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Abstract

Foxtail millet (Setaria italica L. Beauv.) is an 
emerging carbohydrate-producing crop. It 
is considered a climate-resilient crop due to 
its tolerance to abiotic stresses. Breeding 
for abiotic-tolerant crops requires powerful 
tools such as molecular markers. The single-
nucleotide amplified polymorphism (SNAP) 
marker, developed from a single-nucleotide 
DNA variation at a specific location in the plant 
genome, is a simple yet powerful PCR-based 
marker widely used in phenotype-related 
selection. A SiDREB2-based SNAP marker was 
previously developed based on a base variation 
at the 558th base pair (an A/G transition) in 
the SiDREB2 gene and used to estimate the 
drought tolerance in foxtail millet. However, the 
specificity of the marker depends on technical 
aspects, including the type of DNA polymerase 
used, primer concentration, and the number of 
PCR cycles. Here, we reported that non-specific 
and false positive amplicons can be eliminated 
by utilizing DNA polymerase with no 3’ to 5’ 
proofreading activity and reducing the final primer 
concentration to 1.25 μM. PCR cycle number 25 
yielded the optimum specificity, while increasing 
the cycle to 30 resulted in false positive results. 
Altogether, our results showed that technical 
optimization is necessary for improving the 
specificity of the SNAP marker. 

Keywords: abiotic stress, allele-specific 
marker, cereals, drought, molecular marker, 
protocol 

Introduction

Climate change impacts global agriculture, 
as climate-induced abiotic stresses negatively 
affect crop productivity (Hasegawa et al., 2022; 
Liaqat et al., 2022).  Utilizing climate-resilient 
crops and smart breeding strategies is therefore 
critical for adaptation (Grigorieva et al., 2023). 
Foxtail millet (Setaria italica L. Beauv.), a minor 
cereal, has gained attention as a climate-resilient 
crop and as a functional food for its adaptability 
and nutritional qualities (Ardie et al., 2025; Arora 
et al., 2023). Despite its many advantages, 
foxtail millet is not a widely grown food crop in 
Indonesia, where breeding efforts are still in 
the early stages, resulting in no superior variety 
available in the country to date (Muzzayyanah 
et al., 2024; Nugroho et al., 2020; Sintia et al., 
2023a).

Molecular markers offer a powerful tool 
to accelerate breeding, particularly for traits 
such as drought and salinity tolerance that are 
difficult to assess reliably in early generations. 
The DNA-based molecular markers are not 
environmentally regulated and are observable in 
any stage of plant growth (Hasan et al., 2021). 
Among developed molecular markers, allele-
specific PCR (AS-PCR) is a simple method to 
discriminate single-nucleotide polymorphism 
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(SNP) by a typical reverse primer and two 
forward allele-specific primers with standard 
PCR conditions (Gaudet et al., 2009). This 
method is also known as single-nucleotide 
amplified polymorphism (SNAP) markers and is 
widely used in marker-assisted selection (MAS) 
of many crops (Hatta et al., 2023; Jang & Lee, 
2021; Scheuermann & Pereira, 2023). In foxtail 
millet, an A/G transition at the 558th base pair 
in the Setaria italica dehydration-responsive 
element binding-2 (SiDREB2) gene was 
associated with tolerance to drought (Lata et 
al., 2011). A SiDREB2-based SNAP marker was 
later developed to assist in confirming successful 
hybridization and selecting foxtail millet’s 
drought- or salt-tolerance traits (Butarbutar et 
al., 2024; Nugroho et al., 2024; Widyawan et al., 
2018a). 

However, SNAP marker specificity was 
reported to depend on some technical aspects, 
including the type of DNA polymerase (Liu et 
al., 2012), template concentration (Drenkard 
et al., 2000), and PCR cycle number (Kim 
et al., 2005). Such errors are problematic in 
breeding programs, as they risk misclassifying 
tolerant and sensitive genotypes, leading to 
inefficient resource utilization and slowing down 
the breeding program. While SNAP markers 
are widely used across crops, systematic 
optimization of these technical parameters has 
not yet been conducted for foxtail millet. To 
address this gap, the present study is the first 
to systematically evaluate and optimize primer 
concentration, PCR cycle number, and DNA 
polymerase specificity for the SiDREB2-based 
SNAP marker in foxtail millet. By improving 
marker fidelity, this work aims to improve the 
SiDREB2-based SNAP marker performance 
and prevent false positive or negative results.

Materials and Methods

Genetic Materials and DNA Isolation

Genetic materials used in this study 
included four parental foxtail millet genotypes 
with known SiDREB2 alleles: ICERI‑5 (I5, 
drought/salinity tolerant, A/A allele at the 558th 

position of the exon-2 of the SiDREB2 gene; 
Indonesian Cereals Research Institute, ICERI), 
ICERI‑6 (I6, A/A allele), Botok‑4 (B4, drought/
salinity sensitive, G/G allele; local genotype from 
East Nusa Tenggara, Indonesia), and Botok‑10 
(B10, G/G allele) (Ratnawati et al., 2024; 
Widyawan et al., 2018a).  Four segregating 
lines carrying unknown SiDREB2 alleles were 
included in the analyses. These comprised 
three F2 progenies derived from the crossing 
of Botok‑4 and ICERI‑5, or its reciprocal (#160: 
B4×I5; #259: I5×B4; #303: B4×I5), and one F3 
progeny derived from the crossing of Botok‑10 
and ICERI‑6 (#143: B10×I6). These F2 and 
F3 lines were used for PCR optimization, with 
possible allele combinations of A/A, G/G, or 
A/G.  To validate the optimized protocol, we 
analyzed 28 F5 lines derived from the ICERI-6 
× Botok-4 cross: 27 lines represented by three 
individuals each and one line represented by two 
individuals, yielding a total of 83 F5 genotypes. 
Two parental genotypes, ICERI-6 and Botok-4, 
were included as controls (Supplementary 
Table 4). Total genomic DNA from the shoot 
parts of 14-day-old seedlings was isolated 
using the CTAB method (Aboul-Maaty & Oraby, 
2019) and slightly modified by excluding 0.2% 
(v/v) 2-mercaptoethanol in the lysis buffer. The 
isolated DNA was then diluted in nuclease-free 
water to a 12 ng/μl concentration for further 
application.

General PCR Optimization Schemes

We tested three PCR components to 
obtain the most specific amplification of the 
SiDREB2-based SNAP marker, namely (i) type 
of DNA polymerase, (ii) primer concentration, 
and (iii) number of PCR cycles. The PCR was 
performed in a 10 μl total volume using Esco’s 
Swift Maxi Thermal Cycler (Esco Technologies, 
Singapore). Except if it is explicitly described 
in the following sub-sections, the final reaction 
mixture consisted of 2.5 µl of DNA template 
(12 ng/µL), 2.5 µl of forward (SD2-558-SNP-A 
or SD2-558-SNP-G) and reverse primer (SD2-
558-SNP-Rev) (the concentration depended 
on the experimental set), and 5.0 µl of 2× PCR 
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mix (the DNA polymerase type depended on 
the experimental set). The PCR profile was 
arranged to be: denaturation for 5 min (94 ºC), 
25 cycles (except for the PCR cycle comparison) 
of denaturation for 5 sec (94 ºC), annealing for 
1 min (55 ºC), and extension for 30 sec (72 ºC). 
The final extension was performed for 10 min at 
72 ºC after the end of the cycles. An additional 
reaction without a DNA template was set as a 
negative control (NC) in all experimental sets. 
The list of primers used in this study is shown 
in Table 1. The gene Seita.5G115000, annotated 
as SiDREB2 in the Phytozome database, 
comprises two exons separated by a single 
intron. Forward primers were designed to target 
a single-nucleotide polymorphism (SNP) located 
at position 558, defined by numbering from the 
first base of exon 2, where an A/G transition 
distinguishes two genotypes. This variation is 
illustrated in Figure 1 using sequences from 
ICERI-5 (GenBank accession no. KY404097.1) 
and ICERI-10 (GenBank accession no. 
KY404101.1). Amplicons were visualized by 
electrophoresis at 90 volts for 45 minutes in 
1x TAE buffer on 1.5% (w/v) agarose gel. PCR 
results were stained in 0.5 µg/ml ethidium 
bromide solution and were visualized using a UV 

transilluminator (AlphaImager® Mini).

DNA Polymerase Comparison 

All PCR conditions were set as described 
above, except for the type of DNA polymerase. 
Two types of DNA polymerase used in this study 
represented different types of polymerases. 
KAPA2G Fast HotStart ReadyMix (Sigma-
Aldrich, Germany) is used for routine PCR with 
no 3’-to-5’ exonuclease proofreading activity. 
Meanwhile, MyTaq HS Red Mix (Bioline, US) 
is suitable for cloning due to its high-yielding 
and proofreading activity of an efficient 3’-to-
5’ exonuclease. Two sets of PCR reactions 
were prepared, each using a different DNA 
polymerase. The final concentration of each 
primer used in this scheme was 2.5 µM. The 
specificity of the PCR conditions was evaluated 
based on the appearance of specific amplicons 
following visualization in the agarose gel. 

Primer Concentration Comparison

All PCR conditions were set as described 
in the general PCR optimization scheme, except 
the final concentration of each primer used in this 

Table 1

Forward- and Reverse Primers of SiDREB2-Based SNAP Marker Used in This Study

Primer name Nucleotide sequence (5’-3’) Tm (°C) Primer type
SD2-558-SNP-G GCAAGTCCGTGGAGGTACTACAG 58.8 Forward
SD2-558-SNP-A AAGTCCGTGGAGGTACTGCAA 58.3 Forward
SD2-558-SNP-Rev AGGAACTCAACACACAGGACAACT 57.9 Reverse

Figure 1 

Schematic Representation of the SiDREB2 Gene Structure Illustrating the Position of the SNP
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scheme was reduced to 1.25 µM. The specificity 
of the PCR conditions was evaluated based on 
the appearance of specific amplicons following 
visualization in the agarose gel.

PCR Cycle Comparison

All PCR conditions were set as described 
in the general PCR optimization scheme, except 
for the number of PCR cycles. Two sets of PCR 
reactions were prepared, using KAPA2G Fast 
HotStart ReadyMix (Sigma-Aldrich, Germany) 
as the DNA polymerase, but each used a 
different PCR cycle number, i.e., 25 and 30 
cycles. The final concentration of each primer 
used in this scheme was 1.25 µM. The specificity 
of the PCR conditions was evaluated based on 
the appearance of specific amplicons following 
visualization in the agarose gel.

Gel Image Quantification

Gel results were quantified using 
GelAnalyzer software (version 32.1.1). Prior to 
analysis, gel images were adjusted for brightness 
and contrast and subsequently uploaded into the 
program. Band intensities were then analyzed 
and quantified following the standard software 
workflow, and the resulting peak values were 
reported as band intensity measurements. Band 
quantification was performed only for the PCR 
optimization experiments and was not applied to 
the validation analyses.

Results and Discussion

DNA Polymerase Specificity

The accuracy of PCR amplification 
was crucial for obtaining reliable results in 
allele-specific PCR (Gaudet et al., 2009). The 
polymerase chain reaction was conducted 
in a reaction mixture containing the template 
DNA, DNA polymerase, primers, and the four 
deoxyribonucleoside triphosphates (dNTPs), all 
dissolved in a buffer solution (Nazir & Mahmood, 
2020). DNA polymerases, widely employed for in 
vitro DNA manipulation with a fundamental role 

in deoxyribonucleotide chain synthesis, exhibited 
variations in properties, including thermostability, 
fidelity, processivity, and specificity (Laura & 
Rukmanidevi, 2023). In this study, we evaluated 
two types of DNA polymerase, namely KAPA2G 
and MyTaq HS Red Mix, on the specificity of 
the SiDREB2-based SNAP marker. Differences 
were observed in the amplicons generated by 
the type of DNA polymerase used (Figure 2). 

The appearance of a 300 bp amplicon 
produced by the SD2-558-SNP-A and SD2-
558-SNP-rev primer pair in ICERI-5 (A lane or 
A allele) or a 300 bp amplicon produced by the 
SD2-558-SNP-G and SD2-558-SNP-rev primer 
pair in Botok-4 (G lane or G allele) served as the 
control of successful specific amplification based 
on previous studies (Ratnawati et al., 2024; Sintia 
et al., 2023a). The negative control (NC) ensured 
that only template-dependent amplicons were 
observable. KAPA2G DNA polymerase produced 
more suitable amplicons for ICERI-5 and Botok-4 
since the 300 bp amplicon only appeared on the 
A allele for ICERI-5 and the G allele for Botok-4, 
with band intensities of 124 and 133, respectively. 
Based on the amplicon appearance generated 
by KAPA2G, the SiDREB2-allele of line numbers 
#143, #160, #259, and #303 were A/G, A/A, 
A/A, and A/A, respectively (with band intensities 
ranging from 130-163). However, non-specific 
amplicons of around 2,000 bp were detected on 
line numbers #160 and #259 (band intensity of 
77-98, supplementary Table 1), as indicated by 
the white arrow in Figure 2.

Contrasting outcomes were noted with 
MyTaq HS DNA polymerase, where a weak 300 
bp amplicon (band intensity 99) appeared on the 
G allele (in addition to the A allele, band intensity 
116) of the ICERI-5 genotype. Weak amplicons 
of around 300 bp also appeared on the G 
allele of line numbers #160, #259, and #303 
(band intensities ranging from 103 to 110), as 
indicated by the white arrows in the lower panel 
of Figure 2. Based on the amplicon appearance 
generated by MyTaq HS, the SiDREB2-allele of 
ICERI-5 genotype and line numbers #160, #259, 
and #303 are all A/G. Primer extension highly 
depends on the type of DNA polymerases, i.e., 
with and without proofreading function. Previous 
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studies showed that the primer’s 3′ terminal 
mismatched nucleotide was removed by the 
proofreading function when DNA polymerase 
with the proofreading function was used (Zhang 
et al., 2003a; Zhang et al., 2003b). Our previous 
experiments utilizing three different DNA 
polymerases to assess the specificity of the 
SiDREB2-based SNAP marker showed similar 
results. R-Taq DNA polymerase (B-bridge, Japan) 
with no proofreading activity resulted in specific 
amplicons. In contrast, with proofreading activity, 
Ex-Taq and PrimeStar GxL DNA polymerases 
(TaKaRa Bio, US) resulted in false positive 
amplicons (Widyawan et al., 2018b). MyTaq HS 
is a DNA polymerase with 3’-to-5’ exonuclease 
proofreading activity; thus, the weak appearance 
of 300 bp amplicons on the G allele in ICERI-5 
genotype and in the line numbers #160, #259, 
and #303 was suspected to be false positive 
amplicons due to the proofreading function of 
MyTaq HS DNA polymerase.

Primer Concentration

	 The non-specific amplicons can be 
attributed to high primer concentrations, causing 
non-specific primer binding (Bhardwaj et al., 

2020; Ghashghaei et al., 2023). Therefore, we 
evaluated the final primer concentration (forward 
and reverse, respectively) by reducing it to 
1.25 µM. The specificity of the PCR conditions 
was assessed based on the appearance of 
specific amplicons following visualization in the 
agarose gel (Figure 3, Supplementary Table 2). 
Amplification using KAPA2G DNA polymerase 
resulted in specific amplicons at 300 bp, with 
the A/A allele (band intensity 125) observed in 
genotype ICERI-5, and the G/G allele (band 
intensity 129) was found in the Botok-4 genotype. 
Similar results were obtained in previous studies 
(Ratnawati et al., 2024; Sintia et al., 2023a), 
confirming alleles of the SiDREB-2 gene for 
genotypes ICERI-5 and Botok-4. The amplicon 
appearance generated by KAPA2G in Figure 
3 was consistent with that in Figure 2, where 
the SiDREB2-allele of line numbers #143, 
#160, #259, and #303 were A/G, A/A, A/A, and 
A/A, respectively. Reducing the final primer 
concentration to 1.25 µM diminished the non-
specific amplicons of around 2,000 bp previously 
detected on line numbers #160 and #259. 
	 In contrast, MyTaq HS Red Mix still 
produced false positive amplicons at the G allele 
(band intensity 99) in the ICERI-5 genotype, 

Figure 2 

Visualization of SiDREB2-based Amplicons Resulted from Different Types of DNA Polymerase

Notes.  I-5 = ICERI-5 genotype; B-4 = Botok-4 genotype; line number #143, #160, #259, #303; NC = negative 
control; A = A allele; G = G allele. White arrows indicate non-specific amplicons.
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Figure 3

Visualization of SiDREB2-based Amplicons with an Optimized Primer Concentration of 1.25 μM

Notes.  I-5 = ICERI-5 genotype; B-4 = Botok-4 genotype; line number #143, #160, #259, #303; NC = negative 
control; A = A allele; G = G allele. White arrows indicate non-specific amplicons.

Figure 4 

Visualization of SiDREB2-based Amplicons Resulted from Different PCR Cycle Numbers

Notes.  I-5 = ICERI-5 genotype; B-4 = Botok-4 genotype; line number #143, #160, #259, #303; NC = negative 
control; A = A allele; G = G allele. White arrows indicate non-specific amplicons.
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Table 2 

Genotypic Outcomes of SiDREB2-based SNAP Marker Under Varying PCR Conditions

PCR conditions
Genotype

I5 B4 #143 #160 #259 #303
Experiment-1

KAPA 2G 2.5 µM 
25 cycles

AA GG AG AA AA AA
MyTaq HS AG GG AG AG AG AG

Experiment-2
KAPA 2G 1.25 µM 

25 cycles
AA GG AG AA AA AA

MyTaq HS AG GG AG AG AG AG
Experiment-3

KAPA 2G 
1.25 µM

25 cycles AA GG AG AA AA AA
30 cycles AG AG AG AG AG AG

thereby yielding less valid results, shifting allele 
ICERI-5 from A/A to A/G.  Also, allele A/G was 
formed in the amplification results of line numbers 
#160, #259, and #303 using MyTaq HS Red 
Mix. These findings showed that reducing the 
final primer concentration in amplification using 
KAPA2G DNA polymerase can eliminate non-
specific amplicons and produce target amplicons 
with a single, appropriate amplicon (300 bp). 
These results also emphasize the importance 
of choosing a DNA polymerase without 3’-to-5’ 
exonuclease proofreading activity for specific 
amplification in the SiDREB2-based SNAP 
marker. 

PCR Cycle Number

	 In addition to the primer concentration, 
the number of cycles in the PCR setup also 
affects the success of obtaining the amplicon 
(Lorenz, 2012). Since DNA polymerase 
KAPA2G produced more specific amplicons, we 
evaluated the performance of KAPA2G under 
different cycling conditions, 25 and 30 cycles, 
respectively. The resulting amplicons with their 
band intensities are presented in Figure 4 and 
Supplementary Table 3, respectively. Despite 
using a DNA polymerase without proofreading 
activity and with an optimized final primer 
concentration (1.25 μM), increasing the PCR 

Figure 5 

Visualization of SiDREB2-based Amplicons Carrying Alleles A/G and A

Notes. I6 = ICERI-6 genotype; B4 = Botok-4 genotype; F5 lines numbered #C11-4, #C11-10, #C11-3, #C16-10, 
#C16-4, and #C16-6. A = allele A; G = allele G.
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cycle to 30 resulted in false-positive amplicons. 
The 300 bp amplicons appeared at the G 
allele of the ICERI-5 genotype (band intensity 
141) and line numbers #160, #259, and #303 
(band intensities ranging from 153 to 164), 
previously identified as having A/A alleles. The 
300 bp amplicon also appeared at the A allele 
of the Botok-4 genotype (band intensity 142) 
previously identified as having G/G alleles. 
PCR specificity depends on the combination of 
template amount, primers, and the PCR cycle 
number (Asif et al., 2021). There would be few 
or no amplified products for a particular amount 
of DNA template if the cycle number is too low. 
In contrast, an excessive PCR cycle number 
might produce non-specific amplicons and high 
molecular weight smears (Asif et al., 2021; 
Mubarak et al., 2020).

Validation of the Optimized PCR Protocol

	 The PCR protocol for the SiDREB2-based 
SNAP marker was successfully optimized, with 
the most reliable amplification obtained using 
3 ng/µl DNA template, 1.25 µM of each primer 
(SD2-558-SNP-A or SD2-558-SNP-G and SD2-
558-SNP-Rev), and a 1× PCR mix containing 
DNA polymerase lacking 3’-to-5’ proofreading 
activity. The optimized cycling profile consisted 
of an initial denaturation at 94 °C for 5 min, 
followed by 25 cycles of denaturation at 94 °C 
for 5 sec, annealing at 55 °C for 1 min, and 
extension at 72 °C for 30 sec, with a final 
extension at 72 °C for 10 min. Validation of this 
protocol using 83 F5 genotypes derived from 
the ICERI-6 × Botok-4 cross demonstrated high 
accuracy and reproducibility, as evidenced by 
clear banding patterns in gel electrophoresis 
(Figure 5, Supplementary Figure 1). The 
majority of genotypes carried the homozygous 
A/A allele of SiDREB2, while three individuals 
from the F5 line I6B4-7-357-175-3.19 exhibited 
the heterozygous A/G allele (Supplementary 
Table 4). Interestingly, these same lines were 
previously identified as A/A during the F2 
generation (Sintia et al., 2023b), suggesting 
possible mis-genotyping under the earlier 
unoptimized protocol. Additionally, although 

foxtail millet is predominantly a self-pollinated 
species, it has an estimated 4% probability of 
outcrossing (Nugroho et al., 2020; Nugroho et 
al., 2024: Wang et al., 2010), which could explain 
the heterozygous A/G genotype observed in the 
F5 lines I6B4-7-357-175-3.19. Nevertheless, 
this observation highlights the importance of re-
genotyping at later breeding generations, such 
as F5, to ensure accuracy in allele identification 
and to detect unexpected genetic variation. 
	 To summarize, this study reports a 
systematic evaluation and optimization of primer 
concentration, PCR cycle number, and DNA 
polymerase specificity for the SiDREB2-based 
SNAP marker in foxtail millet. The optimized 
protocol demonstrates its applicability in breeding 
populations. As summarized in Table 2, different 
SiDREB2 genotypes can be misattributed when 
inappropriate PCR protocols are applied. This 
result highlights the necessity of an optimized 
protocol for accurate genotyping.    However, 
our study represents an initial effort that 
warrants further refinement. Future direction for 
optimization should include validating marker 
accuracy under field conditions for drought 
and salinity tolerance traits, expanding the 
evaluation to cover broader genetic materials, 
and integrating multiplex PCR approaches to 
improve genotyping accuracy. The relevance 
of multiplex PCR in SNAP-genotyping has 
been demonstrated in rice, where internal 
control primers were integrated to enhance 
assay precision and distinguish allele absence 
from PCR failure (Mubarok et al., 2025). These 
improvements will strengthen the utility of the 
SiDREB2-based SNAP marker in marker-
assisted selection and accelerate genetic 
improvement in foxtail millet. Finally, our results 
not only refine the protocol for the SiDREB2-
based SNAP marker in foxtail millet but also 
provide a valuable framework for improving 
the accuracy of other SNAP markers used in 
different genes or plant species.
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Conclusions

To conclude, DNA polymerase with no 
3’ to 5’ proofreading activity is more suitable 
for producing specific amplicons using the 
SiDREB2-based SNAP marker. PCR fidelity 
could be enhanced by decreasing the final 
primer concentration to 1.25 μM and limiting the 
PCR cycle number to a maximum of 25.
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