4540055-T and rs5030240-G alt-2 alleles discovered later in
Phase III. Second, alphabetic sorting of 2 or 3 alternative alleles often
leads to re-assignment of the VCF allele numbers, as occurs for
rs2069945-G and rs433342-G. Lastly, the identiﬁcation of the ancestral
nucleotide can also be aﬀected by the discovery of multiple alleles at a
SNP site, as shown by the shift in rs4540055 from an A to a T ancestral
allele.
Table 1 also shows that rs17287498 has no Phase III variant data,
with just gnomAD allele frequencies listed by 1000 Genomes. Therefore, this study’s reliance on Phase III data sources led to an extensive
but slightly incomplete catalog of human multi-allelic SNPs. We also
queried the gnomAD v2.1.1 genome and v2.1.1 exome databases using
in-house scripts (available on request), although no formal comparisons
were made in this study between both databases to assess the degree of
allele frequency concordance of the multi-allelic SNPs identiﬁed in
1000 Genomes. Finally, for the subset of SNPs selected for the MPS
Panel, population variation beyond the main 1000 Genomes continental population groups listed above, was compiled from Simons
Foundation Genome Diversity Project (SGDP) sequence analysis of 263
individual genomes [21], from which we took 44 Native American and
21 Oceanian samples. Although limited in size, these SGDP samples
enabled an initial assessment of any collective population divergence
present in the component SNPs of the MPS Panel.

were estimated using the HapMap recombination map, applying the
system outlined by Phillips et al. [22]. Therefore, in regions with low
recombination rates such as around the centromere, physical distance
between selected tri-allelic SNPs was often much longer than average,
although the cM value between sites did not fall below one (with only 7
exceptions of less than 1 cM spacing for a set of SNPs on the X chromosome).
2.3. Sequence quality checks of MPS Panel candidate SNPs
Brief preliminary sequence quality screening was applied to candidate tri-allelic SNPs for the MPS Panel, which consisted of: (i) a brief
visual inspection of the sequence with the Ensembl and Santa Cruz
genome browsers [23,24] to discard candidates showing sequence
characteristics that could hinder alignment, including long poly-tracts,
repetitive regions, Indels and structural variants close to the target SNP
site; and (ii) sequences aligning to multiple genomic positions in nucleotide BLAST [25] to avoid duplicated regions. Although a small
proportion of SNPs were removed and replaced with slightly less informative but closely sited alternatives having better ﬂanking sequence,
the bulk of the candidate SNPs were submitted for MPS assay design by
QIAGEN, who applied their QIAseq primer design pipelines to assemble
the ﬁnal large-scale PCR multiplex.
2.4. Kinship testing simulations
Simulations were run to assess the statistical power of tri-allelic SNP
sets for analyzing complex kinship testing scenarios. Pairwise relationship tests were made, which compared two individuals in the
absence of a pedigree (i.e. with no other family members for reference)
and included full siblings; half siblings; ﬁrst cousins; and second cousins. The simulation model implemented in FamLink [26] was applied
to obtain distributions of likelihood ratios (LRs) for each kinship hypothesis (H1) vs the values for the unrelated hypothesis (H2), per panel.
Fixed allele frequencies were used to generate artiﬁcial SNP sets and
European allele frequency estimates from 1000 Genomes were used to
simulate genotype data for the set of 1,377 autosomal SNPs selected to
go into the ﬁnal MPS identiﬁcation panel. These allele frequencies
dictated the simulated genotypes in 5,000 cases to generate an LR each
time, calculated as: LR = Pr(DNA|H1)/Pr(DNA|H2), where Pr is the
probability of the genotype combinations given H1 (for each of the four
relationships explored), compared to the probability given H2. For the
analysis of the kinship informativeness of the MPS Panel, the cM estimates, as described in Section 2.2. were applied using the ILIR linkage
adjustments in FamLink, as previously outlined [15,26]. LR distributions were estimated using the density plot function in the ggplot2 library [27] in R (www.r-project.org). Exceedance probabilities (i.e. the
probability to obtain an LR larger than a given threshold) were

2.2. Selection of tri-allelic SNPs for the MPS Panel and rules used to
minimize linkage between SNPs
All human tri-allelic SNPs identiﬁed were ranked by overall heterozygosity (i.e. based on the average 1000 Genomes allele frequencies
of 2,504 samples given in the VCF header) in lists per chromosome. All
loci with overall heterozygosity values greater than 0.5 were brought
together into a single candidate set of 3,426 autosomal SNPs and 264 XChromosome SNPs. Candidate SNPs tended to have similar average
heterozygosities between diﬀerent population groups, but SNPs with
strong contrasts in allele frequency distributions between population
groups were discarded despite often having high average heterozygosity levels. For example, Fig. 1 shows the allele distributions in
rs1695865, which has an average heterozygosity of 0.5124, but is a SNP
better suited to ancestry inference; with strong contrasts in allele frequency between Europeans vs Africans and East Asians.
Loci were selected from positions on each chromosome that occupied a 1–5 megabase (Mb) segment and were a minimum 1 centimorgan
(cM) map distance to the next SNP site, running from the 5′-most position to the following position in the 3′ direction. All cM map distances

Fig. 1. The tri-allelic SNP rs1695865 has an overall heterozygosity of 0.5124, which is higher than the binary SNP maximum value of 0.5. Although listed as a
potential candidate for the MPS Panel, it has a highly imbalanced allele frequency distribution and a much lower than average European heterozygosity, so was not
considered further. However, the rs1695865 allele frequencies in ﬁve 1000 Genomes population groups reveal it would be an informative forensic ancestry marker.
3
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estimated using the method described by Kruijver [28].

2.5. Evaluation of the ancestry inference capabilities of MPS Panel SNPs
Although the tri-allelic SNPs incorporated into the MPS Panel were
selected to have low levels of allelic divergence between the 1000
genomes population groups, larger than average-scale panels of SNPs
potentially oﬀer population diﬀerentiation power equivalent to much
smaller panels of carefully chosen ancestry informative SNPs (AIMs).
We assessed the ability of the autosomal SNPs of the MPS Panel to assign ancestry to six continentally-deﬁned population groups using 1000
Genomes allele frequency data for: AFR; EUR; SAS; EAS; plus a combination of Native American samples from SGDP and twenty 1000
Genomes Peruvians (PEL Peruvians from Lima) that lacked nonAmerican co-ancestry (see Section 2.1); plus a total of 21 Oceanian
samples from SGDP.
Population analyses to identify genetic clusters used STRUCTURE
v.2.3.4 [29] consisting of three iterations of 100,000 burnin steps and
100,000 MCMC steps, correlated allele frequencies under the Admixture model at K = 6. Cluster membership proportion plots were
constructed with CLUMPAK v.1.1 [30]. MDS analysis and construction
of Neighbor-joining trees was implemented using R software v.3.5.0
[31] over an allele-distance matrix computed using the R package pegas
[32].

2.4.1. Simulations with artiﬁcial SNP sets to assess the impact of diﬀerent
allele frequency distributions
As a large proportion of the tri-allelic SNPs we compiled had a low
frequency allele-3, we decided to explore the informativeness of a set of
such SNPs compared to “perfect” tri-allelic SNPs that consist of three
equally frequent alleles. While a balanced allele distribution appears to
be the most informative type of polymorphism for kinship analyses,
when a very large panel can be used, potentially as much power could
be gained from having a small number of SNPs disproportionately
contributing to the relationship likelihood when the rarest allele is the
one shared between putative related individuals. To test this hypothesis, we constructed a 300-SNP artiﬁcial dataset with perfect distributions of 0.33-0.33-0.34 and another with rare allele-3 distributions of
0.5-0.45-0.05 and ran simpliﬁed simulations for half sibling and parentchild pair tests.
2.4.2. Simulations with allele frequency data of tri-allelic SNPs selected for
the MPS Panel
For the kinship testing simulations of the MPS Panel tri-allelic SNPs,
European allele frequency estimates for the original candidate pool of
autosomal loci were used, i.e. the 1,377 ‘cM parsed’ autosomal SNPs
listed in Table 2, column 9; not the 1,241 autosomal loci that gave
problem-free genotypes during MPS Panel development, and excluding
the 34 X SNPs selected as candidates. Evaluations of the power of such a
panel to enhance kinship tests were made by a direct comparison with
an artiﬁcial dataset consisting of the same number of perfect binary
SNPs (0.5:0.5 allele frequencies).

3. Results and discussion
3.1. Genome-wide compilation of tri-allelic SNPs from 1000 Genomes data
In the Phase III variant data of 1000 Genomes, 271,934 SNPs have
three alleles at varied frequencies (down to the lowest value of 0.0002
for single observations). Table 2 outlines the numbers found on each

Table 2
Left hand columns: total multiple-allele, tri-allelic and tetra-allelic SNPs collected per chromosome from 1000 Genomes Phase III variant data; numbers of tri-allelic
SNPs with overall (i.e. 1000 Genomes-wide) Heterozygosity above the binary maximum value of 0.5, between 0.5–0.6, and greater than 0.6. Right hand columns:
large scale MPS multiplex candidate SNPs with average Heterozygosity (Av. Het. combined average African-European-East Asian values) above 0.5 taken from most
informative SNPs (col. 5); reduced by parsing to ensure evenly distributed cM spacing; 141 SNPs in columns 10–13 discarded from the multiplex due to low coverage,
high levels of non-speciﬁc reads, discordant genotype calls or other MPS issues such as alignment problems; to produce the ﬁnal optimum, balanced MPS multiplex of
1,270 tri-allelic SNPs. Chr. Chromosome; Het. Heterozygosity; cM centimorgan; QC quality control.
1000 Genomes Phase III variant compilations

Large-scale MPS multiplex construction

Chr.

Total
multipleallele SNPs

Total triallelic
SNPs

Total
tetraallelic
SNPs

Tri-allelic
SNPs with
overall
Het. > 0.5

Tri-allelic
SNPs
with
overall
Het.
0.5–0.6

Tri-allelic
SNPs with
overall
Het. > 0.6

Candidate
pool with 3group Av.
Het. > 0.5

Parsed for
balanced
cM spacing

Very low
sequence
coverage

Three
alleles per
individual

Discordant
control DNA
genotypes

Other
MPS
QC
issues

Final
MPS
Panel

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
X
Sum:

18,883
21,412
17,849
18,273
16,756
15,942
14,719
16,369
11,893
12,770
13,397
11,541
8,665
8,479
7,723
10,552
7,197
7,000
6,258
5,585
3,892
4,062
14,349
273,566

18,756
21,261
17,758
18,180
16,686
15,847
14,635
16,284
11,821
12,705
13,319
11,469
8,627
8,421
7,673
10,482
7,145
6,944
6,216
5,545
3,869
4,024
14,267
271,934

127
151
91
93
70
95
84
85
72
65
78
72
38
58
50
70
52
56
42
40
23
38
82
1,632

631
651
588
610
560
598
481
558
404
462
406
353
280
237
248
324
227
240
214
159
137
132
205
8,705

502
537
477
513
463
484
372
435
324
373
330
292
233
195
194
271
181
188
169
131
109
111
184
7,068

129
114
111
97
97
114
109
123
80
89
76
61
47
42
54
53
46
52
45
28
28
21
21
1,637

263
210
233
239
209
328
217
218
150
188
163
122
105
77
114
113
73
98
94
47
67
47
43
3,415

113
104
91
96
88
78
79
81
67
80
58
61
44
40
56
48
35
43
41
29
21
24
34
1,411

3
2
0
1
2
1
1
2
1
0
0
0
2
0
1
1
4
1
1
0
0
0
0
23

3
1
1
3
1
3
3
2
4
2
0
2
1
1
1
2
1
2
0
1
1
2
1
38

2
1
2
0
3
1
1
2
3
2
3
1
0
0
2
3
0
0
1
0
0
0
2
29

3
3
0
6
0
1
3
4
2
2
1
5
1
1
8
1
0
4
1
1
1
1
2
51

100
97
88
86
82
72
71
71
57
74
54
53
40
38
44
41
30
36
38
27
19
21
29
1,270
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Fig. 2. Density plots of multiple-allele SNPs identiﬁed in the human genome. Each dark gray bar on the left represents total SNP counts per megabase of chromosome
sequence. Y SNP data was not collected. Dark blue regions are facultative heterochromatin; light blue constitutive heterochromatin. Regions where SNPs were
compiled but not selected for the MPS panel are PAR1/2: the pseudo-autosomal regions on X, and MHC: the major histocompatibility complex on C6. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

chromosome, except the Y chromosome. Due to the scale of the variant
data compiled, we have processed the full VCF ﬁle into 23 detailed
Excel tables listing all multiple-allele SNPs discovered, i.e. including the
previously compiled 1,632 tetra-allelic SNPs [11]; provided as individual ﬁles per chromosome. Individual Excel ﬁles per chromosome
are available at Mendeley Data (Mendeley Data V1, “A compilation of
human tri-allelic SNPs from 1000 Genomes”, DOI: 10.17632/

46srpvw9xb.1). Each Excel ﬁle provides the SNP’s GRCh37 genome
build location; rs-number; the 2,504 genotypes of 1000 genomes samples; and overall heterozygosity values estimated from all genotypes.
Each Excel ﬁle can be processed easily to identify tri-allelic SNPs that
would be suitable for either forensic identiﬁcation or forensic ancestry
inference purposes. It should be noted that tri-allelic SNPs are not necessarily more informative for ancestry than the best binary SNP AIMs
5
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or microhaplotype loci [33]; although dedicated searches for tri-allelic
SNPs applicable to forensic ancestry analysis were not part of this study.
Fig. 2 displays the distribution of the compiled SNPs on each
chromosome in the form of density bar charts representing total SNP
counts per Mb. Some distributions match known patterns of human SNP
variability; e.g., the broad peak of hypervariability observed for all
SNPs around the major histocompatibility complex (MHC) on C6. Other
high-density SNP peaks seen for the tri-allelic SNPs patterns; e.g. at the
q-arm telomere of C14, or p-arm and q-arm telomeres of C16, may
indicate regions with higher than average levels of segmental duplication. All other tri-allelic SNP densities are quite evenly distributed, and
SNP deserts generally align with the position of constitutive and/or
facultative heterochromatin on each chromosome, with the exception
of the X centromere and some displacement on C6 and C18, which
might be accounted for by inaccurate positioning of the centromeres on
some ideograms used in the ﬁgure.
Remarkably, all the SNPs identiﬁed to be tri-allelic and assembled in
the 1000 Genomes Phase III variant data release, have assigned rsnumbers. The only exceptions were 358 tri-allelic SNPs on C12 with
interim “ss” numbers (e.g. the 5′-most tri-allelic SNP without an rsnumber has been assigned ss1388022860; ss1388022861 temporary
descriptors), and 612 X chromosome loci currently identiﬁed by coordinates only (e.g. X:144916948). One highly polymorphic SNP
identiﬁed by such numbers: ss1388042575; ss1388042576 at
12:7645262 (GRCh37), was selected for inclusion in the MPS Panel.
Proportions of tri-allelic SNPs with a nucleotide substitution allele
seen in just one genotype (more accurately described as a mutation
rather than an allele at the variant site) were observed at a consistent,
but very low level in all the autosomes. Values ranged from 1.02 %
singleton alleles observed amongst all tri-allelic SNPs detected on C7,
up to 1.47 % on C16. The X chromosome showed a completely contrasting pattern, with single allele-3 genotypes seen in 4,631 of 14,267
tri-allelic SNPs, and single allele-2 and allele-3 genotypes seen in a
further 1,594: totalling ∼43.6 % of tri-allelic SNPs on the X. This could
be partly due to the lower SNP density in general on the X compared to
the autosomes or may relate to the way SNPs were characterized in
hemizygous males of 1000 Genomes and compared to female patterns.
It may also be relevant that the X shows lower levels of SNP polymorphism across the chromosome as a whole - we note the proportion
of SNPs with heterozygosity levels > 0.6 on C7 is 5-fold higher than in a
similar number of tri-allelic SNPs on the X: 109 of 14,635 (0.74 %) vs
21 of 14,267 (0.15 %).
From the 271,934 tri-allelic SNPs identiﬁed, more than 3 % (4,234)
had overall heterozygosity values higher than the binary SNP maximum
of 0.5, while a total of 1,637 SNPs had the highest variation levels of
0.6–0.666 heterozygosity (i.e. column 7, Table 2). This data creates a
rich source of highly polymorphic SNPs for forensic applications, which
can provide short amplicon PCR, and in many loci, additional scope for
population diﬀerentiation from doubling the number of potential genotypes, which may more often vary in frequency between populations
through random genetic drift. We concentrated on the use of the most
polymorphic tri-allelic SNPs found in 1000 Genomes for forensic
identiﬁcation purposes and recognize that these loci also oﬀer a more
secure system for detecting mixed DNA, from the presence of three
alleles in a proportion of the tri-allelic SNPs in a large forensic multiplex.

distributions clearly separate related and unrelated individuals, demonstrating that such relationship scenarios would be readily distinguished using such a panel. For the second cousin test, the medians
of the H1:H2 LRs were diﬀerent for related and unrelated individuals,
but distributions overlapped to some extent - indicating that a proportion of second cousin tests would be inconclusive: unable to distinguish related and unrelated hypotheses. Using an arbitrary threshold
of 10,000 for the LR, the exceedance probabilities were estimated to be
1.000, 1.000, 0.9885, and 0.1056 for full sibling, half sibling, ﬁrst
cousin and second cousin tests, respectively.
We brieﬂy explored the eﬀect of taking linkage into account when
calculating kinship LRs from 1,377 tri-allelic SNPs, by using the ILIR
framework of FamLink developed by Tillmar and Phillips [15]. Linkage
adjustments were applied for the two scenarios of full siblings vs unrelated pairs and ﬁrst cousins vs unrelated pairs, and the LRs produced
were compared to identical calculations ignoring linkage. The resulting
pairwise LR comparison plots are shown in Supplementary Fig. S1
(plots A and C: log10 LR accounting for linkage plotted against log10 LR
ignoring linkage; plots B and D: log10 LR accounting for linkage plotted
against log10 [LR ignoring linkage/LR accounting for linkage]). The
plots in Supplementary Fig. S1 indicate that accounting for linkage has
a strong eﬀect on LR calculations: lowering the LR values in unrelated
pairs (i.e. bringing them closer to zero), while reducing their spread of
values. In contrast, simulated related pairs have increased LR values
and in the case of ﬁrst cousins, when accounting for linkage there is no
overlap with unrelated pairs, but when ignoring linkage signiﬁcant
levels of LR overlap occur. Since the cM-parsed SNP set had an average
spacing of 2.5 cM for loci on the same chromosome, it is not unexpected
that adjustment for linkage has a major eﬀect on the distribution of LR
values shown in Supplementary Fig. S1, and we assert the need to apply
these linkage adjustments in relationship testing using such a dense SNP
set as the MPS Panel.
3.2.2. Binary SNPs vs tri-allelic SNPs
The likelihood distributions from relationship test simulations exploring the power of 1,377 tri-allelic SNPs compared to the same
number of perfect binary SNPs are shown in Fig. 4. The 1,377 autosomal SNPs used for the simulations gave much higher likelihoods in
analyses of full sibling, half sibling, and ﬁrst cousin relationship scenarios, but were only slightly higher for the second cousin tests. Despite
the lack of power to adequately test the most challenging second cousin
relationships, SNPs with more than two alleles per locus are evidently
more eﬃcient in separating IBD-alleles (identity by descent) from IBSalleles (identity by state). For this reason, SNPs developed for forensic
identiﬁcation can give similar discrimination power to STRs when
suﬃcient numbers are analysed (approximately 50 SNPs can match the
power of 16 STRs); but for relationship testing where allele sharing, not
genotype sharing, is the basis for the statistical tests used, many more
SNPs are needed to reach the power of an STR multiplex in such tests. In
the identiﬁcation of missing persons, relationship testing is critical in
establishing links between the missing and their surviving relatives, yet
longer STR amplicons will commonly fail in degraded DNA. Therefore,
the assembly of a large number of tri-allelic SNPs in an MPS-based assay
consisting of short ampliﬁed fragments, represents a major step forward
in this ﬁeld.
3.2.3. Balanced tri-allelic SNP allele frequencies vs loci with one low
frequency allele
The impact of tri-allelic SNP allele frequency distributions on relationship testing likelihoods are shown in Fig. 5. In general, the likelihoods indicate it is more eﬃcient to use a uniform allele frequency
distribution compared loci with one allele at a relatively low frequency.
However, these diﬀerences are only slight, and the data suggests that
having a proportion of SNPs with low allele-3 frequencies has a
minimal eﬀect on the relationship testing power of the MPS Panel we
designed for the purpose. No noticeable diﬀerences could be observed

3.2. Relationship test simulations
3.2.1. Kinship informativeness of 1,377 autosomal tri-allelic SNPs
Note the results of the kinship simulations described below were
based on autosomal loci only (i.e. 1,411 – 34 X SNPs = 1,377 SNPs).
Likelihood distributions from relationship test simulations to evaluate the informativeness of the 1,377 SNP set parsed for cM spacing are
shown for full siblings, half siblings, ﬁrst cousins and second cousins in
Fig. 3. For full siblings, half siblings and ﬁrst cousins the likelihood
6
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Fig. 3. Log LR distribution plots obtained from
5,000 simulations of relationship tests using
European allele frequencies of 1,411 autosomal
tri-allelic SNPs compiled for the MPS panel (i.e.
after cM parsing but including SNPs discarded
for sequence quality reasons). Relationship tests
comprised full siblings vs unrelated (upper left),
half sibs vs unrelated (upper right), ﬁrst cousins
vs unrelated (lower left) and second cousins vs
unrelated (lower right). All distributions were
separated from the zero line of balanced odds of
H1/H2, apart from second cousins with
∼10–15 % of LR values giving erroneous assignments.

for the sizes of the SNP sets or for the diﬀerent case scenarios. Although
we avoided SNPs with this pattern in one or more 1000 Genomes population groups, the loss of power is minimal from their use in largescale panels.

The full list of selected tri-allelic SNPs is given in Supplementary Table
S1A.
As a signiﬁcant number of SNP clusters of closely sited loci were
detected amongst the candidates, the minimum-cM-separation parsing
step reduced the candidates to 1,411 SNPs. These SNPs were submitted
to Qiagen for custom primer design for the QIAseq MPS system, with all
SNPs successfully targeted with the QIAseq primer designs. The
genomic positions of the 1,411 SNPs selected for the MPS Panel are
shown in Fig. 6. The reduced list of candidate SNPs sent for QIAseq
primer design after cM parsing is given in Supplementary Table S1B.
Despite a complete set of QIAseq primer designs, almost 10 % of the
SNPs gave one of a range of sequencing or genotype issues. These were
classiﬁed as: very low sequence coverage; detection of all three nucleotide substitution alleles in single individuals; discordant genotypes
with control DNAs; and other MPS quality issues, including alignment
problems due to polymeric tracts close to the target site and general

3.3. Construction of the MPS Panel: a large-scale massively parallel
sequencing assay of the most polymorphic tri-allelic SNPs
To compile a candidate set of the most polymorphic tri-allelic SNPs,
all loci with an average heterozygosity greater than 0.5, calculated from
1000 Genomes African-European-East Asian population data, were
identiﬁed. The South Asian heterozygosities tended to be higher than
these average values, but lower in Americans, leading to many potentially useful SNPs with quite skewed allele frequencies. Numbers of
compiled candidate SNPs per chromosome are shown on the right-hand
pane of Table 2, which totalled 3,372 autosomal SNPs plus 43 X SNPs.

Fig. 4. The same Log LR plots as Fig. 3 shown
with distributions from an equivalent number
of perfect binary (0.5:0.5 bi-allelic) SNPs for
each relationship testing scenario. While the
binary SNP distributions are less separated,
only second cousins have signiﬁcant proportions of LRs that cross the zero line with both
SNP sets, but there are approximately twice as
many erroneous assignments from binary loci.
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Fig. 5. Log LR plots from relationship test simulations exploring two contrasting allele
frequency distributions in tri-allelic SNPs. A
10-SNP panel (upper) and 300-SNP panel
(lower) were analyzed each with balanced allelic distributions of 0.34, 0.33, 0.33 frequencies, and one rarer allele of 0.5, 0.45, 0.05
frequencies. Generally, the diﬀerences in LRs
were much smaller than might be expected,
given the reduced polymorphism levels of
SNPs with a rare allele-3. Note the two Parentchild test simulations on the right gave unrelated Log LR values too small to show, so the
diﬀerences between balanced and one-rare-allele SNP LRs are slightly exaggerated.

ﬂanking sequence quality problems. Total numbers in each class of
discarded SNP are given in Table 2, with the 23 SNPs showing low
sequence coverage used to calculate the QIAseq MPS assay conversion
rate (ACR) of 98.4 %. An additional 51 SNPs with genotypes discounted
due to ﬂanking sequence issues are detailed in Supplementary File S1C,
and because they were not strictly deﬁned as loci that failed in MPS
library preparation, were treated as ‘converted to assay’ in the above
ACR calculation. With so many original candidate SNPs removed from
the cM parsing step, it would have been relatively straightforward to
replace the failing SNP with another from the same linkage cluster, but
as the multiplex scale was still very high, we did not pursue this process
further. Details of the individual issues in each SNP are given in Supplementary Table S1D; comprising 23 SNPs with low coverage (although this was observed in additional SNPs that had other sequence
quality issues); 38 with three alleles per individual DNA genotyped; 29
with discordant genotypes in control DNAs; and 51 with other sequencing issues.
Such sequence quality issues are commonplace in any MPS test and
can be expected - particularly in such a large multiplex. However, the
observation of three alleles in some sequenced individuals in 38 SNPs
and discordant genotypes in a further 29 raises more important concerns about the speciﬁcity of the genomic segments carrying some of
the tri-allelic SNP sites we identiﬁed; i.e. whether they represent single
positions in the genome or are the same SNP site on segmental duplications/multiple copy replications. Divergence of one of the replicated
SNP alleles from allele-2 to a new allele-3, could mimic a single polymorphism with three alternative alleles, although it would be expected
to be detected by the detailed scrutiny of 1000 Genomes data, albeit at
lower coverage levels than those typical of MPS. In all 38 three-allele
SNPs the detected nucleotide substitutions at the target site matched
those expected from the 1000 Genomes genotype data. Despite BLAST
analysis of candidate SNPs, the observation of three-allele patterns or
genotype discordancy in over 5 % of sequenced loci indicates this
proportion of tri-allelic SNPs are likely to represent non-speciﬁc
genomic sites, or something unusual about the SNP variation at the
targeted site, and many of these may escape detection with traditional
sequence speciﬁcity checks. Fortunately, the 1,270 remaining SNPs
were speciﬁc with no discernable MPS sequence quality issues, and
assuming random failure regarding levels of polymorphism per SNP,
the ﬁnal multiplex design retained an estimated 89 % of the diﬀerentiation power of the original 1,411 SNP set, 1,377 of which were

assessed in the kinship simulations. The 141 unreliably genotyped SNPs
had primers kept in the PCR multiplex but their target site data was not
retained and therefore these loci do not strictly form part of the ﬁnal
panel.
The distribution of average heterozygosity values amongst the
1,270 tri-allelic SNPs retained in the ﬁnal MPS Panel is shown in Fig. 7.
A total of 145 (11.4 %) had the highest values exceeding 0.6 (mid blue
bars); 1,105 (87 %) had values above the binary SNP maximum of 0.5
(light blue bars); and only 20 (1.6 %) had average values slightly below
0.5 (pink bars). For comparison, the 46 microhaplotypes that were also
incorporated into the MPS Panel are shown on the right side of Fig. 7.
Microhaplotypes are generally more informative per locus than tri-allelic SNPs as most, although not all, of them have more than three
common haplotypes. The equivalent average heterozygosity ranges for
these loci were 21 (45.6 %); 8, (17.4 %) and 2 (4.4 %). An additional 15
(32.6 %) had average heterozygosity values exceeding the tri-allelic
maximum value of 0.666, indicating the best microhaplotypes are
worth incorporating into such a panel, albeit in much smaller numbers
than can be compiled for tri-allelic SNPs.
3.4. Ancestry informativeness of the MPS panel
The detailed tri-allelic SNP genotypes from the combination of 1000
Genomes and SGDP population data for the 1,270 markers (1,241 autosomal) of the ﬁnal MPS Panel are given in Supplementary Table S2A.
Allele frequency estimates are provided for the six main population
groups studied from SGDP, to which estimates from a limited number of
Middle East population samples were added. The STRUCTURE input
data is given in Supplementary Table S2B, and comprised the genotypes
of Supplementary Table S2A, but removing Middle East, Central South
Asian and North East Asian (Siberia) genotypes for clarity.
Assessments of the ancestry informativeness of the MPS Panel are
summarized in Fig. 8A–C, the optimum cluster number from CLUMPAK
analysis of STRUCTURE data was K:6 (Fig. 8A). The South Asian populations and SGDP sample set of mainly Pakistani populations are
labelled, as this was the most varied set of genetic cluster patterns.
Individual sample cluster membership proportions are listed in Supplementary Table S2C, with atypical values highlighted in red.
We adopted the simple approach of treating the 1000 Genomes data
from the four population groups and SGDP data from American and
Oceanian populations as representative of their origins, while including
8
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Fig. 6. Genomic positions of 1,411 tri-allelic SNPs selected for the MPS panel, scaled to the same chromosome ideograms as Fig. 2.

a widely dispersed set of other SGDP population samples from AFR,
EUR, EAS and SAS regions. The bulk of samples gave very high STRUCTURE cluster membership proportions > 98 % to a single cluster and
matching patterns in STRUCTURE, MDS analysis and Neighbor-joining
tree positions. In the 1000 Genomes and SGDP AME−OCE samples the
average cluster membership proportions were: AFR = 0.989 (min.
0.911, max. 0.999); EUR = 0.981 (0.82–0.998); EAS = 0.989
(0.877–0.999); SAS = 0.934 (0.562–0.934); AME = 0.963 (0.730.999); OCE = 0.958 (0.657–0.958).

Most SGDP SAS samples had lower cluster membership proportions
than their 1000 Genomes counterparts, as these represented mainly
HGDP-CEPH Pakistani population samples which are divergent to
varying degrees from other Indian sub-continental populations. The
three sets of samples representing population outliers are indicated by
numbers 1–3 in the Neighbor-joining tree plot of Fig. 8C, as these are
easier to point out than atypical MDS positions or STRUCTURE cluster
proportions (individual columns are thin). Group 1 of SAS points in
EUR comprises SGDP Balochi (0.5–0.6 SAS cluster proportions); Brahmi
9
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Fig. 7. Distribution of average heterozygosity values amongst 1,270 tri-allelic SNPs (bars left to center) and 46 microhaplotypes (bars on the far right), selected for
the ﬁnal MPS Panel. Of the tri-allelic SNPs, 145 (11.4 %) had the highest values exceeding 0.6 (mid blue bars); 1,105 (87 %) had values above the binary SNP
maximum of 0.5 (light blue); and only 20 (1.6 %) were slightly below 0.5 average heterozygosity (pink). The microhaplotypes had 21, 8 and 2 (45.6 %, 17.4 %, 4.4
%) of loci in the equivalent heterozygosity ranges plus an additional 15 (32.6 %) with average heterozygosity exceeding the tri-allelic maximum value of 0.666 (green
bars). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

(0.5); Burusho (0.6–0.7); Kalash (0.5); Makrani (0.4–0.6) and Sindhi
(0.5–0.7) all from Pakistan, (note several points overlay each other).
Group 2 of SAS points in OCE comprises SGDP Hazara (0.2–0.37 SAS
cluster) and Khonda Kusunda (0.4–0.5) from Pakistan and Nepal respectively. Group 3 of OCE points in EAS are SGDP Igorot from Philippines (there are two pink columns in the right side of the OCE
clusters). A further two SGDP Iglirit population samples were wrongly
labelled as AME (as they share the same name as a Native North
American population from Canada), when they are actually from Central Asia, but are not evident on the Neighbor-joining tree, although
with zero AME membership proportions.
Although just representing a snapshot of the ancestry inference
capacity of 1,241 autosomal tri-allelic SNPs in the ﬁnal MPS Panel, the
patterns of population divergence the above analyses detected, notably
in SGDP samples, follow the known demographics of many of these
samples and indicates that a large-scale panel, despite being a SNP set
selected to have low population diﬀerentiation, actually provides useful
levels of ancestry information when analyzed as one substantial dataset
of variation.

in detail. It was soon apparent that this stage of the project was reporting SNPs known to have tri-allelic variation as bi-allelic loci and we
put further searches aside. It is likely that so much variant data was
generated in the Phase I whole-genome sequencing (sample numbers
were 1,092 individuals, yielding 36.7 M SNP sites [3]) that it was not
viable at that stage of the 1000 Genomes project to distinguish true triallelic SNPs from sequencing or alignment artefacts. For example, the
juxtaposition of a binary SNP substitution site with a single nucleotide
deletion at the adjacent 5′ or 3′ position is a common cause of incorrect
identiﬁcation of three alleles at the SNP site. The absence of tri-allelic
SNP data from other large-scale variant discovery programs (e.g. EGDP:
Estonian Biocentre Genome Diversity Panel analyses [35]) is exacerbated by the widespread use of PLINK [36], a toolbox for processing sequence and variant data. PLINK removes tri-allelic SNP genotype
calls with the inference that the majority of such variant sites are likely
to be misalignment, base misincorporation or dual SNP-Indel artefacts.
EGDP has applied PLINK and reports no tri-allelic sites in their sequence
analysis of 402 individual genomes in 126 populations [35].
The search for tri-allelic SNPs potentially useful for forensic analysis
was resumed when Complete Genomics published whole-genome sequences for 427 individuals [37] and reported three alleles in the forensic SNPs known to be tri-allelic (Table 1). As Complete Genomics had
used the same population samples sequenced in 1000 Genomes Phase I,
it was possible for both projects to cross-check their variant calls across
the whole genome of each individual. Therefore, when the 1000 Genomes Phase III variant data was released, it was evident that many of
the previously discounted tri-allelic SNPs were now described, including those we had validated with CE genotyping. Phase III analyses
had the additional advantage that more populations were added (notably ﬁve from South Asia), allowing the expanded identiﬁcation of triallelic SNPs with population speciﬁc, but often low frequency, allele-3
variants.

4. Concluding remarks
The original searches for tri-allelic SNPs that this study made of the
1000 Genomes Phase I variant database were informed by the SNPs we
had already identiﬁed, adopted for forensic use and comprehensively
characterized by capillary electrophoresis (CE) - which conﬁrmed their
tri-allelic status [5,8]. In addition, a dedicated forensic CE test to genotype established tri-allelic SNPs has since been developed [34].
However, these established tri-allelic SNPs represent just a handful of
loci, and the need to create a better framework for mixed DNA analysis
in forensic SNP genotyping tests, and to gain more information per
marker, provided the motivation to screen 1000 Genomes Phase I data
10
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Fig. 8. An ancestry informativeness ‘snapshot’ of the 1,241 autosomal tri-allelic SNPs of the MPS Panel analyzed with STRUCTURE, MDS and Neighbor-joining tree
tests. Samples from the six main population groups were taken from 1000 Genomes and Simons Foundation genome diversity project (SGDP). South Asian populations showed the highest levels of intra-group divergence so individual populations are indicated: BEB: Bengali from Bangladesh; GIH: Gujarati Indian from
Houston, Texas; ITU: Indian Telugu from the UK; PJL: Punjabi from Lahore, Pakistan; STU: Sri Lankan Tamil from the UK. (A) STRUCTURE cluster plot for K:6 form
CLUMPAK analysis. (B) Representation of the 3 dimensions of MDS analysis: coordinates 1 vs 2 (left) and 1 vs 3 (right). (C) Neighbor-joining tree. Three sample sets
labelled are: set 1, SAS points in EUR comprising SGDP Balochi; Brahmin; Burusho; Kalash; Makrani and Sindhi (all from Pakistan); set 2, SAS points in OCE
comprising SGDP Hazara and Khonda Kusunda from Pakistan and Nepal respectively; set 3 of OCE points in EAS of SGDP Igorot from Philippines. Note each set has
points overlaying each other.
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