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Abstract
Short tandem repeat (STR) analysis is used in chimerism monitoring after allogeneic hematopoietic stem cell transplantation
(HSCT) for patients with various hematologic malignancies. Commercial forensic STR kits often contain loci with huge
differences in power of discrimination (PD) across populations, causing some loci to be less informative for chimerism analysis
in certain populations. This study aimed to construct a new STR multiplex panel with highly informative loci for efficient
chimerism analysis. Thirteen STR markers which exhibit high PD (> 0.9) in at least 80% of 50 populations globally were
selected to form a new panel and used in STR analysis of 253 Malaysian subjects. Cumulative power of discrimination (CPD)
and combined power of exclusion (CPE) were determined from 253 Malaysian individuals. Loci informativity was assessed and
compared to the commercial AmpFLSTR Identifiler PCR Amplification kit in 14 donor–recipient pairs. The new panel had
detected 202 unique alleles including five novel alleles from the 253 individuals with high CPD and CPE (>
0.99999999999999999 and > 0.999999997 respectively). All loci from the new panel in the donor–recipient pair analysis
showed higher than 50% informativity, while five loci from the commercial kit demonstrated lower than 50% informativity.
Four loci from the new panel ranked the highest informativity. A sequenced allelic ladder which consists of 202 unique alleles
from the 253 subjects was also developed to ensure accurate allele designation. The new 13-loci STR panel, thus, could serve as
an additional powerful, accurate, and highly informative panel for chimerism analysis for HSCT patients.

Keywords Short tandem repeats (STR) . Microsatellite . Hematopoietic stem cell transplantation (HSCT) . Chimerism .
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GD Gene diversity
He Expected heterozygosity
Ho Observed heterozygosity
HSCT Hematopoietic stem cell transplantation
HWE Hardy–Weinberg equilibrium
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PMM Matching probability for male
SD Standard deviation
STR Short tandem repeat
UKMMC Universiti Kebangsaan Malaysia Medical Centre

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
has been an important modality to cure various hematologic
diseases [1, 2]. Chimerism analysis is important post HSCT to
determine engraftment of the infused donor stem cells and to
monitor disease relapse [3, 4]. Several methods are available
for chimerism analysis but genotyping of STRs which are
repeat units of 2 to 7 bp in length is most commonly used
due to their highly polymorphic nature, allowing easy differ-
entiation between DNA of different individuals [3, 5–8].

Currently, commercial STR kits with up to 16 STRmarkers
are available and were designed to cover diverse global human
population [9, 10]. Although the frequency of alleles differs
from one population to another [11, 12], the inclusion of loci
with huge differences in power of discrimination (PD) across
different population are suboptimal as some loci often become
less informative for chimerism analysis in certain populations
[13–15]. As a result, some populations are unable to benefit
fully from the panel.

This paper described the development of a 13-loci STR
panel and its efficiency in chimerism analysis was determined
in comparison with the commercial AmpFLSTR Identifiler kit
(Applied Biosystems, USA). We employ a strategy to select
loci which were previously shown to have a high PD (PD >
0.9) in at least 80% of various populations to form a balanced
multiplex STR panel in terms of different populations. The
resulting 13-loci STR panel could potentially serve as an al-
ternative to chimerism analysis for Malaysians and possibly
other populations.

Materials and methods

Ethics statement and sample collection

The study was approved by the Ethics Committee of UKM
Medical Centre (UKMMC) (Ethics Committee Ref No:
UKM1.5.3.5/244/ERGS/1/2012/SKK09/UKM/01/3). Two
hundred fifty-three normal human whole blood samples were
collected from the National Blood Centre, Malaysia, for pop-
ulation study. The samples were collected from people of the
three broad ethnic groups in Malaysia (145 Malays, 78
Chinese, and 30 Indians). DNA was isolated from whole
blood using QIAamp DNA Blood Mini Kit (QIAGEN,
Germany). For panel comparison, 14 sets of HSCT archive
DNA samples were obtained from Hospital Canselor

Tuanku Muhriz, UKMMC. Each set consists of donor’s
DNA and recipient’s DNA of pre- and post-transplant.

Selection of STR loci

The selection of STR loci was based on loci which have high
PD (> 0.90) in > 80% of 50 populations globally
(Supplementary Table 1). D19S433, D21S11, and D7S820
were excluded from the panel due to problems in primers
design and optimizations. The resulting 13-loci STR panel
consists of nine autosomal STRs, three X-STRs, and one Y-
STR. The inclusion of Y-STR locus enables gender determi-
nation on top of serving as STR marker.

Primer design

Primers specific for four selected loci (DXS10011,
DXS10135, D2S1338, and DXS8377) were designed using
Primer3 (http://www-genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi) and NCBI-Primer BLAST (http://blast.
ncbi.nlm.nih.gov/). Primers were designed so that the size of
all theoretical amplicons of one locus does not overlap with
amplicons of other loci with the same fluorophore. Primer
pairs were also screened for intra- and inter-primers secondary
structure using NetPrimer (PREMIER Biosoft, USA). The 5′
end of forward primers for each locus was labeled with either
6-FAM™, VIC®, NED™, and PET® (Applied Biosystems,
USA). Primers sequences of all loci are shown in Table 1.

Multiplex PCR assay for STR analysis

The 13-loci STR panel works in two separate PCR reactions, a
12-plex and a singleplex reaction. The DXS10011was singled
out to be amplified in a separate singleplex reaction as it was
found to cross-react with primers of other loci. PCR amplifi-
cation was performed by using Thermo Scientific™
Phusion™ Hot Start II High-Fidelity DNA Polymerase kit
(Thermo Fisher Scientific, USA) in a final volume of 20 μL.
PCR master mix was prepared by mixing 4.0 μL 5× Phusion
HF Buffer, 0.4 μL of 10 mM dNTPs, 0.2 μL of Phusion Hot
Start II DNA Polymerase, primers, 2 ng/μL of template DNA,
and PCR-grade water. The final optimum concentration of
primers for all 13 STR loci is listed in Table 1. After an initial
denaturation step at 98 °C for 30 s, 27-cycle amplification was
performed using the following profile: denaturation at 98 °C
for 8 s, annealing at 63 °C for 15 s and extension at 72 °C for
25 s, and a final extension step at 72 °C for 10 min.

PCR products from both 12-plex and singleplex reactions
were then pooled together in a single tube prior to capillary
electrophoresis. 0.7 μL of pooled PCR product was then
mixed with 9.1 μL of Hi-Di™ Formamide (Thermo Fisher
Scientific, USA) and 0.2 μL of GeneScan™ 600 LIZ® Size
Standard (Thermo Fisher Scientific, USA). After
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denaturation, PCR products were injected electrokinetically
for 5 s at 3 kV, separated at 15 kV at a run temperature of
60 °C using POP-4® Polymer (Thermo Fisher Scientific,
USA) in an ABI PRISM 3130 Genetic Analyzer (Thermo
Fisher Scientific, USA). The fragment size and abundance
of PCR products were determined by GeneScan 4.0
(Thermo Fisher Scientific, USA).

Determination of assay’s sensitivity using mock
mixed chimeric samples

The sensitivity of the panel was determined by analyzing
mocked mixed chimeric samples of different chimerism states
(50%, 25%, 12.5%, 6.25%, 3.12%, and 1.56%) which were
prepared by mixing DNA samples of two unrelated donors at
different ratios. The final concentration of DNA template was

2.0 ng/μL. Three sets of mocked mixed chimeric samples
(male-to-male, female-to-female, and male-to-female) were
prepared to mimic possible gender combination of donor–
recipient pairs. The three sets of mock mixed chimeric sam-
ples were tested using the 13-loci STR panel. Chimerism anal-
yses were performed using formula from previous study [18,
19]. Linearity and standard coefficient of variance (CV) curve
were constructed and the sensitivity threshold of the panel was
determined.

Statistical analysis

Intra- and inter-locus peak height ratio, allele, and haplotype
frequencies were determined. The observed (Ho) heterozy-
gosity, expected heterozygosity (He), Hardy–Weinberg equi-
librium (HWE) exact test, and linkage disequilibrium (LD)

Table 1 Primer sequences,
fluorescence dyes, and
concentrations for the 13-plex
STR assay

Number Loci Sequences Concentration
(μM)

References

1. vWA F –6-FAM-GCCCTAGTGGATGATAAGAA
TAATCAGTATGTG

R –GGACAGATGATAAATACATAGGATGG
ATGG

0.11 [16]

2. D8S1179 F –6-FAM-ATTGCAACTTATATGTATTT
TTGTATTTCATG

R –ACCAAATTGTGTTCATGAGTATAGTT
TC

0.27 [16]

3. D16S539 F –6-FAM-GGGGGTCTAAGAGCTTGTAA
AAAG

R –GTTTGTGTGTGCATCTGTAAGCATGT
ATC

0.40 [16]

4. FGA F –6-FAM-GGCTGCAGGGCATAACATTA

R –ATTCTATGACTTTGCGCTTCAGGA

0.13 [16]

5. DXS10011 F –VIC-CGTGGGAGAACCGTTTGAAG

R –GAGCTGAGATTGCACCATT

0.43 Self-designed

6. Penta D F –VIC-GAAGGTCGAAGCTGAAGTG

R –ATTAGAATTCTTTAATCTGGACACAAG

0.54 [16]

7. DXS10135 F –NED-AGCCAAGAACATTTTTCAGTCAT

R –TGACATTTGCAGTTATGTGAACCA

0.18 Self-designed

8. D18S51 F –NED-TTCTTGAGCCCAGAAGGTTA

R –ATTCTACCAGCAACAACACAAATAAA
C

0.36 [16]

9. Penta E F –NED-ATTACCAACATGAAAGGGTA
CCAATA

R –TGGGTTATTAATTGAGAAAACTCCTT
ACAATTT

0.60 [16]

10. D13S317 F –PET-ATTACAGAAGTCTGGGATGT
GGAGGA

R –GGCAGCCCAAAAAGACAGA

0.09 [16]

11. DYS385 F –PET-AGCATGGGTGACAGAGCTA

R –GCCAATTACATAGTCCTCCTTTC

0.27 [17]

12. D2S1338 F –PET-ATACGTTCATTTCTTCCTAGCACT

R –AATTCCTACTGGCCCATAATCCA

0.43 Self-designed

13. DXS8377 F –PET-GTCAGTCAAATCCATCCC

R –ATACCAGTGCTCCCAGTT

0.60 Self-designed
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were analyzed by the Arlequin 3.5 software [20]. Data from
both men and women were used for the calculation of Ho and
He for all autosomal loci, whereas only female samples were
used for X-STR loci.

The PD was analyzed using the formula from previous
study [21]. For X-STR, PD was determined separately for
men and women [22]. GD was calculated exclusively for Y-
STR frommale samples. HWE exact test was performed for all
autosomal loci for both men and women. However, only fe-
male samples were used to calculate HWE for X-STR. LDwas
only determined for the three X-STRs (DXS10011, DXS8377,
and DXS10135) as genetic LD between two markers in the
human genome would not be calculated if their physical dis-
tances are more than 10 Mb [23]. For HWE and LD test,
P < 0.05 was considered to be statistically significant. Other
forensic parameters, such as the polymorphism information
content (PIC), power of exclusion (PE), mean exclusion
chance (MEC) for deficiency cases (Krüger’s formula), normal
trios (Kishida’s formula), and duos (Desmarais’ formula) were
determined using ChrX-STR.org online database [24].

Preparation of single-allele fragments for NGS
sequencing and allelic ladder construction

In order to obtain sufficient quantity of single-allele fragments
for sequencing and allelic ladder construction, each of the 202
unique alleles underwent two rounds of PCR amplifications.
Firstly, each unique allele was amplified in a singleplex PCR
reaction followed by agarose gel electrophoresis to separate
potential heterozygous products into distinct bands. PCR band
containing single allele was then excised and gel purified using
QIAquick Gel Extraction Kit (QIAGEN, Germany). Purified
single-allele PCR product then underwent re-amplification to
obtain sufficient DNA. Non-fluorescent primers were used if
the products were meant for NGS sequencing whereas fluores-
cent primers were used if the products were meant for allelic
ladder construction. All re-amplified PCR products were puri-
fied using QIAquick PCR Purification Kit (QIAGEN,
Germany) and quantified using NanoDrop 1.0 spectrophotom-
eter (Thermo Fisher Scientific, USA).

NGS sequencing of unique alleles

For NGS sequencing, each of the 202 single-allele fragments
was normalized to 20 nM, pooled together into one tube and
concentrated to obtain a final concentration of > 50 ng/μL
prior to sample library preparation. Sample library for se-
quencing was prepared according to the modified protocol
of the TrueSeq DNA PCR-Free Library Preparation kit
(Illumina, USA). The modified protocol excludes the DNA
fragmentation, end repair, and size selection steps in the stan-
dard workflow as all PCR products were already in the range
of the desired size of less than 550 bp. Briefly, 100 μL of the

concentrated PCR product wasmixed with 180 μL of Ampure
XP reagent and the PCR product was then purified according
to manufacturer’s protocol. Purified PCR products were then
subjected to 3′ end adenylation, adapter ligation, and library
validation according to the standard library preparation
workflow. The resulting sample library was diluted to 2 nM,
denatured with 0.2 N fresh NaOH, diluted to 8 pM by the
addition of Illumina HT1 buffer, and then mixed with 8 pM
PhiX (Illumina, USA) to achieve a final PhiX abundance of
30%. The resulting library (600 μL) was loaded with read 1,
read 2, and index sequencing primers on a 600-cycle (2 × 300
paired ends) reagent cartridge (Illumina, USA) and run on a
MiSeq sequencer (Illumina, USA). Upon completion, the
quality of sequencing reads was first assessed via FastQC
tools. Sequencing reads which showed quality of less than
Q20 were discarded and excluded from further analysis. The
sequences of all 202 alleles were determined.

Construction of the allelic ladder

To assure correct allele designation for STR profiling, an al-
lelic ladder was constructed based on all unique alleles detect-
ed in this study. Only unique alleles which have their STR
sequences confirmed by NGS were included in the allelic
ladder. To construct an allelic ladder, each of the 202
sequence-validated single-allele fragments was normalized
to 5 nM, pooled into a single tube, and concentrated using a
MicroVac instrument to achieve a final concentration of >
0.15 ng/μL for each allele. The resulting allelic ladder was
analyzed by capillary electrophoresis to ensure all 202 alleles
can be called by the instrument.

Chimerism analysis using archive HSCT samples

STR profiles from 14 donor–recipient sets of HSCT archive
samples fromUKMMCwere determined by using both the 13-
loci STR panel and the AmpFLSTR Identifiler Kit (Applied
Biosystems, USA). The allelic ladder constructed in this study
was run concurrently with the samples. The total number of
informative loci for both kits were determined and compared.

Results

Primer design and multiplex PCR optimization

Specific and equal amplification of all loci were achieved by
adjusting the concentration of primers for each locus. The
primer sequences and optimum concentration of primers for
all 13 STR loci in the final multiplex assay are listed in
Table 1. PCR reaction was set to stop at cycle 27th as some
loci in the 13-loci STR panel were found to reach plateau
phase of the amplification beyond cycle 28th while all loci
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were equally amplified and are yet to reach their plateau at
cycle 27th (data not shown).

Accuracy and sensitivity of the 13-loci STR panel

By testing the panel against a series of mock chimeric samples
with known percentage of chimerism (set 1: male-to-male, set
2: male-to-female, set 3: female-to-female), we showed that
the STR panel was accurate in determining the percentage of
chimerism. The number of informative loci in set 1, set 2, and
set 3 which were used for calculation of chimerism was 13,
12, and 11 loci respectively. The observed chimerism percent-
age for each sample differed less than 1.3% from the prepared
mixing ratio. A standard deviation of less than 4.4% was
found for all markers. Coefficient of determination of the cor-
relation between the three sets and theoretical value is >
0.9968 (Fig. 1a).

The sensitivity of chimerism analyses was determined by
plotting the coefficient of variation against the observed chi-
merism percentage for each sample (Fig. 1b). CV percentage
increases exponentially as the percentage of chimerism de-
creases. The evaluation of chimerism became less precise at
low level of chimerism (< 5%); hence, the sensitivity thresh-
old for our panel was set to 5% chimerism, which corresponds
to a CVof 35%.

Statistical analysis of population data

The optimized 13-loci STR panel had shown superior robust-
ness in STR profiling. All STR loci in all 253 unrelated indi-
viduals were successfully genotyped without any dropout.
Inter- and intra-peak height ratios (PHR) of all 253 samples
genotyped were within 60% threshold. Only two loci showed
stutter percentage higher than 10%, which were FGA (10.6%)
and DXS8377 (20.63%) (Supplementary Table 2). Allele fre-
quencies and forensic parameters derived from the population
data for all STR loci are shown in Table 2. A total of 202
unique alleles were detected across 13 STR loci. The
DXS10011 had the greatest number of variants, with 43 al-
leles. The cumulative PDF, PDM, and PE of the 13 STR loci
were 0.999999999999999991, 0.9999999999999999994,
and 0.999999997 respectively.

Numerical CPD and CPE comparison of the 13-loci STR
panel with the AmpFLSTR Identifiler PCR
Amplification kit in other study on Malaysian
population

In addition to the chimerism analysis on transplant cases, we
have also compared the numerical CPD and CPE of our newly
developed 13-loci STR panel with the AmpFLSTR Identifiler
PCR Amplification kit reported by Seah et al. on similar

Fig. 1 a Percentage of chimerism
obtained from each of the three
sets of mock chimerism mixtures
as well as the average percentage
of all sets. Error bars indicate the
standard deviation. The dotted
line indicates the theoretically
expected chimerism values of the
mock chimeric mixtures.
Coefficient of determination of
the correlation between the three
sets and theoretical value is >
0.9968. b Detection limit for the
panel was determined by plotting
percentage of chimerism over
coefficient of variation for the
mock chimeric samples analyzed.
The vertical line at 5% indicates
the detection limit for the panel
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ethnics in Malaysian population [25]. Data comparison of all
three ethnics is shown in Table 3. CPD and CPE of the newly
developed 13-loci STR panel were higher than AmpFLSTR
Identifiler PCR Amplification kit for Malaysian population
except for the CPE of the Indian ethnic group. Results dem-
onstrated that the present STR panel is more discriminatory in
chimerism analysis in Malaysian population.

Characterization of STR repetitive motives from NGS
sequencing data

NGS sequencing has successfully produced a total of
12,965,606 paired-end reads. FastQ files of read 1 and read
were merged and sequences of all 202 STR alleles were suc-
cessfully determined. STR motif sequences of all alleles were
shown in Table 4. Alleles 41.2, 45.3, 51, 52, and 53 from the
DXS10011 were novel variant alleles which were previously
unreported.

Construction of a sequence-validated allelic ladder

When the newly constructed allelic ladder was analyzed
by capillary electrophoresis, the electropherogram showed
that all peaks from the 202 alleles were present (Fig. 2).
However, we observed two non-specific peaks (108 bp in
the blue channel and 267 bp in the green channel) in the
electropherogram. These two peaks were not found in any
sample’s STR electropherogram nor in the NGS sequenc-
ing results which suggests that they were most probably
non-STR artifacts which do not affect the accuracy of
genotyping.

Chimerism analysis by the 13-loci STR panel
in comparison with the AmpFLSTR Identifiler PCR
Amplification kit

A total of 14 sets of transplant cases in UKMMC were used to
test the STR panel equippedwith the sequence-validated allelic
ladder for correct allele-typing. The results generated from our
13-loci STR panel were compared to the UKMMC
laboratory’s result generated from the AmpFLSTR Identifiler
PCR Amplification kit. The number of informative alleles for
each sample detected by both panels was determined (Fig. 3a).
When we sort the loci from both panels according to the degree
of informativeness, the fourmost informative loci (DXS10011,
Penta D, Penta E and DXS8377) were originated from the 13-
loci STR panel, whereas the least informative loci (D3S1358,
D5S818, D7S820, TPOX, and CSF1PO) were loci whichwere
found in the AmpFLSTR Identifiler kit (Fig. 3b). In addition,
as few as six loci from our new 13-loci STR panel were suffi-
cient to obtain three informative loci in 100% of donor–
recipient pairs, whereas at least eight loci from the
AmpFLSTR Identifiler kit were needed to obtain three infor-
mative loci for the same set of samples (Supplementary Fig. 1).
In some other population, at least 10 loci from the AmpFLSTR
Identifiler kit were needed to obtain three informative loci in
99% of donor–recipient pairs [14].

Discussion

In this study, a highly polymorphic panel was constructed by
combining 13 STR markers which were shown to be highly
discriminating (with PD > 0.9) in at least 80% of various

Table 3 CPD and CPE
comparison of the newly
constructed STR panel against
AmpFLSTR Identifiler kit on
Malaysian population

CPD and CPE Newly developed panel

Malay (n = 145)

Chinese (n = 78)

Indian (n = 30)

AmpFLSTR Identifiler kit [25]

Malay (n = 210)

Chinese (n = 219)

Indian (n = 209)

Malay

CPDM 0.9999999999999999744 0.999999999999999974
CPDF 0.999999999999999998

CPE 0.999999996 0.9999980

Chinese

CPDM 0.999999999999999743 0.9999999999999993
CPDF 0.99999999999999997

CPE 0.99999999 0.9999989

Indian

CPDM 0.9999999999999924 0.999999999999999964
CPDF 0.999999999999998

CPE 0.999999974 0.9999990
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population including European, Asian, North American, South
American, Oceania, and African (Supplementary Table 1).
Some conventional CODIS core loci (CSF1PO, D3S1358,
and TPOX) which only showed high PD in certain limited
population were thus excluded from this panel. In addition to

its usefulness in discriminating donor–recipient pairs within a
single population, the panel is also potentially useful to dis-
criminate donor–recipient pairs originating from different con-
tinents across the globe as HSCT is performed with the use of
donors coming from different continents nowadays [26].

Table 4 STR alleles and repeat motif of all alleles

Alleles STR repeat motifs

vWA

14 N44–(TCTA)–(TCTG)–(TCTA)–(TCTG)4–(TCTA)3–(TCCA)–(TCTA)3–N39

15–20 N44–(TCTA)–(TCTG)4–(TCTA)10–15–N39

D8S1179

8–13 N44–(TCTA)8–13–N131

14–18 N44–(TCTA)1–2–(TCTG)–(TCTA)12–15–N131

D16S539

8–13 N184–(GATA)8–13–N60

FGA

17–27 N102–(TTTC)3–TTTT–TTCT–(CTTT)9–19–CTCC–(TTCC)2–N156

21.2–25.2b N102–(TTTC)3–TTTT–TT–(CTTT)14–18–CTCC–(TTCC)2–N156

DXS10011

20.2–36.2b N66–(GAAA)–GA–(GAAA)4–GAGA–(GAAA)5–19–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

25–49 N66–(GAAA)16–40–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

37.2b N66–(GAAA)6–GA–(GAAA)22–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

41.2a N66–(GAAA)29–GA–(GAAA)3–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

45.1a N66–(GAAA)29–GAAG–GAAA–(GGAA)4–AGGA–A–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

50 N66–(GAAA)28–GGAA–GGAA–(GAAA)11–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

5 1–53a N66–(GAAA)42–44–GAAG–GAAA–(GGAA)4–(AGAA)3–N56

Penta D

6–15 N94–(AAAGA)6–15–N275

DXS10135

17–24 N55–(AAGA)3–GAAAG–(GAAA)14–21–N80

25–37 N55–(AAGA)3–GAAAG–(GAAA)16–28–(GGAA)–(GAAA)3–(GGAA)–(GAAA)–N80

35.2b N55–(AAGA)3–GAAAG–(GAAA)23–AA–(GAAA)3–(GGAA)–(GAAA)3–(GGAA)–(GAAA)–N80

D18S51

10–24 N86–(AGAA)10–24–N172

Penta E

4–26 N325–(AAAAG)4–26–N34

D13S317

8, 12, 14, 15 N104–(TATC)8–15–N40

9, 10, 11, 13 N104–(TATC)8–12–(AATC)–N40

DYS385

7–22 N182–(GAAA)7–22–N31

12.2b N182–(GAAA)12–GA–N31

D2S1338

16–23 N70–(TGCC)6–7–(TTCC)10–16–N203

24–26 N70–(TGCC)6–7–(TTCC)14–17–(GTCC)–(TTCC)2–N203

DXS8377

40–58 N232–(AGA)19–35–(GGA–AGA)5–7–(AGA)2–GGA–(AGA)5–6–N120

aNew unreported alleles from DXS10011
bVariant alleles from various loci
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When we performed population study on 253 Malaysian
individuals using the 13-loci STR panel, we have found 202
unique alleles from all 13 loci. To the best of our knowledge,
this is the first population study which covers DXS10011,
DXS8377, and DXS10135 for all three broad ethnic groups
(Malay, Chinese, and Indian) in Malaysia. The inclusion of a
Y-STR locus, the DYS385, allows simultaneous STR
genotyping in addition to determination of gender without
the use of Amelogenin which only serve as gender discrimi-
nation marker.

Accurate allele calling was achieved by accompanying a
sequence-validated allelic ladder with each run according to
the ISFH guidelines for STR analysis [27]. The sequences of
each allele in the allelic ladder were determined by NGS se-
quencing rather than the conventional Sanger sequencing. This
is because, although Sanger sequencing has the advantage of
producing longer reads, it is known to face the difficulties in
sequencing repetitive region which often results in abrupt, pre-
mature signal loss and noisy data. In addition, unlike Sanger
sequencing which requires pure single-allele PCR product as
starting material for each run, NGS sequencing allows parallel
sequencing of multiple (all of the 202) alleles in a single reac-
tion. This avoids the laborious separation and purification of
heterozygous alleles as well as the time-consuming sequential
sequencing of alleles in hundreds of separate runs. Deep

coverage of more than 100× also ensures accurate determina-
tion of STR sequences after the sequencing [28, 29]. The NGS
sequencing of 202 unique alleles revealed five previously un-
reported rare variant alleles which include two microvariants
(41.2 and 45.1) and three large-size variants (51, 52, 53) from
DXS10011. The three large-size variants were larger than the
largest known allele in the STR database (STRbase and ChrX-
STR). Collectively, the 13-loci STR panel showed higher com-
bined probability of exclusion (CPE) and cumulative power of
discrimination (CPD) for the three main ethnic groups (Malay,
Chinese, and Indian) in Malaysia as compared to previous
population study using the AmpFLSTR Identifiler kit
(Table 3). The high CPD andCPE despite a fewer total number
of loci in this panel as compared to the AmpFLSTR Identifiler
kit suggests that the 13-loci panel may potentially serve as an
efficient panel for forensic and kinship analysis in addition to
chimerism analysis.

When we compared the informativeness of loci in our STR
panel and the AmpFLSTR Identifiler kit, each locus from the
13-loci STR panel was informative in at least 50% of samples
while some loci in the AmpFLSTR Identifiler kit were only
informative for as low as 30% of samples tested. This suggests
that the 13-loci STR panel exhibits more balanced loci
informativity compared to the AmpFLSTR Identifiler kit. In
addition, the top four most informative loci were also found to

Fig. 2 Electropherogram of the allelic ladder showed distinct peaks from
202 alleles’ fragments. The ladders from the left to the right represent
alleles from (blue) vWA, D8S1179, and D16S539, FGA; (green)

DXS10011 and Penta D; (yellow) DXS10135, D18S51, and Penta E;
and lastly (red) D13S317, DYS385, D2S1338, and DXS8377
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be originated from our 13-loci panel, of which two are X-
STRs. This suggests that although rarely used for chimerism
analysis, X-STRs are useful for chimerism analysis. As for Y-
STR, the DYS385 also showed high PD in Malaysia popula-
tion, in agreement with previous study (Supplementary
Table 1). However, as the donor and recipient pairs from
UKMMC archive samples were all siblings which had
inherited the same copy of Y chromosome from their father,
DYS385 became non-informative in all cases and can only
serve as a gender determination marker. Nevertheless, the
DYS385 may potentially become a highly informative marker
to discriminate unrelated donor–recipient pairs.

We have also compared the CPD and CPE of our STR panel
with the AmpFLSTR Identifiler kit (Table 3). The newly devel-
oped panel generally showed a higher CPD and CPE than the
AmpFLSTR Identifiler kit except in the Indian ethnic group.
The lower CPE among Indian population shown in our study
may be attributed by a lower sample number from the Indian
ethnic group, compared to the study by Seah et al. [25]. The
results indicated that our panel has a higher discriminatory
power in differentiating donors and recipients and thus is more
suitable in chimerism analysis in the Malaysian population.

Many commercial STR kits commonly used for chimerism
analysis were originally designed for forensic identification
and have not been optimized for chimerism monitoring.
Chimerism monitoring requires sensitive and accurate

determination of low chimeric percentage to allow early de-
tection of relapse in order for pre-emptive therapeutic inter-
ventions to be taken [5, 30]. The sensitivity and accuracy of
chimerism analysis were previously known to be affected by
intra- and inter-loci balance as well as signals interference
from stutter peaks [31]. The optimization of primers concen-
tration for all loci in this study has enabled the panel to achieve
good intra-loci and inter-loci balance (ratio > 0.6) which met
the requirements for correct and reliable genotyping [31].

In terms of stutter percentage, all tetranucleotide STR loci
in this study have achieved satisfactory stutter percentage
which was lower than 16%, similar to previous study [8].
On the other hand, all trinucleotide STR loci also showed
stutter percentage less than 16% except for DXS8377
(20.63%), similar to previous study [32]. The inclusion of
peak area contributed by stutters may cause over-estimation
of alleles’ abundance. The adoption of the calculation method
which deducts spilled peak area contributed by stutters has
allowed accurate determination of abundance regardless of
the percentage of stutters present [19]. When we analyzed a
series of mocked chimerism samples, good accuracy (R2 =
0.9968) and precision (SD < 2.49%) were achieved using
the 13-loci STR panel. Minority cell population as low as
1% was detectable, but inaccuracy increased dramatically as
chimerism percentage drops below 5%. Therefore, a sensitiv-
ity threshold was set at 5% for our panel, corresponding to a

Fig. 3 a Comparison of total
informative loci from the new 13-
loci STR panel and the
AmpFLSTR Identifiler kit for 14
sets of donor–recipient HSCT
samples. b Informativity ranking
of all loci from two panels. Solid-
colored columns represent loci
from the 13-loci STR panel,
whereas line-filled columns
represent loci from the
AmpFLSTR Identifiler kit.
Dotted-filled columns represent
shared loci between two panels
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CV of approximately 35% for all markers, similar to other
studies [18, 33–35].

The study could help to solve the problem of STR
informativity in Asian populations and their less compliance
with worldwide available commercial STR kits in chimerism
analysis following HSCT. However, further comparative stud-
ies are needed for the assessment of the usefulness of new kit
in worldwide populations.

Conclusion

In conclusion, a multiplex STR panel containing 13 loci
which are evenly high in informativeness was successfully
developed for efficient chimerism analysis among HSCT
patients.
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