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Introduction

Abstract: Drought stress severely reduces plant productivity by disrupting
photosynthesis and cellular homeostasis. Plants respond through regulatory networks
involving stress-responsive genes, including heat shock proteins (HSPs), regulated by
heat shock transcription factors (HSFs). Among these, HsfA2 plays an important role
in abiotic stress tolerance, including drought. Although CaHsfA2 expression has been
reported in Capsicum annuum, validated primers for quantitative PCR (qPCR) analysis
remain limited. This study aimed to design and validate specific primers for CaHsfA2
expression analysis. Primer candidates were designed from sequence NM_001324561.1
using Primer-BLAST and evaluated based on length, GC content, melting temperature
(Tm), and self-complementarity. Total RNA was extracted from chili roots subjected to
drought stress (50% field capacity) and nanopriming with Padina minor, followed by
cDNA synthesis, gradient PCR and agarose gel electrophoresis.. Secondary structures
were analyzed using OligoAnalyzer. Of ten primer pairs, four met the criteria, and
primer set 1 (1_CaHsfA2) showed optimal characteristics (%GC 55%, Tm 60°C, product
length 190 bp) and minimal secondary structure potential (AG > -9 kcal/mol). Gradient
PCR (55.3-59.2°C) produced a single band (~193 bp), consistent with the predicted size
(190 bp), with an optimal annealing temperature of 57.3°C, confirming its specificity
and suitability for JPCR-based gene expression analysis under drought conditions.

Keywords: CaHsfA?2; C. annuum; Design Primer; Drought stress; qPCR

Abiotic environmental factors are key determinants
of crop productivity, with drought being one of the most
detrimental stresses affecting plant growth. Drought
induces stomatal closure, reduces CO, entry, impairs
photosynthetic rate, and ultimately inhibits plant
growth and productivity (Hasanuzzaman et al., 2020;
Zandalinas et al., 2021). Drought stress occurs as a
consequence of insufficient rainfall or deficient soil
moisture (Zhou et al.,, 2017). To survive under such
conditions, plants activate complex physiological and
molecular defense mechanisms to maintain cellular
function stability (Ohama et al.,, 2016). Therefore,
understanding the molecular basis of drought tolerance
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is crucial for enhancing plant resilience and supporting
sustainable agriculture.

At the cellular level, plants respond to drought
stress through complex regulatory networks that
modulate the expression of stress-responsive genes,
including heat shock proteins (HSPs) (Y. Li et al., 2025;
Tian et al., 2021). HSPs function as molecular chaperones
to maintain protein stability and prevent protein
misfolding under stress conditions. Their expression is
regulated by heat shock transcription factors (HSFs),
which play important roles not only in heat stress but
also in other abiotic stresses, including drought (Gomez-
Pastor etal., 2017; Wang & Xu, 2025). One of the common
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HSFs in plants is HsFA2. This gene contributes to
drought resilience by maintaining protein homeostasis
and redox balance (Y. Li et al., 2025).

Red chili peppers (Capsicum annum L.) are a
horticultural commodity that plays a significant role in
Indonesian  agriculture. However, chili pepper
production in Indonesia often faces serious challenges
due to drought, which can reduce plant growth and
yield. Drought is one of the primary environmental
stresses with significant impacts. Drought stress causes
negative physiological effects in chili peppers, such as
reduced seed viability, decreased chlorophyll content,
and disrupted photosynthesis, which ultimately
suppresses plant productivity (Roziqoh et al., 2023;
Suwirmen et al, 2025). Therefore, chili pepper
sensitivity to drought is a primary concern in chili
pepper production (Li, 2009).

Gene expression analysis is generally performed
using quantitative PCR (qPCR), a method used to
measure transcript abundance. However, the accuracy
of qPCR is highly dependent on the quality of the
primers used. Proper primer design is the initial step in
the PCR or qPCR process and determines the overall
amplification performance (Praja, 2021). Poorly
designed primers result in nonspecific amplification,
secondary structure formation, and inaccurate
quantification in qPCR. According to Mubarak et al.
(2020), good primer criteria include a length of 18-25 bp,
a melting temperature (Tm) of 52-58°C, a GC content of
45-60%, and a secondary structure with the lowest free
energy. Therefore, this study designed specific primers
for the HsFA2 gene in chili peppers, designated as
CaHsfA2.

Several studies have successfully examined the
expression of the HsFA2 gene in Solanum lycopersicum
(Fragkostefanakis et al., 2016), Nicotiana tabacum (Kotak
et al., 2004), Solanum melongena (Gong et al., 2021), and
Solanum tuberosum (Tang et al., 2016). Gene expression
analysis in Capsicum annuum has also been conducted
(Guo et al., 2015). However, none of these studies have
focused specifically on designing CaHsfA2 primers for
use in qPCR analysis. Therefore, this study aims to
design CaHsfA2 primers for qPCR through the design
and validation of specific primers on chili pepper cDNA.

Method

Design Primer

The primers were designed based on the sequence
from the study by Guo et al. (2014) with NCBI accession
number NM_001324561.1. Based on this nucleotide
sequence, a forward and reverse primer pair was
designed using the NCBI Primer Designing Tool
(https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast) to
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generate primer recommendations. Subsequently, the
primer pair was selected based on recommended
criteria, including a melting temperature (Tm) 50-65°C)
(Chuang et al., 2013; Wang, 2016), GC content of 45-60%,
primer length of 18-25 bp, and minimal self-
complementarity as well as 3' self-complementarity
(Mubarak et al., 2020). Furthermore, the specificity of the
primer candidates toward other species was analyzed
using NCBI Primer-BLAST.

Secondary Structure Analysis of Primers

Primer candidates were reselected based on their
secondary structure using OligoAnalyzer
(https:/ /www.idtdna.com/ pages/tools/oligoanalyzer.
Hairpins and dimers formed by the forward and reverse
primers must have a AG value greater than -9 kcal/mol
(Prediger, 2024).

Chili Pepper Root RNA Extraction

Total RNA was extracted from roots of 60-day-old
chili pepper plants subjected to drought stress (50% field
capacity) and nanopriming treatment with Padina minor,
using the Total RNA Mini Kit (Plant) from Geneaid.
Total RNA was extracted from approximately 50 mg of
chili pepper root tissue according to the kit protocol. The
sample was frozen with liquid nitrogen and ground into
a fine powder, then lysed using 500 pL RB buffer
supplemented with 5 pL. f-mercaptoethanol, incubated
at 60°C for 5 minutes, and filtered using a filter column.
The clear filtrate was mixed with absolute ethanol to
precipitate the RNA, then applied to an RB column and
centrifuged. To reduce genomic DNA contamination, in-
column treatment with DNase I + DNase I RB was
performed. This was followed by washing steps using
W1 buffer and wash buffer, followed by drying of the
column matrix. The purified RNA was eluted using 50
puL RNase-Free Water and its quantity was measured
using a NanoSpectrophotometer. Subsequently, a
sample with a concentration of 100 ng/uL was obtained
after dilution and stored in a -80°C freezer.

cDNA Synthesis

cDNA synthesis was performed using ReverTra
Ace™ gPCR RT Master Mix with gDNA Remover
according to the manufacturer’s instructions. Briefly,
total RNA (100 ng/ pL) was used as a template and
denatured at 65°C for 5 minutes, followed by immediate
cooling on ice. Genomic DNA contamination was
removed by incubating the RNA sample with 4x DN
Master Mix at 37°C for 5 minutes. Subsequently, reverse
transcription was carried out by adding 5% RT Master
Mix II and incubating at 37°C for 15 minutes, followed
by an optional step at 50°C for 5 minutes. The reaction
was terminated by heating at 98°C for 5 minutes. The
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synthesized cDNA was then used PCR analysis and
stored at —20°C until further use.

PCR Gradient

Optimization of primer annealing temperature
using a PCR Gradient. The PCR reaction consists of 12.5
puL Bioline Redmix PCR, 10.5 pL nuclease-free water, 1
uL cDNA isolate, and 1 pL (10 pM) each of forward and
reverse primers. The PCR cycle consists of an initial step
at 95°C for 1 minute, denaturation at 95°C for 15 seconds
repeated for 35 cycles, annealing at 55-60°C, extension
at 72°C for 30 seconds, and a final extension for 5
minutes. The PCR products were separated by 2%
agarose gel electrophoresis (100V for 50 minutes) using
1x TAE buffer. They were then visualized using Uvitec
gel documentation.

Result and Discussion

Design Primer

The design of specific primers for the CaHsfA2
gene, based on a 1436 bp sequence from GenBank with
accession number NM_001324561.1, was performed
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using the NCBI primer design tool as an initial step.
Based on this, 10 primer recommendations were
obtained from the CaHsfA2 gene sequence (Table 1).
Primer sets 1 through 10, consisting of forward and
reverse primers, ranged in size from 19-21 bp, with
product lengths of 142-846 bp, GC content of 47-60%,
self-complementary regions of 2-6 Dbp, self-
complementary regions of 0-3 bp, and and a relatively
uniform melting temperature (Tm) around 60°C.

When designing primers, primer length is a critical
parameter that determines the success of amplifying
specific fragments of the target gene. Based on the
primer set recommendations in Table 1, primer lengths
range from 19-21 bp and fall within the ideal range of
18-30 bp (Borah, 2011). Shorter primers (<18 bp) can
reduce binding specificity to the template, increasing the
risk of mispriming and non-specific binding (Hung &
Weng, 2016). However, if the primer is too long, it may
induce the formation of secondary structures (Syamsidi
et al, 2021). Therefore, the primer lengths most
commonly used for PCR or qPCR are 20-22 bp (Chen et
al., 2023; Hidayah et al., 2025; Syamsidi et al., 2021).

Tabel 1. Primer Design of CaHsfA2 from NCBI Primer-BLAST

Set Sequence (5'-3") Size (bp) GC (%) Tm (°C)  Self 3’ comp PL (bp)

1* F TGGAGCAGAGGAAGTACCGA 20 55 59.96 0 190
R GTGCTAAGAACGCCAGAGGA 20 55 59.75 0

2 F CCTCTGGCGTTCTTAGCACA 20 55 60.04 3 142
R TGCACCCCACGACTCTATCA 20 55 60.61 1

3 F GGAGACTGACAATGACCCCC 20 60 59.75 0 451
R AGGAACAACAAGAGGTCCCC 20 55 59.23 3

4 F AAAGCTTCAGTTTGCGGGGA 20 50 60.47 0 180
R GCTTTATGCACCCCACGACT 20 55 60.68 1

5* F TCTTGTTGTTCCTCTGGCGT 20 50 59.53 0 153
R ATGCACCCCACGACTCTATC 20 55 59.25 0

6 F TGACAGCAAGTGGAACCGAT 20 50 59.60 2 245
R GAGGTCCCCGCAAACTGAAG 20 60 60.96 2

7 F GGTGGATCCTGACAGATGGG 20 60. 59.53 0 846
R AAGAGGTCCCCGCAAACTG 19 58 59.93 1

8 F GACTGACAATGACCCCCAGT 20 55 59.31 1 459
R AAGAACGCCAGAGGAACAACA 21 47 60.13 0

9* F TTTGCGGGGACCTCTTGTTG 20 55 60.82 0 169
R CTTTATGCACCCCACGACTCT 21 52 60.07 1

10* F GTTTGCGGGGACCTCTTGTT 20 55 60.82 0 164
R GCACCCCACGACTCTATCATT 21 52 59.86 1

PL: Product Length

*indicate primers set that showed criteria of a good primer

The composition of Guanine (G) and Cytosine (C)
bases affects the strength of the primer’s binding to the
template during the PCR amplification process. This is
because G-C base pairs form three hydrogen bonds,
whereas A-T base pairs form only two hydrogen bonds
(Alberts et al., 2017). Therefore, the GC content of
primers is generally recommended to be within the

range of 40-60%, with an ideal percentage of 50%
(Prediger, 2024). The higher the G and C content in a
primer, the higher the Tm required to dissociate these
bonds (Atifah & Achyar, 2023). Ideally, Tm should be
within the range of 50-65°C (Chuang et al., 2013; Wang,
2016). Based on these parameters, the primer sets in
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Table 1 have shown GC% and Tm values that meet the
criteria.

Another important parameter to consider when
selecting primers is 3’ self-complementarity. This value
arises when there is base pairing at the 3" end of the
primer that can trigger the formation of primer dimers,
which can be extended by DNA polymerase (Thornton
& Basu, 2011). This, in turn, affects the efficiency of
primer annealing to the target sequence. The maximum
value for self-3" complementarity is 3, and the lower this
value, the better the primer is for use (Shen et al., 2010).
In Table 1, all recommended primer sets have self-3’
complementarity values below 3 for both the forward
and reverse primers. However, the primer sets with the
lowest self-3" complementarity (a value of 0) are set 1
and set 5.

The PCR product length is the number of base pairs
(bp) of the DNA fragment amplified by a pair of primers.
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This parameter plays a crucial role, particularly in qPCR,
as it affects amplification efficiency and detection
sensitivity. Shorter amplicons generally provide better
amplification efficiency (Bustin et al., 2009), with a
recommended range of approximately 70-150 bp
(Prediger, 2024). However, some studies still use sizes
up to £150-250 bp as long as reaction efficiency remains
optimal (Khaira et al., 2023).

Based on these primary criteria, this study selected
primer sets with the lowest self-3" complementarity (sets
1 and 5) and product lengths of 150-200 bp (sets 1, 5, 9,
and 10). This range was chosen as a compromise
between qPCR amplification efficiency and visualization
requirements during the initial validation stage, as
fragments that are too short are difficult to observe
clearly on agarose gel electrophoresis.
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Figure 1. NCBI Primer-BLAST result from primer set 1 (a), set 5 (b), set 9 (c), set 10 (d)
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Based on BLAST analysis using NCBI Primer-
BLAST, primer sets 1, 5, 9, and 10 are specific to the
species C. annuum. According to Gheno et al. (2026),
Primer-BLAST is a tool that can be used to verify primer
specificity against genomic databases. This step is
crucial to avoid false positives in diagnostic testing.
Next, the secondary structure characteristics of primer
sets 1, 5, 9, and 10 were analyzed to assess the potential
for hairpin and dimer formation, which could affect
amplification performance.

Secondary Structure Analysis

Forward and reverse primer candidates from sets 1,
5,9, and 10 analyzed using Oligo Analyzer showed
relatively small AG hairpin values (-1.57 to 1.47
kcal/mol), indicating a weak tendency for hairpin
formation. Self-dimer values ranged from -7.05 to -0.96
kcal/mol; while most primers remained within a safe
range, those from sets 5 and 9 exhibited a stronger
tendency toward dimerization. Base complementarity at
the 3" end ranged from 2 to 4 bp, which is still tolerable.
Meanwhile, heterodimers had AG values ranging from -
9.21 to -0.96 kcal/mol, with the strongest interactions
found in sets 9 and 10.

The formation of secondary structures, namely
dimers and hairpins, must be taken into account when
designing primers (VanGuilder et al., 2008). This is

Volume 12, Issue 5, 128-135

because secondary structures are artifacts that can form
during PCR and qPCR, affecting the efficiency and
specificity of amplification. A hairpin forms when a
portion of the nucleotides (two or three) in a primer
hybridizes with itself, creating a loop structure that can
generate nonspecific products or even inhibit
amplification (Singh & Singh, 2000). Dimerization occurs
when two identical primers (self-dimers) or a forward-
reverse primer pair (heterodimers) hybridize due to base
complementarity. The formation of these dimer
structures can lead to amplification of the primer itself
rather than the target amplicon (Gheno et al., 2026).

Oligoanalyzer tools are used to predict the
formation of hairpins and dimers based on Gibbs free
energy (AG) values (Caro et al., 2022; Prediger, 2024). A
larger (more positive) AG value indicates that the
secondary structures (hairpins and dimers) gave weak
bonds and are less likely to form. The AG value must be
more positive than -9 kcal/mol, and complementarity
must not exceed 4 bp (Handoyo & Rudiretna, 2001;
Meagher et al., 2018). Therefore, based on these criteria,
primer set 1 exhibited the lowest tendency for secondary
structure formation compared to the other sets;
consequently, it was selected as the best primer
candidate and named 1_CaHsfA2 to proceed to primer
synthesis.

Table 2. Secondary structure analysis based on AG value from OligoAnalyzer

Set Hairpin (AG: Self-dimer (AG: Complementarity (bp) Heterodimer(AG :
kcal/mol) kcal/mol) kcal/mol)
1 F -0.54 - 0.27 -3.61 - -0.96 2-4 -6.69 - -0.96
R -0.25-0.58 -3.61 - -0.96 2
5 F 0.67 -1.47 -3.61 - -3.07 2-3 -5.02 --1.34
R 0.56-0.7 -7.05 - -0.96 2-4
9 F -1.57 -3.61 - -1.34 2-4 -9.21 --1.34
R 0.56 -7.05 - -0.96 2-4
10 F -1.57 -3.61 - -1.34 2-4 -9.21 --1.34
R -0.23 -3.61 - -0.96 2

Note: Negative AG values indicate stable secondary structure formation, while positive values indicate non-spontaneous

structure formation.

Annealing Temperature Optimization via PCR Gradient
Annealing temperature optimization using a PCR
gradient was performed to determine the optimal
temperature at which the primer can specifically bind to
the DNA template (Roux, 1995). Figure 2 shows the 2%
agarose gel electrophoresis profile of the PCR gradient
results for primer 1_CaHsFA2 against the C. annuum
cDNA genome. A clear single band of approximately 193
bp was observed across the temperature range of 55.3-
59.2°C. This band size is consistent with the expected
amplicon length of 190 bp predicted in silico, with the
slight difference likely due to the limited resolution of
agarose gel electrophoresis This indicates that the
primer specifically amplifies the target on the DNA

template and aligns with the predicted product length of
190 bp (Table 1). This temperature range was
determined based on the five temperatures below the
Tm value in Table 1. The optimal annealing temperature
was set at 57.3°C because it produced the brightest band
compared to the other temperatures. The strong band
intensity without smearing indicates that amplification
occurred efficiently and that the PCR product quality
was good (Igbal et al., 2016). According to Gheno et al.
(2026), an annealing temperature that is too low can
cause nonspecific amplification, while a temperature
that is too high inhibits primer binding to the target
DNA.
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Figure 2. PCR electrophoresis profile of C. annuum root cDNA
samples at five temperature gradients: 100 bp DNA ladder

The annealing temperature is the stage at which the
primer hybridizes complementarily with the template
DNA (Mubarak et al., 2020). This temperature must be
determined experimentally because primer design
software only predicts Tm as an initial estimate (Bustin
et al., 2009). A higher GC content increases the Tm value
and the required annealing temperature. Generally, the
optimal annealing temperature is approximately 5°C
below Tm (Mubarak et al.,, 2020), however this serves
only as a guideline and may vary depending on primer
characteristics and reaction conditions. In this study,
although the predictred Tm was around 600C, gradient
PCR analysis (55-59°C) showed that 57.3°C produced
the most specific amplification with a clear single band.
The use of a slightly higher annealing temperature likely
enhanced primer specificity by reducing non-specific
binding. Therefore, 57.3°C was selected as the optimal
annealing temperature for primer 1_CaHsfA2 in qPCR
analysis.

Conclusion

This  study  successfully  designed and
experimentally validated a specific primer targeting the
CaHsFA2 gene in Capsicum annuum. Among ten
candidates, primer set 1 termed as 1_CaHsfA2 (Forward:
TGGAGCAGAGGAAGTACCGA; Reverse:
GTGCTAAGAACGCCAGAGGA) showed the most
optimal criteria (%GC 55%, Tm 60°C, PL 190 bp) and
minimal secondary structure potential, and produced a
clear single band of approximately 193 bp, consistent
with the predicted size of 190 bp while gradient PCR
analysis identified an optimal annealing temperature of
57.3°C. These results confirm that the selected primer is
specific and reliable for downstream gene expression
analysis, providing a robust molecular tool for qPCR-
based studies of heat-stress-related gene regulation in
chili.
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