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Abstract

In the past, southern indigo was a highly sought-after local product for Portuguese traders, but the
traditional knowledge and practices surrounding it have gradually faded over time. Meanwhile, in Northeastern
Thailand, various types of indigo are widely cultivated, with Indigofera tinctoria L. (dye indigo) and Indigofera
suffruticosa (wild indigo) being popular for producing a deep blue dye. Beyond its use as a dye, the indigo plant
is also a source of bioactive compounds. This study aimed to investigate the genetic diversity of three indigo
varieties: "Kram Thale" (sea indigo), "Kram Fak Khong" (curved-pod indigo), and "Kram Fak Trong" (straight-pod
indigo). The research utilized single-nucleotide variants (SNVs) as molecular markers and analyzed the chemical
composition of key compounds. The results showed that the nucleotide sequence data were of high quality,
with an average quality score of 37-38. A total of 2,637,721 SNVs were initially detected, which was reduced
to 1,801,689 SNVs after filtering. Genetic relationship analysis using a phylogenetic tree and Principal
Component Analysis (PCA) revealed two main clusters. "Kram Thale" and "Kram Fak Khong" were found to be
genetically similar, while "Kram Fak Trong" was distinctly separate. Population structure analysis also clearly
divided the samples into three groups based on their variety. Furthermore, chemical analysis of the "Kram
Thale" leaf extract using GC-MS identified several important compounds, including Phytol (6.73%),
Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl- ester (3.71%), 7-9-di+tert butyl-1-oxaspiro (4,5) deca-
6,9-dinen-2,8-dione (3.62%), and 4-Acetyl-1,2,3,4-tetrahydro-2-oxoquinoline (3.41%). This study highlights the
genetic differences between indigo varieties and the significant chemical composition of "Kram Thale," providing

a foundation for future breeding programs and product development.
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Introduction

Indigofera tinctoria L., a plant belonging to
the family Fabaceae, is native to Southeast Asia and
is widely cultivated in Asia, Africa, and Central
America. It is a plant of significant economic and
cultural importance, particularly for producing
natural indigo dye, which has been used for
centuries to color cotton and other natural fibers.
In addition to its use as a dye, indigo is also used in
traditional medicine to treat various ailments, such
as skin, liver, and respiratory diseases. In Thailand,
indigo has been cultivated for a long time,
especially in the northern and northeastern regions,
where it is used to dye local textiles like cotton,
silk, and "pha sin". The demand for naturally dyed
products and local wisdom has led to a growing
popularity of indigo-dyed fabrics and the
promotion of indigo cultivation in many parts of
Thailand. The classification of indigo species in
Thailand is traditionally based on morphological
characteristics like leaves, flowers, and pods, which
has led to the identification of several types such
as "Kram Yai" (large indigo), "Kram Lek" (small
indigo), "Kram Fak Trong" (straight-pod indigo),
"Kram Fak Ngor" (curved-pod indigo), and "Kram
Thale" (sea indigo). However, relying solely on
morphological traits can be limiting, as these
characteristics can be influenced by environmental
factors, leading to inaccurate classification.

Whole-genome sequencing (WGS) is a
powerful tool for studying the genetic diversity of
plants. The use of single-nucleotide variants (SNVs),
which are changes at a single nucleotide position,
is particularly effective because they are found
throughout the genome, allowing for accurate
genetic  relationship  studies and  variety
classification (Chedao, N.,2024). Furthermore,
studying the chemical composition of plants is

crucial for identifying bioactive compounds with

potential medical and pharmaceutical applications.
While previous research has examined the genetic
characteristics of indigo in other countries, such as
India, China, and Indonesia, the genetic makeup of
Thai indigo has been studied to a limited extent,
especially using WGS combined with SNV analysis.
Therefore, this research aims to investigate the
genetic diversity of three Thai indigo varieties—
"Kram Thale," "Kram Fak Khong," and "Kram Fak
Trong"—by using SNV molecular markers and
analyzing the chemical composition of key
compounds. The findings will provide a
fundamental basis for the future conservation,

breeding, and product development of indigo.

Methodology

1. Sample Preparation

" (B1, B2), and "Kram Fak Trong" (S1, S2), for
a total of six samples. Healthy leaves free from
signs of disease or pest infestation were selected.
The samples were then stored at 4°C to maintain
their condition. DNA was extracted from all six leaf
samples using a DNeasy Plant Mini Kit (Qiagen,
Germany). The fresh leaves were first ground to a
fine powder in liquid nitrogen, and the powder was
placed in a plant cell lysis buffer with RNase A
enzyme. The mixture was incubated at 65°C for 10
minutes, and a protein precipitation buffer was
added before the protein pellet was removed by
centrifugation.  The  supermatant was then
transferred to a column and centrifuged to
precipitate the DNA. The quality and concentration
of the extracted DNA were measured using a
Nanodrop Spectrophoto-meter and a Qubit
Fluorometer (Thermo Fisher Scientific, USA). The
integrity of the DNA was also checked by gel
electrophoresis on a 1% agarose gel. DNA samples
with an A260/A280 ratio between 1.8 and 2.0 were

selected for subsequent analysis
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2. Whole-Genome Sequencing

Paired-end DNA libraries were constructed
using DNA nanoball sequencing. The target DNA
was fragmented into pieces approximately 350 bp
in size, and adapters were ligated to the fragments.
The DNA was then amplified using PCR, and whole-
genome sequencing was performed on a DNBSEQ-
G400 instrument (BGI, China) with a read length of
150 bp. The target average coverage was set to 10x
per sample. Data quality was checked using the
FastQC v0.11.9 program (Andrews, 2010) by
evaluating the mean quality scores across the read
length (0-150 bp). Reads were then filtered using
Trimmomatic v0.39 (Bolger et al,, 2014). SNVs were
identified by aligning the filtered reads to a
reference genome using the Bowtie 2 v2.4.2
program (Langmead & Salzberg, 2012) with default
parameters. The alignment files were refined using
Picard Tools v2.25.0. High-quality SNVs for genetic
diversity analysis were selected using a minor allele
frequency of 2% with the VCFtools v0.1.16 program
(Danecek et al., 2011). Finally, a Phylogenetic Tree,
Principal  Component  Analysis (PCA), and
Population Structure analysis were performed to
study the genetic diversity of "Kram Thale" and
"Kram Fak Ngor" using "Kram Fak Trong" as a control.
3. Analysis of Bioactive Compounds

Fresh "Kram Thale" leaves were collected
and washed with distilled water. The leaves were
then dried in a hot air oven at 45°C for 48 hours
and ground into a fine powder with an electric
grinder. A 50-gram sample of the powdered leaves
was soaked in 250 ml of 95% ethanol for 72 hours
at room temperature, with occasional shaking. The

mixture was filtered through Whatman No. 1 filter

paper, and the solvent was evaporated from the
filtrate using a vacuum evaporator at 45°C to obtain
a crude extract. The crude extract was stored in a
freezer at -20°C. The chemical composition of the
crude extract from the "Kram Thale" leaves was
analyzed  using  Gas  Chromatography-Mass
Spectrometry (GC-MS) at the Scientific Instrument
Center, Prince of Songkhla University, Hat Yai
Campus. An Agilent 7890B GC coupled with an
Agilent 5977A MS detector and an HP-5MS column
(30 m x 0.25 mm, film thickness 0.25 m) was used.
Compounds were identified by comparing their
mass spectra with the NIST (National Institute of
Standards and Technology) Mass Spectral Library
and the Wiley Registry of Mass Spectral Data.
Compounds with a similarity value greater than
80% were considered, and the percentage of each
compound was calculated by peak area

normalization.

Results and discussions

1.Quality Control of Whole-Genome Sequencing
(WGS) Data

DNA was extracted from three indigo
samples using a DNeasy Plant Mini Kit to obtain
high-quality DNA for WGS. Quality analysis of the
paired-end DNA nanoball sequencing data using
FastQC (Andrews, 2010) showed that the mean
quality scores ranged from 37 to 38 across the
entire read length (0-150 bp). These scores indicate
very high and reliable read quality, with consistent
scores suggesting a stable sequencing process. The
data is \therefore of high quality and suitable for
further analysis (Figure 1)
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Figure 1. FastQC mean quality scores. FastQC quality scores for all six samples were obtained. The higher the

phred score, the better the base call. For all six samples, bases for all samples were considered high quality

(green). In addition, the quality scores remained consistent across the entire read lengt

2. Alignment with Genome Assembly and SNV
Discovery

Genome assembly data with contig lengths
of > 5000 bp were used as a reference genome for
SNV discovery. Reads were aligned to the reference
genome using Bowtie 2 (Langmead & Salzbers,
2012). The alignment results showed an average
mapped read percentage of 40.24%, an average
read depth of 11.01, and an average genome
SNVs  and

coverage of 92.45%. Indels were

discovered using the GATK (Genome Analysis
Toolkit) suite (Van der Auwera et al., 2013), with a
total of 3,073,703 variants found. This included
2,637,721 SNVs and 435,982 small-Indels. These
SNVs were then filtered to select high-quality
variants for genetic diversity analysis, using a minor
allele frequency of 2% and excluding positions with
N bases or missing data. This process yielded

1,801,689 high-quality SNVs (Table 1)
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Table 1. Alignment results of samples with the reference genome

Sample  Sequencing Mapped read Percent of Read depth Genome
ID ID (M) mapped read (%) average coverage (%)
InT1 1 19.99 43.30% 17.6564 96.26%
InT2 2 11.27 43.39% 10.2454 92.82%
InB1 3 10.15 42.28% 9.3869 91.69%
InB2 a4 10.30 39.81% 9.18672 92.01%
InS1 5 11.71 36.53% 11.193 91.77%
InS2 6 8.83 36.15% 8.40423 90.13%
Average 12.04 40.24% 11.01 92.45%
Min 8.83 36.15% 8.40 90.13%
Max 19.99 43.39% 17.66 96.26%

3. Genetic Diversity Analysis Using Phylogenetic
Tree, Principal Component Analysis (PCA), and
Population Structure

The 1,801,689 high-quality SNVs were used
for phylogenetic tree analysis using the Neighbor-
Joining method in MEGA X (Kumar et al., 2018). The
PCA analysis was performed in R using the
SNPRelate package for dissimilarity calculations and
the ggplot2 package for plotting. Population
structure analysis from the SNVs was performed
using the ADMIXTURE program (Alexander et al,,
2009). The analysis of the relationship among the
six samples from three varieties "Kram Thale" (T1,
T2), "Kram Fak Ngor" (B1, B2), and "Kram Fak Trong"
(S1, S2) showed that the phylogenetic tree analysis,
with a standard distance of 0.1, clearly divided the
samples into two main groups. The first group
consisted of "Kram Thale" (T1, T2) and "Kram Fak
Ngor" (B1, B2), which were closely related, while

"Kram Fak Trong" (S1, S2) formed a separate,
significantly different group (Figure 2a).

Principal  Component  Analysis  (PCA)
showed the distribution of the samples in a two-
dimensional space, with PC1 explaining 96.85% of
the variance and PC2 explaining 1.84%. The PCA
results confirmed the grouping pattern observed in
the phylogenetic tree. "Kram Fak Trong" (S1, S2) was
in the upper right quadrant of the plot, while "Kram
Fak Ngor" (B1, B2) was in the upper left, and "Kram
Thale" (T1, T2) was in the lower left, indicating
significant  differences between the groups.
Furthermore, the clustering of the three indigo
varieties based on relative abundance clearly
divided the samples into three distinct groups.
Group 1 (red) consisted of "Kram Thale" (T1, T2),
Group 2 (green) of "Kram Fak Trong" (S1, S2), and
Group 3 (blue) of "Kram Fak Ngor" (B1, B2). This
clustering pattern is consistent with the results

from the phylogenetic tree and PCA analyses.
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Figure 2: a) Phylogenetic tree using the Neighbor-Joining method, b) Grouping results by PCA, and ¢)

Population structure analysis dividing samples into three groups for six samples from three indigo varieties:

Kram Thale (T1, T2), Kram Fak Ngor (B1, B2), and Kram Fak Trong (S1, S2)

Table 2 Chemical analysis results of the main components within the crude indigo leaf extract

Compound Name

% of total

Phytol 6.73%
Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 3.71%
7-9-di+tert butyl-1-oxaspiro (4,5) deca-6,9-dinen-2,8-dione 3.62%
4 Acetyl-1,2,3,4-tetrahydro-2-oxoquinoline 3.41 %

4. Identification of Bioactive Compounds By
GC-MS

The crude extract from "Kram Thale" leaves
was analyzed using GC-MS at the Scientific
Instrument Center, Prince of Songkhla University,

Hat Yai Campus. The analysis of the main chemical

components within the crude extract from the
leaves identified several key compounds. These
included Phytol, Hexadecanoic acid, 2-hydroxy-1-
(hydroxy- methyl) ethyl ester, 7-9-di+tert butyl-1-
oxaspiro (4,5) deca-6,9-dinen-2,8-dione, and 4-
Acetyl-1,2,3,4-tetrahydro-2-oxoquinoline, with
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percentages of 6.73%, 3.71%, 3.62%, and 3.41%,
respectively (Table 2 and Figure3)

Conclusion

This study on the genetic characterization
of Indigofera tinctoria using SNV molecular markers
and chemical composition analysis yielded several
key findings. The whole-genome sequencing using
DNA nanoball sequencing provided high-quality
data, with mean quality scores ranging from 37 to
38, which remained consistent throughout the
reads. Alignment of the reads to a reference
genome showed an average of 40.24% alignment
with a mean depth of 11.01, covering 92.45% of the
reference genome. A total of 2,637,721 SNVs were
detected, and 1,801,689 high-quality SNVs were
retained after filtering.

Genetic relationship analysis using a phy-

logenetic tree showed that the samples were

divided into two main groups, with "Kram Thale" and
"Kram Fak Ngor" being closely related, while "Kram
Fak Trong" was clearly separate. The PCA analysis
confirmed this, with PC1 explaining 96.85% of the
variance, indicating clear genetic differences
between the sample groups. Population structure
analysis also showed a distinct separation into three
groups corresponding to the three varieties: "Kram
Thale," "Kram Fak Ngor," and "Kram Fak Trong".
Chemical analysis of the "Kram Thale" leaf extract
by GC-MS identified several important compounds,
notably Phytol (6.73%), which is known for its
antioxidant and anti-inflammatory properties. This
study demons-trates significant genetic differences
among the three indigo varieties and the presence
of important bioactive compounds in "Kram Thale".
These findings have the potential to be further
developed into medical or pharmaceutical products

in the future.
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Figure 3 Chromatogram of crude extract from "Kram Thale" leaves analyzed by GC-MS
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