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Abstract

Start Codon Targeted Polymorphism (SCoT) marker is a novel target gene
molecular marker based on single-primer amplification reaction. This study
employed both L25(576) orthogonal design and single-factor methods to op-
timize five factors affecting Rehmannia SCoT-PCR, reaction (template DNA
concentration, primer concentration, ddH20 and Mix amounts, and annealing
temperature). The optimized reaction system was: total volume of 25 L, con-
taining 8 L ddH20, 1 L template DNA (80 ng+ L™-1), L primer (8 mol-L"-1)
and 15 L Mix, with an annealing temperature of 45°C. Using 30 Rehmannia
germplasm materials, the optimized SCoT-PCR system was repeatedly vali-
dated, obtaining amplification profiles with rich polymorphism and clear bands,
proving that this reaction system is stable and reliable. Using this system, 32
SCoT primers were screened twice, yielding 14 primers with clear amplification
products, good repeatability, and relatively high numbers of polymorphic bands.
Finally, SCoT fingerprinting profiles for the above-mentioned 30 germplasm sam-
ples from two Rehmannia species were constructed using five primers including
SCoT4. These five SCoT primer fingerprinting profiles could distinguish seven
commonly used Rehmannia cultivated varieties. The study demonstrates that
the SCoT molecular marker system is suitable for research on genetic relation-
ships and genetic diversity of main Rehmannia varieties, and the constructed
fingerprinting profiles also provide a reference basis for distinguishing the seven
common Rehmannia cultivated varieties. These results lay a foundation for
research on germplasm resource genetic relationships, molecular breeding, and
genetic diversity in Rehmannia.
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Abstract

Start codon targeted polymorphism (SCoT) markers represent a novel type of
target gene molecular marker based on single-primer amplification reactions.
This study employed both L25(5 ) orthogonal design and single-factor methods
to optimize five key factors affecting SCoT-PCR reactions in Rehmannia gluti-
nosa: template DNA concentration, primer concentration, ddH O volume, Mix
quantity, and annealing temperature. The optimized reaction system consisted
of a total volume of 25 L containing 8 L ddH O, 1 L template DNA (80 ng -
L"), 1 L primer (8 mol-L '), and 15 L Mix, with an annealing temperature
of 45 °C. Using 30 Rehmannia germplasm materials, the optimized SCoT-PCR
orthogonal system was repeatedly validated, yielding amplification profiles with
rich polymorphism and clear bands that demonstrated the system’ s stability
and reliability. Subsequently, 32 SCoT primers were screened twice using this
system, resulting in 14 primers that produced clear, reproducible amplification
products with relatively high polymorphic bands. Finally, SCoT fingerprints
were constructed for 30 germplasm accessions across two Rehmannia species
using five primers including SCoT4. These five SCoT primer fingerprints suc-
cessfully distinguished seven commonly cultivated Rehmannia glutinosa vari-
eties. The results indicate that the SCoT molecular marker system is suitable
for studying genetic relationships and diversity among major Rehmannia va-
rieties, and the constructed fingerprints provide a reference for distinguishing
seven common cultivated varieties. These findings establish a foundation for
research on germplasm relationships, molecular breeding, and genetic diversity
in Rehmannia.

Keywords: Start codon targeted polymorphism (SCoT); single-factor test; or-
thogonal design; primer screening; variety identification
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Introduction

Rehmannia glutinosa is a perennial herb belonging to the family Scrophulari-
aceae and genus Rehmannia, which includes six species: R. chingii, R. piasezkii,
R. elata, R. henryi, R. solanifolia, and R. glutinosa, distributed across China,
Japan, and Korea. In China, R. glutinosa is primarily found in Henan, Shanxi,
Liaoning, Shandong, Shaanxi, and Anhui provinces. The roots of R. glutinosa
hold significant economic value as both medicinal material and food, attracting
considerable research attention.

Regarding DNA molecular marker studies in R. glutinosa, various markers have
been applied for genetic diversity evaluation, classification, identification, finger-
printing, population genetics, and diagnostic studies, including RAPD, ISSR,
SRAP, SCAR, ITS, AFLP, chloroplast DNA non-coding regions, and EST-SSR,
markers (Guo Guanying, 2013; Zhou Yangqing et al., 2015; Wang Wanshen, 2016;
Xia Zhi et al., 2016; Feng Fajie et al., 2015; Liu et al., 2015). However, these
markers each have limitations: RAPD suffers from instability, AFLP is time-
consuming and expensive, and SSR markers are difficult to develop. Therefore,
new molecular markers for R. glutinosa are needed.

Start codon targeted polymorphism (SCoT) is a novel DNA molecular marker
technology based on single-primer amplification reactions. It employs single
primers designed from conserved regions flanking the ATG start codon in plant
genes to amplify genomic regions on both sides of ATG, generating dominant
polymorphic markers biased toward candidate functional gene regions. SCoT
offers several advantages: it can obtain trait-linked target genes, track traits,
is simple to operate, highly reproducible, exhibits rich polymorphism, and has
good primer universality. The technology has been widely applied in genetic
diversity analysis of durum wheat (Guo et al., 2016), phylogenetic relation-
ships between intermediate wheatgrass and common wheat (Xu Lintao, 2015),
identification of Tunisian citrus species (Mahjbi et al., 2015), classification of
Diospyros lotus (Yang et al., 2015), fingerprint construction (Luo Ting et al.,
2013), genetic homozygosity assessment of regenerated Helicteres isora plants
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(Mariappan et al., 2016), and molecular genetic linkage map construction (Long
Zhijian et al., 2015).

Additionally, due to long-term vegetative propagation and inter-regional intro-
duction, most R. glutinosa varieties have degenerated after years of cultivation,
with severely reduced quality and yield and inconsistent external morphology.
However, current research on R. glutinosa has primarily focused on breeding,
chemistry, and pest control (Liu Chengwei et al., 2007; Ji Wei et al., 2008; Chen
Daxia et al., 2009, 2011). To date, no reports have applied SCoT marker tech-
nology to R. glutinosa, and molecular-level studies on its genetic diversity and
phylogenetic relationships remain relatively scarce (Chen Daxia et al., 2012).
Therefore, this study aimed to develop new molecular markers for R. gluti-
nosa, optimize the SCoT-PCR system, screen appropriate primers, and con-
struct SCoT fingerprints for 30 germplasm accessions. This work establishes a
foundation for genetic diversity analysis and variety identification in R. glutinosa
and provides a reference for distinguishing seven common cultivated varieties:
Hongshuwang, Kangyu 831, Beijing No. 3, Beijing No. 2, Jinzhuangyuan, Jinjiu,
and Wen 85-5.

1.1 Experimental Materials

Rehmannia germplasm was collected from four cities/counties in Henan, two
districts/counties in Shandong, and East China Normal University in Shanghai,
comprising two species (R. piasezkii and R. glutinosa) with a total of 30 ac-
cessions. In May 2016, graduate student Wang Wanshen collected fresh young
leaves from each location (three plants per site as replicates), which were rapidly
dried with silica gel and stored at -70 °C. All materials were identified by Profes-
sor Duan Hongying of Henan Normal University and confirmed as R. piasezkii
or R. glutinosa germplasm through ITS sequencing and NCBI BLAST compari-
son by graduate student Wang Wanshen (Wang Wanshen, 2016) (Table 1 ). The
Taq MasterMix used in experiments was synthesized by Beijing CoWin Biotech
Co., Ltd., offering advantages of good stability, high sensitivity, simplicity, and
strong specificity. Thirty-two single primer sequences were selected from litera-
ture (Chen Daxia et al., 2012; Li Pirui et al., 2013; Jiang Yaqin et al., 2014) and
synthesized by Beijing Sunbiotech Co., Ltd., designated as SCoT1-SCoT32.

1.2 DNA Extraction and Detection

Fresh Rehmannia leaves were used for DNA extraction via a modified CTAB
method. DNA integrity was assessed using 1% agarose gel electrophoresis, and
concentration and purity were measured with a UV spectrophotometer. Samples
were diluted to the required concentration and stored at -20 °C for subsequent
use.
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1.3 Establishment of Basic SCoT-PCR System and Target Primer
Screening

Based on literature (Luo Ting et al., 2013; Xu Lintao, 2015; Guo et al., 2016;
Mahjbi et al., 2015), a basic SCoT-PCR reaction system was initially established
for R. glutinosa to screen 32 primers. The SCoT-PCR reaction system (20 L)
contained 8 L ddH O, 1 L template DNA (80ng- L '), 1 L primer (8 mol-L '),
and 10 L Mix. The amplification program consisted of: initial denaturation at
94 °C for 4 min; 36 cycles of denaturation at 94 °C for 1 min, annealing at 50
°C for 1 min, and extension at 72 °C for 2 min; final extension at 72 °C for
5 min; and storage at 4 °C. PCR products were detected via 1% agarose gel
electrophoresis and photographed for analysis.

1.4 Orthogonal Experimental Design for SCoT-PCR

Wen 85-5 is the most common cultivated variety of R. glutinosa. DNA from
this variety was selected as template, and SCoT15 (screened in Section 1.3) was
used as primer. Five factors—template DNA concentration, primer concentra-
tion, ddH O volume, Mix quantity, and annealing temperature—were evaluated
at five levels each (Table 2 ) using L25(5 ) orthogonal experimental design to
optimize the basic SCoT-PCR system, with two replicates. PCR amplification
was performed on a Tgradient thermocycler with the following program: initial
denaturation at 94 °C for 4 min; 36 cycles of denaturation at 94 °C for 1 min,
annealing at temperatures specified in the orthogonal table for 1 min, and ex-
tension at 72 °C for 2 min; and storage at 4 °C. After amplification, 8-10 L of
product was subjected to 1% agarose gel electrophoresis in 1xTAE buffer and
photographed using a Gel Doc™ EZ imager.

1.5 Annealing Temperature Optimization

Annealing temperature is a critical factor affecting PCR specificity. Based on
the optimal system identified from orthogonal experiments, a single-factor exper-
iment was designed for further gradient optimization of annealing temperature.
Five temperature gradients were tested: 45.0 °C, 47.0 °C, 51.3 °C, 53.3 °C, and
55.0 °C. The reaction program was identical to the orthogonal system except
for annealing temperature.

1.6 Verification of Optimal Orthogonal System

The 14 primers screened in Section 1.3 and the optimized orthogonal system
from Section 1.5 were used to amplify DNA templates from 30 Rehmannia
germplasm accessions. Amplification products were detected via 1% agarose
gel electrophoresis to verify the stability, universality, and reproducibility of the
system.
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1.7 Data Processing

Bands were manually scored based on their relative positions on the gel elec-
tropherogram, ordered from largest to smallest molecular weight. Clear and
identifiable bands were recorded as “1,” absent bands as “0,” and missing data
as “9.” Unclear bands were excluded from recording. A digital SCoT fingerprint
table was established for the 30 Rehmannia germplasm accessions.

2.1 Quality and Concentration Detection of Rehmannia
DNA

DNA integrity was assessed via 1% agarose gel electrophoresis, which revealed
clear, intact bands without smearing or protein contamination. DNA con-
centration and purity were measured using a microspectrophotometer, with
0OD260/0D280 ratios ranging from 1.8 to 2.0, indicating high purity without
contaminant interference and suitability for PCR amplification.

2.2 Establishment of Basic SCoT-PCR System and Primer
Screening

Using the basic system and amplification program, DNA templates from com-
mon cultivated varieties including Wen 85-5, Jinjiu, Jinzhuangyuan, and Hong-
shuwang were used to screen 32 SCoT primers via SCoT-PCR (Figure 1 [Figure
1: see original paper]). Fourteen primers producing clear amplification products
with good repeatability and relatively high polymorphic bands were selected for
formal PCR amplification (Table 3 ).

2.3 Verification of Orthogonal Experiments

Amplification results from the orthogonal experiments showed that 18 of the 25
treatment combinations produced bands, while treatments 10, 14, 16, 18, 20,
22, and 23 yielded no products. Treatments 5, 6, 7, and 19 produced minimal
amplification, whereas treatments 8 and 9 generated clear, easily identifiable
polymorphic banding patterns (Figure 3 [Figure 3: see original paper]). Based
on comprehensive visual analysis of all bands, the optimal SCoT-PCR reaction
system for R. glutinosa was determined to be: 8 L ddH O, 80 ng- L ! template
DNA, 8 mol-L ! primer, 15 L Mix, and an annealing temperature of 45 °C, in
a total volume of 25 L.

2.4 Annealing Temperature Optimization

Among the five annealing temperatures tested (Figure 4 [Figure 4: see origi-
nal paper]), amplification at 45.0 °C produced strong band intensity with high
specificity and easy identification. Temperatures of 47.0 °C and 55.0 °C yielded
fewer bands with weaker background. At 51.3 °C and 53.3 °C, band number
increased with rising temperature and background intensified, but background
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weakened again at 55.0 °C. Therefore, based on clear band amplification and
polymorphism, the optimal annealing temperature was determined to be 45.0
°C.

2.5 Verification of Optimal Rehmannia Reaction System

Using the 14 initially screened primers and the optimized orthogonal system,
SCoT-PCR analysis was performed on DNA templates from 30 Rehmannia
germplasm accessions, with products detected via agarose gel electrophoresis.
Except for SCoT21 and SCoT25, all primers amplified clear, moderately bright,
highly polymorphic bands from the test materials. For example, SCoT15 and
SCoT27 produced clear, easily identifiable polymorphic profiles across the 30
Rehmannia materials (Figure 5 [Figure 5: see original paper|, Figure 6 [Figure
6: see original paper]), confirming that the established and optimized SCoT
molecular marker system is suitable for subsequent genetic diversity studies of
R. glutinosa genomic DNA.

2.6 SCoT Primer Amplification Analysis

Through two rounds of screening of 32 SCoT primers, 14 primers producing clear,
reproducible amplification products with relatively high polymorphic bands
were obtained. Amplification analysis of 30 Rehmannia germplasm accessions
using these 14 primers revealed: (1) a total of 103 loci were amplified, of which
96 were polymorphic, yielding a polymorphism rate of 94.2%; (2) genetic simi-
larity coefficients among the 31 materials ranged from 0.4719 to 0.9223, with an
average of 0.70, indicating that SCoT markers can reveal high genetic diversity
among varieties. Five primers were ultimately selected to construct fingerprints
for the 30 Rehmannia germplasm accessions, successfully distinguishing seven
commonly cultivated R. glutinosa varieties.

2.7 Fingerprint Construction

Based on amplification results from five primers (SCoT4, SCoT5, SCoT11,
SCoT15, and SCoT27), clear and identifiable bands on electropherograms were
scored as “1,” absent bands as “0,” and missing data as “9.” A digital SCoT
fingerprint table was established for the 30 Rehmannia germplasm accessions
(Table 4 ). These five polymorphic SCoT primers effectively distinguished seven
commonly cultivated R. glutinosa varieties: SCoT4 produced specific bands to
differentiate Beijing No. 2, Jinzhuangyuan, and Jinjiu; SCoT27 distinguished
Hongshuwang and Kangyu 831; SCoT5 amplified specific bands for Beijing No. 3;
SCoT11 generated specific bands for Wen 85-5; and SCoT27 amplified specific
bands for Jinjiu.
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3 Discussion

Traditional molecular markers such as RAPD, ISSR, EST-SSR, SCAR, and
SRAP have proven effective and reliable but each has distinct characteristics
and limitations (Long Zhijian et al., 2015), including high cost, poor experi-
mental repeatability, and instability. SCoT markers, as a novel DNA molecular
marker technology using 18-bp single primers, offer advantages including low
DNA quality requirements, minimal DNA quantity needs, no requirement for
known sequence information for primer design, low primer mismatch rates, good
primer universality, and high amplification product polymorphism. Addition-
ally, detection via agarose gel electrophoresis is simple, inexpensive, and rapid.
In recent years, SCoT has been applied to various crops including watermelon
(Yang Jing et al., 2016), peanut (Xiong Faqian et al., 2010), loofah (Jiang Yaqin
et al., 2014), carambola (Ou Jingli et al., 2015), and sugarcane (Chen Pinghua
et al., 2011), as well as in plant genetic diversity analysis (Guo et al., 2016),
phylogenetic studies (Xu Lintao, 2015), species identification (Mahjbi et al.,
2015), classification (Yang et al., 2015), fingerprint construction (Luo Ting et
al., 2013), genetic homozygosity assessment of regenerated plants (Mariappan
et al., 2016), and molecular genetic linkage map construction (Long Zhijian et
al., 2015).

However, SCoT technology has rarely been applied to R. glutinosa genetic di-
versity analysis, with only Chen Daxia’ s study on genetic variation and differen-
tiation in Scrophularia. Existing molecular markers for R. glutinosa are limited
to SRAP, SCAR, RAPD, ISSR, ITS, AFLP, species identification (Mahjbi et
al., 2015), chloroplast DNA non-coding regions (rbcL, ndhF, rpsl6, trnL-F,
psbA-trnH, and matK), and EST-SSR markers published by Feng Fajie (2015),
Guo Guanying (2013), and Cheng Yueqin (2013). Therefore, this study utilized
SCoT molecular markers to analyze genetic polymorphism in 30 Rehmannia
accessions, providing a new molecular marker technology for R. glutinosa and
other species and offering a basis for Rehmannia germplasm identification. The
14 SCoT primers screened in this study exhibited high polymorphism across
30 Rehmannia resources, with an average polymorphism rate of 94.2%, which
is higher than reported in some other studies: Li Pirui et al. (2013) reported
90.4% average polymorphism using 12 SCoT primers in 18 chrysanthemum ma-
terials; Chen Hu et al. (2010) reported 85.8% average polymorphism using 24
primers in 24 longan varieties; and Jiang Yaqin et al. (2014) reported 87.57%
polymorphism using 10 primers in 81 loofah varieties. These primers amplified
specific bands in some cultivated varieties, though whether these specific bands
are linked to particular traits requires further investigation.

This study aimed to develop new molecular markers for R. glutinosa and over-
come limitations of SCoT-PCR technology. The optimized SCoT-PCR reaction
system for R. glutinosa was established as: total volume 25 L containing ddH O
8 L, template DNA 80 ng+ L !, primer 8 mol-L ', Mix 15 L, and annealing tem-
perature 45 °C. This SCoT-PCR system was validated for universality and sta-
bility across R. glutinosa cultivars, two different Rehmannia species, landraces,
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and wild species, all yielding richly polymorphic profiles. The system is suit-
able for fingerprint construction, identification, and genetic diversity analysis
of Rehmannia germplasm, and establishes a foundation for subsequent research
including SCAR marker development.
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