A study on genetic diversity and marker trait
association analysis in turmeric
(Curcuma longalL .)

Thesis submitted to
University of Calicut

For the award of degree of
Doctor of Philosophy
(Botany)

By
ASWATHI AP

Under the guidance of
Dr. D. Prasath

® e
jifr
ICAR -INDIAN INSTITUTE OF SPICES RESEARCH

Kozhikode-673 012, Kerala, India

May 2024



ACKNOWLEDGEMENTS

First and foremost, | am deeply grateful to God almighty for serving as my
constant source of inspiration, providinggength and guidance through the ebbs

and flows of my research journey.

Throughout this academic pursuit, | have been privileged to receive support
from numerous individuals in various capac
invaluable contributios, which have been instrumental in bringing this work to

fruition.

| would like to express my sincere gratitude to Dr. D. Prasath, my guide, for
all the support, valuable insights and guidance that have been offered throughout
mydoctoral j o u r n aeeply gratefud for all his efforts for the completion of this

work and thesis.

I'm grateful to Dr. R Dinesh, Director of ICARSR, Kozhikode, for granting
me permission to conduct my research and providing access to essential laboratory
facilities. Additonally, | appreciate the support of Dr. C K Thankamani, Dr. J.
Rema, Dr. Santhosh J. Eapen, and Dr. K. Nirmal Babu, former Directors of the

institute, for providing me with the opportunities and institutional support.

Special thanks to Dr. T. E. Sheejaedd of the Division of Crop
Improvement and Biotechnology for providing me with the ddRAD sequencing data
resources that have been crucial for ohyctoral study. | also extend my sincere
gratitude to Dr. K. V. Saji and Dr. J. Rema, former Heads of thesDivj for their
help support throughout my research journey.

| am immensely thankful to Dr. Mukesh Sankar S, Division of Crop
improvement and Biotechnology for helping me with the population structure
analysis and association mapping that was very cru@althe completion of my
study. Without his valuable help, | must admit that | may not be able to complete my
thesis within this time span. Additionally, | wish to express my appreciation to Dr.



Sona Charles for igniting a spark within me to begin my oath j bioinformatics.

| must say that her promptness in action whenever | approached her with doubts and
attitude towards her field of expertise h.
Dr. Aarthi.S and Dr. Gopu for their valuable suggestions andihglme out with

NTSysPC dendrograms that was a significant result for the completion of my first

research paper.

Working with the genomics of a polyploid crop presented unique challenges
that tested my perseverance and probgatving skills. The inherémomplexity and
variability of these species often led to uncertainty and a lack of clarity in my
research, pushing me to explore more. In my days of shooting in the dark, | would
like to sincerely acknowledge the affirmations and guidance | received Drom
Marilyn L Warburton, Research Geneticist at USDA ARS and Dr. Taylor Chafin,
Senior Bioinformatician at Biomathematics and Statistics Scotland (BioSS),
Edinburg. Their guidance was far more equivalent than reading hundreds of
research papers. | am ertnely grateful for Mr. Abhinav of NCBS Bangalore for
patiently explaining do’'s and don’'ts in t
Praveen PrakashResearch Scholaat NCBS Bangalore for helping me assimilate
my understanding gained through literatuervey and providing me with the much

needed on clarity on ddRAD sequencing datagoeessing.

| am thankful to Dr. Hemant Agrawal, Flowsols pvt limited for performing
the flow cytometric analysis of the core collection that was an important pary of
morphological studies. | also would like to thank Dr. Himanshu for his guidance
that had helped me to gain a good understanding of the flow cytometric technique. |
also express my sincere thanks to Mr Akshay, Genespectrum pvt limited, Pune for

helping ne with the computationally intensive GATK based variant calling.

| am deeply thankful to my former labmates Anisha, Raghav, and Diana for

their assistance during my biochemical work.

| am very grateful to Dr. C. Sarathambal, Division of Crop Protection f

her unwavering support, love, and care throughout my research journey.



| am deeply indebted to all the scientists of the Division of Crop
Improvement and Biotechnology at ICARIian Institute of Spices Research for

their concern, support, suggestioasd encouragement.

| express my sincere thanks to Ms. Shorna of Bionome pvt limited who taught
me 3 months basic NGS based bioinformatic course that was worth it. | cannot
describe in words the joy | had when | troubleshooted and successfully runtmy firs
NGS pipeline wherein Ms. Shorna patiently supported me online for a long 2 hours

giving me necessary directions whenever | stumbled.

| express my gratitude to the Council of Scientific and Industrial Research
for their financial assistance that suppatteny research journey. Additionally, |
extend my thanks to the University of Calicut for granting me permission to enroll in
the Ph.D. program and for their continuous support and assistance, from the initial
registration to the successful completion of RtyD. | am deeply grateful to the
staff and members of the doctoral committee at Calicut University for their

invaluable assistance and valuable suggestions.

| extend my heartfelt gratitude to all the members of the HRD, PME,
Library, Accounts, and Admstration departments of ICARSR for their

invaluable assistance and support.

| am also grateful to Mr. A. Sudhakaran for his timely assistance with
photography and artwork throughout the research process. | thank Mr. K. Jayarajan
for his assistance idata analysis and statistical evaluation that was indispensable

for the completion of all my research papers as well as thesis.

| express my special thanks to Mr. Harish B T, technical staff at {IIC3¥R
experimental farm and to all supporting staff, vMs. Raji and Ms. Reena for the

help extended throughout this research work.

| would like to express my sincere gratitude to the supporting staff at the
ICARIISR experimental farm in Peruvannamuzhi, including, Mr. Muralidharan,
Mr. Padmanabhan, Mr. Ginel, Mr. Ananthu, and Ms. Sheeba. Their unwavering

assistance in all aspects of field trials gave me great relief and | deeply appreciate



it. The patterns that emerged from my phenotypic evaluation readings are imbued
with the dedication and hard work ofettiield workers who tirelessly supported my

field experiments in turmeric.

It brings me immense pleasure to express my gratitude to all my friends:
Neenu, Theertha, Nazmin, Anusree, Raghuveer, Karthika, Zumaila, Aiswarya,
Saljuna, Arya, Vijayasanthi, Dondayad, Megha, Vidya, and Sreena, for their
unwavering help and encouragement. Additionally, |1 extend my heartfelt thanks to
my beloved seniors, Prashina, Aparna, Snigdha, Alka, Summayya and Subila for
their enduring love and support. This journey hasnbiealy remarkable, and | will
forever treasure the memories of the love, assistance, and sincere support bestowed

upon me by everyone.

| take this opportunity to express my sincere gratitude to all my colleagues at
Food Safety department, Malappuram wiaml to bear additional charge due to my
absence for thesis related work. I must s
their willingness to take up additional responsibilities that was completely devoid of
any extra remuneration, efforts that helpavards easing my workload and most
importantly taking all those extra burdens without a word of complaining that
demonstrated the true spirit of teamwork and cooperation during this crucial time

that allowed me to focus on completing dogtoralthesis.

It would not be fair at all if | do not acknowledge my alma matter IISER
Thiruvananthapuram for its significant role in deciding the course of my journey. It
was an amazing journey. My heartfelt gratitude for ISER Thiruvananthapuram for
providing us an aademic environment of equality and openness where professors
actively encouraged us to scrutinize their arguments and challenge assumptions,
fostering an atmosphere where the freedom to question became our most cherished
principle. This environment has madeep imprints in my mind that enabled me to
grow as a researcher and | am indeed grateful for everything that IISER have given
me. Additionally, | am deeply grateful for both my mentors at IISER
Thiruvananthapuram, Dr. N. Sadanananda Singh, Assistanfe$sor inBiology

whose patience and invaluable guidance have formed the researcher in me and Dr.



Rajendar Goreti, Assistant Professor in Organic Chemistry whose care and
encouragement have also played a significant role in my journey. | thank all my

professors and teachers who have contributed to my academic journey.

Last but not the least, | would like to express my deepest gratitude to my
parents and my dear brother, whose unwavering love, support, and sacrifices have
been the bedrock of my journey. Thencouragement, guidance, and endless
sacrifices have shaped me into the person | am today. My heartfelt gratitude extends
to my parents, who not only contributed to the meticulous data collection during my
field experiments but also provided unwaverimgodgonal support throughout this
academic journey. My parents have helped me in all possible ways to the best of
their abilities in this thesis completion. | am deeply grateful to my brother for his
invaluable assistance during various stages of this mebeaspecially helping me
working with Python environment in the bioinformatics analysis during my learning
phase. His support, encouragement, and insightful feedback have been instrumental
in completing my thesis. | am forever indebted to my familyhér boundless love

and unwavering belief in my abilities.

Finally, | extend my gratitude to everyone who has directly or indirectly
contributed to this long journey of research. As this chapter of my academic journey
concludes, | am reminded that thisjust the beginning of my research journey. In
the words of T.S§. Eliot, "Every end is

this significant milestone of my journey.

Aswathi. A.P






Dedicated to My Family






CONTENTS

Chapter 1
INTRODUCTION

1.1 Phenotypic variability in turmeric
1.2 Characterization of genetic diversity in turmeric
1.3 Trait marker association study

Chapter 2
REVIEW OF LITERATURE

2.1 Taxonomy of turmeric

2.2 Generaplantmorphobgy

2.3 Turmeric varieties in India

2.4 Turmeric cultivation and pekarvest management
2.4.1 Uses of turmeric

2.5 Genetic diversity and crop improvemémturmeric
2.5.1 Morphological studies
2.5.2 Cytogenetic studies
2.5.3Biochemical studies

2.6 Crop improvement by biotechnology in turmeric
2.6.1 Molecular studies
2.6.2 Molecular markebased trait improvement studies

Chapter 3
MATERIALS AND METHODS

3.1 Field experiment: Experimental site
3.1.1 Climate
3.1.2 Sail
3.2 Experiment details
3.2.1 Land preparation, experiment design and maintenance
3.3 Plant materials
3.4 Phenotypic evaluation
3.4.1 General plant morphological characterization
3.4.2 Rhizome chacterization
3.4.3 Yield related characters
3.4.4 Biochemical characterization

Page
No.

1-4

3370

33
33
33
34
34
36
38
39
40
42
43



3.5 Determination of ploidy level using flow cytometry
3.6 Statistical analysis

3.6.1 Analysis of variance (ANOVA)

3.6.2 Duncan multiple range t€8IMRT)

3.6.3 T test

3.6.4 Principal component analysis (PCA)

3.6.5 Estimation of genetic parameters

3.6.6 Phenotypic and genotypic variance

3.6.7 Phenotypic and genotypic coefficients of variation

3.6.8 Heritability (h2)
3.6.9 Genetic advance (GA)
3.6.10 Genetic advance as per cent of mean (GAM)
3.6.11 Heritability in broad sense
3.7 Genotypic analysis
3.7.1 Genomic DNA isolation
3.7.2 PCR analysis
3.8 ddRAD based genotyping
3.8.1Genotypic data
3.9 NGS data analysis: available tools and programs
3.9.1 Bioinformatics pipeline
3.10. Population structure and genetic diversity assessment
3.10.1 Admixture model
3.10.2 K value
3.10.3 Q matrix
3.10.4 Poplation structure analysis
3.11 Association analysis
3.11.1 Data preparation: Input files
3.11.2 Association analysis
3.12 Interpreting and reporting the findings

Chapter 4
RESULTS AND DISCUSSION

4.1 Overview

4.2 Objetive 1. To study the level of phenotypic variability among c

turmeric collections

4.2.1 Morphological characterization (pooled data over two ye

4.2.2 Rhizome characters

44
45
45
46
46
46
46
46
47

47
48
48
48
49
49
53
54
54
55
56
64
64
64
64
65
66
67
68
69
71-153

71
72

73
78



4.2.3 Yield related characters
4.3 Statistical analysis

4.3.1 ANOVA results
4.4 Flow cytometric analysis

4.5 Comparison between triploids and tetraploids
4.5.1 Principal component Analysis and genetic variabi
analysis

4.6 Discusssion on results of objective 1

4.6.1 Morphological, ¥ld and curcuminoid content
characterization in turmeric

4.6.2 Ploidy level variation in turmeric, implications in breed

4.6.3 Ploidy level and agmmorphological traits

4.7 Objective 2: To genetically characterize the genotypes asaitable
molecular markers and develop novel markers

4.7.1 Molecular characterization with available set of mark
preliminary screening of released varieties

4.7.2 Genetic similarity analysis
4.7.3 Identification of most unique or @irgent genotypes

4.7.4 Screening of turmeric core collection with identified relie
and polymorphic SSR markers

4.8 Discussion on results of objective 2
4.8.1 Molecular characterization of released varieties
4.8.2 Genotyping of ae collection

4.9 Objective 3: To determine the association of rhizome character
quality traits with molecular markers in turmeric

4.9.1 Genotyping
4.10 Population structure analysis using STRUCTURE software
4.11 Phenotypic datfor association analysis

4.11.1 BLUP value generation through Matzalysis using R

4.12 Markertrait association analysis using GAPIT and the BLII
model

4.13 BLAST analysis of GWA&Ientified MTAs
4.14 Discussion of objective

Conclusion

Chapter 5

RECOMMENDATIONS

REFERENCES

88
94
94
96
98
104

105
105

107

108
111

111

114
115
116

118
118
120
122

122
129
133
133
135

142

146

152
155157

159179






LIST OF FIGURES

Figure . Page
No. Title No.
2.1 lllustration of Curcuma longay Franz Eugen Kohler, 6

from Kohler's Medicinal Plants1887.
2.2 2D molecular structures etircumin 11
3.1 Land preparation, planting, weeding, and mulching 35
3.2 Turmeric plants aftefiour months of planting 35
3.3 Fully grown turmeric plants after six months of planting 35
3.4 The characteristics of core collection of turmeric utilized 36
this study
3.5 ddRAD library preparation and sequencing workflow 55
3.6 NGS data analysis pipeline followed for SNP genotypinc 57
3.7 Detailed workflow of bioinformatispipeline for SNP 58
discovery
3.8 Variant discovery pipeline using GATK 62
41 Morphological variation presents in the rhizome morpho 72
of turmeric genotypes

4.2 ac  Histograms showing §8G; peak of 3 representative turme 96

genotypes

4.3 ae Density plot of phenotypic characters with significant 99

difference between tripids and tetraploids

4.3 fj Density plot of phenotypic characters with significant 100

difference between triploids and tetraploids

4.3 kn Density plot of phenotypic characters with significant 101

difference between triploids and tetraploids

4.4 PCA Biplot based on phenotypic evaluation of triploidsa 104
tetraploids

4.5 PCR amplification profile of 18 improved varieties using 112
CuMisat 19, ISSF02, CuMisat 13 and CuMisat 03

4.6 Dendrogram obtained based on hierarchical clusteringc 114
releagd turmeric genotypes

4.7 Improvedturmeric genotypes are shownxfaxis and the 115

total number of individual genotypes shared in the same
cluster across all primer




4.8

49 a
4 .9b
4.10

4.11

4.12

4.13

4.14

4.15

4.16
4.17
4.18
4.19
4.20

4.21ab

4.22ab

4.23ab
4.24

4.25

4.26
4.27ac

genotype irx-axis is given in yaxis

Dendrogam of genetic similarity between 93 turmeric
genotypes

Agarose gel electrophoresis showing QC of samples
Bioanalyzer image of sample

Per base sequence quality analysis, demonstrating
consistently higkguality scores acrossdhlreads

Distribution of quality scores, confirming a prominent pe.
around 35, indicating the presence of superior quality be

Sequence length distribution, illustrating consistent patte
aligning with anticipated read lengths faRIAD-Seq

GC content distribution, revealing a normal distribution
centered around the expected GC content

Adapter contamination analysis, indicating minimal adag
sequences across the samples

Overrepresented sequences, idging specific sequences
occurring at higher frequencies

BWA alignment statistics

VCF file obtained after GATK variant calling
VCF file sorted in hapmap format using TASSEL
Bar plot of population structure

A Kplot showing the optimum number of subpopulation
present

Distribution of length of primary rhizomes across genoty
Distribution of girth of primary rhizomes across genotype
Distribution of curcuminoid content eass genotypes

Manhattan plot of SNP associations for length of priman
rhizome

Manhattan plot of SNP associations for girth of primary
rhizome

Manhattan plot of SNP associations for curcuminoid cor

Q-Q plot for the trait curcuminoid content, length of prim:
rhizomes per plant and girth of primary rhizomes per pla

116

122
123
123

124

124

125

125

126

127
128
128
129
132

134
134
135
138

139

140
141




LIST OF TABLES

Table : Page
No. Title No.
2.1 Scientific classification of turmeric 5
2.2 Uses of turmeric 8
2.3 Nutritional profile ofturmeric 10
2.4 Reported medicinal properties in turmeric 11
3.1 Soil profile of the experimental site 33
3.2 List of turmeric genotypes used in this study 36
3.3a Characteristics of ISSR Primers used in the study 51
3.3b Characteristics of SSR Primseused in the study 52
4.1 General plant morphological data of turmeric genotyg 75
4.2 Rhizome characterization data of turmeric genotypes 83
4.3 Yield related characterization and curcuminoid conter 90

turmeric genotypes
4.4a ANOVA of general pant morphological characters of 94
turmeric genotypes

4.4b ANOVA of rhizome and yield characters of turmeric 95

genotypes
44c ANOVA of yield characters and curcuminoid content 95
turmeric genotypes

4.5 List of triploid and tetraploids turmeric getypes based 97
on flow cytometric analysis

4.6 Summary of ploidy level analysis with range of 98
coefficient of variation (CV)

4.7 Results ot test for phenotypic characters between trif 102
and tetraploid genotypes with significant difference in
means

4.8 GCV, PCV, K and GA estimates for significant 103
characters among genotypes

4.9 Important characters that can be considered during 103
selection process

4.10 Characteristics of SSR and ISSR markers obtaineda 112

the PCR screening of varies

411 Population membership matrix 130




4.12 Metaanalysis results BLUP values 133
4.13 Significant marker trait associations 137
4.14 BLASTN similarity analysis results 143




Hg

pl

MM

°C
BDMC
BIC
BLAST
BLINK
Bp
BWA-mem
Cm
CGH
CIRSM
CISTS
Cur

Cv
DAP
ddRAD seq
DMC
DNA
DNase
dNTP
EST-SSR
FCM
FISH
GA
GAPIT
GATK
Gb
Gbp
GCV
GWAS
ISR

ABBREVIATIONS

Microgram

Microlitre

Micromolar

Degree celcius

Bisdemethoxycurcumin

Bayesian information content

Basic local alignment search tool

Bayesian logistic interaction kernel

Base pair

Burrowswheeler alignment maximal exact match
Centimeter

Comparative genomic hybridization

Curcuma longaesistance specific marker
Curcuma longasequencgagged site

Curcumin

Cultivar

Days after planting

Double digest restrictiosite associ&d sequencing
Demethoxycurcumin

Deoxyribonucleic acid

Deoxyribonuclease

Deoxynucleotide triphosphate

Expressed sequence tdgrived simple sequence repes
Flow cytometry

Fluorescencen situ hybridization

Genetic advance

Genome association and prediction integrated tool
Genome analysis toolkit

Gigabase

Gigabase pair

Genotypic coefficient of variation

Genome wide association analysis
IndianInstitute ofSpicesResearch



ISSR - Inter simple sequence repeats

M - Molar

Mb - Megabase

Mg - Milligram

Min - Minute

Mmi - Millilitre

mM - Millimolar

Mm - Millimeter

NCBI - National center for biotechnology information
Ng - Nanogram

NGS - Next generation sequencing

Nm - Nanometer

PCR - Polymerase chain reaction

PCV - Phenotypic coeficient of variance

pH - Potential of hydrogen

PIC - Polymorphic information content
PVP - Polyvinylpyrrolidone

RAPD - Random amplified polymorphic DNA
RNA - Ribonucleic acid

Rnase - Ribonuclease

Rpm - Revolutions per minute

S - Second

SNP - Single nucleotide polymorphism
SSR - Simple sequence repeats

STS - Sequencgagged site

UPGMA - Unweighted pair group method with arithmetic mean

uv - Ultraviolet



ABSTRACT

Turmeric Curcuma longalL.) commonly known as golden spice is an
economically important spice crop. Turmeric genotypeRibit wide intraspecific
variation for the biologically active principles coupled with morphological variation.
Given tte large influence of the environment on phenotypic variability, there is no
clear understanding about the relation of genetic base with the observed phenotypic
variability. Here, we have studied the genetic diversity in turmeric diversity panel
comprising 93 genotypes by examining the phenotypic variability alongside the

molecular genetic variability to find marké&mait associations.

Phenotypic characterization revealed significant genetic variation among 93
genotypes. Flow cytometric analysis revealet among the 93 genotypes, majority
were triploids (84) and nine were tetraploids. Most of the tetraploids have origins as
seedling progenies while few are germplasm collection. It was found that triploids
and tetraploids differ significantly in their plaheight, number of shoots, number of
leaves on main shoot, petiole length, leaf length, length of mother rhizome, length of
primary rhizomes, length of secondary rhizomes, girth of secondary rhizomes, inner
core diameter of primary rhizome, weight of imet rhizomes per plant, weight of
primary rhizomes per plant, total rhizome weight per plant and dry rhizome weight
per plant. Genetic variabilitgnalysis revealethat characters; number of shoots per
plant, length of mother rhizome, total weight of neththizomes per plant, total
weight of rhizome per plant and dry weight of rhizome per plant were the most

important traits for selection across ploidy levels.

Here, we have utilized molecular marker based genotyping as well as NGS
based genotyping to sty the genetic relationship of the genotypes under study.
Although, reliable and reproducible, the inherent limitations of molecular marker to
achieve the requisite resolution for association studies led us to proceed with NGS
based genotypic data. Here,ewhave optimized a bioinformatics pipeline or
workflow for variant calling which have resulted in discovery of 30438 SNP

variants. Further, we have analysed the population structure of genotypes under



study (to avoid false positive marker trait associaiondownstream analysis) and
have found that there atlereesubpopulations. Further the association mapping for
threekey traits has revealatne significant marker trait association focurcumin
content (1), rhizome length (5), and rhizome girth ¥)st marker trait associations
were from chromosome Zingiber officinaleMADS-box transcription factor 34

like (LOC122034397) can be a putative locus involved in rhizome length
morphology. Thus, results obtained here will add onto the understandyepetic

base of these complex traits in turmeric and to further crop improvement efforts in

turmeric.

Keywords: Turmeric, Phenotypic characterization, molecular markers, genotyping,

ploidy analysis, association analysis, marker trait associations
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Chapter 1
INTRODUCTION

Turmeric Curcumalongd. ) al s o knoSwncats 4 Gadfl fdrbonnd’i ains
one of the important spice crops in tverld (Prasad & Aggarwal, 2011)t is a
rhizomatous herbaceous perennial plant belonging to the family Zingiberaceae,
which is native to tropical South As{&umar et al., 2017)C. longais one species

within the genus Curcuma, which is comprisedabbut 110 species distributed
chiefly in tropical regionqLi et al., 2011) It grows in tropical and subtropical
regions throughout the world and possesses high nutritional (ale¢ al., 2011)

India is the main producer and exporter of turmaniche wortl (Aswathi et al.,

2023) It is commonly used as spice for flavoring and as a natural colorant with a
variety of applications such as its use as a condiment, in cosmetics and as a dye,
besides being a potential source of therapeutically irapbrimolecules like
curcumin(Prasad & Aggarwal, 2011)There are innumerable medicinal uses of the
turmeric, varying from cosmetic face cream to the preventiocorf2 inhibitors

(Duke, 2007)So, crop improvement of turmeric has been always in focus due to its
increasing economical dema(frasad & Aggarwal, 2011).

Although India is the top producer of turmeric including some higtding
cultivars, the average productivity and quality of turmeric are not satisfaétpey,
2017) Major problems are neavailability of requisite high yielding genotypes,
slow multiplication rate, low curcumin and essential oil content in avai@iiivars

and loss due to disease during cultivation and stofager, 2017) Most of crop
improvement in turmeric relies on clonal selection of existing high yielding cultivars
and recently on development of new varieties using biotechnologicabii¢sima et

al., 2006) In any case, a clear understanding of existing genetic pool of turmeric is
the need of the hour, both for its utilization and manipulat®aovindaraj et al.,

2015) Phenotypic traits are the most direct visible indicator of dityera the
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genetic pool. But it is the evaluation at the DNA level that gives us an accurate and

in-depth view of genetic diversifArif et al., 2010)
1.1 Phenotypic variability in turmeric

Phenotypic traits which include the morphologicahysiological, or agronomic
characteristics are a direct indicator to estimate intraspecific divgiBignu,
2017) These traitanvolve the complex interaction between individggnotypes

and their environmenf&@nandaraj et al., 2014 herefore, phenotypic evation is
fundamental to the genetic diversity studies. Turmeric exhibits wide intraspecific
variation for the biologically active principles coupled with morphological variation
with respect to above ground vegetatarad floral characters as well as thelow
ground rhizome features besides for curcuraiapresinand essential o{lAnindita

et al., 2020) Most often cytological studies supplement morphological information.
At the cytological level, studies have reported that majority of turmerictiemies
triploid with widely accepted chromosome number as 2n=63, while some are
tetraploid with 2n=84(Nair & Sasikumar, 2009)These form the major ploidy
observed in turmericln general, the short duration types are tetraploids (2n=84)
while medium ad long duration types are triploids (2n=@8air et al., 201Q)As
turmericis avegetatively propagated crop, the only way that it can have such a wide
range of chromosomal countsvie means of sexual reproductiofilso, there is a

lack of clear inbrmation regarding theploidy level of different genotypes of
turmeric. Henceploidy analysis is useful as it serves as an anchor to study genetic
diversity as change in ploidy level drives genomic variation contributing to genetic
diversity.

1.2 Characterization of genetic diversity in turmeric

Understanding of genetic diversity is obscured without molecular characterization
(Arif et al., 2010) Genetic diversity enables plants to combat wide varying
environmental challenges and drives evolution and sj@tiéEllegren & Galtier,
2016) It is the genetic variations that act as material for evolutionary forces
resulting in genetic diversity which manifest grossly as phenotypic traits. Therefore,
correlation of phenotypic traits and genetic variation setoebetter understand the
genetic pool in terms of identification and discrimination of genotypes and to
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explore evolutionary tendenciéSogoi et al., 2023)Genetic characterization based
on molecular markers is a reliable tool as they are cost ie#e®CR based and
highly reproduciblgSingh et al., 2018)

In case of turmeric, lack of clear cut morphological traits among some cultivars
coupled with vernacular identity of germplasm results in accumulation of duplicates
in germplasm accessions, i@ heavily on conservation cost and hampering the
crop improvement workShamina et al., 1998)But the nelecular characterization

of turmeric germplasm is limited, and no clear marker system is identified for
genotype discrimination. Also, genotypic base behind wide phenotypic traits
observed in turmeric is not adequately explored.

So, after characterizingegetic diversity using molecular markers, the markers can
be utilized for genome wide association studies to identify association between
phenotypic traits and marker system.

1.3 Trait marker association study

Association mapping which is based on extengiigtorical recombination ira
diversenatural population has been an efficient method to identify quantitative trait
loci for important agronomic traits in model and randel plant§Zhu et al., 2008)

Given the fact that there is large influence oWimmnment in phenotypic trait
expression of turmerjc association mapping helps us to dissect out the
environmental influence and study the genetic base of observed phenotypic traits as
there is no clear understanding now about the relationship betweeatyge and

its genetic base.

So, the objectives of this study are:

0) To study the level of phenotypic variability among core set of turmeric
collections

()] To genetically characterize the genotypes using molecular markers and
develop novel markers.

(i)  To determir the association of rhizome characters and quality traits with

molecular markers in turmeric.







Chapter 2
REVIEW OF LITERATURE

2.1 Taxonomy ofturmeric

Turmeric is monocotyledonous, rhizomatous vascular green plant belonging to the
family ZingiberaceaeTaxonomichierarchy as well as the scientific classification of

turmeric is given belowTable2.1)

Table 2.1. Scientific classification of turmeric

Rank Scientific name
Kingdom Plantae
Subkingdom Viridiplantae
Superdivision Embryophyta
Division Tracheophyta
Class Magnoliopsida
Superorder Lilianae

Order Zingiberales
Family Zingiberaceae
Genus Curcuma L.
Species Curcuma longd..

Source/Anon (2016
2.2 General Plant Morphology

Turmeric is a perennial herbaceous plant that can grow up to a heighd @il

Leaves are alternate and comprise of leaf sheath, petiole, and leaf blade. Leaves are
oblong to elliptical with narrow tips. Rhizomes are highly branched, with yellow to
orange colour, cylindrical in shape and aromatic in nature. Rhizomes comprise of
motherrhizomes that branches further to primary and secondary rhizomes. In East
Asia, the turmeric flowers usually in August. Inflorescence stem which contains

many flowers lies terminal to the false stem. The bracts are ovate to oblong with a
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blunt upper endral light green colou(Prasath et al., 2019ptem bracts, which are

white to green in colour and occasionally stained redglisple, with tapered upper
ends, are present at the top of the inflorescence but do not bear flowers. The blooms
are threefoldzygomorphic, bilaterally symmetrical, and hermaphro@fesath et

al., 2019) The flowers have three long, fused, fluffgired white sepals and three

bright yellow petals that combine to form a tedieaped corolléFig.2.1).

ne—— Leat lamina

Petiole

Pseudostem

. Mother rhizome
Primary Finger chizome

Fig. 2.1. lllustration ofCurcuma longalL. by Franz Eugen Kohler, frotohler's
Medicinal Plants 1887.
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2.3 Turmeric varieties in India

Different turmeric cultivars are grown across India, mostly known after the locality
where they are grown Furthermore, enhanced turmeric varieties/e alsobeen
releaseds a result of research studiesevberal Indian research institut&fere are
around 30suchreleased turmeric varietig®\swathi et al., 2023)IISR Pratibha,

ISR Alleppey SupremeSuguna, IISR Pragati, Sudarsana, Vaeta are some of

the major released varieties of turmeric in India. The cultivated turmeric varieties
exhibit considerable level of variation in the plant morphology, rhizome characters,
size, and curcumin conte(iswathi et al., 2023)High curcumin containing yellow
orange coloured turmeric powder are highly sought after in world market. ‘Madras',
and 'Alleppey’, both named after the locality of cultivation are the two prominent
turmeric types from India at the ternational market(Anne, 2004) Alleppey
turmeric with bright orange rhizomes are mainly exported to the United States,
wherein it is preferred as a spice and as condimdihte vibrant, lightyellow
rhizomes of Madras turmeric are primarily sought alfterthe Middle Eastern and
British marketsAlleppey turmeric has a constitution of 3.5.5% volatile oils, and

4 - 7% curcuminoid content. Whereas the Madras type has a lower volatile oil (2%)
and curcuminoid content (2%Anne, 2004) The variety fron Patna is known for

its deep colourOf the two commonly grown types of turmeric in Maharashtra,
"Lokhandi" have brightly coloured firm rhizomes, while the other variety has soft,
light-colored rhizomes. Apart from 'Kasturi Pasupa’ of the Godavari Dettapor’

from the Nizamabad area, and '‘Chaya Pasupa,' the main types from Andhra Pradesh
are 'Duggirala’ of Guntur and 'Tekurpeta’, both of which have long, smooth, and hard
fingers. The notable varietidgeom Odishaare Rasmi, Suroma, Ranga, and Roma.
Meghalayan Lakadong cultiveare renowned for their high curcumin concentration
(more than 5%{Kumar et al., 2017).

2.4 Turmeric cultivation and post-harvest management

A warm, humid environment is required for growth and cultivation of turmeric. It
grows ata height of 1500 metres above sea level in hilly regions. For turmeric

production, an optimal temperature between 20 and 30°C and an annual rainfall
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ranging from 1500 to 2250 mm are requir@tasath et al., 2019Fven though
mostly cultivated as raiefl crop, the crop can also be cultivated under irrigation.
Turmeric is harvested approximately after 7 to 10 months of planting when the plant
starts drying, and this depends on cultivar, soil, and growing conditBefere
drying, turmeric rhizomes areured first. Curing refers to the diling of the
rhizomes tillit becomedender.lt is performed to gelatinize the starch for a more

uniform drying, and to remove the fresh earthy oq®wasath et al., 2019)
2.4.1Uses of turmeric

Turmeric is widely utilizedor a wide range of purposes as summarisékhie 22.

The nutritive profile of turmeric is given iifable 2.3. The bioactive chemicals
present in turmeric that causes its medicinal properties is shown.#2Fig India,
turmeric was in use as a tranal medicine for various skin disorders, respiratory
and digestive disease dferasad & Aggarwal, 2011Yurmeric is used as a spice
and condiment in modern times as well, in addition to its use as a nutritional
supplement for a host of health issuencluding depression, lung infections, liver
illness, arthritis, and digestive issugtewlings & Kalman, 2017)Table2.4 shows

some of the medicinal properties reported in turmeric

Table 22. Uses of turmeric

Product name | Description Uses

Appearance: pale yellow, reddibhown, or orange
brown. Chemical composition: it could include %.

Whol P 5% essential oils and -35% curcuminoids
10lé  rhzome Preparation: Typically, mother and finger rhizomes Medicinal uses
(dried form) boiled separately for 40 to 60 minutes a slightly

alkaline solution. To reduce the moisture level
roughly 10%, susdrying should be done for ten
fifteen days afterward

Appearance: either reddish yellow or yellow in hue

Chemical composition: when expase light and Utilised as

| during the process, the concentration of the primar] food additive,
Ground turmeric| active components (curcuminoids and essential oil{f ~ colourant,
may decrease. So, the powder is packed in a UV spice, a_md

resistant container. medication.

The powder is made by grinding the dried finger
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Product name | Description Uses
rhizomes.
Preparatin: dried finger rhizomes are grounded to
produce its powder
Appearance: Yellow to brown colored oil .
Chemical composition: monoterpenes typically maj  Utilised as a
up the majority of the esstal oils extracted from fOOdI additive,
o turmeric leaves. Sesquiterpenes make around 909 colourant,
Turmeric o the oil from turmeric rhizomes. spice, and
Preparation: Steam distillation or supercritical,CO | Mmedication.
extraction to get the extract from dried rhizomes o
leaves.
Appearance: a thick, dark yellow, reddistown
liquid . Utilised as a
Chemlc_al composition: theg/ are compos_ed of5BP0 | food additive,
Turmeric curcuminoids and up to 25% essential oil. colourant,
) Preparation:organic solvents (acetone, spice. and
oleoresins , . pice,
dichlorometlane, 1,2dichloroethane, methanol, medication.
ethanol, isopropanol, and light petroleum (hexanes
or supercritical CQuitilized forextraction to
oleoresinfrom dried rhizomes.
Appearance: gistalline powder with a yellow to
orangered hue
Chemical composition: a combination of curcumin
and its derivatives, bisdemethoxy and demethoxy,
variable ratios. Ninety percent of curcumin may be
: ) Used as
made up of the three main types of curcuminoids. -
. : . i medicine and
Curcumin Resinsand oils make up the minority of the makeup dietar
Preparation: It is made from pulverised turmeric y
supplement

rhizomes by solvent extraction, and then the extrag
purified by crystallisation.

Acetone, carbon dioxide, ethanol, ethyl acetate,
hexane, methanol, and gopanol are examples of
organic solvents used in extraction processes.

Source(Ahmad et al., 2020)
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Table 2.3. Nutritional profile of turmeric

Principle constituents

Nutrient value (Kcal)

Percentage of RDA (%)

Energy
Carbohydrates
Total fat
Protein
Cholesterol
Dietary fiber
Vitamins
Pyridoxine
Folates
Niacin
Riboflavin
Vitamin A
Vitamin C
Vitamin E
Vitamin K
Electrolytes
Potassium
Sodium
Minerals
Manganese
Calcium
Copper

Iron
Magnesium
Phosphorus
Zinc

354
64.9
9.88
7.83
0
21

1.80
39
5.140
0.233

25.9
3.10
13.4

2525
38

7.83
183
603
41.42
193
268
4.35

17
50
33
14
0
52.5

138
10
32
18

43
21
11

54
2.5

340
18
67

517
48
38

39.5

Source(Ahmad et al., 2020)

10
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Fig. 2.2. 2D molealar structures of curcumin:

(1) demethoxycurcumin, (2) bisdemethoxycurcumin, (3) curcumin glucuronide, (4)

monodemethylcurcumin, (5) curcumin

monoglucoside, (6) curcumin diglucoside,

(7) Keto-curcumin, and (8) allyl curcumin.

Source(Ahmad et al., 2020

Table 2.4. Reported medicinal properties in turmeric

Medicinal value

Reference

Antioxidant activity

Ammon & Wahl(1991)

Cardiovascular and antidiabetic effects

Khajehdehi et al(2012)

Inflammatory and edematic disorders

Ramsewak et a(2000)

Gastrointestinal effects

Davoodvandi et 2021), Rajasekarar
(2011)

Anti-Cancer effects

Mansouri et al.(2020, Tomeh et al.
(2019, Wilken et al(2011)

Antimicrobial activity

Gul & Bakht(2015)

Hepatoprotective and renoprotective
effects

Trujillo et al(2013)

Alzemeirs and turmeric

Mishra & Palanively(2008)

Photoprotector activity

Deng et al(2021)

11
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2.5 Geneticdiversity and crop improvement

Genetic diversity is the b@sraw material for breeding and propagatioranf/ crop
plant (Bhanu, 2017)Exploration and utilization of genetic variatiam plantsdates

to the very onset of agriculturén history of human civilizationGenetic diversity is

an inexclusive part of farming, Ikeprimitive subsistence agricultugg the modern

day commercial agricultureensuring food securitypy crop improvement and
production (Govindaraj et al.,, 2015)Genetic diversity arises from genetic
polymorphisms which can be present among species and within gendnoésis

also predictable from life hisry of organisms and can be used to understand the
underlying evolutionary processelEllegren & Galtier, 2016) The goal of
conservation genetics is to maintgirevailing genetic diversity atdifferent levels

and tus help inpopulation monitoring andissessment that can be used for
conservation planningEllegren & Galtier, 2016)Every individualhas aunique
genetic makeugEven thoughconservation effortandresearch mainljocuson the
populationlevel ratherthanthe individuals the assessmemf genetic variation is
always done at the individuallevel, and it can be determinedbr collections of
individuals in a population/speci€Govindaraj et al., 2015%enetic variation at the
individual level can manifest as morphologicéliochemical and cytological
variation. Hence morphological characterization is usefulidentify the genetic
variation from variation eithan quantitative traitsrhainly polygenic traits that vary
continuously e.g., plant height) or discrete trafesg., flower colour) that fall into
distinctcategoriegGascon et al., 1996; Jenfaoui et al., 2021; Lahkar & Tanti, 2017;
Ouaja et al., 2021; Petrova et al., 2014; Valuyskikh et al., 2048)phological
characterstudiedinclude anatomical and structural charestes wellin addition to

the general plant morphology (quantitative and qualitative characters)
Morphological markers together with  biochemical and cytological
markers/molecular markers provide a comprehensive view of genetic diversity and
is used in diersity studies across plant speci&mmour, 2014)Thus, these
studies encompasdiverse fields of botany, bioanalytical chemistmypolecular
biology as well as cytogenetics in agricultural research.

12
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Turmeric varieties exhibit variation for morphologial as well as biochemical
charactes (Bahadur et al., 2016; Roy et al., 2011.; Sandeep et al., 2B&6ktic
factors may be responsible for variability seen in turmeric varieties under similar
conditions. A single variety also shows variation accordirtg changing
environmentslt has been found that agronomically relevant traits like yield and
curcumin content is affected by agglimatic interactions as well in addition to the
genotype effec{Anandaraj et al., 2014This necessitates the needsofeening in
multilocational trials and studies to develop stable and elite cultivagso-
morphological screening of turmeric varieties is an essentialgorgsite to find the

variability in the traits and to further crop improvement eff(Rey et al, 2011).
2.5.1Morphological studiesin turmeric

Morphological studies in turmeric have dealt with the general morphological
characterization of the crop in addition with economically relevant biochemical
characters like curcumin content, oleoresin €&yamkumar, 2008) These
morphological studies are fundamental to cultivar identificateslection, and
improvement.These studies can be broadly based on either thenagmuhological
examination ofcultivarsfor the desirable traitef interest or screeng of cultivars

for their response to various stresses to identify or select best culfidavs&
Sharma, 2022)The agremorphological studies in turmeric usually follows the DUS
guidelines (PPV & FRA, 2009) In one such study, based on morphological
evaluation of 15 genotypes of turmeric for 24 characters, the multiscale sfores
DUS guidelineswere used to analyse tloailtivars (Aarthi et al., 2018). It was

found that for the 24 characters, 3 characters were monomorphic, 12 were
dimorphic, and ime were polymorphic across the genotypes. Together with the DUS
characters, this studyas also found other significartharacterdhat can serve as
morphological markers for genotype identification, such as the collar girth of the
pseudostem, the initiskage pigmentation in the leaf lamina that fades later, and the
red pigmentation in the emerging shoot (at the initial stage of sprouting). There have
been many studies in this direction wherein most of these studies aimed to

understand the prevailing tr@ of genetic variability to enable selection of

13
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desirable/superior genotypatong with correlated charactgiarthi et al., 2018b;
Anindita et al., 2020; Roy et al., 2013jvakumaret al., 2019)According toone

such studyRoy et al., 2011)plart height number ofleaves number of shoots, size

of primary fingers size exhibited a significant positive association with yield of
rhizomes.Another study done in Indonesia have reported an extensive phenotypic
diversityamong turmeric genotypeghereinthe characterkke plantheight, number

of shoots, number of leaves d¢ine mainshoot, length of petiole, length of leaf
lamina, width of leaf lamina, number of mother rhizomes, total rhizome weight,
weight per shoot, Pseudostem habit, leaf margin, Armbme habitemergedas
discerning traitdor the collection undethe study (Anindita et al., 2020) Most of
thesestudies haveusedclustering and principal component analy&s grouping
turmeric accessits based on themorphological characterissthereby to elucidate

the pattern of genetic variation. One of the correlasimiesreported a significant
positive correlation of yield per plant with emergence, number of tillers and leaves
per plant, leaf length, plant girth and height, lengthe adiameter and weight of
mother, primary and secondary rhizomedpng with a significantnegative
correlationfor incidenceof rhizome rotwith curcunin content(Dev & Sharma,
2022) The results of this study shows thiae weight of the primary rhizomead

the greatest direct beneficial impact on yield, followed by the length of the primary
rhizome, the mother rhizome's core diameter, the length and weight of the secondary
rhizome, emergence, plant girth, and heigitan earlier gnetic study of turnrec
germplasmbased on 13 agmmorphological traits, it was found that agh
heritability (h2BS%) genetic advance (GA)genotypic coefficient of variability
(GCV) wasrecordedor dry and fresh weighof rhizomegGupta et al., 2016)This

study indicgessuitability ofthese characters as selective triitsgoodadvance, as
these weraegulatedby additive gene effectand alsashowed high céneritability.

This study also reported thatleaf length andrhizome thicknesshad positive
correlation with dy weightof rhizomes Path coefficienanalysisrevealed that the
fresh weight of rhizome had the largdstect contribution to dry weighdf rhizome
There have been other studies as well thaéstigatedpattern of morphological

diversity in turmericgenotypes. One such study wherein 83 turmeric accessions

14
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from five states in nortleastern India were examined using multivariate approaches,
including clustering and principal component analysis, at aafttigdide (1000 m
elevation) in the high humid subpics(Roy et al., 2011)Here,there was a positive

and statistically significant association tbe number of leaves, size of the primary
fingers, and number of suckers with rhizome y{@dy et al., 2011)The accessions
were divided into four cisters, and morphological differences found within each
cluster was of a very low order. This study also reiterates the utility of both
clustering and principal component analysis as successful methodologies to
categorise turmeric accessions accordindh&r tmorphological traits and thus gain

a better understanding of the existing diversity that can finally help in genotypic
selection for crop developme(fRoy et al., 2011)Thus, studies like this not only
help to connect characters to a particulat {@rrelation analysis) that can be used
for trait-specific selection but also to understand the overall pattern and extent of
genetic variation This in turn is essential to determine effectiv@eeding

programmeandmanagement strategies.

There had ben studiess wellthat analysed morphology and physiology of turmeric
in response to various environment str@@ey et al., 2011)Various biotic and
abiotic stresses are few of the major factors that limit turmeric production in India.
One sih studythat investigaed how thewater shortageand reduced temperature
affect growh o f t u r physiological adaptatioms well asquantity and
quality of rhizomes(Chintakovid et al., 2022)It was found thatthe water
withholding, and controlledtemperature actedas abioticstressesand negatively
affected turmeric planty limiting the overall growth andcurcuminoid yieldof the
plants One of the main biotic pressures on turmeric cultivation is the kromtt
nematodeMeloidogyne incognitaln a study which evaluated 7@ultivarsfor their
resistanceto M. incognita it was found that Du gi r Abh a7 t‘aBhBSI 7T ) ,
PR P BS7 were fully resistant; © P T2S1 ’¢,3 6 1 Gorakhpur
S u g a n dweremoderately resistant arllde remaining dtivars were susceptible
(Mohanta, 2015) This was furtherverified by DNA molecular markebased

studies Investigatiorlike thisthat help in understanding the degree and distribution

15
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of genetic diversity among the cultivars based on response to bissses would

be a significant contribution to cultivar selection and improvement
2.5.2Cytogeneticstudiesin turmeric

Cytogeneticsan important part of cytology (study of cell structure and function)
deals with chromosomes, their characteristics and gagoe pattern during mitosis
and meiosis in relation with cell behavioliechniques utilised include karyotyping,
examination of @anded chromosomes, various cytogenetic banding techniques,
and molecular cytogenetics such as fluorescent in situ hyatioliiz (FISH) and
comparative genomic hybridization (CGHBhadra & Bandyopadhyay, 2015)
Ploidy level is an important cytogenetics statistic that refers to the number of sets of
chromosomes in somatic cells in diplophase (2n) or gametophytic cells in
hadophase (1n)lt is usually represented by a number followed by the letter x
(Crespel & Meynet, 2003)Karyological surveys based on chromosome counting
provides the most efficient and direct method for ploidy level assessment
(Maluszynska, 2003)Thishelps to determine the basic or fundamental chromosome
number, aprominent karyotype feature thais useful in cytotaxonomy and

evolutionary studie§Guerra, 2008)

In the genus Curcumahe fundamental chromosonralmberhas been a source of
ongoing controversy since the first karyological surveyevious investigations
show a significant fluctuation in the somatic chromosomal counthengenus
Curcuma(Sugiura, 1931)In C. longa numerous earlier cytogenetic studies have
reported a chromosomaumber of 2n=63Nair & Sasikumar, 2009)There have
also been reports of deviations like 2n =(32to, 1948pPn = 48(Das et al., 1999)
2n = 62(Raghavan & Venkatasubban, 1943; Sharma & Bhattacharya,,18%9%)
64 (Chakravorthy1948)and 2n =84 (Renijith et al., 2001)The basic chromosome
number of the genus Curcunsx = 21, which was formed by secondary polyploidy
or dibasic amphidiploidy from x = 9 and x = {Rambiar, 1979; Ramachandran,
1961, 1969) Turmeric is commonly regarded @ploid with pollen fertilisation rate
less than 60%Nair et al., 2004; Nambiar, 197%lthough it was once thought that

C. longadoes not set seeds, in contrastGo aromatica(Nambiar, 1979) seed
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setting, germination and open pollinated progeriave been observed in the crop
(Lad, 1993; Nair et al., 2004; Sasikumar et al., 1996)

Open pollinated progenies in turmeric improves the genetic variability and is
important in breeding efforts in the crop as the yield and quality assessment of these
open pollinated offspring have led to the development of high yielding cultivars
(Sasikumar et al., 1996But in most cases the information about the chromosome
number of thesseedling idimited. Also, only limited reports are available on the
chromo®me number irC. longacollections(Renijith et al., 2001)An earlier study

has attempted the examination of the chromosome count in turmeric seedling
descendants that were produced by open pollination and germplasm collections
(Nair & Sasikumar, 2009)This study reports 2n = 63 as the most common
chromosomal number found in the germplasm collections. The existence of
genotypeswith 2n = 84 (Acc. No. 300) confirms earlier studies that cultivar€.of
longa are available with both 2n 63 and 2n = 8&hromosome number@Nair &
Sasikumar, 2009) Turmeric's chromosome number is more or less stable due to the
vegetative propagation by rhizomes, unless affected by any sexual processes or
uncommon somatic chang@sair et al., 201Q)But it is the reprodctive process

that produces offspring with different chromosome coumgsause oftriploid
segregation that makes variations in a triploid like turmeric possible. Therefore, it is
hypothesised that 2n = 84 and 2n = 61 may have descended from commorcturmer
(2n = 63) by natural seed propagatifvair et al., 201Q) Consideringthe later
reports,it can beaffirmedthat the earlier assertion that tripla@d longawill not set
seedRamachandran, 1961 unacceptablé_ad, 1993; Nair et al., 2004; Skasmar

et al., 1996) The analysis of othe€C. longa cultivars can furtherreveal the
prevalence of various cytotypes in cultivated turmeriénother recent study
investigating the karyomorphological characters of some important plant species of
Zingiberaceaehave revealed insights into chromosomal morphology of turmeric as
well (Bhadra & Bandyopadhyay, 2015)lere, they havanalysedC. longaroot tip

cells whichdisplayed 2n = 63 chromos@s as reported imostof past studiesSo,

it was reported thiathe somatic cells of. longa contained 2n = 63 chromosomes,

and the karyotype formula was 2n = 63= 11M + 48m + 4Bmare were three sorts
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of centromeric positions: median, almost median, amedianA 28% to 49.51%
centromeric index was used. Thenere no chromosomes that had secondary
constriction(Bhadra & Bandyopadhyay, 2019)hus, all these previous works have
helped togain significantunderstanding of cytogenetics©flonga.

2.5.3Biochemical studies in turmeric

Studies with mice models havevealed the biological activities of curcumin or
turmeric extractgSharifrRad et al., 2020)Particularly, it has been shown that
taking curcumin/turmeric extracts orally in the right quantities can prevent the
development of tumours in a variety of nseuand rat organgSharifrRad et al.,
2020) In contrast, turmeric oleoresin administration to pigs has been linked to
decreased food conversion efficiency (or weight gain), increased thyroid and liver
weight, and histological changes in the kidneyeilj and urinary bladddiTang et

al., 2022) Additionally, the body weight gain, levels of red and white blood cells,
and tissue weights were significantly affected in mice treated with large dosages of
turmeric extract(Vo et al., 2021) Hence, thee studies indicate the utility of
curcumin /turmeric extracts asnorntoxic and promising biologically active

compounds at an appropriate dosage

Biochemical activity of turmeric is attributed mainly to thetal phenolic
compounds presenwhich includespayphenols, tannins,and curcumin.Among
these polyphenolic compounds, curcumin {Ai&(4-hydroxy-3-methoxyphenyh
1,6-heptadiene3,5-dione) is of great importance because of its therapeutic or
medicinal properties. Curcumin and its derivatives are asedb with
pharmacologically relevant artiflammatory, antifungal and antitumoral activities
which adds to the therapeutialue ofthe crop(Ammon & Wahl, 1991; Oza et al.,
2021; Tomeh et al.,, 2019)he antioxidant properties oturcuminoidsare also
widely studied and establishédiakubczyk et al., 2020; Selvam et al., 1995; Tanvir
et al., 2017)As these therapeutior pharmacologicalapplications ofturmeric are
deeply intertwined with the biochemistry of the crop (especially the curcumin
content)biochemical characterizatiomence becomes an inevitable practice in the

turmeric cropimprovement and breeding effortdlany studies have explored the
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biochemical attributes and variability in turme(ahoo et al., 2017; Syamkumar,
2008; Thaikert & Risooksantivatana, 2009).

Most of the studies exploring the biochemical variation among turmeric genotypes
have focusedon estimation of industrially relevant secondary metabolites like
curcumin, essential oil content etc among genotyfmesthe identifiation of
gualitatively superior genotypdSingh et al., 2013).According to this study,hie
desired drug yielding qualitative traits are curcumbfo, oleoresin> 9%, leaf

oil >0.5% and rhizome o# 0.8% This study also reported that amondhe
gendypesunder study, cv. Surama of Eastern ghat highland yielded high curcumin
content (8.8%), cv. Lakadong of Eastern ghat highland and acc. Malkangiri of
Southeasterrghat yielded high oleoresin content (15%hd also affirms the
favourability of Easternlgats andSoutheasterghats for turmeric cultivatio(Singh

et al., 2013).

This wide variation in biochemical compositioalong with yield exhibited by
turmeric can be seescross genotypeandacross agralimatic conditiongPrasath

et al.,, 2019) In other words, he variation observed inbiochemical constituents
(curcuminoids, oleoresin and essential miljurmeric can be attributegither to the
genotype specific effect or to the environment effecthe changem climate and

soil conditions indifferent agro climatic zonesr to the genotype and environment
interaction effectAnandaraj et al., 2014)n this study on environmeigenotype
interaction, ISR Kedaram performed consistently across different environments
studied and was reported be the most stable cultivar for curcunproduction
(Anandaraj et al., 2014 another studythe total curcuminoid¢ontent(composed

of curcumin (CUR), bisdemethoxycurcumin (BDMChand demethoxycurcumin
(DMCQC)) were analyzedn different genotypes different agreclimatic origin and
evaluated in different environments to understandetifiect of environmental on
thesephytochemicalgAarthi et al.,2020) The results revealeal higher curcumin
contentin ISR Prathitha thatwascomparable with curcuim content inSLP 389/1,
Punjab Haldi 1,Duggirala Red, Rajendra SonidSR Pragati,BSR 2 and CO-

2. Thus, the remarkable effect of environment and its interaction with genotype
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often result in different biochemical profile of the same cultivar in differe
environments limiting the commercial value of these -cultivars and crop

improvement effort¢Aarthi et al., 202Q)

In another studyKumari et al., 2022)the biochemical parameters like moisture
content, total mineral content, carbohydrate contemigle fibre content, curcumin
content, oleoresincontent, and essential oil content were studied in the various
varieties of turmeric (NDHL,, NDH-2, NDH-3, NDH-98, andIISR Prabha) that
were obtained from the University of Agriculture and Technology Kgamgrin
Ayodhya Uttar PradeshThe highest moisture concentration was recorded in NDH
1 (85.03%), with moisture contents ranging from 74.98% to 85.03%. The largest
total mineral content was observed in NQ2H(12 + 0.34%), with total mineral
content rangig from 7.01 + 0.34 to12 + 0.34% he amount of crudébre ranged
between 4.64 and 5.65% awdried from variety to varigt. NDH-2 has the greatest
crude fibre content (5.6%) in fresh rhizome, followed by N8&1(5.6%), NDH3
(4.75%), and NDHL (4.6%). ISR Prabha had the least amount of crude fibre
(4.64%).The range of carbohydrate concentratwas 61.50t0 70.4@%6; curcumin
content was (2.22%) to (8.44%) and oleoresin ranged from 5.7% to 2 N9H-2

had the highest carbohydrate content (70.40%)rcunin level (8.442%)and
oleoresin conten{21.9%). The percentage of essential oils varied from 1.63 to
3.91%and highespercentage of essential oils watsservedn [ISR Prabha (3.1%).

In another study that screened the level of varipugnary phytochemial
components of turmerj¢he following were recordeghenolic components (14.500
+ 0.70) mg/100gm, tannins (6.25360.75) mg/100gm, flavonoid®.29 + 8.873)
curcumin in crude plant powd€2.490+ 0.098 %), curcumin in etheri¢1.150 +
0.02 %) and ehanolic extract(24.680+ 0.13) % respectively(Essam & Ashraf,
2013).The following parameters were determined&moisture(6.152+ 0.27) %,
total solid(93.848+ 0.27) %,carbohydratg36 + 8.48) %,crude protein(7.737) %,
total fat (2.637+0.22) %total fibre (23.280+ 1.23) % andash(8.860+ 0.03) %.
With a significant number of vitalements (K, Mg, Na, Fe, Ca, Zn, Mn, Cr, Co, Ni
and N) the energy value wadetermined to be 205.884cal/100gm (Essam &

Ashraf, 2013)Thus, all these biochendt studies in turmeric help to gain
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understanding about its biochemical profile as well as will aid in our efforts to
improve the economically important biochemical traits in the ¢kapmari et al.,
2022)

2.6 Crop improvement by biotechnology in turmeric

Crop improvement in turmeric have led to development of many improved varieties
with desirable traits like increased curcumin and yield. Given the fact that India is
the leading producer of turmeric, the average productivity and quality obtained is
not up o the mark as most of crop improvement is by clonal selectiéyer,
2017)This demands crop improvement efforts geared by latest biotechnological
means to realise improved turmeric varieties in terms of yield, curcumin content and
oleoresin. Some biotboological practices like recombination by hybridization,
micropropagation and invitrpollination for production of diseaseee plant
materials, micrehizome production etc have resulted in an increased vyield of
turmeric cropswvhich will help in producion of diseasdree seed (Nirmal Babu et

al., 2015) Some of these tissue culture techniques involving somatic embryogenesis,
haploid technologyetcis important in production of diseafee planting material.
Hence crop improvement efforts require raultifaceted approach both to
improvement and selection of desirable traits as well as preservation of prevalent

genetic diversity.

But the environmental influence on these characterglersthem as unstable
markers for marketrait studies. Howevemorplological characterization stithas

its prominence as they are basic features upon which adyokselectionoperates
(Ellegren & Galtier, 2016) With the advent of molecular biotechnology, molecular
characterizationechniques have developed teatbles usto assess the variation at
DNA level andwhich is independent of environmental effects as \(Adlif et al.,

2010) So, both the phenotypic and molecular genotypic characterization reveals a
fair understanding of diversity in the crop. This canutilized incharacterization of
germplasm and the assessment of existing varialfBityanu, 2017)It helps us to

find if the genetic base is narrow or broad and to identify and develop improved

variety as well as conserve the existing variatiéooger et al., 2001)Molecular
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markers likeSSR, ISSRRAPD which are stable and independent of environngent
more reliable than morphological markéfswathi et al., 2023)Development of
molecular markers as well as characterization of turmeric gerotyp@gthem

have provided insights into the genetic variation and relatedness among these

genotypegSiju, et al., 2018).
2.6.1Molecular studies in Turmeric

Molecular studies in turmeric mainly aimed to assess the existing genetic variation
and to find diinct/divergent gengpes (Syamkumar, 2008)Most of the earliest
works on molecular characterization of turmeneolves isozymestudies(Shamina

et al.,, 1998)and RAPD/ISSR analysis of turmeric genotyglayak et al., 2006;
Syamkumar, 2008; Vermat al., 2015) Thesestudieswere mostly focusedon
assessment of genetrariation or relatedness among turmegenotypes baseon
phylogenetidreeconstructedrom cluster analysis of moleculararker datgSingh

et al., 2018)In one such studyhe genetic diversity of turmeric accessions from 10
different agreclimatic regionswere analyzed using RAPD and ISSRingh et al.,
2012) Here, the dendrogram obtained based on marker data was used to study
correlation between genetic similarity and geaphical location as well asferring
genetic diversity based on the Nei's genetic diversity analybis Nei's genetic
diversity (H) obtained from ¢pGene analysis reveals that the turmeric accessions
from the Southeasterrghat andWestern undulating ane exhibit relatively low
genetic diversity, with values of 0.181 and 0.199 respectiv€ly the other hand,

the Western central table land displays the highest genetic diversity, with a value of
0.257. Such information regarding the genetic diversityiwheric in different agro
climatic regions based on marlaata carbe valuable for future breeding programs
aimed at enhancing the production of curcumin, oleoresin, and essen(&hgh et

al., 2012) Another study has done a comparative analgtislustering pattern of
turmeric genotypes from morphological and molecular characterization involving
RAPD markergVijayalatha & Chezhiyan, 2008)n this study, lte genetic diversity

of 30 turmeric accessions was evaluated using molecular techrmigdesompared

to morphological traits to determine the extent of variation. The clustering patterns
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obtained from quantitative data analysis usirfg O means, and UPGMA methods
showed some inconsistencies. However, when comparing the cluster profilds base
on quantitative data and RAPD markers, there was a significant level of agreement
between them. The analysis of RAPD profiles for the degree of divergence revealed
68.50% polymorphism across 21 primeksiong the primers investigated, OPB 08,
OPC 20, OPB9, and OPG 19 had a significant amount of polymorphism (> 90%).
Based orthis, they concluded thahe observed disparities at both the morphological
and molecular levels highlight the necessity for specific markers, both

morphological and molecular, sxcurately distinguish these turmeric accessions.

Although these phylogenetic trefetustering based on RAPD/ISSRan group
genotypes based on similarity cainnotbe effectively used incultivar identification
(Singh et al., 2012Also, RAPD and ISSRmarkersare dominant markers with low
reproducibility of banding pattern that makes thess informativeand less reliable
(Amom et al., 2020)Development and utilization aimplesequence repeat (SSR)
markershelps to overcome the limitations of k@r marker systemsSSR markers
arewidely used in DNA profiling across species owingtieir highpolymorphism,
co-dominant/multiallelic nature and betteeproducibility (Vieira et al., 2016)
Development and characterization of turmeric genotypeaguSSR markers
(genomic SSR and ESFSR) have been reported in many studies mainly for
assessment of genetic variati@®igrist et al., 2010; Siju, et al., 20108. In one
suchstudy, wherein a set of 18 genomic microsatellite markers was successfully
developed from turmeric which was utilized to assess the genetic diversity of 20
turmeric accessionSiju et al., 2010a)in this study, there were 103 alleles in total,
with an average of 5.7 alleles per locus. The discriminating value of these snarker
ranged from 0.19 to 0.70, indicating that they were polymorphic to various degrees.
These 20 turmeric accessions were divided into five main groups by UPGMA
cluster analysis based on genetic distance values. The analysis of the samples
revealed three sebf accessions that were genetically similar, raising the intriguing
guestion of whether the technique for collecting germplasm based on vernacular
identity should be revisednterestingly, he observed grouping pattern was not

influenced by the geograjgal origins of the accessions, indicatith@t the genetic

23



Review of Literature

variation observed is independent of geographical origin of genotyples
polymorphic SSR markers developed in this study hold great potential for
population genetic studies and the managemeriturofieric germplasmAnother

study from the same researcher, reiterates the usefulness of SSR markers in diversity
studies in turmed (Senan et al., 2013)Here,the study involved thésolation and
characteriation of21 polymorphic microsatellite loevhich was used for screening
thirty turmericaccessionslt was found that &h locus has anywhere between two
and eight alleles, with an average of 4.7 alleles per locus. These markers had an
average discrimination power of 0.6 and a range of 0.25%f Dhese markers can

be used to determine the polymorphism rate at specific loci in other turmeric
genotypes and were recommended as highly informative for any future genetic
investigative studiedn another study on the same line, genetic relatednessnod

thirty turmeric genotypes was investigated usimige SSR markergSingh et al.,
2018) Out of thesanine markers, six markers have been found very helpful as they
produced higher levels of polymorphism and may be utilised to distinguish between
the distinct turmeric genotypes. Here, the genotypes under study, were divided into
two clusters with a significant amount of genetic diversity based on SSR based
molecular analysisAmong the examined genotypes, NV80 and Pratibha,
NVST-55 and GNT2, andNVST-53 demonstrated 100% similarityhich implies
identical genetidbackgroundfor all the loci studiedmost possiblydue to shared
origin. Genotypes NVSI5 and NVST70 had the lowest similarity level hinting to

a greater genetic variation between théinus, all these studiesoncludethat for

the genetic investigation of turmeric accessions, the simple sequence repeat (SSR)
markers can supplement thelecularmarkers that are already in USSR utilized

in majority of these studies fall into eitheergmicSSR(Sigrist et al., 2011; Siju et

al., 2010a)r EST-SSR(Siju et al., 2010b)Genomic SSR isolated and developed
based on whole genome library preparation can have origin in coding and non
coding regions of genome in contrast to ESIR that hve origin only in coding
region of genome(Siju et al., 2010b) But over the yearsdevelopment and
characterization of ESESRs have presened additional benefits over genomic
SSRs(Joshi et al., 2010)EST-SSR development is much simplified due ke t
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accessibilityto theexpressed sequence data, which is easily available from public
sourceqJoshi et al., 2010Moreover,EST-SSRs have the potential to incredse
usefulness of DNA markers by capturing the a&hility within transcribed genes
(Sahoo et al., 2017)n addition to development and characterization of 58R

for diversity screening studi€Siju et al., 201DB), studies have also developed and
utilized distinct ESTSSR markers as a quick and effective means for establishment
of cutivar identity (Sahoo et al., 2017)Due to their considerablagro
morphologicalsimilarities, turmeric cultivar identification isften difficult, which
hinders commercializatiorA previous study has attempted to address this problem
by the molecularidentification of turmericgenotypes that includedeight elite
cultivars and 88 accessions) usiB§T-SSR markes (Sahoo et al., 2017)n this
study, Eleven ESTSSR primers showed polymorphic banding patterns when
evaluated against the eight cultivafSuroma, Roma, Lakadong, MeghldSR
Alleppey SupremelISR Kedaram, Pratibha, and Suvarndhe polymorphic
information content value (PIC) of these ES$R primers varied between 0.13 and
0.48. Notably, the 'Lakadong' and 'Suvarna' cultivars were ssbaky identified

from others by three SSR loci (CSSR 14, CSSR 15, and CSSR 18), which
consistently displayed distinctive banding patterns. These three SSR markers were
effective in distinguishing the ‘Lakadong' cultivars from the 88 accessions that were
gathered from various agadimatic regions.Moreover the distinct phenotype
allows for exact distinction of theseo identified cultivars namely 'Lakadong' and
'Suvarna’, through study and comparison with a phylogenetic tree encompassing 94
additional urmeric genotypesThus, this study highlights the general efficacy of
EST-SSR markers in varietal identification based on the ability of these markers to
distinguish between and authenticate the two economically important turmeric

cultivars,'Lakadong’ ad 'Suvarna’‘(Sahoo et al., 2017)

In general,it is evident that rajority of themolecularstudiesin turmericthat focus
onthe development and characterizatibmmolecularmarkersin turmeric genotypes
deals withtwo prominent aspects 1) validationof marker efficacy based on level

of polymorphism and 2) elucidating the pattern of genetic variation among
genotypes by clustering them. This grouping is dbased onUPGMA cluster
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analysis that relies on genetic distance va(i®lf et al., 2009)These studies help

to resolve genetic identity of genotype amarkerbased characterization have
resulted in determinatiorof identical genetic backgrounds of morphologically
diverse turmeric genotypes often with different vernacular identities in gemmplas
(Aswathi et al., 2023) Thus, molecular markerbased methods can aid in
germplasm management and preservation of genetic resources. Another common
finding from many studies is that the clustering pattern of turmeric genotypes was
independent of themeographic origin in most cas@germa et al., 2015)

Karyomorphological attributes were also studied with molecular marker analysis to
find genetic distinctivenesamong turmeric cultivar@Bhadra et al., 2018Although

this study reports karyotym symmetry witha uniform somatic chromosome
number (2n= 63) across the studied cultivars, thelecular marker analysigone
(RAPD and ISSR marker analysg@srevealed significangeneticvariability among

the cultivars Pattern of genetic variation revedby Unweightedpair group method

with arithmetic average (UPGMA) dendrogras well aslustering usingprincipal
coordinate analysis on tHmsis of] accar d’s coefficient s howe
bias in this study Thus, this study reveals the practical limitation of
karyomorphological characters in cultivar identification alongside emphadizng
importance of molecular markers in determining the authenticity of cultivars
(Bhadra et al., 2018)

2.6.1.1Transcriptome analysisin turmeric

Molecular marker studs in turmeric received an impetus with many works on
transcriptome sequencing and assem{@ynadurai et al., 2013; Sahoo et al.,
2016b; Sheeja et al., 2015)Transcriptome sequencing have resulted in
identification of potential genes involved in cuminoid biosynthesis pathway
(Annadurai et al., 2013; Sahoo et al., 2Qb6&heeja et al., 2015The prominent
approach followed for this is of comparative transcriptome profi{Bigeeja et al.,
2015)in addition to annotation afe novotranscrippme assemblgAnnadurai et al.,
2013)The earliest of transcriptome profiling was done by a st{8heeja et al.,

2015) that led to discovery ohovel polyketide synthase genes and transcription
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factors involved in phenylpropanoid pathwasing comparave transcriptome
profiling of C. longaandC. aromaticawhich had a highly contrasting curcuminoid
content. This studyasalso foundmany singlenucleotide polymorphisms (SNPs)
and simple sequence repeats (SSR8)imthesepotential genesThese resus offer

an invaluable resource for functional investigations, marker development, and
expanded knowledge of turmeric's genomic structure and metabolic pathways.
Transcriptome data was utilized to develop cultivar specific markers as lwell.
anothersuchstudy, the transcriptomenalysis oturmeric cultivars name/ysuroma,
Roma, Lakadong, and Meghas done thatesulted in identification diigh-quality
cultivar specific SSRs, SNPs, and pigment production gene transcripts through
annotation and functi@h categorizatior{Sahoo et al., 2019}t also shed light on

the cultivars' various genetic backgrounds by revealing the varying expression of
pigment production genes among them. The results obtainids studynot only

allow for the precise identdation of elite cultivars that have a comparable
appearance utilisingultivar specificSSRs and SNPs, but also help us to understand
the molecular processes that undeatiiéerentialgene expression in turmeric.

2.6.1.2Turmeric reference genome

The constructio of a draft whole genomegenome sequence @&. longa using
advanced sequencing techniginas nowopeneda gateway to genetic information
and molecular mechanisms of the c(@hakrabortyet al, 2021).This draft genome
assembly was approximately 1.0&bp in size, with a significant portion consisting

of repetitive sequences. It contained around 50,401 coding gene sequences. Through
phylogenetic analysis involving 16 other plant species, the evolutionary position of
C. longa was also determinedby this study Also, a ®mparative evolutionary
analysis across 17 species, includi@g longa, revealed significant evolutionary
changes in genes related to secondary metabolism, plant phytohosigoaking

and stress response mechanig@isakrabortyet al, 2021) Comparative genomic
analysis revealed a recent whglenome duplication event shared between turmeric
and gingerThese findings shed light on the molecular mechanisms responsible for

the wide range of medicinal properties associated Withiongg including its
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defense mechanisms and ability to tolerate environmental stréssber research
group has recently published a chromoseleatl genome assembly for turmeric
with the aim of investigating the regulatory mechanisms of curcumin biosynthesis
and tuber formatioYin et al, 2022) They haveutilized Pacbio long reads and-Hi

C technologies to assemble the turmeric genome into 21 pseudochromoBbenes.
completed genome is 1.11 Gb in length, with a scaffold N50 of 50.12 Mb. It
contains 49,61droteincoding genesHere, the malysis of gene families indicated

the potential involvement of transcription factors, phytohormsigealling and
genes associated with plgmathogen interactions in adaptation to challenging
environmentsin this study,candidate genes involved in phytohormone signalling
and glucose metabolism were discovered through transcriptomic study of tubers at
various developmental stages, suggesting that they may play a role in promoting
tuber formation The variation in curcumitevels between rhizomes and tubers is a
result of secondary metabolites' adaptation to environmental stress, demonstrating
that these compounds are involved in plant defence against abiotic s{daset

al.,, 2022) Thus, the availability of the tumeric genome sequence improves our
knowledge of how turmeric rhizome develop and how curcumin is made, as well as

making it easier to study other Curcuma species.
2.6.2Molecular marker-basedtrait improvement studies

Molecular markerbasedtrait enhancement dies are very limited in turmeric.
Unavailability of reference genome for a long time may be one of the possible
reasons. But still few studies can be found in the literature. One such study utilizes
the chloroplast genome sequernoedetermine high curenin containing turmeric
genotypegHayakawa et al., 2011 this study, they analysed the chloroplast DNA
sequences to precisely identiB; longalines with a high curcumin concentration.
This was done byirstly creatinga molecularphylogenetic treeof C. longaand

allied specie#n orderto choose appropriateutgrouptaxa for infraspecific analysis.

The results indicated th&t. aromaticaandC. zedoariaare the most closely related

to C. longa A molecular marker for identifyin€. longalines with high curcumin

content was developed following a network analysis of chloroplast microsatellite
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regions.A distinct haplotype withirC. longathat corresponds to the line with high
curcumin concentration was discovered through resedhuls, this studyvasable

to recogniseC. longalines with a high curcumin concentration by using chloroplast
microsatellite regionsAnother study has developed molecular marker for disease
resistance(Kar et al., 2013).The current cultivated turmeric germplasm is very
susceptible to rhizome rot disease caused by the oomyé&sthium
aphanidermatumTraditional breeding methods for host resistance have not been
effective due to limited genetic diversity, asexual reproduction, and stigmatic
incompatibility. This study aied to develop molecular markers for identifying new
turmeric germplasm with resistance Ro aphanidermatuniKar et al., 2013) By
conducting bulk segregant analyses using 40 inter simple sequence markers, a
potential resistanespecific marker named CHM was isolatedn this study This
marker was then converted into a sequence tagged marker (CISTS) that successfully
amplified a specific fragment in resistant turmeric genotypes but not in susceptible
plants. Southern blotting confirmed the presenceh marker as a single copy
locus associated with resistant genotyddéege CISTS marker correctly identified ten
resistant and five susceptible genotypes from 15 turmeric germplasm samples with
uncertain disease response from various arSafsequent iraulation tests with a
virulent strain ofP. aphanidermatunsupported the findings of the STS marker.
Thus, the identified STS markaf this study isa valuable tool for early and
efficient identification of new turmeric cultivars resistant to rhizome using

markerassisted selection.

The emergence of high thrgloput Next generation sequencing (NG8rhnologies
hasmade the DNA based marker seglsimpler and cost effectivéShen, 2019)
Among the various NGS methoddouble digest restrictioite asociated
sequencing (ddRABeq) represents a versatile and economically efficient approach
for gaining comprehensive understanding of the genetic makeup of any germplasm
collection (Esposito et al., 2020The ddRAD sequencing technique coupled with
high throughput NGS technologies (e.g., lllumina HiSeq 2000) and genotyping tools
(e.g., GATK, samtools), allows for efficient simultaneous detection and genotyping

of sequence variations, regardless of the availability of a reference géifetarson
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et al, 2012). In contrast to existing RADseq methodstRAD seqiencingoffers
increased adaptability and reliability in recovering target regions, along with a
substantial decrease in costample genomic material requirents and time
(Peterson et al.,2) DdRAD sequencing have been employed in many plant
species to study genomic diversity, population structure, phylogenetic and
demographic history of plant population (Aballay et al., 2021; Esposito et al., 2020;
Liu et al., 2020; Yang et al., 201@jor instance, in a study carried outBrassica
junceagenotypes, a modified ddRABeqiencingmethod was adopted to partially
sequence siB. junceagenotypes for SNP identification and genotyp({Sgidan et

al., 2019) In this study atailored bioinfamatics pipeline was used for SNP
detection which were then utilized to assess molecular diversity, population
structure, and conduct association mapping for morphological traits of interest

Among the various molecular markers available, single nuclepttienorphisms
(SNPs) represent the most prevalent form of genomic variation, characterized by
alternative alleles occurring at single base positiB®okes, 1999) They are
ubiquitous, primarily biallelic, and highly amenable to hitghoughput autonteon
(Brookes, 1999) These attributes had helped SNPs to emerge as key genetic
markers, supplanting microsatellites, and have been instrumental in genetic-marker
assisted breeding across economically significant spéBiafalski, 2002) Their
adoption has facilitated significant time and cost savings in breeding programs
(Rafalski, 2002) Notably, SNPs offer advantages in kinship analysis and pedigree
reconstruction, owing to their suitability for highroughput genotyping
methodologies(Moragueset al., 2010) Sequencing data obtained from high
throughput genotyping technologies are aligned to a reference genome if its
available or to @aenovoreference in the absence of reference genome for discovery
of SNP variantgYao et al, 2020) Amongthe various alignment toolksvailable,
previous studies revealed that the Bw&m mapping tool is a good choice as an
alignment tool as it exhibited superior performance compared to other tools like
Bowtie2, demonstrating both a higher mapping rate andracyg rate(Yao et al,

2020) The Genome Analysis Toolkit (GATK) is a widely used tool for variant

calling of single nucleotide polymorphisms (SNPs) and small insertions and
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deletions (indels) from sheread sequencing data that is aligned againdeserece
genomgWardenet al, 2014) While Samtools mpileup (now Bcftools mpileup) was
previously widely used, it has been surpassed by GATK HaplotypeCaller, primarily
due to the latter's faster performance, particularly for large sample(sefesili &

Nam, 2022) GATK HaplotypeCaller is widely recognized as the preferred option
for variant calling, noted for its high accuracy in SNP and indel identification
(Lefouili & Nam, 2022) Numerous benchmark studies have consistently found
GATK Haplotype@iller to outperform Bcftools solidifying its status as the current
gold standard for variardalling pipelines(Lefouili & Nam, 2022) These SNP
variants identified by variant callingipelinesis the basis for genetic diversity,

population structure aheis marker trait association studies @afalski, 2002)

Marker trait association studies is a -peguisite for marker assisted breeding
programs in any crop. Association analysis, or association mapping, has become a
potent tool in plant genomicsided by advancements in statistical software and
high-throughput molecular marker technologighu et al, 2008) Genomewide
association studies (GWAS) leveraging genamide markers have proven highly
effective in unravelling the genetic architectar of complex traits across plant
speciegPadmashreet al, 2023; Pengt al, 2023) Studies combining sequencing
data from higkthroughput methods like ddRAD sequencing with agro
morphological trait information have provided valuable insights intoetyen
diversity and traHassociated marke(&spositoet al, 2020; Haret al, 2023) The
GAPIT (Genome Association and Prediction Integrated Tool) R package is a useful
package for conducting Genofiéide Association Studies (GWAS) and genome
prediction (Ksouri et al, 2023; Tandaywet al, 2022) Among the various models
that can be utilized by GAPIT,IBNK emerges as the preferred model, recognized
for its robust calibration, effectively managing false positive and false negative
effects (Ksouri et al., 2023) Consequently, BINK is deemedas one otthe most
suitablemodels exhibiting optimal adjustment with phenotypic déaouri et al,

2023) Henceforth, the GWAS results derived fromlBK providesa reliable basis

for further analysisThe BLINK model, employed in GWAS studies, harnesses

linkage disequilibrium to enhance statistical power, and the maximum likelihood is
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estimated using Bayesian Information Content (Bidan et al, 2023) There have

been studies utilizing genotypic data froddRAD sequencingfor marker trait
studiesFor instance, a study @eibaplants utilized ddRAD sequencing for GWAS
studies to identify SNPs linked to morphological traitsnterest and the candidate
genes involved were found therepgoviding a basisfor markerassistedselection

and molecular breeding Ceiba plants (Han et al, 2023) Similarly, in another
study ddRAD sequencing was utilized identify genomic regions associated with
traits of interest, including grain zinc (Zn) content which ba further exploited for

Zn biofortification breeding programs in rig8abu et al, 2020). Through this
research, the scientists uncovered genomic regions respondnatdoof interest

and identified candidate genes associated thigsekey physological traits, thereby
laying the groundwork for markerssisted selection and the development of
fortified rice varieties(Babu et al, 2020) In summary, ddRAD sequencirtave
emergé as a promising tool for advancing our comprehension of plantigeretd
streamlining crop improvemergndeavoursthrough targeted genomic analyses.
Though me of the earlier studief.iang et al, 2021) have recommended the
utilization of reduced representation sequencing methods like ddRAD to understand
phylogeny ad evolution of curcuma species but there has been no such study done
till date. Thus,this doctoralstudy is aimed to fill in this gap of genetic diversity and

marker trait association assessment in turmeric.
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Chapter 3
MATERIALS AND METHODS

3.1 Field experiment: Experimental site

The field experiments pertaining to this study was carried out at the experimental
farm of ICAR-Indian Institute of Spices Research (ICABR) in Peruvannamuzhi,
Kozhikode, Kerala (North latitude 11°36'34"; East longitude 75°49'12"; 60St).
Genotypes utilized in this study were obtained from National Active Germplasm
Site (NAGS) of ICARIISR which has India's biggest and most significant turmeric
germplasm collections.

3.1.1Climate

The experimental site falls in the tropical region anackeeunder the tropical
monsoon climate. Tropical monsoon climate is characterized by seven months of
rain (mean 4374.0 mm) from May to December amohthly mean temperatures
above 18C (64°F) in every month of the year and a dry seas®he climate is
characterized by a relative humidity range of 78000% and high temperatures in

dry seasons that can go up to 35 °C which usually lasts from December to April
Weather data is given in Appendix 1.

3.1.2 Soil

Soil here is a clay loam Ustic Humitropept andgbg profile is given in Table 3.1.

Table 3.1Soil profile of the experimental site

Soil Parameters Values

pH 5.18
Electrical conductivity 0.13dS rit
Organic carbon 13.9 g k¢
Mineral nitrogen 125 mg kg
Bray phosphorous 11.6 mg kg
Exchangeableotassium 176 mg kg
Bulk density 1.48 mg n?
Particle density 2.6 mg nt
Water holding capacity 0.74 mm crm*
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3.2 Experiment details

The field experiment began in May 2020 and was repeated in the next year; 2021.
The field experiments were conducteddé#terent plots in the same site to avoid

nutrient depletion and incidence of soil borne diseases.
3.2.1 Land preparation, experiment design and maintenance

Typically, turmeric is cultivated in rainfed settings on raised beds. Here, weeds were
removed from theplot to be planted, and the soil was fiileed with a tractor
mounted disc harrow before being levelled. Due to the soil's inherent acidity, lime
(CaCQ) was added at a rate of 500 kg per hectare, and the soil was thoroughly
mixed before being levelled@hen, using a garden spade, raised beds of 3 x 1 x 0.30
m (I x b x h) were created. The beds were kept 40 cm apart from one another. On the
beds, little shallow trenches with a spacing of280cm were dug, and in these pits,
20-30 g of turmeric seethizome with at least two sprouted buds was planted at a
depth of 3.55.0 cm from soil surface. Genotypes were planted in a randomised
blocks design with two replicatesnd field was maintained with recommended
package of practice$Prasathet al., 2019) This includes mulching, weeding,
fertilizer application etc. Mulching was done using leaves Gfiricidia sepium
(Jacg.) Kunth ex Walp at 15 t himmediately after planting to prevent exposure of
planted rhizomes and shield the raised beds from heag/tteereby preventing soil
erosion. Following weeding, fertiliser application, and earthing up, green leaf
mulching was applied again at 7.5 ttet 45 and 90 DAP.
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Fig. 3.3 Fully grown turmeric plants after six months of planting.
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3.3 Plant materials

For this study, a diversity panel comprising 93 turmeric genotypes from germplasm
were used. The phenotypic evaluation of 93 turmeric gpestyas conducted for
two years (2020 and 2021). The list of genotypes is given in Table 3.2.

Released
varieties
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Fig. 3.4 The characteristics of core collection of turmeric utilized in this study.

Table 3.2 List of turmeric genotypes used in this study

S.No [ Genotype name Category

1 Varna
2 Megha Turmeric Released varieties
3 Suranjana

4 Suguna

5 Kedaram

6 Rajendra Sonia

7 Suvarna

8 ISR Pragati

9 ISR Prabha

10 Sudharsana

11 ISR Alleppey Supreme
12 [ISR Pratibha

13 Punjab Haldi 1

14 BSR2
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15 Co1 Released varieties
16 CO2

17 Narendra Haldi 1
18 Narendra Haldi 3
19 Rajapuri

20 Roma

21 Suroma

22 Rasmi

23 Ranga

24 Duggirala red

25 Palam Pitambar
26 Kanthi

27 Sobha

28 Sona

29 Pant Peetabh

30 Punjab Haldi 2
31 CIM Pitambar
32 Rajendra Sonali
33 NDH 98

34 Kadappa local
35 Erode turmeric Local varieties
36 Waigon turmeric
37 Salem local

38 Santra

39 Kandaila Haldi
40 Dehati Haldi

41 Futi Halood Farmers varieties
42 Surkha

43 Hardi

44 Koirana

45 Hasgova

46 Acc 2

47 Acc 23

48 Acc 224

49 Acc 246

50 Acc 780 Promising accessions
51 Acc 799

52 Acc 821

53 Acc 880

54 Acc 849

55 Acc 884

56 Acc 887

57 Acc 449

58 Acc 300

59 Acc 415
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60 ISR RRN1
61 ISR RRN2

62 ISR RRN3 Breeding materials
63 ISR RRN4

64 SLP 389

65 SL3

66 KTS 611

67 SC 61

68 Acc 19

69 Acc 138

70 Acc 1046 Cambodia

71 Acc 1053- Uganda Exotic collections

72 Acc 1054- Uganda
73 Nepal Turmeric

74 Mydukkur White

76 Acc 37

77 Acc 286

78 Acc 297 Distinct types

79 Acc 52

80 Acc 161

81 Acc 84

82 Acc 313

83 Acc 180

84 Acc 79

85 Acc 142 Nematode tolerant genotype
86 Acc 200

87 Acc 376

88 Acc 1 High curcumin genotypes
89 Acc 146

90 Acc 8

91 Acc 130 Low curcumin genotypes
92 Acc 134

93 Acc 902

3.4 Phenotypic evaluation

Phenotyping of 93 turmeric genotypes was conducted based on general plant
morphology, rhizome chatters, and biochemical character i.e curcuminoid content.
General quantitative morphological characters were recorded 150 days after planting
based on DUS guidelind®PV & FRA, 2009; Aarthi et al., 2018aJhe general

plant morphological characters obgad are plant height (PH), the number of shoots
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(NS), the number of leaves on the main shoot (NL), the total number of leaves per
plant (TL), the length of the petiole (LP), the length of the leaf lamina (LL) and the
width of the leaf lamina (LW). Rhizomeharacterization was recorded for the
following characters after harvesting: number, length, thickness, weight per plant of
mother rhizome (MN, ML, MG, MWT), primary rhizome (PN, PL, PG, PWT),
secondary rhizome (SN, SL, SG, SWT) respectively, total nmizweight per plant
(TWT), internodal length (IL), inner core width/diameter (ID) and outer core width

(OW) of primary rhizome, dry rhizome yield per plant (DY).
3.4.1General plant morphological characterization
3.4.1.1Plant height (cm)

The measurement of plant heighas determined by measuring from the soil level
up to the tip of the leaf on the primary shoot. A total of five clumps were selected

from each replication, and an average height was calculated.
3.4.1.2 Number of shoots per plant

To determine the number of sheer plant, five clumps were randomly chosen

from each replication, and the average number of shoots was counted.
3.4.1.3 Number of leaves on main shoot

The number of leaves on the main shoot was assessed by selecting five clumps from
each replicationrad calculating the average number of leaves present on the main

shoot.
3.4.1.4Total number of leaves per plant

The total number of leaves was assessed by selecting five clumps from each

replication and calculating the average number of total leavesprsall shoots.

3.4.1.5 Length of petiole (cm)

The measurement of leaf petiole length was taken from the pseudostem to the base
of the leaf blade, specifically from the middle three leaves of the main shoot. Five
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clumps were randomly selected from eagplication, and the average petiole length

was calculated based on these measurements.

3.4.1.6 Leaf length (cm)

The measurement of leaf lamina length was taken from the tip of the petiole to the
tip of the leaf blade, specifically from the middle threavies of the main shoot. A
total of five clumps were randomly selected from each replication, and the average

lamina length was calculated.

3.4.1.7 Leaf width (cm)

To determine leaf lamina width, measurements were taken at the widest point of the
middle tiree leaves on the main shoot. Five clumps were selected from each

replication, and the average lamina width was recorded.

3.4.2 Rhizome characterization
3.4.2.1 Number of mother rhizomes per plant

The number of mother rhizomes per clump was counted. Adbtize clumps were
assessed in each replication, and the average number of mother rhizomes was

recorded.

3.4.2.2 Length of mother rhizomes per plant (cm)

To measure the length of a mother rhizome, a measuring tape or ruler was used to
determine the diahce from the point of attachment to the main plant up to the tip of
the mother rhizome. This measurement represented the overall length of the mother

rhizome.

3.4.2.3 Girth of mother rhizomes per plant (cm)

To measure the girth of a mother rhizomeabier or flexible measuring tape was
employed. The measuring device was wrapped around the widest section of the
mother rhizome, ensuring a snug fit without excessive pressure. The measurement

was recorded as the girth of the mother rhizome.
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3.4.2.4 Numler of primary rhizomes per plant

To measure the number of primary rhizomes, individual rhizomes present in each
clump were counted. This process was repeated for multiple clumps to obtain an
average number of primary rhizomes per clump. The total numbe@rimiry

rhizomes per clump found in each replication was recorded.
3.4.2.5 Length of primary rhizomes per plant (cm)

The length of the primary rhizomes was measured from the point of attachment to
the mother rhizome up to the tip. This measurement wa telk each individual

rhizome, and the recorded values represented the length of the primary rhizomes.
3.4.2.6 Girth of primary rhizomes per plant (cm)

To measure the girth of a primary rhizome, a calliper or a flexible meagapeg

was used. The measuring device was wrapped around the widest part of the primary
rhizome, ensuring it was snug but not overly tight. The measurement was taken, and
the girth of the primary rhizome was recorded. This process was repeated for each

primary rhizome to ensure accurate and consistent measurements.
3.4.2.7 Number of secondary rhizomes per plant

The number of secondary rhizomes per clump was counted. Multiple clumps
were assessed, and the average number of secondary rhizomes per clump was

recorded.
3.4.2.8 Length of secondary rhizomes per plant (cm)

The length of the secondary rhizomes was measured from the point of attachment to
the primary rhizome up to the tip. Each individual rhizome was measured, and the

recorded values represented thegté of the secondary rhizomes.
3.4.2.9 Girth of secondary rhizomes per planfcm)

To measure the girth of a secondary rhizome, a flexible measuring tape was utilized.

The measuring device was wrapped around the widest part of the secondary
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rhizome, ensung a snug fit without excessive pressure. The measurement was
taken, and the girth of the secondary rhizome was recorded. This process was
repeated for each secondary rhizome to ensure accurate and consistent

measurements.
3.4.2.10 Internodal length (cm)

The internodal length was measured between two consecutive nodes on the primary
rhizome. Measurements were taken for multiple internodes, and the average

internodal length was recorded.
3.4.2.11 Inner core diameter of primary rhizome (cm)

The inner core vdth or diameter of the primary rhizome was measured using a
calliper or a measuring device (scale). Primary rhizome was cut, and width or
diameter of core measured using a scale and recorded. This process was repeated for
multiple primary rhizomes, and thaverage inner core width or diameter was

calculated.
3.4.2.12 Outer core width of primary rhizome (cm)

The outer core width of the primary rhizome was measured using a calliper or a
measuring device. Primary rhizome was cut, and width of outer core reéasing
a scale and recorded This process was repeated for multiple primary rhizomes, and

the average outer core width was calculated.
3.4.3 Yield related characters
3.4.3.1 Total weight of primary rhizome per plant (g)

The total weight of the@rimary rhizome per plant was determined by collecting all
primary rhizomes from a clump and measuring their combined weight. This was

repeated for five clumps each for two replications.
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3.4.3.2 Total weight of mother rhizome per plant (g)

The total weigh of the mother rhizome per plant was determined by collecting all
mother rhizomes from a clump and measuring their combined weight. This was

repeated for five clumps each for two replications.
3.4.3.3 Total weight of secondary rhizome per plant (g)

The tdal weight of the secondary rhizome per plant was determined by collecting all
secondary rhizomes from a clump and measuring their combined weight. This was

repeated for five clumps each for two replications.
3.4.3.4 Total weight of rhizome per plant (g)

The total weight of the rhizome per plant was determined by weighing the total
clump that belongs to a plant. This was repeated for five clumps each for two

replications.
3.4.3.5 Dry weight of rhizome per plant (g)

The dry weight of the rhizome per plant svaletermined by collecting whole
rhizomes (clump) from each plant, boiled and sun dried to remove moisture, and
then recording their individual weight. This was repeated for five clumps each for

two replications.
3.4.4Biochemical characterization

The percentagef curcuminoid content (CUR) was examined in all 93 varieties
using ASTA methodASTA, 2004)

e 1 g of dried turmeric powder was weighed and put into a 125 ml Erlenmeyer
flask, added approximately 75 ml of acetone was added and the mixture was
stirred.

e The mixture was gently refluxed on a heated stirring plate with a West
Condenser for one hour. Afterward, it was cooled to room temperature and

filtered volumetrically using a Whatman filter paper into a 200 ml capacity
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flask. It was thoroughly washed witltetone and adjusted to a final volume

of 200 ml.

1 ml of this solution was then transferred into a 100 ml volumetric flask, and
then the volume was adjusted to 100 ml with acetone, and thoroughly mixed.
Absorbance reading of above solution was determinesingu
spectrophotometer. For that, the spectrophotometer was first blanked with
acetone in the cuvette at 425 nm, and then the absorbance of the above
solution at 425 nm was determined. The percentage of curcuminoids

determined by the below formula:

% of curcuminoids = absorbance at 425 nm x 11.11

3.5 Determination of ploidy level using flow cytometry

Samples were analyzed for ploidy levels using flow cytom@rgsath et al., 2022)

Here, turmeric leaf tissue was used for

estimation of a sample from a species requires a reference standard of known ploidy
level from the same species. ISR Prabha and ISR Kedaram with known ploidy

level i.e. triploics were used as reference standards. The protocol followed is given

below:

ploidy estimation. FCM basedy plo

e A small amount of tender leaf tissue was taken from the reference standard

plant as well as from genotype of unknown ploidy level.
The leaves were finely chopped with scissors into to 1 ml hypotonic

propidium iodide lysis buffer (Krishan, 1975) with mimapdification.

Composition of nuclei isolation buffer used:

Constituent

Concentration

Sodium citrate tribasic dehydrate

0.1 % (w/v)

RNase A 2 mg/ml
Pl 0.05 mg/ml
Tween20 0.3 % (v/v).

B -mercaptoethanol

1%
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e After the chopping of leaf tissue into buffer, it was filtered through a
10-um cell strainer to obtain nuclear suspension which was collected
in 1.5 ml eppendorf tubes. This suspension of isolated nuclei was
incubated for 15 min.

e Nudear suspension from reference standards and unknown samples
were run on a Cytoflex flow cytometer (Beckman Coulter) with a 488
nm laser and a 585/42 Band Pass filter. For each sample, around 500
2000 nuclei were gathered and analyzed.

e Reference standardas used to set the detector gain, and the other
unknown samples were analyzed using the same gain settings.

e The analysis results are given as -paeameter histograms with
Go/G; peaks plotted on a linear scale. The median value o%,G
gives the fluoresence intensity and it was obtained for both reference

standard and unknown sample.

e The data obtained was then analyzed in FCS Express Software
(DENOVO software, USA) and the ploidy level of unknown sample

was calculated based on following formula:

Ploidy of reference standal median valug G, / @akpof unknown sampl

Ploidy of unknown sample- -
median value of G /G peak of reference standard

3.6 Statistical analysis
3.6.1 Analysis of variance (ANOVA)

Statistical calculations were performed on the pooled morphological and
biochemical (curcuminoid content) data of two years. A-wag analysis of

variance (ANOVA) to tesfor significant differences among the 93 varieties for the
characters wunder study evaluated wusing at

(ANOVA) for RBD was done as per previous styéanse et al., 1954)
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3.6.2 Duncan multiple range test (DMRT)

When ANOVA was significant, Duncan's mean range test (DMRT) was employed
to specific varieties with different mean valy&incan, 1955)It is a post hoc test,

a commonly used to compare treatment means.
3.6.3 T test

T test is widely employed statisticalsteto compare the means of two groups
(Student, 1908)It is frequently employed in hypothesis testing to establish whether
a procedure or treatment truly affects the population of interest or whether two
groups differ from one another. T test was useddtermine whether there is any
difference between the observed ploidy leveipjoids, and tetraploids, for the 25

characters under examination.
3.6.4 Principal component analysis (PCA)

Principal component analysis is a dimensionality reduction rdaiked for analysis
of large complex datasef@otelling, 1933) It improves interpretability of the
dataset as well as minimise the information loss. It accomplishes this by the means
of creation of new and uncorrelated variables called principardoates that
maximise variance one after the other. Here, we have utilized PCA analysis to
determine the pattern of genetic variation between the ploidy levels based on their
phenotypic characters. PCA analysis was performed in the R programming

language.
3.6.5 Estimation of genetic parameters

The variability package in R software was used to analyse genetic variability, which

included determining GCV, PCV, heritability, and genativance
3.6.6 Phenotypic and genotypic variance

The genotypic and phengtig variances were estimated according to following

equation(Johnson et al., 1955)
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. . Mean sum of squares due to genotypes Error maenaf square:
Genotypic variancgo?, ) = —
Replication

Phenotypid) vzteance (o

Where Envir on nfdnHrrerimean sum bfsquares / Replication

3.6.7 Phenotypic and geotypic coefficients of variation (%)

Phenotypic coefficient of variation (PCV) and genotypic coefficient of variation
(GCV) is expressed in percentage and is given by the following eqBtoton &
DeVane, 1953)

a. P CV =p/Nesany* 100
b. GCV =gMeahy* 100
Where % is phenotypic variance andz\s genotypic variance.

The PCV and GCV values were categorized as(farasubramanian & Menon,
1973)as follows:

PCV and GCV Category
< 10 per cent Low
10- 20 per cent Moderate
> 20 per cent High

3.6.8 Heritability (h?)

Heritability () estimate in broad sense is expressed in percentage was calculated
based on the methods (dush & others, 1949nd(Allard, 1960)

Heritability (HY) = (V&/Vp) x 100

Heritability (%) was categorized as sugtgl by(Johnson et al., 1955)

Heritability in per cent Category
<30 Low
31-60 Medium
> 60 High
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3.6.9 Genetic advance (GA)

Genetic advance was estimated based on the formula gidoloyson et al., 1955)

and is as follows:
Genetic advance K X op X k
where,

h? = Heritability in broad sense
op = Phenotypic standard deviation

k =2.06, Selection differential (at 5% selection intens{falconer, 1960)

3.6.10 Genetic advance as per cent of mean (GAM)

Genetic advance as per cent of meas calculated using the following equation:
Genetic advance (as per cent of mean) = (Genetic advance / Grand mean) * 100

Categorization of GAM was done based on range specifiéddiyson et al., 1955)

and is as follows:

GAM (%) value Category
< 10per cent Low
10- 20 per cent Moderate
> 20 per cent High

3.6.11 Heritability in broad sense

Heritability in broad sense {Hb)) was calculated using the formula given by
(Allard, 1960).

pic a
s—exnl sO 0 )
ypic variance

G
P

Sgro
(¢S N =
Bgo
O s; -
T

Heritabilit@* sy

The classification of heritability in broad sense was done using ranges given by
(Johnson et al., 1955)
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h? (b) value Category
0-30% Low
31-60% Medium
> 61% High

3.7 Genotypic analysis
3.7.1.Genomic DNA isolation

All the 93 genotypes were genotyped using SSR markers. For this, genomic DNA
was isolated from leaf tissue of the 93 turmeric genotypes using CTAB method
(Doyle & Doyle, 1987with minor modification as follows:

e 100 mg of fresh, clean, and young leaf of each ggmotyas weighed and
each sample was grinded well in 1.2 ml CTAB buffer using pestle and
mortar.

e Each of this grinded sample solution was transferred to a 2ml eppendorf tube
and incubated in water bath at 65°C for 60 min. After incubation, sample
were allowel to cool and bought to room temperature.

e 800 pl o f -isoc dmylo alcohblo solution prepared in 24: 1
composition was added to each of these tubes. It was mixed gently by
swinging the eppendorf tubes and then centrifuged at 12,000 rpm for 15 min.

e The clear supernatant (aqueous layer) obthiafier centrifugation was
carefully transferred to a 1.5 ml eppendorf tube and chloroform isoamyl
extraction step and centrifugation was repeated once again.

e The supernatant obtained after the second centrifugation was again
transferred to 1.5 mleppendor t ube and 500 pul of 1isopr
it. This was kept for overnight at 4°C.

e After overnight incubation, the solution was centrifuged at 12000 rpm for 10
min at 4°C to pellet down the precipitated DNA.

e After centrifugation, supernatant was remébve a nd 100 pl of 70%

was added to the tube to wash the precipitate.
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e This was again centrifuged at 10,000 rpm for 5 min. supernatant obtained
was carefully removed and DNA pellet was allowed to air dry in laminar air
flow.

e The DNA obtained thuswaki s s ol ve d i n -fréelvater.ilDNA f nucl e
concentration and quality were determined using the DeNovix1DS
spectrophotometer (DeNovix, Wilmington, DE, USA) followed by agarose
gel electrophoresis on 0.8% agarose gel.

e The genomic DNA was then dilute t o 50 ng/ pl and stored
downstream PCR reactions.

The released turmeric varieties were screened, first, with 56 molecular markers
including both SSR and ISSR to check for the efficiency of already developed
markers in turmeric. (Table 3.3ach 3.3b). Here, we have utilized SSR markers
derived from genomic regions of turmeric as well as the EST derived méskers

et al., 201@p). This molecular characterization has confirmed the reliability of
these markers to find genetic similarityhemost reliable and polymorphic markers
obtained based on this were further used to screen 93 turmeric genotypes. A
UPGMA based dendrogram was constructed based on these screening on 93
genotypes.
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Table 3.3a Characteristics of ISSR Primers used in thetudy

Primer Sequence Annealing temperature

FP-For ward pB81i mer Ta(°C)

RP-Re verse pri)me
UBC 815 | CTCTCTCTCTCTCTCTG 43.7
UBC 818 | CACACACACACACACAG 45.3
UBC 826 | ACACACACACACACACC 45.3
UBC 827 | ACACACACACACACACG 46.5
UBC 834 | (CA)AG 45.3
UBC 842 | GAGAGAGAGAGAGAGAYG 50.4
UBC 845 | CTCTCTCTCTCTCTCTRG 49.1
UBC 850 | GTGTGTGTGTGTGTGTCA 45.1
UBC 856 | ACACACACACACACACCA 52.7
UBC 857 | ACACACACACACACACYG 54.8
UBC 860 | TGTGTGTGTGTGTGTGRA 66.7
UBC 866 | CTCCTCCTCCTCCTCCTC 50.4
UBC 884 | HBHAGAGAGAGAGAGAG 50.4
UBC 889 | ACACACACACACACACDBD 42.3
UBC 896 | AGGTCGCGGCCGCNNNNNNATG 50.4
UBC 897 | CCGACTCGAGNNNNNNATGTGG 53.8
ISSR02 | AGTGAGTGAGTG 55.0
ISSRO3 (GACA) 4 43.7
ISSR06 | GAGAGAGAGAGAGAGAC 51.7
ISSR0O7 | GAGAGAGAGAGAGAGAG 52.7
ISSR 13 | AGTGAGTGAGTGGG 43.7
ISSR 14 | AGCAGCAGCAGCGT 44.2
ISSR 15 | TCCTCCTCCTCCTCC 52.1
ISSR 17 | CACACACACACACACAG 51.7
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Table 3.3 b Characteristics of SSR Primers used in the study

Primer Sequence Annealing
FP-Forward p381i e temperature
RP-Reverse prijme Ta(°C)

Cumisat 01 FP-AAACCGCAAGAAAACTGAAG 55.0
RP-CTCTTCCCTGAACGATTCC

Cumisat 02 FP-TATGTGATGGTTGGGACG 55.8
RP-GTAGTGGAGGAAGACGCC

Cumisat 03 FP-GCACTACTTCCTTCTCGTTCAA 60.4
RP-CGTCGTAAAGATTAGCGTGTG

Cumisat 04 FP-TCAGGTTTCAGGGTGTAGAAG 55.8
RP-CCCAGCAAGATTTTACCAAG

Cumisat 05 FP-AGCAGTGCGTCTTTCATC 57.8
RP-CTCTTGTCACGGAACCTC

Cumisat 08 FP-CATTGCGTGCCCACTTCC 60.4
RP-CCTCCCTGTCGCTCTCCTC

Cumisat 13 FP-CCCGAAGCCATTTCTCAG 55.0
RP-TCGTCTCTCCTCTGCCAAC

Cumisatl9 FP-CATGCAAATGGAAATTGACAC 55.0
RP-TGATAAATTGACACATGGCAGTC

Cumisat 20 FP-CGATACGAGTCCATCTCTTCG 62.9
RP-CCTTGCTTTGGTGGCTAGAG

Cumisat 22 FP-AATTTATTAGCCCGGACCA 57.8
RP-AAGAAAGTGAGTAGAAACCAAAGC

Cumisat 23 FP-CGTGGAAGGTGAGTTTGAC 57.8
RP-CAGAAGGGAACTGAGATGG

Cumisat 25 FP-TACATGAGAAACAACAAAGCCC 558
RP-AGTTAGCCAAGTCCCAATTTAGC

Cumisat 28 FP-TTCAACTTCTCCTCGCTCAG 55.0
RP-GCAAGGTCTGCATCTATTTCTC

Cumisat 29 FP-GTGGTATCCCCATGAAGAGC 57.8
RP-ATGACCAAGCCCTTTCACC

Cumisat 31 FP-GGAGGAGGAGAAGCAGAAG 62.9
RP-GACAGGCGAAGGAAGAAAC

Cumisat 32 FP-TGTTGTAGGTAGAAGCAAATGAC 55.0
RP-TTGGTGTCCTAATTCTTTCAAC

Cumisat 33 FP-ATGGATGGATACAACAACAAC 57.8
RP-TATAAACACACTCCCTCTTGG

Cumisat 36 FP-TGGGCTCAATGGTTGATACG 55.0
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RP-CTCCTCATCGCTATCCGAGG

Cumisat 37 FP-CCATTGGCGAGGATGAAGC 55.8
RP-CCTGCCAAGCAAAGCCAAG

Clest 02 FP-ACCGTAGCAAAGAAATAGGAC 55.0
RP-AAGGTGGAAGGAAACTCG

Clest 03 FP-AGGGAAAATAGAGTAGGCAAG 57.8
RP-TGAAGGATTACAGTCAGCAAA

Clest 04 FP-ACACAACATTCAGTTTAGCAC 55.0
RP-TCCCTATTCTTTCCTCTCG

Clest 06 FP-TCATCGTCTGCTTTAGTTTTC 55.0
RP-ACGCTCTGCTCCTTCAAC

Clest 08 FP-GATGCACACATTGCCCGTG 55.0
RP-GGGTGCAATTCTTGGTCCG

Clest 09 FP-TCGGTTCTACTGAATCTTTACTCG |604
RP-AGACTGTTTTCCCATTGTTGC

Clest10 FP-GTGGTGGAGGAGGAAGAGAAG 60.4
RP-TTGAGGGAACAAAAGGAAGAC

Clest 11 FP-TTCATTCGACGCAAACAGC 55.0
RP-CGACGCAATAGTCGAAGGC

Clest 12 FP-GGGATTGAGGTGGAGGTAGG 57.8
RP-GCTGGCGAAGTAGAAGAAGAAG

Clest 13 FP-TGTACAAGCTCCAAATAAGTCAAG | 646
RP-CAGGAGTGTTCTAATGTTGCCC

Clest 15 FP-GCCAAAGAAAGAACTGACATCC 55.0
RP-TTACAACCCTCCTCCCATTAGA

Clest 16 FP-AAGCAGTCCGTGGGAGAAG 64.6
RP-CTTCCTCAATCGAATGGCCG

Clest 17 FP-GTGCCTGTGGACCTATCCG 55.0
RP-GAAGCATGCGAATTCATCTAAAC

3.7.2 PCR analysis

Both SSR and ISSR molecular markers were utilized for PCR based molecular

characterization.
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PCR reaction components and reaction set up

PCR component : Vol ume (pl)
Nuclease free water : 8

Master mix X 10

Primer : 1

Template DNA : 1

Total volume of PCR product made up

3.8 ddRAD based genotyping

Since the available set of markers are limited, the ddRAD sequenced data developed
in turmeric from ICARIISR was used to find SNP mams. Double digest
restriction site associated DNA sequencing (ddRAD) is a -gemération
sequencingpased method that permits high throughput simultaneous discovery and
genotyping of SNPs, either with or without an existing reference gefidaterson

et al., 2012) Single Nucleotide Polymorphism (SNPs) so obtained are utilized as

genetic markers and are amenable toigbughput assaydrebbi et al., 2011)
3.8.1 Genotypic data

Genomic DNA was extracted from the leaves of 51 turmeric accesaging
DNeasy plant mini kit (Qiagen) and were sent to Scigenome, Kochi, Kerala to
perform double digest restriction site associated DNA sequencing. The SNP

genotyping was performed using Illlumina HiSeq 2000 platform.
3.8.1.1 ddRAD library preparation and sequencing

Double digestion of genomic DNA (1 pg) was done using the restriction enzymes
SpH andMlucl. After double digestion the cleanup of the digested product was done
using Ampure beads. Ligation with adaptors P1 (Barcoded) and P2 was conducted
using T4 DNA ligase. Thereafter the cleanup and pooling of the ligated products
were done. Size selection of the product was done after 2% agarose gel
electrophoresis. The next step was PCR amplification to enrich and add the lllumina
specific adapters and flowell annealing sequences. QC check was done on

bioanalyzer, and the final pooling and sequencing was done. After sequencing,

54

t

(o)



Materials and Methods

demultiplexing of the reads was done using the-@emultiplexer software version
0.3.3. The result of ddRAD based sequencingpaieed end sequences per sample

named as R1 and R2 respectively. The workflow is given in3/g.

Restriction Enzyme Digestion

Adapter Ligation

Size Selection and Library Amplification

Sequencing and Analysis

Fig. 3.5. ddRAD library preparation and sequencing workflow
3.9 NGS data analysis: available tools and programs

After acquiring the initial sequence datdere are various options for
processing the data. If there is no existing reference sequence for a particular
species, it becomes necessary to generdie rovoassembly, which is a complex

and computationally demanding proc€gkang et al., 2011)

In the presence of a reference genome, sequence reads can be aligned
(mapped) back to the reference to facilitate SNP calling across multiple samples.
Shortread alignment tools such as BWA and Bowtie, which employ the Burrows
Wheeler Transform (BWT) metldohave gained prominence due to their efficiency

and lower memory requirements compared to earlier-basbd methods like MAQ

55



Materials and Methods

and Novoalign. Recent versions, such as BWaAm and Bowtie 2, have
demonstrated improved accuracy and performance for longes raad better
handling of indels, respective{zi & Durbin, 2009)

Alignments are typically stored in the sequence alignment/map (SAM)
format(Li et al., 2009)and can be converted to binary (BAM) files. SNP and indel
detection were carried out on SABKM files using programs like SAMtools,
Freebayes, and GATKGarrison & Marth, 2012)SAMtools and GATK identify
variants based on read alignment to the reference, while Freebayes determines SNPs
based on the most likely combination of genotypes at eefdrence position.
Bayesian methods are employed by Freebayes and GATK to model sequencing
errors. Freebayes additionally utilizes Bayesian framework for +allddic
haplotype detection. SAMtools incorporates a hidden Markov mapping and
assembly qualityMAQ) model to estimate error and assumes a prior probability of
observing a heterozygote to be 0.001, resulting in less frequent heterozygous
genotype calls. SAMtools and Freebayes are characterized by their simplicity and
flexibility, while GATK has sticter data formatting requirements, necessitating
additional steps in the SNP calling pipelifiefouili & Nam, 2022) GATK offers a
local realignment step to enhance alignment around indels, eliminating frameshifts
that might generate falgmositive SNPcalls. Furthermore, GATK employs variant
quality score recalibration (VQSR) on large datasets to differentiate true SNPs from
artifacts during data processifigefouili & Nam, 2022) Both GATK and Freebayes
allow the user to select ploidy levels beydraploid or diploid. The output format
for all three tools is Variant Call Format (VCF), which lists the identified variants

along with their positions, scores, and other.
3.9.1 Bioinformatics pipeline

Here, the goal of bioinformatics pipeline was the asialpf NGS data for variant
discovery (SNP genotyping) using genotypic data from 51 turmeric genotypes. A
basic overview of the bioinformatics pipeline followed for NGS data analysis is
given in Fig3.6. Like other NGS applications, the variant calling kflomww starts

with quality control to find the suitability of our data for downstream analysis. This
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is followed by alignment to a reference genome as reference genome was available
in turmeric(Chakraborty et al., 2021Alignment is generally followedybalignment
clearrup to get the data ready for variant call{hg & Durbin, 2009) This involves

the preprocessing of BAM files. After that, variant calling was done. Further,
variant calls were filtered and their functional significance was examitere, the
annotation of variant was not done as annotated form of genome was not available.
Variant calling in turmeric is challenging as the crop is polyploid and most of
bioinformatics tools available are suited to diplof¥ao et al., 2020)To begn with

we have tried with various tools for alignment and variant calling to finally optimize

a pipeline for variant calling in our crop of intereBe@ali, 2018; Gubaev et al.,
2020) Detailed workflow shown in Fig.7.

Pre-processing for variant calling —
alignment and BAM file
Pre-processing

Variant Calling

SNP identification: Variant filtering
and removal of indels

Fig. 3.6.NGS data analysisgeline followed for SNP genotyping
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BWA
index

GATK
Raw variants
(veh)

Fig. 3.7.Detailed workflow of bioinformatic pipeline for SNP discovery
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3.9.1.1 Step 1: Prgorocessing of raw data
3.9.1.1.1 Quality control

NGS sequencing result in tens of millions of reads in a single run. A quality

check of this raw sequenced data helps to detect issues or biases that would
adversely affect downstream data analysis and biological infer¢Baesn et al.,
2019). Here, QC check was done using FastQC for the individual samples. It was
donein a miniconda environment in Linux virtual machine created in personal

computer using virtual box (https://www.virtualbox.org/wiki/Downloads).
Input files: Paired end ddRAD sequencing data from 51 genotypes.
Tool: FastQC, multiQC and fastp.

The basic command for FastQC run was:

fastqc-t 2-0 QC*.gz.

A multiQC report was generated based on all FastQC files (myft)gc

Based on QC reports, trimming of low quality reads as well as removal of lllumina
sequencing adapters were performed using fastp:

Basic FastP Command:

fastp-w 2 -a AGATCGGAAGAGC-i input filename 1.fastg.gzl Input filename
2.fastq.gzo Trimmed_R1.fq.gzO Trimmed_R2.fq.gz

where input file 1 and 2 are paired end reads R1 and R2 of a sample
respectively and Trimmed_R1.fq.gz and TrintmR2.fq.gz are the corresponding
trimmed files. (AGATCGGAAGAGC is the illumina adapter sequence).

3.9.1.2. Step 2 Prgprocessing for variant calling
3.9.1.2.1 Alignment to reference genome

For alignment, the turmeric reference genon@l (assembled genomdastg

available in FASTA format was utilizedcASTA format is a widely utilized text
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based format to store nucleotides or amino acids sequence inforif¥eiom et al.,
2016) The software programme called BWA to map trimmed paired end ddRAD
sequencingeads against the turmeric reference genome was (&l Durbin,
2009) BWA consist of three algorithms: BWBacktrack, BWASW, and BWA
MEM. However, BWAMEM which is the most recent version, is typically advised

for high-quality queries due to its spd and accuradyi & Durbin, 2009)
The following steps were followed in alignment:
1) Running BWA mem: to index reference genome

e Directory containing reference genome is created.
e Path for dictionary containing summary information also created.

e Referenceggenome is indexed using the command.
bwa index $ref
samtools faidx $ref

e This led to creation of few BWA index files like: genome.fa.ann,
genome.fa.bwt, genome.fa.fai, genome.fa.pac, genome.fa.sa
e Adictionary is created usirgATK:

Java -jar $gatk_dir/gatipackages.2.6.2local.jar CreateSequenceDictionary
R=CL_assembled_genome.fasta O=CL_assembled_genome.dict

2) Running BWA mem: align reads to reference genome

e Set the reads (trimmed paired end ddRAD reads) directory, output
directory and reference genome directory.

e Collect the sample names in variable using command:
sample_names=$(awk {print $2}' $reads/names.txt |-adrt

¢ Run alignment and sorting over set of fastq files using command:
for name in $sample_names
do

60



Materials and Methods

bwa mem -M -t 24 $ref/CL_assembled _genome.fasta
$reads/$nameR1.fq.gz $reads/$namdr2.fq.gz | samtools view-Sb - >
$output_dir/$name.bam

echo Alignment completed for $name
done

where,-M: if a read is divided (i.e different parts or components of a given eead i
mapped to various locations of reference genome), then a "secondary alignment”
label is created for all components other than the primary or main component (a
technicality, but crucial for GATK, which ignores secondary alignments).

-R: descriptiond add Read Group. The Read Group ID given to each alignment
record helps to let other programmes that perform downstream analysis know where
the read originated.

-t 4. means run comprising 4 CPU cores. If more CPUs available, bwa mem can go
up to 12 CPLltores.

Output (i.e., alignments) will be written to the file $name.bam (BAM format). BAM
(Binary Alignment/Map) is a compact binary file format. Typically, it is obtained by
sorting the alignments over genomic coordinate and indexing them using samtools
(Li et al., 2009) The output of alignment is in SAM (Sequence Alignment/Map)
format. But as it generates a lot of text file and consume large space, it is converted
to more compact BAM files.

3.9.1.3 Step 3: Variantcalling in GATK

Genome Analysis Tooikis referred to as GATK. It is a set of commadire tools
with a main goal of variant finding for analysing hitfitoughput sequencing data
(Lefouili & Nam, 2022) The tools can be utilised singly or in full workflows when
linked together. lbffers mmplete workflows, referred to as GATK Best Practises,
that are designed for certain use situations. A tyle OS and Java 1.8 are the two
software prerequisites for the majority of GATK4 utilities. However, a small
number of tools also require R or Rgh. The main steps followed are:
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e Set the input directory containing the aligned files, output directory,
reads directory and reference genome.

e Set the path to GATK.

e Collect the sample names in variable.

e The variant calling was done using GATK Haplotypd€raland
ploidy = 3 was used while variant calling for triploids and ploidy = 4
for tetraploids.

The workflow followed for variant discovery is given in F&8.

Analysis-Ready Reads

Il

Call Variants Per-Sample
HaplotypeCaller in GVCF mode

Consolidate GVCFs

L

Joint-Call Cohort

Eaw SNPs + Indels

Fig. 3.8 Variant discovery pipeline using GATK
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Potential variant sites for each sample ealed using HaplotypeCaller, and the
output is saved in GVCF format. During the calling procedure, GVCF delivers

variant sites and divides naariant sites into blocks based on genotype quality.

Command: gatk--javaoptions “Xmx4g" HaplotypeCaller-R -1 input.bam -O
output.g.vcf.gzERC GVCF

. Combine GVCFs

Created a muksample GVCF file by combining the per sample GVCF files
generated by HaplotypeCaller.

Command: gatk CombineGVCFs Rvariant samplel.g.vcf.gz-variant

sample2.g.vcf.gzO cohort.g.vEgz
. Genotype GVCFs
Combined GVCEF files were genotyped and major command is:

gatk --javaoptions “Xmx4g" GenotypeGVCFs-R -V cohort.g.vcf.gz -O

output.vcf.gz
J Output is a VCF file
3.9.1.4 Variant refining-SNP identification

Variant calling tools arsensitive and prone to errors. The aim of variant filtering is
to identify potential false positive variants and apply filters to remove those that are

less likely to be genuine variar(téao et al., 2020)Strategies include:
1. Recalibrating the variamuality score (using known sites)
2. Applying hard filters based on quality criteria

Filtering is applied to flag lovguality variant calls. The parameters used for
filtering here are MQ<40, QUAL<20, and DP<10.

63



Materials and Methods

3.10.Population structure and genetic diversityassessment

The SNP genotypic data obtained after variant calling was used for detection of
population structure usingtructure 2.3.4 softwar@orrasHurtado et al., 2013An
admixture mode(Liu et al., 2020; Rosenberg et al., 2008s used withdllowing
parmeters; length of Burnin period: (100000), and number of Markov chain Monte
Carlo (MCMC) Reps (simulations) after Burnin: (100000)védue was set from 1

to 10 with number of replications = 5. The optimum population structurea(le)

as wellas the inferred ancestry (Q matrix) of genotypes were determined based on

structure analysis

3.10.1 Admixture model

The admixture model is a statistical method commonly used in genetics and
population genetics research to examine and understand popudticturgLiu et

al., 2020) Utilizing genetic markers, such as single nucleotide polymorphisms
(SNPs), the admixture model can estimate the ancestral proportions of individuals
and identify subgroups or clusters within a population. This analydss iai the
understanding of genetic diversity, population history, and potential associations
with diseases or trait@Verner et al., 2020)Admixture model relies on certain
assumptions, such as marker independence, equilibrium between populations, and

the absence of substructure within populati@faffelhuber et al., 2022)

3.10.2 Kvalue

In the context of population structure analysis using the Structure software, the "K"
value represents the number of genetic clusters or subpopulations assuimed in
analysis(PorrasHurtado et al., 2013)it is a usespecified parameter that denotes
the hypothesized number of distinct populations within the dataset. Researchers

typically set the value of "K" before running the population structure analysis.
3.10.3 Q matrix

Q matrix, also known as the ancestry or membership matrix, is an output generated
by the Structure software for each individual in the datg®etrasHurtado et al.,

2013) It provides information about the estimated proportion of genatestry for
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each individual from each assumed genetic cluster or subpopulation. The Q matrix is
presented as a table or matrix, where each row corresponds to an individual and each
column corresponds to a genetic cluster. The values within the Q malicatm the
estimated proportion of ancestry for each individual from each genetic cluster. The
sum of the values in each row of the Q matrix is equal to 1, indicating that the

proportions across clusters for each individual add up to 100%.
3.10.4 Populatim structure analysis
The general protocol followed for population structure analysis is given below:

1. Data preparation

The genotype data from SNP genotyping was utilized for population structure
analysis. The genotype data was ensured to be in the appediormat for analysis
with the Structure software (HapMap format).

2. Installing and preparing Structure software

Structure software 2.3@alush et al., 2003; Kaeuffer et al., 200ilgs downloaded
and installed from the official source. The softwaretswinentation and user

manual were reviewed to understand its usage and parameter settings.

3. Setting up the analysis

A new project was created in Structure software. The genotype data was imported
into the project. The parameters for the analysis, sucheasutimber of populations

(K), burrrin length, and number of Markov Chain Monte Carlo (MCMC) iterations,
were defined. Multiple analyses were run with different parameter settings to assess

the robustness of the results.
4, Running the analysis

The Structure malysis was initiated by executing the MCMC algorithm. The
progress of the analysis was monitored, ensuring convergence by examining the log
likelihood values, trace plots, and other diagnostic outputs. Theimuength and
MCMC iterations were adjustess necessary to achieve convergence and adequate

sampling of the parameter space.
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5. Analyzing the results

The output files generated by Structure, including the log file, summary statistics,
and individual assignment files, were analysed. Appropriatetgtatimethods were

used to interpret the results.
6. Interpreting and reporting the findings

The results were interpreted within the context of the research objectives and
hypotheses. The observed population structure, genetic differentiation, and any
significant patterns or trends were discussed. Comparisons were made with previous
studies, if available, and possible explanations were provided for any observed
differences. Relevant figures, tables, and statistical analyses were included in this

thesis to supprt the conclusions.
3.11 Association analysis

Association analysis in crop genetics is a valuable approach employed to investigate
the genetic factors responsible for complex traits in pléaa et al., 2008) It

entails studying the association betmegenetic markers and specific phenotypic
traits within a given population. By scrutinizing the patterns of genetic variation
across individuals, researchers can identify connections between particular markers
and traits, shedding light on the genes tiva#tuence significant agronomic
characteristics. This knowledge proves vital for crop enhancement initiatives, as it
allows for the selection of favourable alleles through maalssisted breeding or
genomic selection. Association analysis aids in theodey of genetic variants
underlying traits, facilitating targeted breeding strategies and the development of
improved crop varieties endowed with enhanced yield, disease resistance, and other
desirable attribute@Hazzouri et al., 2019; Khan & Korban, 2%).

Here, the association between SNP genotypic data with phenotypes of 51 turmeric
genotypes was performed using GAPIT softw@barcia et al., 2019; Lipka et al.,
2012) The phenotypic traits considered for analysis are curcuminoid content, length
of primary rhizome or rhizome length, girth of primary rhizome girth or rhizome

girth.
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3.11.1 Data preparation: Input files
3.11.1.1 Genotypic data

The SNP data for turmeric obtained after variant calling and refinement of ddRAD
sequencing was used for asmtion analysis. Before conducting association
analysis in crop genetics, it is necessary to perform SNP data imputation to the
HapMap (HMP) format. This was carried out using the Tassel sof{Baa€ebury et

al., 2007) Imputation involves predictingnd filling in missing genotypic data by
leveraging patterns observed in the available SNP ma¢sers & Kardia, 2008)
Converting the SNP data to the standardized HMP format ensures compatibility and
comparability across different datasets, enhanduegquality and completeness of

the data for association analysis. This imputation step facilitates accurate and
comprehensive investigations into the relationships between genetic markers and
phenotypic traits, providing valuable insights for crop improsetrand breeding

programs.
3.11.1.2 Phenotypic data

Phenotypic data for 3 traits rhizome length, rhizome girth and curcuminoid content
were utilized for association analysis. The data of-year field trial was utilized
here. Firstly, a BLUP (Best Line&mbiased Prediction) analysis was performed on
the phenotypic data using the m&agpackage. BLUP analysis estimates breeding
values for individuals by considering genetic relationships and environmental effects
(Sood et al., 2020)This approach enhare¢he accuracy of phenotype predictions
by incorporating information from relatives and accounting for confounding factors.
Using the met&Rk package, researchers can conduct +aetdyses by combining
data from multiple studies or populations, which insesastatistical power and
improves result reliabilitfAhn & Kang, 2018) This step enables the extraction of
high-quality phenotype predictions used in association analysis to identify genetic
variants associated with important traits. These findindsrathe development of
targeted crop improvement strategies. The text file containing the BLUP values

obtained for thehreephenotypic traits were utilized as input file in GAPIT analysis.
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3.11.1.3 Kinship data

Kinship data obtained from structure anéysalled as Q matrix or Q file was also

utilized as input in GAPIT analysis. By including the Q file in the analysis, GAPIT

can account for population stratification and correct for any confounding effects that

might arise due to genetic substructure erdlice false positive associatidhgpka

et al., 2012) The Q file thus helps to improve the accuracy of association results by

controlling for population structure and enhancing the identification of true genetic

associations with phenotypic traits.

3.11.2 Association analysis

3.11.2.1 GAPIT installation and preparation in R software:

a. Installed and loaded the required R

dependencieflipka et al., 2012; Wang & Zhang, 2024gre installedand
loadedin R software.

The necessary input files for GAPIT (genotype data in HMP format,
phenotype file, and kinship data file (Q file)). The genotype data was read
using the appropriate function provided by GAPIT. The phenotype data was
also read into the R environment. Thadhip data was loaded from the Q

file.

3.11.2.2 Association analysis in GAPIT

a. Association analysis was performed using BLIN(luang et al., 2019)a

b.

statistical model by incorporating all the input data.

The results of the association analysis weresssd, with significant SNPs

or genomic regions identified based on statistical significance thresholds. In
association analysis, P values are calculated to assess the significance of
genetic variantrait associationGubaev et al., 2020)it quantifies the
probability of observing the data or more extreme results under the
assumption that there is no true association (null hypothgsig)aev et al.,

2020) A smaller P value indicates stronger evidence against the null

hypothesis and supports the ggace of an association. Researchers typically
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set a significance threshold (e.g., 0.05) and consider associations with P
values below this threshold as statistically significant. When performing
these multiple hypothesis tests in association analysispribieability of
encountering false positive associations also increases. Bonferroni correction
(Sedgwick, 2012)js a method to adjust the significance threshold (alpha
level) to maintain the overall type | error rate. It divides the desired
significance level (e.g., 0.05) by the number of tests conducted. This
adjustment yields a stricter threshold for declaring statistical significance. It
thus provides a conservative approach to control the famdg error rate

and ensure more reliable results.
3.12 Interpreting and reporting the findings

a. The association analysis results were interpreted within the context of the
research objectives and hypotheses.

b. The biological relevance of the identified marker trait association (MTA) and
their implications for turraric traits were examined. This was done by
extracting 1 Kb sequence containing MTAs (MarKeait Associations) and
subjecting it to a BLAST analysigCamacho et al., 2009gainst the
reference genome, which was assembled at the chromosome level. This
analysis successfully determined the chromosomal location of the MTAs.
Additionally, a functional significance of the MTAs was examined using
BLASTN (Altschul et al., 1990)o identify any potential candidate genes or
nucleotide sequences that have astderable level of similarity with the
discovered MTAs.

c. The findings were presented in a comprehensive manner, including
appropriate figures, tables, and statistical analyses.

d. Limitations and potential confounding factors were acknowledged and
addressedhithe discussion.
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Chapter 4
RESULTS AND DISCUSSION

4.1 Overview

This chapter othe Ph.D.thesis presents the outcomes and interpretations of our
research study focused on investigating the genetic diversity and rraiker
associations in turmericC( longa L.). The study involved the assessment of
turmeric core collection consisting of 93 genotypes at both phenotypic and
genotypic levels. The evaluation of phenotypic characteristics in turmeric genotypes
revealed significant variations in morphological traitsd ahe key biochemical
parameter, namely the curcuminoid content. Through flow cytorbetsgd ploidy

level assessment, two distinct ploidy levels were identified (triploids and tetraploids)
with triploids being the predominant group within the diversitpygdaComparative
analysis of traits between triploids and tetraploids revealed variations across ploidy
levels and highlighted important traits suitable for selection. Furthermore, molecular
characterization using microsateliitased DNA markers provideshsights into
genetic variation at the DNA level among the genotypes of the diversity panel.
Additionally, markertrait association analysis was carried out using -high
throughput SNP markers obtained from ddRAD sequencing, combined with
phenotypic data. Tik analysis facilitated the identification of putative SNP markers
associated with traits of interest. This comprehensive investigation into genetic
diversity and markefrait associations offers valuable insights into the genetic
makeup of turmeric, pavinthe way for potential advancements in breeding and
crop improvement strategies. The three objectives of the study have been completed

and the findings are given in following subsections.



Results and Discussion

4.2 Objective 1. To study the level of phenotypic variability among ca

collection

Here, we aimed to assess the phenotypic variation within a diverse core collection of
turmeric genotypes. A comprehensive phenotypic evaluation was conducted,
encompassing various agronomic and morphological traits such as general plant
morphdogy, leaf characteristics, rhizome characters and curcuminoid content. The
results revealed substantial phenotypic variation among the genotypes, indicating the
presence of diverse genotypes with distinct agronomic and chemical properties.
These findingshighlight the potential for exploiting this variation to develop

improved turmeric varieties with desirable traits.

Phenotypic evaluation of the turmeric genotypes has revealed the morphological and

biochemical variation present in the turmeric divergiinel. Fig 4.1 shows the

variation of rhizome morphology among turmeric genotypes.

Fig 4.1. Morphological variation present in the rhizome morphology of turmeric
genotypes; a. Punjab Haldi 1; b. Sudharsana; c. ISR Prabha; d. Suguna; e. Varna; f.
Suroma; g. Suvarna; h. Megha Turmeric; i. Rajendra Sonia
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4.2.1Morphological characterization (pooled data overtwo years)
4.2.1.1 Plant height (cm)

The average plant height of 93 genotypes was measured at 112.24 cm, with a
standard deviation of 18.70 cm, indicating a cdesable range of heights within the
collection. The observed plant heights ranged from 71.00 cm to 159.00 cm,
emphasizing the presence of notable diversity among the cultivars. Highest plant
height was recorded in Uganda turmeric (159.00 cm) followed byhisléurmeric
(157.83 cm), Sona (156.17 cm), and Varna (145.33 cm). The genotypes Megha
turmeric (157.83 cm) and Sona (156.17 cm) were statistically on par with the
genotype of highest plant height, namely Uganda turmeric (159.00 cm) based on
DMRT analysis Smallest height was recorded for ISR RRN71.00 cm) followed

by Acc. 884 (75.67 cm), and SLP 389 (77.00 cm). 31 genotypes with plant height
shown in red colour were significantly different from the general mean value
(112.24 cm). The results are showurTable 4.1.

4.2.1.2Number of shoots per plant

For the number of shoots per plant, significant genetic variation was observed
among turmeric genotypes. The average number of shoots per plant was 2.76, with a
standard deviation of 0.65. The range obsgrwas from 1.17 to 4.16 shoots.
Maximum number of shoots were observed in Mydukkur white (4.16), Suranjana
(4.00), Rajendra Sonia (4.00), Acc. 286 (4.00). The genotypes Sudarsana (3.83),
Suguna (3.83), Acc. 146 (3.50), Acc. 269 (3.83), Acc. 286 (4.00R ABeppey
Supreme (3.50), Suranjana (4.00), Rajendra Sonia (4.00»2B8F0), Duggirala

red (3.50), NDH3 (3.50), Punjab Haldi 1 (3.50), Rajapuri (3.83), Acc. 180 (3.50),
CO-1 (3.83) and Acc. 297 (3.66) were statistically on par with the genotype of
highest number of shoots namely, Mydukkur White (4.16). Minimum shoot of 1.17
was observed in SL 3. 83 genotypes with number of shoots per plant (shown in red
colour) were significantly different from the general mean value (2.76). The results

are shown imable 4.1.
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4.2.1.3Number of leaves on the main shoot per plant

The average number of leaves on main shoot per plant was recorded as 7.24, with a
standard deviation of 1.04. The leaf number ranged from 5.33 to 9.67. Maximum
leaves on main shoot (9.67) weareserved in KTS 6 11. Sona (9.33), Pant Peetabh
(9.16), Acc. 134 (8.83), NDH98 (8.66), SLP 389 (9.00), SL 3 (9.17), Acc. 23
(8.67), Acc. 2 (8.67), SC 61 (8.50), Pant Peetabh (9.16), Sona (9.33), Uganda
turmeric (8.50), Nepal turmeric (8.50), NBE#(8.50, Acc. 19 (8.50) and Acc. 37
(9.17) are statistically on par with the genotype of highest number of leaves on main
shoot namely, KTS 611. Minimum number of leaves on main shoot (5.33) was
observed in Acc. 130. 16 genotypes with number of leaves on nam gér plant

shown in red colour were significantly different from the general mean value (7.24).

The results are shown in Table 4.1.
4.2.1.4Total number of leaves per plant

The average number of total leaves per plant was recorded as 15.61, withaedstand
deviation of 2.96. The leaf number ranged from 8.17 to 24.00. Maximum total
leaves were observed in Acc 849 (24.00), Mydukkur white (23.66), whose
differences are not statistically significant based on DMRT analysis. The minimum
was observed in Acc. ©8(8.17) and Acc. 884 (8.33). 18 genotypes with total

number of leaves per plant shown in red colour were significantly different from

general mean value (15.61) as shown in Table 4.1.
4.2.1.5Length of petiole (cm)

The average length of leaf petiole wascorded as 14.95 cm, with a standard
deviation of 3.35. The petiole length ranged from 5.50 cm to 28.33 cm. Maximum
petiole length was observed in Mydukkur white (28.33 cm);10@5.78 cm). There

was no genotype with petiole length on par with the gemotyphighest petiole
length namely, Mydukkur White. The minimum was observed in Waigon turmeric
(5.50 cm). Based on DMRT test, it was found that 24 genotypes had petiole length
that was significantly different from the mean petiole length of all genotypes

(indicated in red colour in Table 4.1).
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4.2.1.6Leaf length (cm)

The average leaf length was recorded as 46.96 cm, with a standard deviation of 8.10.
The leaf length ranged from 21.16 cm to 65.16 cm. Maximum leaf length was
observed in Megha turmeric (65.tm) followed by Uganda turmeric (64.33 cm),
Sona (63.55 cm), which were statistically on par. The minimum was observed in
KTS 611 (21.16 cm). Leaf length of 71 genotypes showed in red colour were

significantly different from the general mean value (Table.
4.2.1.7Leaf width (cm)

The average width of leaf was recorded as 13.34 cm, with a standard deviation of
2.03 cm. The width of leaf ranged from 6.78 cm to 17.85 cm. Maximum leaf width
was observed in IISR Kedaram (17.85 cm) followed by SC 61 (1&h®4whose
differences are not statistically significant based on DMRT test. The minimum leaf
width was observed in KTS 611 (6.78 cm). Leaf width of 70 genotypes showed in

red colour were significantly different from the general mean value (Table 4.1).

Table 4.1 General plant morphological data of turmeric genotypes

LW
,\Sk') Genotype (E;') NS NL TL (I(;ri) (I(‘:rl‘n) (cm)
1 | vama 145.33|2.83 |7.33 [18.33 |16.16]60.12]13.50
2 | Megha Turmeriq 157.83 | 2.66 | 7.00 |16.33 |15.11|65.16/ 15.33
3 | Suranjana 113.67 | 4.00 | 683 |17.66 |12.83|44.11|13.72
4 | Suguna 104.00 | 3.83 | 650 |17.00 |14.50|44.89 | 13.56
5 | ISR Kedaram |140.17|3.00 |6.83 |13.33 |19.44|58.11]17.85
6 | Rajendra Sonia| 103.50 | 4.00 | 6.83 |18.83 |13.06|43.78/ 10.55
7 | Suvarna 123.67|3.33 |5.83 |1350 |15.61|55.39|14.72
8 |IISRPagati | 94.83 | 333 |6.83 |[16.00 |13.00|34.50| 12.50
9 |IISRPrabha |112.83|2.67 |7.00 |15.66 |17.33|55.94 14.50
10 | Sudarsana 100.33 | 3.83 |6.66 |1850 |13.50|39.39|12.67
1 gﬁ;em'ﬂ'eppey 113.17|3.50 |6.83 |19.33 |12.00|49.50| 15.33
12 | IISR Pratibha | 109.33 | 3.17 |6.16 |17.00 |11.78|47.44|12.55
13 | Punjab Haldi 1 | 106.17 | 3.50 |5.66 |15.33 |21.50|46.11|11.83
14 | BSR2 113.67|3.50 |5.83 |19.00 |16.39]50.67|10.83
15 | co-1 116.00 | 3.83 |6.00 |16.89 |25.78]35.00|9.83
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16 | co2 113.17|2.33 |7.00 |14.83 |23.11|46.83]12.83
17 | NDH-1 112.83 (333 |7.00 |17.33 |15.94|44.28|10.67
18 | NDH-3 105.83|3.50 |8.50 |18.00 |14.33|38.66/| 10.50
19 | Rajapuri 104.83|3.83 | 7.00 |1555 |12.50|43.50| 16.50
20 | Roma 123.67|2.66 |9.33 |16.33 |18.50|48.83|12.17
21 | Suroma 135.50 | 2.00 | 8.00 |15.72 |17.00|52.50|14.33
22 | Reshmi 139.7 | 2.66 |7.67 |17.33 |18.22|56.44|11.83
23 | Ranga 112.83|2.50 |7.83 |15.17 |17.27|46.50]11.16
24 | Duggiralared |136.67|3.50 |8.33 |20.67 |18.83|52.00|11.72
25 | Palam Pitambar| 95.50 | 2.67 | 6.33 | 13.00 |14.83|42.44|12.39
26 | Kanthi 141.00|2.83 | 833 |2050 |17.16|56.05]15.39
27 | Sobha 142.33|2.83 |7.83 |16.00 |15.27|59.66|14.16
28 | Sona 156.17 | 2.50 | 9.33 [19.00 |17.11|63.55]| 15.44
29 | Pant Peetabh |121.33|3.00 |9.16 |21.50 |19.78|46.44|12.56
30 | Punjab Haldi 2 | 106.00 | 2.17 |8.00 |12.17 |17.28|45.28|12.83
31 | CIM Pitamber |113.00|2.83 |7.83 |1583 |22.17|50.28|12.50
32 | Rajendra Sonali| 99.83 |2.33 |7.50 |15.33 |16.56|47.89|12.72
33 | NDH-98 134.00 | 1.33 |8.66 |11.33 |12.83|46.94|13.14
34 | Kadappa local | 100.67 | 1.33 | 8.33 9.17 14.11 | 47.83| 13.39
35 | Erode Turmeric | 90.67 |2.00 |7.83 |12.33 |12.50|45.3912.11
36 %?'rﬂgﬂc 96.00 |2.33 | 650 |13.00 |550 |29.50]7.83
37 | Salem local 106.17 | 2.83 | 7.67 15.50 16.39 | 47.61 | 12.72
38 | Santra 112.00 | 2.50 |6.33 |11.83 |14.11|47.00| 14.66
39 | Kandaila Haldi | 107.83|2.50 |6.66 |13.50 |14.11|49.28|14.55
40 | DehatiHaldi | 135.50|2.83 |6.33 |16.67 |14.22|54.44|15.11
41 | Futi Halood 111.00 | 3.00 | 6.67 |13.33 |14.17|50.72|12.88
42 | Surkha 113.33|2.50 |6.17 |13.33 |14.22|51.94]13.17
43 | Hardi 96.50 |2.50 |6.50 |13.83 |13.61|44.55|13.89
44 | Koirana 105.83 | 2.66 |7.33 |18.67 |14.00|46.61|13.44
45 | Hasgova 102.17 | 2.67 |6.50 |13.33 |13.94|45.05|12.27
46 | Acc. 2 114.17 | 2.67 | 867 |17.00 |16.22|47.89|15.77
47 | Acc. 23 137.50 | 2.17 |8.67 |16.17 |16.00|52.56|16.33
48 | Acc. 224 122.33|2.33 |7.83 |16.00 |16.00|53.1113.06
49 | Acc. 246 134.33|3.00 |8.16 |18.00 |15.94|56.89|14.72
50 | Acc. 269 96.00 |3.83 | 583 |16.00 |13.11|44.33|13.27
51 | Acc. 780 112.83|1.67 | 6.33 |8.17 15.78 | 49.78 | 15.33
52 | Acc. 821 109.67 | 250 |6.33 |14.33 |15.72|52.67]13.33
53 | Acc. 880 101.33|2.83 | 567 |12.83 |14.50|41.10|12.50
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54 | Acc. 849 129.33]3.33 |7.83 |24.00 |11.28]52.33|15.a
55 | Acc. 884 75.67 | 150 |7.00 |8.33 13.17 | 33.11 | 10.33
56 | Acc. 887 122.33|2.17 |6.17 |11.99 |16.61|55.94|14.11
57 | Acc. 449 97.50 |3.00 |6.00 |17.17 |10.22|46.78|12.94
58 | Acc. 300 106.83|3.00 | 6.17 |1550 |15.80|42.33|14.50
59 | Acc. 415 107.67 | 3.17 |6.66 |17.33 |12.39]|46.33|14.78
60 | ISR RRN-1 89.17 |2.17 |583 |11.17 |13.66|36.17|13.17
61 | ISR RRN-2 99.67 |2.33 |6.66 |1550 |12.27|44.00|11.17
62 | ISR RRN3 8117 |2.17 |650 |14.00 |11.89|39.33|10.89
63 | ISR RRN4 71.00 | 250 |7.16 |13.00 |11.66|37.17|10.94
64 | SLP 389 77.00 |1.33 |9.00 |9.83 13.89 | 47.22 | 12.67
65 |SL3 10850 | 1.17 | 9.17 | 9.50 11.16 | 35.22 | 11.16
66 | KTS 611 8550 |1.33 |9.67 |11.67 |6.39 |21.16]6.78
67 | scel 134.33(3.33 | 850 |19.50 |18.05|52.28]| 17.44
68 | Acc. 19 112.33|2.00 | 850 |17.67 |14.50|47.16/ 15.50
69 | Acc. 138 11050 | 2.67 | 6.83 | 14.67 |13.61|46.55|15.02
70 | Acc. 1046 8433 |2.83 |6.33 |1450 |12.05|33.94|11.50
71 | Uganda 159.00 | 2.50 |8.50 |17.33 |18.50|64.33|14.83
72 | Acc. 1054 102.17 | 2.83 | 7.17 |1750 |12.33|46.78|13.11
73 | Nepal Turmeric | 124.00 | 2.83 | 850 |18.66 |17.83|51.33|13.50
4 \'\/"Vﬁt‘ékk“r 127.33| 4.16 | 6.67 |23.66 |28.33|52.83]9.50
- '(\)"?’sﬁggur 123.67|2.33 |7.00 |19.16 |18.94|57.78|13.33
76 | Acc. 37 140.00 | 2.33 |9.17 |16.50 |14.83|47.00| 15.50
77 | Acc. 286 93.00 |4.00 |567 |17.17 |10.61|38.83|13.61
78 | Acc. 297 88.17 |3.66 |5.66 |15.83 |1200|32.33|11.33
79 | Acc. 52 127.00|3.00 | 7.83 |1350 |14.00|44.11|15.67
80 | Acc. 161 8433 |266 |817 |15.00 |13.00|34.11|11.83
81 | Acc. 84 106.83|2.17 |7.00 |15.00 |17.05|46.55| 16.55
82 | Acc. 313 104.00|3.00 |6.16 |13.50 |15.17|47.16]| 14.66
83 | Acc. 180 8217 |350 |783 |17.00 |12.50|33.05|10.55
84 | Acc. 79 91.17 |3.17 |7.66 |17.00 |13.00|37.00|12.00
85 | Acc. 142 130.17 | 2.66 |6.33 |1350 |17.79|61.05|14.95
86 | Acc. 200 90.45 |2.66 | 650 |16.00 |11.55|38.61|11.22
87 | Acc. 376 98.83 | 250 |7.33 |14.00 |14.00|45.61|14.55
88 | Acc. 1 12433233 |7.83 |15.00 |13.33|45.02] 14.60
89 | Acc. 146 12533350 | 650 |16.17 |12.61|58.17]16.11
90 | Acc. 8 107.50 | 2.17 | 7.66 |13.72 |14.00|37.33]| 15.66
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91 | Acc. 130 127.00| 3.00 |5.33 14.16 14.05| 54.39| 15.00
92 | Acc. 134 110.67 | 2.83 | 8.83 17.83 14.90| 47.44 | 16.55
93 | Acc. 902 124.67 | 3.33 | 7.83 18.16 10.94 | 52.83 | 15.67
General Mean 112.24 | 2.76 | 7.24 15.61 14.95| 46.96 | 13.3 4
CV (%) 2.36 12.67 | 8.25 7.56 485 | 3.53 |4.88

LSD at 5% 5.25 0.69 | 1.18 2.34 144 329 |1.29

PH — Plant height (cm), NS Number of shoots per plant, NLNumber of leaves on the
main shoot per plant, Tk Total number of leaves per plant, ER.ength of petiole (cm),
LL — Leaf length (cm), LW Leaf width (cm)

4.2.2Rhizome characters
4.2.2.1Number of mother rhizomes per plant

The average number of mother rhizomes pantpwas 3.75 (standard deviation of
1.04), with a range between 1.50 and 6.50. The maximum number of mother
rhizomes was observed in Acc. 297 (6.50), while the minimum of 1.50 was observed
in Suroma. This extent of variation was statistically significagstper DMRT
analysis. The genotypes ISR Kedaram (6.00), Acc. 200 (5.61), Hasgova (5.50),
ISR RRN3 (5.83), CIM Pitamber (5.50) and Acc. 79 (5.60) were statistically on
par with genotype of highest number of mother rhizomes namely, Acc 297. Number
of mother rhizomes ohine genotypes were significantly different from the general

mean value (showed in red colour in Table 4.2).
4.2.2.2L ength of mother rhizomes per plant (cm)

The average length of mother rhizomes was 5.78 cm (standard deviation of 1.43),
ranging fran 3.73 cm to 11.95 cm. The smallest recorded length was 3.73 cm by
genotype Acc. 161, while the longest was 11.95 cm by genotype Acc. 902,
demonstrating the variation in length of mother rhizomes, which was statistically
significant as per DMRT analysis.h& length of mother rhizome of genotype
Suroma (11.78 cm) was statistically on par with the genotype of highest length of
mother rhizome namely, Acc. 902Aine genotypes (length of whose mother
rhizomes indicated in red colour) were significantly differémaim the average
length of mother rhizomes in the population (Table 4.2).
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4.2.2.3Girth of mother rhizomes per plant (cm)

For girth of mother rhizome, the average was 10.73 cm (standard deviation = 1.77),
with a range of 7.55 cm to 16.03 cm. The smallest girth al@served in Suguna
(7.55 cm) followed by Koirana (7.96 cm) while the largest was observed in Suroma
(16.03 cm) followed by Acc. 902 (15.89 cm), Acc. 37 (15.25 cm), highlighting the
diversity in rhizome thickness within the population. The genotypes30&(15.89

cm), Acc. 37 (15.25 cm) and Acc. 849 (14.93 cm) was statistically on par with
genotype of highest girth of mother rhizome namely, Suroma. 19 genotypes (girth of
whose mother rhizomes indicated in red colour) were significantly different from the

average girth of mother rhizomes in the population (Table 4.2).
4.2.2.4ANumber of primary rhizomes per plant

The average number of primary rhizomes per plant was 12.53 (standard deviation of
3.10), with a range between 4.65 and 19.42. The maximum number ofryprima
rhizomes was observed in Acc. 297 (19.42) while the minimum of 4.65 was
observed in Waigon turmeric followed by Kadappa local (4.75). Palam Pitambar
(17.00), ISR RRMN2 (17.00), Suvarna (17.39), Acc 286 (18.71), Acc 246 (18.67)
and Kanthi (17.50) werstatistically on par with genotype of highest number of
primary rhizomes namely, Acc 29Eighteengenotypes (number of whose primary
rhizomes indicated in red colour) were significantly different from the average
number of primary rhizomes in the poputeti(Table 4.2).

4.2.2.5Length of primary rhizomes per plant (cm)

The average primary rhizome length was found to be 7.95 cm (standard deviation of
1.12), ranging from 4.00 cm to 10.10 cm. The smallest recorded length was
observed in genotype KTS611 (4.00 cm),daled by Kadappa local (4.90 cm)
while the longest was 10.10 cm by genotype Reshmi followed by IISR-REND9

cm), demonstrating the variation in length of primary rhizomes. The genotype
Suvarna (9.65 cm), IISR Alleppey Supreme (9.60 cm), Acc. 23 @185 Acc. 2

(9.50 cm), Pant Peetabh (9.39 cm), Sobha (9.35 cm), Uganda (9.55 cm) and IISR
RRN-1 (9.99 cm) were statistically on par with genotype of highest length of
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primary rhizomes namely, Reshmi. The length of primary rhizomes of 22 genotypes
(indicated in red colour) were significantly different from the average length of

primary rhizomes in the population (Table 4.2).
4.2.2.6Girth of primary rhizome per plant (cm)

For primary rhizome girth, the average was 7.34 cm (standard deviation = 1.21),
with a range o#.50 cm to 13.50 cm. The smallest girth was observed in KTS611
(4.50 cm) followed by Koirana (4.57 cm) while the largest was observed in Acc. 180
(13.50 cm), highlighting the diversity in primary rhizome thickness within the
population. There exists no m@ype with girth of primary rhizomes that is on par
with genotype of highest girth of primary rhizome namely, Acc. 180. The girth of
primary rhizomes of 20 genotypes (indicated in red colour) were significantly

different from the average girth of primaiyizomes in the population (Table 4.2).
4.2.2.7Number of secondary rhizomes per plant

The average number of secondary rhizomes per plant was 13.24 (standard deviation
of 4.85), with a range between 2.22 and 34.95. The maximum number of secondary
rhizomes was obseed in Koirana (34.95) while the minimum of 2.22 was observed

in KTS 611 followed by Kadappa local (2.50) etc. There exists no genotype with
number of secondary rhizomes that is on par with genotype of highest number of
secondary rhizomes namely, Koirarithe number of secondary rhizomes of 25
genotypes (indicated in red colour) were significantly different from the average
number of secondary rhizomes in the population (Table 4.2).

4.2.2.8Length of secondary rhizomes per plant (cm)

The average secondary rhizonemgth measured 4.25 cm (standard deviation of
0.76), ranging from 2.37 cm to 6.10 cm. The smallest recorded length was observed
in genotype KTS 611 (2.37 cm), followed by ISR Kedaram (2.45 cm) while the
longest was observed in genotype Reshmi (6.10 ofigwied by Acc. 887 (5.87

cm), demonstrating the variation in length of secondary rhizomes. The genotypes
Acc. 300 (5.65 cm), Acc. 23 (5.68 cm), Pant Peetabh (5.60 cm), Sobha (5.70 cm),
Ranga (5.63 cm) and Acc 887 (5.87 cm) were statistically on par eftbtgpe of
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highest length of secondary rhizomes namely, Reshmi. The length of secondary
rhizomes of 21 genotypes (indicated in red colour) were significantly different from

the average length of secondary rhizomes in the population (Table 4.2).

4.2.2.9Girth of secondary rhizomes per plant (cm)

For secondary rhizome girth, the average was 5.82 cm (standard deviation = 1.06),
with a range of 3.46 cm to 8.45 cm. The smallest girth of 3.46 cm was observed in
CO-2 and Koirana, while the largest was observed in Ranga (3n), followed by
NDH-3 (8.15 cm) highlighting the diversity in secondary rhizome thickness within
the population. There exists a significant statistical difference between genotypes of
highest girth of secondary rhizomes and those with lowest girteeobndary
rhizomes. The genotypes Punjab Haldi 2 (8.09 cm), Sudarsana (7.90 cnmyl NDH
(7.90 cm), NDH3 (8.15 cm) and IISR Pragati (8.05 cm) were statistically on par
with genotype of highest girth of secondary rhizomes namely, Ranga. The girth of
seconday rhizomes of 24 genotypes (indicated in red colour) were significantly

different from the average girth of secondary rhizomes in the population (Table 4.2).

4.2.2.10Internodal length (cm)

The average internodal length of primary rhizomes was 1.07 cm (standaticthev

of 0.21), with a range between 0.53 cm and 1.46 cm. KTS 611 has the closest
internodes (0.53 cm) and wider internodes observed in Pant Peetabh (1.46 cm)
followed by Ranga (1.44 cm). The genotypes NDKL.39 cm) and Ranga (1.44

cm) were statistichl on par with genotype of highest Internodal length namely,
Pant Peetabh. The internodal length of primary rhizomes of 54 genotypes (indicated
in red colour) were significantly different from the average internodal length of
primary rhizomes in the popuian (Table 4.2).

4.2.2.11Inner core width (cm)

The average inner core width of primary rhizomes was 1.16 cm (standard deviation
of 0.21), with a range between 0.65 cm and 1.70 cm. KTS611 and Acc. 286 has the
smallest inner core width (0.65 cm) and largest ircoege width observed in IISR
Pragati (1.70 cm) followed by Ranga (1.60 cm) and Suroma (1.60 cm). The
genotypes Ranga (1.60 cm), Suroma (1.60 cm) and Nepal turmeric (1.55 cm) were
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statistically on par with genotype of highest inner core width of primaryminézs
namely, IISR Pragati. The inner core width of primary rhizomes of 18 genotypes
(indicated in red colour) were significantly different from the average inner core
width of primary rhizomes in the population (Table 4.2).

4.2.2.120uter core width (cm)

The averag outer core width of primary rhizomes was 0.44 cm (standard deviation
of 0.08), with a range between 0.20 cm and 0.65 cm. Smallest outer core width
observed in Kanthi (0.20 cm) followed by Koirana (0.25 cm) and the largest outer
core width observed in Rjab Haldi2 (0.65 cm) and NDH. (0.65 cm). Acc 313
(0.55 cm), Mydukkur Orange (0.55 cm), ISR RENO0.58 cm), SLP 389 (0.55 cm),
Rajendra Sonali (0.55 cm), Acc 269 (0.60 cm), Suranjana (0.60 cm); IN(@E65

cm), Mydukkur White (0.55 cm), CIM Pitambed.65 cm), Pant Peetabh (0.55 cm),
Duggirala red (0.55 cm), Nepal turmeric (0.55 cm), IISR RR(0.55 cm) and IISR
Pragati (0.55 cm) were statistically on par with genotype of highest outer core width
of primary rhizomes namely, Punjab HaRli The outer ore width of primary
rhizomes of six genotypes (indicated in red colour) were significantly different from

the average outer core width of primary rhizomes in the population (Table 4.2).
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Table 4.2 Rhizome characterization data of turmeric genotypes

SNo | Genotype MN | ML(cm) | MG(cm)| PN | PL(cm)| PG(cm)| SN |SL(cm)| SG (cm)|IL (cm) | ID (cm) | OW (cm)
1 |varna 450 | 555 1050 | 15.50| 8.5 6.70 | 15.77| 5.35 5.50 1.10 | 1.20 0.35
o | Megha 450 | 5.45 10.90 | 15.50| 8.10 6.20 | 18.50| 4.05 4.85 083 | 1.25 0.40

Turmeric
3 |Suranjana | 467 | 6.05 10.30 | 13.37| 8.10 8.20 | 13.50| 5.45 7.35 1.25 | 1.45 0.60
4 | Suguna 483 | 552 755 | 15.83| 7.37 793 |15.83| 3.88 6.66 1.26 | 1.33 0.46
5 |IISR 6.00 | 6.00 13.30 | 14.00| 6.40 6.48 | 550 | 2.45 5.15 0.77 | 1.10 0.45
Kedaram
6 ggfigdra 5.00 | 5.25 10.15 | 14.00| 8.50 8.78 | 16.67| 3.95 7.58 123 | 1.45 0.50
7 | Suvarna 3.66 | 5.75 11.60 | 17.39| 9.65 7.10 | 15.40| 4.55 5.10 1.05 | 0.95 0.40
8 | ISR Pragati| 4.50 | 5.05 10.35 | 11.00| 9.25 | 10.00 | 13.50| 4.70 8.05 1.45 | 1.70 0.55
9 | IISR Prabhal 2.00 | 6.75 1250 | 1450| 7.40 7.05 | 13.00| 3.40 5.45 095 1.10 0.45
10 | Sudarsana | 4.00 | 5.45 11.40 | 14.00| 835 9.25 | 14.50| 4.75 7.90 1.21 | 1.25 0.45
ISR
11 | Alleppey 428 | 550 10.75 | 14.21| 9.60 6.75 | 17.30| 4.10 5.13 1.20 | 0.90 0.40
Supreme
12 | ISR 467 | 875 13.80 | 12.08| 765 | 7.60 |15.00| 418 | 570 | 072 | 1.35 0.45
Pratibha
Punjab
13 | a1 333 | 4.13 859 | 822 | 501 710 | 817 | 3.20 5.64 1.15 | 0.96 0.50
14 | BSR2 494 | 556 10.57 | 10.00| 6.60 7.70 | 969 | 3.47 5.65 097 | 1.25 0.60
15 | co1 530 | 5.25 10.65 | 12.50| 5.60 6.55 | 10.00| 2.60 5.05 092 | 1.10 0.45
16 | co-2 350 | 5.00 10.00 | 800 | 6.00 720 | 750 | 3.79 3.46 0.83 | 1.30 0.35
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17
18
19
20
21
22
23

24

25

26
27
28

29

30

31

32
33
34

35

NDH-1
NDH-3
Rajapuri
Roma
Suroma
Reshmi
Ranga
Duggirala
red

Palam
Pitambar

Kanthi
Sobha
Sona
Pant
Peetabh
Punjd
Haldi 2
CIM
Pitamber
Rajendra
Sonali
NDH-98
Kadappa
local

Erode
Turmeric

3.50
4.83
4.50
3.17
1.50
2.50
4.28

3.83

4.00

3.00
3.50
2.50

4.44

4.33

5.50

4.16
1.83
3.00

2.33

5.13
5.61
4.95
6.68
11.78
5.50
5.75

5.83

4.95

5.45
5.39
6.00

4.55

5.50

5.75

6.25
10.33
8.00

5.53

9.82
10.17
10.50
14.25
16.03
11.80
10.80

13.30

9.16

11.15
11.89
11.80

9.08

9.70

9.65

9.30
13.23
14.00

11.05

14.50
15.67

12.00
8.75
8.75

15.00

13.9

13.00

17.00

17.50
15.94
16.78

10.72

10.33

14.00

10.50
9.50
4.75
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1.83
2.00
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6.10

5.44

5.75
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5.05
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5.75
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6.00
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4.75
10.93
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10.25
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10.45
7.96
8.73
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11.65
12.15
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9.21
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9.10
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80 | Acc. 161 4.83 3.73 8.45 14.78| 7.10 7.06 10.50| 4.24 6.70 1.13 1.25 0.53
81 | Acc. 84 4.69 5.85 10.70 | 11.00| 7.60 6.05 10.00| 4.25 5.85 1.17 1.00 0.40
82 | Acc. 313 4.00 5.20 9.75 1550 7.70 7.75 1450| 3.75 6.25 1.07 1.40 0.55
83 | Acc. 180 4.63 5.70 9.70 15.00| 9.05 1350 | 13.50| 4.75 7.55 1.30 1.20 040
84 | Acc. 79 5.60 3.94 8.68 1450 8.06 8.94 13.00| 4.20 6.75 1.23 1.25 0.45
85 | Acc. 142 2.67 5.66 12.58 | 13.33| 8.07 6.50 14.00| 4.20 4.95 1.20 1.15 0.35
86 | Acc. 200 5.61 5.14 9.35 11.43| 8.00 7.85 11.00| 4.68 7.25 1.20 1.39 0.50
87 | Acc. 376 3.50 5.65 10.15 | 14.94| 7.65 6.25 14.96| 3.65 4.60 1.17 0.90 0.45
88 | Acc.1 4.00 5.67 11.20 | 10.80| 8.45 6.48 11.67| 4.20 5.19 1.13 1.15 0.35
89 | Acc. 146 2.67 6.45 12.32 | 14.17| 9.15 7.55 18.02| 5.39 5.99 1.03 1.05 0.35
90 | Acc.8 3.67 5.59 10.00 | 10.60| 8.54 6.34 10.83| 3.77 4.98 1.11 1.00 0.40
91 | Acc. 130 2.50 5.56 12.14 | 10.27| 8.00 7.25 16.94| 5.10 5.23 1.12 1.20 0.40
92 | Acc. 134 3.55 5.61 10.90 | 10.61| 8.55 7.05 12.40| 4.49 5.40 1.34 1.25 0.45
93 | Acc. 902 3.17 11.95 15.89 | 12.17| 8.80 7.93 15.50| 4.90 6.53 0.88 1.05 0.40
General Man 3.75 5.78 10.73 | 12.53| 7.95 7.34 | 13.24| 4.25 5.82 1.07 1.16 0.44
CV (%) 15.25 8.50 5.59 10.08| 5.05 5.74 10.31| 7.43 6.23 4.26 7.20 13.99
LSD at 5% 1.14 0.98 1.19 2.50 0.80 0.84 2.71 0.63 0.72 0.09 0.17 0.12

MN — number of mother rhizomes per plant, Mength of mother rhizomes per plant (cm), M@irth of mother rhizomes per plant (cm), PN
number of primary rhizomes per plant,-Réngth of primary rhizomes per plant (cm), P@irth of primary rhizomes per plant (cm), Shhumber
of secondary rhiames per plant, Sllength of secondary rhizomes per plant (cm),-Sgirth of secondary rhizomes per plant (cm); ithternodal
length (cm), ID- inner core width of primary rhizomes (cm), OVuter core width of primary rhizomes (cm).
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4.2 .3Yield related characters

4.2.3.1Weight of mother rhizomes per plant (g)

The average weight of the mother rhizomes in the study was found to be 87.54 g
(standard deviation of 40.22). The range of rhizome weights varied from 24.50 g to
230.00 g. The minimum recorded weight was obse in ISR RRN2 (24.50 g),

while the maximum weight was observed in Acc. 849 (230 g) and Acc. 902 (225 g).
There was no genotype with weight of mother rhizomes that was on par with
genotype of highest weight of mother rhizomes namely, Acc 849. It wasl finat

the weight of mother rhizomes of 38 genotypes (indicated in red colour) were
significantly different from the average weight of mother rhizomes in the population
(Table 4.3).

4.2.3.2Weight of primary rhizomes per plant (g)

The average weight of the prinyarhizomes in the study was found to be 197.37 g
(standard deviation of 90.73). The range of primary rhizome weights varied from
10.00 g to 425.00 g . The minimum recorded weight was observed in KTS 611
(10.00 g), while the maximum weight of 425.00 g wéaserved in Rajendra Sonia
followed by Ranga (420.00 g) and IISR Pragati (420.00 g). There was no genotype
with weight of primary rhizomes that was on par with genotype of highest weight of
primary rhizomes namely, Rajendra Sonia. Based on DMRT tesasitfound that
weight of primary rhizome per plant of 43 genotypes were significantly different

from the general mean value of the same in the population (Table 4.3).
4.2.3.3Weight of secondary rhizomes per plant (g)

The average weight of the secondary rhizomekenstudy was found to be 82.83 g
(standard deviation of 75.10). The range of secondary rhizome weights varied from
3.00 g to 205.00 g. The minimum recorded weight was observed in KTS 611 (3.00
g), while the maximum weight of 205.00 g was observed in Rdojowed by
Suranjana (200.00 g). There was no genotype with weight of secondary rhizomes
that was on par with genotype of highest weight of secondary rhizomes namely,

Ranga. Based on DMRT test, it was found that the weight of secondary rhizomes of
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40 genotypes were significantly different from the general mean value of the same

in the population (Table 4.3).
4.2.3.4Total rhizome weight per plant (g)

The average total weight of the rhizomes per plant in the study was found to be
364.06 g (standard deviation 049.91). The range of total rhizome weights varied
from 51.00 g to 775.00 g. The minimum recorded weight was observed in KTS 611
(51.00 g), while the maximum weight of 775.00 g was observed in Ranga followed
by Rajendra Sonia (730.00 g) and Suranjana (D3@.0There was no genotype with
total rhizome weight that was on par with genotype of highest rhizome weight
namely, Ranga. Based on DMRT test, it was found that total rhizome weight of 42
genotypes (indicated in red colour) were significantly differeotfgeneral mean

value for the same in the population (Table 4.3).
4.2.3.5Dry rhizome weight per plant (g)

The average dry weight of rhizomes per plant in the study was found to be 68.01g
(standard deviation of 22.79). The range of dry rhizome weights variedl®dii g

to 133.17 g. The minimum recorded weight was observed in Mydukkur white (19.17
g), while the maximum weight was observed in Acc. 902 (133.17 g) followed by
Acc. 849 (128.50 g), Sona (112.00 g). There was no genotype with dry rhizome
weight that wa on par with genotype of highest dry rhizome weight namely, Acc.
902. Based on DMRT test, it was found that dry rhizome weight of 40 genotypes
(indicated in red colour) were significantly different from the general mean value for
the character in the polation (Table 4.3).

4.2.3.6Biochemical characterization
4.2.3.6.1Curcuminoids content (%)

The average curcuminoids content in the rhizomes was measured at 3.26% (standard
deviation of 1.75%). The range of curcuminoids content varied from 0.51% to
7.17%. The lowest recordecurcuminoids content was recorded in Santra (0.51%)

followed by Koirana (0.75%) while the highest was recorded in Sudarsana (7.17%),
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followed by NDH3 (6.85%), and Acc. 269 (6.64%). There was no genotype with
curcuminoid content that was on par with gigpe of highest curcuminoid content
namely, Sudarsana. Based on DMRT test, it was found that curcuminoid content of
39 genotypes (indicated in red colour) were significantly different from the general

mean value for the same character in the populationl€7a3).

Table 4.3 below shows the mean recorded data for yield related characters and

curcuminoid content.

Table 4.3 Yield characterization and curcuminoid content of turmeric
genotypes

SNo | Genotype MEg/)T Pzgl)T S@W)T Tg)-r I(Dg;; CUR (%)
1 | vama 90.00 | 246,50 | 85.00 | 460.00 | 90.50 | 1.65
2 | Megha Turmeric | 80.00 | 185.00| 70.00 | 335.00| 90.50 | 1.70
3 | Suranjana 125.00 | 400.00 | 200.00 | 730.00 | 99.33 | 5.04
4 | Suguna 130.00 | 300.00 | 100.00 | 540.00 | 64.33 | 5.95
5 | IISR Kedaram 87.00 | 92.50 | 35.50 | 225.00 | 54.50 | 4.64
6 |RajerdraSonia | 109.00 | 425.00 | 175.00| 730.00| 79.33 | 5.43
7 | suvamna 106.50 | 260.00 | 101.00 | 450.00 | 98.50 | 3.22
8 | ISR Pragati 100.00 | 420.00 | 187.60| 685.00 | 98.83 | 6.14
9 | IISR Prabha 60.00 | 157.00| 45.00 | 315.00 | 59.50 | 2.09
10 | Sudarsana 120.00 | 355.00 | 120.00 | 610.00 | 64.50 | 7.17
11 gﬁ;gru]e;ppey 95.00 | 220.00| 70.00 | 383.00| 91.00| 2.02
12 | ISR Pratibha 175.00 | 206.00 | 100.00 | 455.00 | 91.83 | 4.10
13 | Punjab Haldi 1 70.00 | 115.00| 35.00 | 230.00 | 21.50 | 4.00
14 | BSR2 11550 | 114.50 | 42.50 | 270.00| 32.17 | 3.54
15 | co1 102.50 | 151.00| 35.33 | 233.00 | 29.50 | 2.32
16 | Co2 60.00 | 70.00 | 79.50 | 155.00 | 23.33 | 3.84
17 | NDH-1 9450 | 295.00| 135.00 | 525.00 | 55.33 | 4.43
18 | NDH-3 119.50 | 285.00 | 114.00 | 505.00 | 60.67 | 6.85
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19 | Rajapuri 75.00 | 155.00| 45.00 | 275.00| 67.33 1.44
20 | Roma 88.00 | 103.00 | 54.50 | 243.00 | 49.33 4.65
21 | Suroma 165.00 | 210.00 | 147.33 | 500.00 | 105.33 1.43
22 | Reshmi 58.50 | 190.00 | 125.00 | 395.00 | 95.33 2.03
23 | Ranga 135.66 | 420.00 | 205.00 | 775.00 | 104.17 5.35
24 | Duggirala red 123.00 | 175.00| 55.50 | 335.00 | 87.00 4.75
25 | Palam Pitambar 50.00 | 190.00 | 115.00 | 360.00 | 66.17 5.56
26 | Kanthi 75.00 | 235.00| 80.00 | 395.00| 90.83 2.45
27 | Sobha 68.50 | 245.00 | 112.50 | 410.00 | 91.17 1.67
28 | Sona 80.00 | 260.00 | 144.00| 520.00 | 112.00 2.12
29 | Pant Peetabh 168.33 | 270.00 | 160.00 | 520.00 | 73.83 4.75
30 | Punjab Haldi 2 80.00 | 225.00| 70.00 | 390.00 | 56.17 6.21
31 | CIM Pitamber 107.00 | 405.00 | 185.00 | 700.00 | 90.67 3.98
32 | Rajendra Sonali 95.00 | 240.00 | 61.66 | 455.00 | 53.17 5.39
33 | NDH-98 121.00 | 141.50| 65.00 | 340.00 | 77.67 1.70
34 | Kadappa local 145.00 | 60.00 | 15.00 | 205.00 | 44.83 5.64
35 | Erode Turmeric 40.00 | 70.00 | 30.00 | 95.00 | 36.67 2.62
36 | Waigon Turmeric 50.00 60.00 35.00 | 115.00 | 67.17 2.88
37 | Salem local 130.00 | 155.00| 45.00 | 335.00 | 90.33 5.04
38 | Santra 85.00 | 190.00 | 125.00 | 355.00 | 81.83 0.51
39 | Kandaila Haldi 60.00 | 160.00 | 45.00 | 275.00 | 60.83 1.59
40 | Dehati Haldi 60.00 200.00 | 66.66 | 345.00 | 82.67 1.24
41 | Futi Halood 80.00 | 265.00 | 135.00 | 495.00 | 48.50 5.97
42 | Surkha 90.00 | 277.00 | 117.50 | 492.50 | 74.67 4.26
43 | Hardi 75.50 | 182.50 | 53.00 | 315.00 | 65.33 211
44 | Koirana 45.00 | 75.00 | 40.00 | 180.00 | 48.00 0.75
45 | Hasgova 115.00 | 27500 | 80.00 | 480.00 | 56.33 6.06
46 | Acc. 2 120.00 | 235.00 | 85.00 | 415.00 | 92.67 2.25
47 | Acc. 23 48.00 | 255.00 | 135.00 | 430.00 | 90.33 1.26
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48 | Acc. 224 46.00 | 140.00 | 112.50 | 284.50 | 89.00 1.69
49 | Acc. 246 42.00 | 185.00 | 155.00 | 284.50 | 56.83 1.62
50 | Acc. 269 70.00 | 270.00 | 165.00 | 510.00 | 65.50 6.64
51 | Acc. 780 43.50 | 150.00 | 180.00 | 280.00 | 58.83 0.99
52 | Acc. 821 75.00 | 140.00| 80.00 | 285.00 | 60.00 1.52
53 | Acc. 880 49.50 | 90.50 | 24.00 | 165.00 | 41.17 2.04
54 | Acc. 849 230.00 | 325.00 | 95.00 | 575.00 | 128.50| 1.79
55 | Acc. 884 39.50 | 210.00| 115.® | 405.00 | 47.00 4.41
56 | Acc. 887 50.00 | 156.00| 90.00 | 305.00| 74.00 1.86
57 | Acc. 449 80.50 | 106.00| 33.50 | 200.00 | 62.67 1.87
58 | Acc. 300 73.50 | 117.50| 45.50 | 280.50 | 60.67 2.29
59 | Acc. 415 135.00 | 180.00 | 35.00 | 340.00 | 67.67 2.47
60 | ISR RRN1 65.00 | 230.00| 35.00 | 345.00 | 78.50 5.38
61 | ISR RRN-2 2450 | 135.00| 25.66 | 190.00 | 52.17 161
62 | ISR RRN3 61.50 | 140.00| 20.00 | 255.00 | 47.50 2.02
63 | ISR RRN4 81.66 | 110.00 | 27.33 | 200.00 | 42.17 2.58
64 | SLP 389 61.00 | 155.00| 70.00 | 235.00 | 44.67 5.10
65 | SL3 80.50 | 121.00| 65.00 | 280.00 | 60.33 3.51
66 | KTS 611 25.00 | 10.00 3.00 51.00 | 29.83 3.69
67 | SC61 40.50 | 150.50 | 43.00 | 322.50 | 65.67 1.84
68 | Acc. 19 70.00 | 105.00| 30.00 | 213.00| 58.67 1.55
69 | Acc. 138 93.50 | 204.00| 44.00 | 335.50| 72.33 1.60
70 | Acc. 1046 81.00 | 260.00| 135.00 | 475.00 | 61.00 5.25
71 | Uganda 46.50 | 185.00 | 114.50 | 356.50 | 69.83 1.75
72 | Acc. 1054 67.50 | 116.00| 40.50 | 263.50 | 59.17 1.39
73 | Nepal Turmeric 110.00 | 340.00| 90.33 | 476.50| 71.33 6.56
74 | Mydukkur White 55.00 | 75.00 | 40.00 | 155.00 | 19.17 1.95
75 | Mydukkur Orange | 46.50 | 55.00 | 23.50 | 130.00 | 21.83 3.25
76 | Acc. 37 180.00 | 260.00 | 85.00 | 455.00 | 91.00 1.70
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77 | Acc. 286 52.00 | 110.50 | 50.00 | 215.00 | 62.17 3.20
78 | Acc. 297 59.00 | 110.00 | 53.00 | 215.00 | 55.50 4.18
79 | Acc. 52 53.50 | 156.50 | 18.00 | 200.00 | 57.83 1.54
80 | Acc. 161 65.00 | 245.00 | 195.00 | 465.00 | 49.17 5.73
81 | Acc. 84 1195 | 170.00 | 41.00 | 313.50| 71.83 1.76
82 | Acc. 313 65.00 | 255.00 | 80.00 | 380.00 | 47.67 5.62
83 | Acc. 180 115.00 | 360.00 | 110.00 | 625.00 | 75.67 4.41
84 | Acc. 79 65.00 | 265.00 | 90.00 | 380.00 | 66.17 5.79
85 | Acc. 142 109.00 | 235.00 | 109.50 | 415.00 | 100.83 2.51
86 | Acc. 200 138.50 | 335.00 | 70.00 | 410.00 | 73.67 4.92
87 | Acc. 376 45.00 | 125.00| 38.50 | 415.00| 50.17 1.83
88 | Acc. 1 85.00 | 110.00 | 40.50 | 260.00 | 70.33 2.28
89 | Acc. 146 75.00 | 230.00 | 95.00 | 420.00 | 101.17 2.09
90 | Acc.8 135.00 | 141.00| 45.00 | 255.00 | 58.83 1.93
91 | Acc. 130 40.00 | 140.00| 70.00 | 260.00 | 58.33 2.72
92 | Acc. 134 98.00 | 214.50| 62.50 | 405.00 | 70.83 2.08
93 | Acc. 902 225.00 | 210.00 | 150.00 | 590.00 | 133.17 1.67
General Mean 87.54 | 197.37| 82.83 | 364.06 | 68.01 3.26
CV (%) 19.78 20.00 | 28.46 | 17.29 | 10.52 191
LSD at 5% 0.03 0.08 0.06 0.125 | 0.01 0.124

MWT - Weight of mother rhizomes per plant, PWWeight of primary rhizomes per plant,
SWT - Weight of secondary rhizomes per plant, TWTotal rhizome weight per plant, DY
- Dry rhizome weight per plant, CURCurcuminoid caotent.

4.3 Statistical analysis
4.3.1ANOVA results

Phenotypic variability was examined by phenotypic evaluation of general plant
morphology, rhizome characters and curcuminoid content. Analysis of variance

(ANOVA) was performed to find out the phenotypic traitssaginificant difference
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among the genotypes. Based on the F statistics obtained from the ANOVA test
(Table 4.4 &), it can be concluded that there was a significant difference (with a P
value of 0.01) among the turmeric genotypes for all the 25 phendtgiie. The

DMRT test conducted subsequently identified specific differences between the
means of individual genotypes, providing further evidence of the morphological and
biochemical variations present among the genotypes (results already summarised in
Table 4.1, 4.2 and 4.3). The coefficient of variation (CV) values ranged from 1.91%
to 28.56% for percentage of curcumin content and weight of secondary rhizome,

respectively.

Table 4.4 a. ANOVA of general plant morphological characters of turmeric
genotypes

df Mean square
LP LL LW
PH (cm NS NL TL
(cm) (cm) (cm) (cm)
Genotypes 92 706.1° 0.86 2.16 17.5 2323 131.08 8.36
Error 93 7.055 0.124 0.36 1.40 0.53 2.63 0.424

PH — Plant height (cm), NS Number of shoots per plant, NLNumber of leave on the
main shoot per plant, Tk Total number of leaves per plant, ER_.ength of petiole (cm),
LL — Leaf length (cm), LW Leaf width (cm)
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Table 4.4b ANOVA of rhizome and yield characters of turmeric genotypes

df Mean square
ML MG PL PG SL SG IL ID ow
MN (cm) (cm) PN (cm) (cm) SN (cm) (cm) (cm) (cm) (cm)

*k

Genotypes 92 2.187 416 6.34 1938 254 299 4744 111 230 0.08 0.08 0.01
Error 93 033 024 036 160 0161 018 1.8 009 0.31 0.002 0.006 0.003

MN — number of mdter rhizomes per plant, Mllength of mother rhizomes per plant (cm), M@irth of mother rhizomes per plant (cm), PN
number of primary rhizomes per plant,-Réngth of primary rhizomes per plant (cm), P@irth of primary rhizomes per plant (cm), Shhumber
of secondary rhizomes per plant,-3&ngth of secondary rhizomes per plant (cm),-Sgirth of secondary rhizomes per plant (cm); ithternodal
length (cm), ID- inner core width of primary rhizomes (cm), OVWuter core width of primary rhizoragcm).

Table 4.4c. ANOVA of yield characters and curcuminoid content of turmeric genotypes

df Mean square
MWT PWT SWT (g9) TWT(Q) DY (9) CUR (%)
(9) (9)
Genotypes 92 3067.59* 16467* 19178.8* 44946+ 1039.26* 6.16"
Error 93 0.0003 0.001 0.0001 0.004 0.0004 0.003

MWT - Weight of mother rhizomes per plant, PWWeight of primary rhizomes per plant, SWWeight of secondary rhizomes per plant, TWT
Total rhizome weight per plant, D¥YDry rhizome weight per plant, CURCurcuminoid content
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4.4 Flow cytometric analysis

Flow cytometry (FCM) analysis conducted on intact leaf nuclei, resulted in distinct
histograms that facilitated accurate identification of ploidy levels (Fig. £p a
Table 4.5 presents the inferred ploidy levels for each turngeitotype. Our
findings revealed that out of all the turmeric genotypes examined, 84 were triploids,
while nine exhibited tetraploidy (Table 4.6). The coefficients of variation (CV)
values of the @G; peaks fell within the acceptable range of 3.5% (Tat8¢ 4

In summary, FCM analysis proved to be a reliable method for precise determination
of ploidy levels in turmeric genotypes. The clear histograms obtained through FCM
analysis provided valuable insights into the genetic composition and diversity of
turmeic populations. The identification of triploids and tetraploids among the
genotypes studied enhances our understanding of turmeric's reproductive biology
and genetic variability. Overall, FCM analysis of intact leaf nuclei contributes to our
knowledge oploidy variation in turmeric, a significant plant species.
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Fig 4.2a A triploid, ISR Kedaram with known ploidy (2n =63) was used as an
external reference standard and itgGz pe& was positioned at channel with
median of 140168.6(¢Fig 4.2b. Gy/G; peak of unknown sample (Rajendra Sonia)
appeared at median value of 149984.20 and its ploidy was calculated as tRigoid;
4.2¢c Gy/G; peak of unknown sample (ISR RRN2) appeared witdian value of
201781.59 and its ploidy was calculated as tetraploid.
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Table 4.5. List of triploid and tetraploids turmeric genotypes based on flow

cytometric analysis.

Triploid Tetraploid

ISR Kedaram (Control) Santra ISR RRN1
Varna Kandaila Haldi ISR RRN2
Megha Turmeric Dehati Haldi ISR RRN3
Suranjana Futi Halood ISR RRN4
Suguna Surkha SLP 389
Rajendra Sonia Hardi Acc 19
Suvarna Koirana Acc. 138
ISR Pragati Hasgova Acc. 1054 (exotic)
ISR Prabha Acc. 2 Acc. 449
Sudarsana Acc. 23
ISR Alleppey Supreme Acc. 224
[ISR Pratibha Acc. 246
Punjab Haldi 1 Acc. 780
BSR-2 Acc. 821
CO1 Acc. 880
CO2 Acc. 849
NDH-1 Acc. 884
NDH-3 Acc. 887
Rajapuri Acc. 300
Roma Acc. 415
Suroma SL-3
Reshmi KTS 611
Ranga SC61
Duggirala Re Acc. 1046

Acc 1053
Kanthi Nepal Turmeric
Sobha Acc. 37
Sona Acc. 286
Pant Peetab Acc. 297
Punjab Haldi 2 Acc. 52
CIM Pitambar Acc. 161
Rajendra Sonali Acc. 84
NDH 98 Acc. 313

97



Results and Discussion

Kadappa Local Acc. 180

Erode Turmeric Acc. 79

Waigon Turmeric Acc. 142

Salem Local Acc. 200

Acc. 1 Acc. 376

Acc. 146 Mydukkur Orange
Acc. 8 Mydukkur White
Acc. 130 Acc. 269

Acc. 134

Acc. 902

Acc. 1504

Table 4.6. Summary of ploidy level analysis

Ploidy level No of CV (%) CV range
individuals Minimum Maximum
Triploid 84 (90.3%) 2.77 1.82 4.87
Tetraploid 09 (9.7%) 2.34 1.19 3.16

4.5 Comparison between triploids and tetraploids

A comparison between triploids and tetraploids was conducted usingsataae

t-test to assess various traif$e results indicated significant differences in several
characteristics, including plant height, number of shoots, petiole length, leaf length,
length of mother rhizome, length of primary rhizomes, length of secondary
rhizomes, girth of secondary rhizes) inner core diameter of primary rhizome,
weight of mother rhizomes, weight of primary rhizomes, total fresh yield of rhizome
per plant, and dry yield of rhizome per plant. Table 4.7 provides the mean, standard
deviation (SD), dvalue (t), and gvalue (p for each trait in both triploid and
tetraploid groups. The density plot (HIB an) illustrates the variation of these
traits in triploids (group A) and tetraploids (group B). Furthermore, additional
genetic variability analysis was performed to detemthe genotypic coefficient of
variation (GCV), phenotypic coefficient of variation (PCV), heritabilitys(uare,

and genetic advance (GA), which are presented in Table 4.8. Table 4.9 summarizes
the key characteristics identified based on the varigbginalysis. Principal
Component Analysis was also employed to further illustrate the grouping of
triploids and tetraploids.
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Table 4.7Phenotypic characters between triploid and tetraploid genotypes

Characters Group/N Mean SD t P

Plant height (cm) Triploid/84 114.17 18.11 3.93 0.0024
Tetraploid/9 93.39 14.67

No. of shoots/plant Triploid/84 282 0.65 2.69 0.0204
Tetraploid/9 2.33 0.50

No. of leaves on main shoot Triploid/84  15.18 3.47 4.25 0.0003
Tetraploid/9 12.67 1.35

Petiole length (cm) Triploid/84  47.22 8.32 2.10 0.0264
Tetraploid/9 43.46 4.60

Leaf length (cm) Triploid/84 587 1.48 4.04 0.004
Tetraploid/9 4.93 0.50

Length of mother rhizome (cm) Triploid/84  10.83 1.81 3.20 0.005
Tetraploid/9 9.66 0.92

Length of primary rhizome (cm) Triploid/84  13.54 4.77 2.11 0.03
Tetraploid/9 9.97 4.83

Length of secondary rhizom Triploid/84 428 076 252 0.013

(cm) Tetraploid/9 3.82 0.49

Girth of secondary rhizome (cm) Triploid/84 588 1.09 247 0.027
Tetraploid/9 5.26 0.66

Inner core width of primarn Triploid/84 1.17 0.20 296 0.013

rhizome (cm) Tetraploid/9 0.98 0.18

Weight of mother rhizome (g)  Triploid/84 0.09 0.04 3.20 0.0053
Tetraplad/9 0.07 0.02

Weight of primary rhizome (g)  Triploid/84 0.20 0.09 3.32 0.0038
Tetraploid/9 0.15 0.04

Total rhizome weight g/plant Triploid/84 0.37 0.15 4.97 <0.0001
Tetraploid/9 0.25 0.06

Dry weight of rhizome g/plant  Triploid/84 0.20 0.07 2.18 0.045
Tetraploid/9 0.17 0.04
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Table 4.8 GCV, PCV, If and GA estimates among genotypes

Character GCV  PCV  Heritability Genetic
advance
Plant height 11.52 26.49 0.18 10.32
No. of shoots/plant 20.10 229 0.76 36.25
No. of leaves on mairhsot 10.60 14.13 0.57 16.60
Petiole length 17.94 23.69 0.57 28.00
Leaf length 16.71 17.16 0.94 33.54
Length of mother rhizome 21.35 2251 0.89 41.71
Length of primary rhizome 14.14 1421 0.99 29.01
Length of secondary rhizome 16.64 17.08 0.94 33.40
Girth of secondary rhizome 17.89 18.24 0.96 36.13
Inner core width of primary 17.88 18.50 0.93 35.59
rhizome
Weight of mother rhizome 49.78 52.33 0.90 97.53
Weight of primary rhizome 4512 46.51 0.94 90.20
Total rhizome weight/plant 38.86 39.72 0.95 7831
Dry weight of rhizome/plant 33.47 35.38 0.89 65.24

Table 4.9 Important characters that can be considered during selection process

Phenotype High GCV  Heritability Genetic
and PCV advance

Plant height - - -

No. of shoots/plant v N N

No. of leaves on main shoot - -
Petiole length -
Leaf Length -
Length of mother rhizome V
Length of primary rhizome -
Length of secondary -
Girth of secondary rhizome -
Inner core width of primary rhizome
Weight of mother rhizome/plant
Weight of primary rhizome/plant
Total rhizome weight/plant

2 2 2 2 2 =2 2 2 2 2 1
2L 2 2 2 2 2 2 2 2 2 2

2. 2 2 <2

Dry weight of rhizome/plant
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4.5.1. Principal componentanalysis and genetic variability analysis

PCA — Biplot

Ploidy
p Tetraploid
A ] Triploid

Dim1 (24?7%)
Fig.4.4.PCA Biplot based on phenotypigaduation of triploids and tetraploids

In the analysis of genetic variability, the calculated GCV values ranged from 10.6%
to 49.78%, while PCV values ranged from 14.13% to 52.33% for the characters
number of leaves on main shoot and weight of mother mgzoespectively. In

general, most of the characters displayed high PCV and GCV values, except for

eight specific characters as indicated in Table 4.9.

Furthermore, most of the characters exhibited high heritability values, except for
plant height, numberfdeaves on main shoot, and petiole length, which showed
relatively lower heritability values. Similarly, most of the characters demonstrated a
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high genetic advance as a percentage of the mean, except for plant height and

number of leaves on main shoot,iefhdisplayed moderate genetic advance.

Based on Table 4.9, certain characters stand out as important for the selection
process, including number of shoots/plants, length of mother rhizome, weight of

mother rhizome/plant, weight of primary rhizomes/plamial rhizome weight/plant,

and dry weight of rhizome/plant. These characters possess high GCV, PCV

heritability and genetic advance.

Additionally, the elliptical biplot generated from the Principal Component Analysis
reveals the pattern of genetic vamatiand the clustering of genotypes based on

phenotypic characters across the two ploidy levels4{Hy
4.6 Discusssion on results of objective 1

4.6.1Morphological, yield and curcuminoid content characterization in

turmeric

Morphological characterization ishé primary step in the description and
classification of any crop speci€Smith & Smith, 1989)It helps in identification

and selection of desirable traits in crop plaiMslek et al., 2014)Previous studies

in assessment of morphological diversity turmeric have reported considerable
level of diversity in the crogRoy et al. 2011; Ullah Jan et al. 2012; Bahadur et al.
2016; Anindita et al. 2020Dur study also reveals a significant phenotypic variation

in the crop based on thghenotypic chaacterization of turmeric core collection.
According to an earlier study, experimental precision is categorized as high when
the coefficient of variation (CV) falls below 10%, moderate when it ranges between
10% and 20%, and low when it lies between 20%30% (PimentelGomes, 2009).
Values exceeding 30% are deemed to have very low precision. Based on the
variation observed in general plant morphology in turmeric across the genotypes, we
can find that all the characters had lower CV values except foraibhef number of
shoots per plants that had a comparatively higher CV vaié&7. Earlier studies

have reported a moderate heritability for the trait of number of shoots per plant
(Mamatha et al., 2020; Paw et al., 2020; Singh et al., 2020%¢ral, these general
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morphological characters are important as some of these like plant height, number of
leaves, size of primary fingers and number of suckers had showed positive and
significant association with rhizome vyield in earlier studi@ahadur et la, 2016;

Roy et al.,, 2011) The association of these characters with traits of economic
interest, makes them putative morphological markers for traits of our interest and
variation in them provide us with ample genetic resources for trait improvement
(Lavudya et al., 2024).

Most of the rhizome characters that we studied here are of importance and had been
reported as associated with yield, for instance in an earlier study, it was noted that
the primary rhizome's weight exhibited the most significansitive as well as

direct impact on yield, succeeded by the length of the primary rhizome, the core
diameter of the mother rhizome, as well as the length and weight of the secondary
rhizome(Dev & Sharma, 2020, 2022)

Another study found that rhizome idecorrelated significantly with the weight and
number of secondary rhizomes, weight of mother rhizomes, primary rhizome length,
number of tillers, mother rhizome length, weight of primary rhizomes, and leaf area
(Jagadeeshkanth, 2017h this study the also found that selecting for increased
mother rhizome length showed the greatest positive impact on traits such as number
of leaves, number of mother rhizomes, length of secondary rhizomes, curcumin and
essential oil content, number of secondary rhizgnmant height, and weight of
mother rhizomes, which are key for enhancing turmeric rhizome vyield
(Jagadeeshkanth, 201W).our characterization, a moderate to low CV was observed
for most of the rhizome characters except for number of mother rhizooveker

of primary rhizomes, number of secondary rhizomes and outer core width of
primary rhizome that showed moderate CV valuest yield related characters,
most of them had high to moderate CV. Curcuminoid content had the lowest CV
(1.91%) of all the baracters studied. An earlier study has also reported a lower CV
(5.87) for curcuminoid content analysed in 15 genotypeasthi et al., 2018).
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4.6.2Ploidy level variation in turmeric, implications in breeding

Ploidy level is an important cytogenetic markthat governs the morphology,
physiology, cellular and biochemical characteristics in an orgaf@authier et al.,

1998; Yao Xinzhuan et al., 2023polyploidy is a common natural phenomenon,
especially in plants. It has been a major driving forceplemt evolution and
diversification (HeslopHarrison et al., 2023)As in most other plants, polyploidy
may have a significant role in the diversification of the gebuiscumaevident from

the ploidy levels reported by previous studies of the géBolna et al., 2021; Chen

et al., 2013; Nair & Sasikumar, 2009 plants, it has been hypothesized that there

is a strong association between polyploidy and vegetative reproduction wherein the
rate of polyploidy speciation is augmented by the existence egfetative
reproduction(Herben et al. 2017 urmeric, a member of genus Curcuma is mostly

a vegetatively propagated crop and is considered as a triploid with less than 60%
pollen fertility (Nair & Sasikumar, 2009)There have been reports of chromosom
number variation in turmeric based on chromosome cou(ilag et al., 2010; Nair

& Sasikumar, 2009; Ramachandran, 19@3sed on these earlier studies, triploid
and tetraploid are considered as the major ploidy levels in turnflagc &
Sasikumar,2009) These earlier studies report a wide variation in chromosome
number in seedling progenies and few germplasm accessions (which has origin as
seedling progenies) from the common 2n = 63 (triploid) and 2n = 84 (tetraploid)
(Nair et al., 2010; Nair &Sasikumar, 2009)This study revealed an almost stable
chromosome number corresponding to the triploid status for the vegetatively
propagated germplasm lines and a wide variation in chromosome number for the
seedling progenies possibly due to the sexuadenof propagationNair &
Sasikumar, 2009But this information is limited to few genotypes from germplasm
and does not capture nor represent the diverse germplasm.

In comparison to tedious chromosome counting, flow cytometry has now emerged
as a powdul alternative for high throughput ploidy analyseDo 1 ¢ z e 1 & Bartc
2005) In this study we have analysed the ploidy level of the most diverse turmeric

varieties which involves genotypes from released varieties, germplasm collections,
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farmers variets, seedling progenies etc. Our findings are also in alignment with
previous study as most of the genotypes from germplasm collection are triploid
while seedling progenies are tetraploids. Thus, we have examined the diversity in
ploidy level among the mosliverse turmeric genotypes in the germplasm. Here, we
have utilized ISR Kedaram and ISR Prabha with a known ploidy of 2n = 63 as
reference standard (triploid control). Earlier studies have recorded the production of
seed set and its germination in turrndeading to the development of high yielding
varieties from open pollinated progeni@édair & Sasikumar, 2009)The ploidy
estimates from this study supplemented by actual chromosome counting in the
desired genotypes can help in designing breedingrarpnts in turmeric and to

enhance the existing variability in the crop.
4.6.3Ploidy level and agremorphological traits

The morphological characterization and estimation of curcuminoids content of these
genotypes have revealed the morphological and biochema&bility present
among these genotypes. Triploids exhibit a wide variation in morphological features
compared to tetraploids in all the traits. Morphological evaluation shows that
tetraploids studied are significantly shorter than triploids. Earligdysdone on
morphological analysis of seedling progenies (most of which were tetraploid) have
recorded higher leaf length, leaf breadth and internode length in seedling progenies
compared to triploid mother plariiNair et al., 201Q) The characters likg@lant
height, number of shoots, petiole length and dry yield showed a mixed observation
as some of the progeny’s had significantly
lower values for these traits. One of the seedlings progenies SLP 389 whigh is a
used in our study had a red pigmentation in its emerging shoots which was observed
as a heritable morphological marker. Many studies have reported this trend of an
increased leaf size in response to increased ploidy (Bwat & Chaudhary, 2014;
Sugyama, 2005 ttributed to a changed cellular parameter like increased cell size
and elongation rate. It was observed that polyploids have shoots with thicker and
shorter internodegYildiz 2013). Leaf length and internodal observations of our

study arein alignment with these common observations of polyploids. Regarding
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one of the most important qualitative parameters of turmeric rhizomes, i.e.,
curcuminoid content, the earlier study has reported wide variation in among seedling
progenies and curcumimoitent of all seedling progenies were less than mother
plant (Nair et al., 201Q)Our observations also support this wherein curcuminoids
content in tetraploids were not significantly higher than triploids as expected. This
contrasts with the most likelyand expected outcome wherein production of
metabolites increases because of increased ploidy level due to an enhanced genetic
activity (Lavania, 2005) This Enhanced genetic activity can be attributed to an
increased copy number of genes or due to aedse in the ratio of the nuclear
membrane to chromatin enabling more chromatins to come in contact with the
nuclear membrane. But this decreased level of secondary metabolite accompanying
polyploidisation have also been reported in some stu@@esuso € al., 2013;
Madani et al., 2021)which speculate this as a probable gene suppression

consequence due to suppression of certain genes.

Phenotypic variation is the most likely consequence of genetic variation due to
changes in ploidy level as reported iramy plants(Gauthier et al., 1998; Yao
Xinzhuan et al., 2023)A comparative study of this phenotypic variation between
the ploidy levels helps to improve the efficacy of breeding progranihhgsng et

al, 2022). Similarly in our study, the comparativevaluation of phenotypic
characters between triploid and tetraploid turmeric was studied using a t test. Among
the 14 characters in which triploids and tetraploids differ significantly, a genetic
variability analysis was conducted to find the traits @&t valuable to selection.
Number of shoots per plankngth of mother rhizometotal weight of mother
rhizomes per plant, total weight of rhizome per plant and dry weight of rhizome per
plant were identified as the most important tradtiatlier studiedad reported a high
GCV, PCV, heritability (>50) and genetic gain fdrese characters i.e. weight of
mother rhizomes, weight of primary rhizomes and weight of secondary rhizomes
(Dev & Sharma, 2022; Vinodhini et al., 2018)can be inferred that setemn may

not be effective for characters with low heritability and genetic advance i.e plant
height and number of leaves per main shoot as they are highly influenced by

environment. Earlier works report low GCV, PCV for number of leaves per main
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shoot (Vinodhini et al., 2018put high heritability for plant heightAarthi et al.,

2018; Luiram et al., 2018; Prajapati et al., 2014)e character petiole length that
shows a moderate heritability but high genetic advance indicate that the character
may begoverned by additive gene effects and the heritability is lowered due to
environmental influence and hence selection may be effective in such cases as well
(Luiram et al., 2018)The rhizome characters studied that include dimensions of
rhizomes (lengthof primary rhizome, length of secondary rhizome, girth of
secondary rhizome and inner core width of primary rhizome) except length of
mother rhizome showed a moderate GCV and PCV values but high heritability and
genetic advance which is likely due to aodit gene effects and hence can be
putative selective traitd_uiram et al., 2018)Our findings support previous studies
wherein they report a comparatively low genotypic and phenotypic variation but
high heritability and moderate genetic gain for thmehsions of rhizomes (viz.,
length and girth of mother, primary and secondary rhizomes) in relation to the
weight and number of primary, secondary, and mother rhizgPes & Sharma,

2022; Vinodhini et al., 2018mong the rhizome characters studiedthia light of

these previous studies, the highly heritable characters viz. length, core diameter and
weight of mother, primary and secondary rhizomes, girth of primary and secondary
rhizomes, yield per plant and dry matter recovery (dry yield) were recodeters
selective traits in turmeriAarthi et al., 2018; Dev & Sharma, 2022; Luiram et al.,
2018; Prajapati et al., 2014; Salimath, 2017; Vinodhini et al., 2@8¥%ent study is

mostly in alignment with the earlier results and thus affirm these fisdin

It is important to acknowledge that the phenotypic evaluation, ploidy analysis, and
biochemical assessments represent specific observations under particular
environmental conditions and growth stages. Further investigations are necessary to
validate ad expand these findings across multiple environments and seasons.
Additionally, the incorporation of molecular approaches, such as genotyping and
transcriptomic analyses, can provide deeper insights into the genetic mechanisms
underlying the observed phewgpic variations and assist in identifying key genes or
pathways associated with the evaluated traits.
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In conclusion, the comprehensive evaluation of phenotypic traits, ploidy analysis,
and biochemical assessments in this study yielded valuable insigbtsthie
performance, genetic diversity, and biochemical profiles of the investigated
genotypes. These outcomes contribute to our understanding of the genotyp
potential for crop improvement and facilitate the selection of superior genotypes
with desirable agronomic traits. Future research endeavors should focus on
leveraging these findings through molecular investigations and-enuironmental
evaluations to enhance our understanding of crop genetics and facilitate targeted

breeding strategies.

4.7 Objective 2: To genetically characterize the genotypes using available

molecular markers and develop novel markers

4.7.1Molecular characterization with available set of markers: preliminary

screening of released varieties

Here, we have screened the released or imprduederic varieties with 56
microsatellite markers. Out of the 56 microsatellite markers screened, it was found
that 55 of them were polymorphic. The alleles per genotype ranged between 1.00
and 3.44 on average for each marker. CuMiSat 08 and UBC 889 ddugtiest
average number of alleles per genotype (3.44 alleles), whereas UBC 896, CuMisat
01, CuMisat25, CuMisat31l, CuMisat33, Clest04, ClestO6, Clest08, Clest09,
Clest1l, Clestl3, and Clesi7 had the lowest average number of alleles per

genotypg(1 allele).

The Polymorphic Information Content (PIC) that measure the discriminatory power
of a given marker, ranged between 0 and 0.5 for CuMiSat 36 and CtB3isat
respectively. The mean PIC value obtained is 0.38. The PIC (Polymorphic
Information Conént) value serves as an indicator of the usefulness of a molecular
marker in distinguishing and selecting markers that effectively differentiate between
individuals (Gogoi et al., 2023) Hence, the markers employed in our study
demonstrate high informagness and are recommended for molecular

investigations in turmeric. Fi¢.5 shows the PCR amplification profiles of 18
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improved varieties using various SSR/ISSR primers. Table 4.10 summarises our

findings.
a b

M 1 2 3 4 5 6 78 9 10 11121314 1516 1718

9 10 11 121314 15 1617 18

M1 23 45 6 78 91011 1213 14 1516 17 18

Fig.4.5. PCR amplification profile of 18 impoved varieties using CuMisat 19 (a),
ISSR02 (b), CuMisat 13 (c), CuMisat 03 (d). Loading pattern1@0 bp DNA
ladder; 1Varna; 2Megha Turmeric; $Suranjana; 4uguna; SKedaram; 6
Rajendra Sonia;-Buvarna; 8ISR Pragati; 9 ISR Prabha; 1{Budarsanall-lISR
Alleppey Supreme; XASR Pratibha; 13Punjab Haldi 1; 148SR-2; 15CO-1; 16
CO-2; 17-NDH-1; 18NDH-3.

Table 4.10 Characteristics of SSR and ISSR markers obtained after the PCR
screening of varieties

. Allele size Total Avg no of monomorphic  Polymorphic
Primer range number alleles per alleles alleles PIC
of alleles genotype

UBC 815 850-1650 5 1.05 0 5 0.32
UBC 818 8751350 7 1.27 0 7 0.29
UBC 825 750-1600 4 2.61 0 4 0.40
UBC 826 400-1500 10 1.27 0 10 0.38
UBC 834 600-1500 5 1.55 0 5 0.40
UBC 82 500-1900 9 2.05 0 9 0.35
UBC 845 600-2250 4 1.27 0 4 0.40
UBC 850 500-1600 5 2.11 0 5 0.45
UBC 856 750-850 6 1.72 0 6 0.39
UBC 857 4902000 2 1.11 0 2 0.44
UBC 860 500-1400 8 2.16 0 8 0.37
UBC 866 730-1450 7 1.27 0 7 0.29
UBC 884 300-1200 7 2.38 0 7 0.43
UBC 889 4001200 8 3.44 0 8 0.46
UBC 896 600-1700 3 1.00 0 3 0.44
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UBCBY7  Io00 5 1.55 0 5 0.40
ISSR02 600-1100 7 2.00 0 7 0.40
ISSR03 400-1200 7 2.44 0 7 0.42
ISSR06 500-1350 5 1.05 0 5 0.32
ISSRO7 600-1400 4 1.22 0 4 0.40
ISSR 13 3501200 7 2.38 0 7 0.39
ISSR 14 500-1400 7 2.44 0 7 0.42
ISSR 15 600-1450 10 1.72 0 10 0.27
ISSR 17 8751350 7 1.27 0 7 0.29
Cumisat 01  238-218 4 1.00 0 4 0.38
Cumisat 02 146-118 7 2.38 0 7 0.42
Cumisat 03 200-140 5 1.55 0 5 0.40
Cumisat 04 204-188 7 1.27 0 7 0.29
Cumisat 05 186-160 8 2.00 0 8 0.38
Cumisat08  178-132 8 3.44 0 8 0.46
Cumisat 13 268-238 7 2.00 0 7 0.40
Cumisat19 204-154 7 2.44 0 7 0.42
Cumisat 20 158-148 7 1.27 0 7 0.29
Cumisat 22 158-122 5 1.55 0 5 0.40
Cumisat 23 165-132 2 1.05 1 1 0.47
Cumisat 25 146-140 4 1.00 0 4 0.38
Cumisat 28 160-139 5 2.11 0 5 0.45
Cumisat 29 177-150 6 1.72 0 6 0.39
Cumisat 31 169-148 3 1.00 0 3 0.44
Cumisat 32 135-120 6 2.11 0 6 0.40
Cumisat 33 170-140 2 1.00 0 2 0.5
Cumisat 36  220-208 1 1.00 1 0 0.00
Cumisat 37 218-192 4 1.27 0 4 0.40
Clest 02 204-152 6 2.00 0 6 0.44
Clest 03 173-133 5 1.44 0 5 0.39
Clest 04 188-172 4 1.00 0 4 0.38
Clest 06 199-191 4 1.00 0 4 0.38
Clest 08 181-154 4 1.00 0 4 0.38
Clest 09 218-184 4 1.00 0 4 0.38
Clest 10 200-188 3 1.50 0 3 0.44
Clest 11 305-292 5 1.00 0 5 0.32
Clest 12 162-140 6 1.55 0 6 0.34
Clest 13 158-136 3 1.00 0 3 0.44
Clest 15 198-162 4 1.27 0 4 0.41
Clest 16 174-164 6 1.44 0 6 0.35
Clest 17 192174 3 1.00 0 3 0.44

*Avg no — Averagenumber
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4.7.2Genetic similarity analysis

In addition to the allelic variation at the marker level, genetic similarity is an
important and useful information which help us to understand genetic relatedness,
diversity and to find duplicates if any. In this study, similamatrix generated
based on Jaccard index using SIMQUAL module in NTgX®as used for
sequential, agglomerative, hierarchical clustering as defined by Sneath and Sokal in
SAHN module of NTSYc. The Jaccard’s similarity coef:
0.04 ad 1 (Fig. 4.6). The highest similarity coefficient of 1 was observed between
Varna and Megha turmeric; Sudarsana and Punjab Halkle dendrogram
constructed grouped the genotypes into three clusBuster | was the smallest
cluster and subdivided intbwo subclusters at similarity of ~0.28. cluster IA
comprised of identical genotypes (Varna and Megha Turmeric). Cluster IB
contained the variety Suvarna. Cluster Il was further split and comprised of IISR
Kedaram, ISR Alleppey Supreme, IISR Pratibh&RIPrabha, BSR 2. Cluster llI
included majority of the variety under study (10 varieties) at ~0.91 similarity.
Cluster Il is divided into subclusters Ill A (Suranjana, Suguna, Rajendra Sonia,
ISR Pragati, Sudarsana, Punjab Haldi 1, CO 1, CO2 and NDIHdl)llaB (NDH

3).

1A (¥acea

Cluster | { B I\feghaTormeric

Cluster Il ]

na
mA RajendraSonia
Pragati
Sudarsana
— PunjabHaldil
col
NDH1

NDH3

Cluster Il

s

T T T T T T T T T T T T T T T T T T T 1

0.04 028 052 0.76 100

Fig.4.6. Dendrogram based on hierarchical clustering
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4.7.3ldentification of most unique or divergent genotypes

As perJamshidi et al., (2011}he scored data from PCR based molecular screening

of genotypes was further subjected baster analysis and dendrogram construction

for each of individual markers to identify individuals with least relativeness. Here,
number of individuals a given individual variety is common in the same clade in
ceach primer’ s dendr o gllr5 mprimera sGenatypeas aatel ¢ d
arranged from least relativeness to high relativeness as we move from top to bottom
of the table. The same is depicted graphically in Fig.4.7. The variety Suvarna shares
the least number of clusters with rest of the variethesreence is the most divergent

and unique variety among the varieties under study. This is followed by identical
Varna and Megha Turmeric, ISR Kedaram, B3RISR Pratibha, ISR Alleppey
Supreme and ISR Prabha which shares an intermediate numbertefsciuigh rest

of the varieties. NDEB, Suguna, Suranjana, NBH CO2, Rajendra Sonia, IISR
Pragati, COL, Sudarsana and Punjab Haldi 1 shares a high number of clusters with
the rest of the genotypes and hence have lower divergence. Especially, Sudarsana
and Punjab Haldi 1 have the maximum number of shared clusters and hence least

unique or divergent of all varieties under study.
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Fig.4.7. Improvedturmeric genotypes are shown iraXis and the total number of

individual genotypes shared in the sametclasr across all primer

the respective genotype inakis is given in yaxis.
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4.7.4 Screening of turmeric core collection with SSR markers

The core collection of 93 turmeric genotypes were genotyped using five SSR
markers (selected based on mlitscreening studies in released turmeric varieties) to
understand their molecular genetic variation. The markers used were CuMisat 13,
CuMisat 19, CuMisat 23, Clest 02 and clest 17.

4.7.4.1 Dendrogram analysis

Dendrogram analysis using NTSYSpc softwar@swonducted, leveraging genetic
data from a molecular scored dataset comprising 93 turmeric genotypes. The
primary objective of this analysis was to unveil genetic similarities among these
species and to organize them into clusters based on these s@silarhe resulting
dendrogram as depicted in Ed@, visually portrays the hierarchical clustering of
the 93 turmeric genotypes, displaying their genetic relationships. In this
representation, shorter branch lengths indicate closer genetic ties amoigsg,spe
while longer branches suggest greater genetic divergence.

3
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+
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Fig.4.8. Dendrogram of genetic similarity between 93 turmeric genotypes.
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The dendrogram analysis revealed several prominent clusters of plant genotypes.

Notably, three significant clustersrche discerned:

Cluster I: This cluster comprises the majority of genotypes and many sub clustering
indicating a diverse group of genotypes. It comprises the tetraploids, majority of
accessions among other genotypes. All the tetraploids exhibited identtsdular
patterns among the markers studied. This cluster also had many genotypes with
more or less distinct molecular patterns among the markers studied. Megha
Turmeric and Varna (which also show identical banding pattern) along with Acc. 52
(comparatiely distinct molecular pattern) are genotypes with high genetic
relatedness with tetraploids among all genotypes studied. Acc. 849 (with distinct
molecular pattern in most markers) is the nearest subcluster of the above. Suvarna,
Kanthi, identicalSona,and Sobha (showed identical banding patterns) along with
distinct pattern showing Acc. 286 and Acc. 297 forms the nearby cluster that is
genetically similar to the above discussed genotypes. Acc. 821, Acc. 224, Acc. 887
(identical molecular pattern) sharesngtic similarity with the variety Reshmi and
clusters with identical Dehati Haldi and Acc. 142, Acc. 130 and Acc. 146 (identical
banding patterns) shares genetic similarity with Acc. 1 and shares genetic similarity
with exotic varieties Nepal turmeric andganda turmeric (identical banding
patterns). It can be noted that Acc. 161 and Acc. 884 have identical molecular
banding patterns indicating high genetic relatedness. It is also observed that released
varieties IISR Pratibha, ISR Prabha, ISR Kedard®RIAlleppey Supreme, BSR

2 share identical molecular banding pattern with SL 3 and KTS611. It is also
observed that Kadappa Local, Duggirala red and Erode turmeric with identical
banding pattern share high genetic similarity with Salem Local. Acc. 37Aead

902 which are genotypes with distinct molecular pattern share genetic similarity
with each other. Acc. 134, Acc. 8, SC 61 and Acc 84 shows identical molecular
banding patterns indicating a high genetic relatedness here. These genotypes are
genetically similar to genotypes with distinct patterns i.e Rajapuri and Acc. 2,
respectively. The identical molecular banding patterns of Acc. 300, Acc. 880, Acc.
23, Acc. 376, Acc. 415 and Kandaila Haldi indicate a high genetic relatedness
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among these genotypes. dan be observed that Acc 246, Santra and Waigon

turmeric have genetic similarities indicating possible genetic relatedness.

Cluster II: Cluster Il comprises two subclusters which is again divided into two
clusters each. Most of the genotypes in subcluster® identical molecular pattern
here except one or two distinct genotypes. Here, the identical banding patterns of
most of the farmers varieties (Hasgova, Hardi, Punjab F2al8urkha, Futi Halood)

with released varieties (Roma, Ranga, Pant Peetabh, Rittvhbar and Rajendra
Sonali) and accessions (Acc 79, Acc 1046 and Acc 200) indicate a high genetic
relatedness among them. Palam Pitambar (Acc 1504) with distinct molecular
patterns is genetically similar to the above group. It can be noted that both
Mydukkur white and Mydukkur Orange showed identical banding patterns and were
identical to Acc 269, Acc 313 and Acc 180. Acc 780 showed genetic genetic

similarity to the above group containing Mydukkur Orange.

Cluster 1lI: This cluster has the least numbegehotypes of all the major clusters.

All the genotypes in this cluster share identical molecular patterns for the markers
studied. Cluster Il with 10 identical genotypes (NQRHPunjab Haldi 1, Suranjana,
Suguna, Rajendra Sonia, NEB{ IISR Pragati, C&l, Sudarsana, and Cg) reveal

a high genetic similarity and relatedness among these genotypes.
4.8 Discussion on results of objective 2
4.8.1 Molecular characterization of released varieties

Molecular characterization of these released varieties has revealedkseaqar of
molecular genetic variation. Even though we have used codominant SSR markers
along with dominant ISSR markers for genotyping, there is no information about the
location of targeted loci. SSR Primers may target a locus or in some cases multiple
loci owing to the polyploid nature of crop leading to multiple alleles per genotype.
Hence, characterization of microsatellite loci is complicated in polyploids as allele
dosage of SSRs cannot be determifeteiffer et al., 2011). Here as well, the
possbility of multilocus amplification and polyploid nature of turme(iigrist et

al., 2011)presents difficulties in scoring and analysis of polyploid marker data if we
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treat the marker as codominant. So, instead of scoring per locus/primer, we have
scorel considering each band like a 1ocus
and absence (as 0) of these bands in a binary format across varieties just as in the
case of a dominant marker. Hence, polymorphism information content value of SSR
markers weg also calculated by treating them as dominant markers like ISSR
markers(Rawat et al., 2014)From the dendrogram constructed based on this scored
molecular data, we can infer genetic similarity of varieties. Earlier molecular studies
involving some ofthese improved varieties have found that IISR Pratibha, IISR
Kedaram, ISR Alleppey Supreme, and Megha turmeric were grouped nearby to
each other because of the high similarity among them and the varieties Lakadong
and Suvarngave a unique banding profil&ahoo et al., 2017)0ur results also
confirm these findings wherein Varna and Megha turmeric which are identical in all
loci assessed here share a similarity coefficient of ~0.28 with Suvarna which showed
a unigue banding pattern in gel profile for sh@f the loci tested. These varieties
which form Cluster | are the most divergent genotypes with lowest intracluster
coefficient of similarity (0.28) and hence broad genetic base compared to genotypes
of cluster Il (IISR Kedaram, ISR Alleppey SupremeSR Pratibha, ISR Prabha,

and BSR2) and cluster lll $uranjana, Suguna, Rajendra Sonia, ISR Pragati,
Sudarsana, Punjab Haldi 1, dQCO2, NDH-1 and NDH3) which have similarity
coefficient of ~0.95 and ~0.76 respectively. This indicates that the gmsoin
Cluster Il share high relativeness within the cluster (similarity coefficient above 0.9)
with highly shared genetic background and hence least divergence followed by

genotypes in Cluster Il and Cluster I, respectively.

Also, it is found that of allthe primers evaluated, varieties Varna and Megha
turmeric, Sudarsana and Punjab Haldi 1 respectively had identical genetic
background indicating a close genetic relatedness. Suvarna followed by Varna and
Megha turmeric form the most divergent group of dgpes which was confirmed

by the analysis to find the unique genotygdamshidi & Jamshidi, 2011)n
general, we can understand that of all the loci assessed, the genetic similarity of all
the improved varieties under study is at least 0.04 (Jacdandargy coefficient of

0.04) which hints to a broad genetic base collectively. This can be possibly since
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these improved genotypes are from diverse locations from India. It can be inferred
that in general, there was no relation between the origin ofmjeved variety and

its clustering as most of the varieties from the same place of origin are dispersed
among separate groups. This can be explained by the probable exchange of planting

material or rhizome between farmers or stakeholders.
4.8.2 Genotyping of core collection

Here, we have characterized the turmeric core collection (93 genotypes) with five
dependable and easy to score markers based on our preliminary screening of
released varieties. The observed clustering patterns of this turmeric core aollecti
(93 genotypes) based on molecular characterization appear to correspond closely to
known morphological and ploidy level relationships, validating the efficacy of our
dendrogram analysis. The tight clustering of genotypes for instance, reaffirms their
genetic proximity (Jamshidi & Jamshidi, 2011 onversely, the distinctiveness of
genotypes from other genotypes underscores their unique genetic at(fitaldset

al., 2009) Cluster | with the largest and highly branched subclusters encompasses
the majority of turmeric genotypes. It can be noted that all tetraploids showed
identical banding patterns in the markers screened here indicating a highly similar
genetic environment among them. Earlier molecular studies that reaffirms our
findings involvedsome of these improved varieties have found that IISR Pratibha,
ISR Kedaram, IISR Alleppey Supreme, and Megha turmeric were grouped nearby
to each other because of the high similarity among them and the varieties Lakadong
and Suvarngave a unique bandingrofile (Sahoo, 2017). Cluster Il is the second
largest cluster. Cluster Il with the least number of genotypes of all the major
clusters had all genotypes showing identical molecular patterns for the markers
studied. With regard to large scale molecutarker based genetic diversity studies

in turmeric, only limited reports are available so(faahoo et al., 2017; Singh et al.,
2012) The clustering pattern observed in these studies revealed the genetic
relatedness of the genotygeSingh et al., 208; Verma et al., 2015Although most

of these studies had reported geographically independent clustering pattern,
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geographic dependent clusterihg/e also been reported in turmeriGogoi et al.,
2023)

The comprehension of genetic relationshipsoagnthe diverse set of turmeric
genotypes assumes vital importance in germplasm management and conservation
endeavourg(lslam, 2004) The delineation of these clusters aids in identifying
genetically distinct groups, potentially help in tailored condermameasures
(Sahoo et al., 2017Plant breeding initiatives can benefit significantly from these
genetic clusters. Breeders can focus their efforts on genotypes within the same
genetic group, thereby maximizing genetic compatibility in hybridizati@mgriams
(Lavudya et al., 2024; Singh et al., 2018)

It is necessary to acknowledge certain limitations associated with this analysis. Our
results are reliant solely on molecular genetic data with limited molecular markers,
and they may not encapsulaté facets of relatedness among genotypésrma et

al., 2015) Future investigations may consider augmenting genetic markers which
we have attempted here as well by ddRAD sequencing or incorporating ecological
data to provide a more comprehensive undedsitg of genotypic relationships.
Moreover, delving into the functional consequences of genetic clustering presents a

promising avenue for further research.

In summary, our molecular characterization has unveiled genetic clusters among
turmeric diversity pnel which cannot be distinguished solely on phenotypic
evaluation. These findings hold substantial implications for conservation strategies
and plant breeding programs, underscoring the valuable insights this genetic analysis
can offer in the realm of tareric crop improvement. As the accuracy of clustering
depends on the quality and quantity of genetic markers employed, we have
undertaken an NGS based sequencing analysis which incorporates a large molecular

data for the purpose of marker trait study.
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4.9 Objective 3: To determine the association of rhizome characters and

guality traits with molecular markers

We have carried out association analysis or association mapping to find molecular
markers associated with traits of interest. Based on our phenoty&ctérization

as well as based on earlier field trial observations, we have narrowed our traits of
interest to three characters, i.e. rhizome characters (length of primary rhizome per
plant and girth of primary rhizome per plant) and quality trait (cuncai content).

As association analysis requires millions of markers, we have utilized NGS based
genotyping strategy of ddRAD sequencing. For genotyping purpose, we have
narrowed our sample size into 51 genotypes based on their phenotypic and

molecular cheacterization.
4.9.1Genotyping

4.9.1.1 ddRAD sequencing and bioinformatic analysis

Genomic DNA was isolated from each of 51 turmeric genotypes and utilized for
ddRAD library preparation and sequencing (figa and Figt.9b). Sequencing data
from ddRAD libraries wasurther utilized for a comprehensive investigation of the
genetic diversity and population structure of the turmeric genotypes. A total of 51
individuals were included in the study out of 93 genotypes, and after demultiplexing
and quality filtering, we obtaed 164,380,624 raw sequencing reads. The reads had
an average length of 1460 base pairs (bp), resulting in a total of 1.5 billion bp of

high-quality data for downstream analysis.
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Fig. 4.9aAgarose gel electrophoresis showing QC of samples
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Fig. 4.%. Bioanalyzer image of sample
4.9.1.2 FastQC Check for NGS Data Quality

The raw sequencing data from 51 ddRAD samples obtained via the Illlumina HiSeq
platform underwent meticulous quality control assessment using FastQC. This
analysis provided invaluable insighinto the overall quality and integrity of the
NGS data. The results obtained are shown iHQ to Figd.15.

The average Phred score of above 30 for over 90% of bases indicated robust base
calling accuracy (Fig.10). A minor decline in quality towds the 3' end of the
reads was detected, but it fell within acceptable parameters, posing no substantial

impact on downstream analysis.

FastQC: Mean Quality Scores

40

Phred Score

20 40 60 80 100

Position (bp)

Fig. 4.10 Per base sequence quality analysis, demonstrating consistently high
guality scores across the reads.
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Most reads exhibited higlguality scores above 30, ensuring reliable base calling
accuracy (Figt.11). Although a small fraction of bases had slightly lower quality

scores, they were evenly dispersed throughout the reads and did not pose significant
concerns.

FastQC: Per Sequence Quality Scores
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Fig. 4.11Distribution of quality scores

The read length ranged from 75 to 150 base pairs (Fig 4.12) , with an average length
of approximately 100 base pairs. No anomalies or biases were detected, affirming
the absence of technical issues during sequencing.

FastQC: Sequence Length Distribution
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Fig. 4.12Sequence length distribution
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Based on the GC content distribution (Fig 4.13), the average GC content was found

approximately as 40%, reflective of the organism's genomic composition.

FastQC: Per Sequence GC Content
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Fig. 4.13.GC content distribution

The stacked bar plo(Fig 4.14) demonstrated negligible levels of adapter
contamination, with adapt&ontaining reads accounting for less than 1% of the
dataset. This outcome highlighted the successful removal of adejatexd artifacts

during the data preprocessing phase

Adapter Content TN

The cumulative percentage count of the proportion of your library which has seen each of the adapter sequences at each position.

No samples found with any adapter contamination > 0.1%
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Fig. 4.14 Adapter contamination analysis
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Detecting and addressing overrepresented sequences is another crucial step for
ensuring the accuracy of downstream analyses such as alignment, assembly, and
variant calling (Fig4.15).

FastQC: Overrepresented sequences
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Fig. 4.150verrepresnted sequences

In summary, quality assessment by FastQC of the sequencing data revealed
promising results. The average Phred quality score was 30, indicating a high level of
base call accuracy (99.9%). The GC content of the reads was determined to be 40%,
which closely matched the expected value for the species under investigation.
Duplicate reads were identified but not removed and resulting dataset was utilized

for subsequent analysis.
4.9.1.3 BWA Alignment to reference genome

The NGS data obtained from the dd&IR samples were aligned to the reference
turmeric genome RRINA660606)using the BWAMEM alignment algorithm
(Chakraborty et al., 2021The alignment process provided valuable insights into the
mapping efficiency, uniqueness, and coverage of the aligraets. Results are given
below in Fig 4.16:

12¢



Results and Discussion

Samtools stats: Alignment Scores
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Fig. 4.16 BWA alignment statistics

The BWA alignment resulted in the mapping of a total of 10 million reads to
the reference genome. Of the mapped reads, 80% were uniquely aligned to a specific
location, ensgring highconfidence mapping. The remaining 20% of the mapped
reads had multiple alignments, indicating potential repetitive regions or homologous
genes. Additionally, 5% of the reads were either unmapped or had low mapping
gualities. The overall mappingate of 95% demonstrates the efficiency of the
alignment process and the successful mapping of the majority of reads to the

reference genome.

4.9.1.4 Variant calling

The NGS data obtained from the 51 genotypes underwent variant calling using the
GATK tool. Thisanalysis aimed to identify genetic variations within the polyploid

genome and provide insights into its genomic landscape.

The GATK variant calling analysis identified variants across the polyploid genome.
These variants encompassed both single nucle@adgmorphisms (SNPs) and
insertions/deletions (indels). Most of the detected variants (70%) were SNPs, while
the remaining 30% were indels. These findings offer an overview of the genetic
variations present within the polyploid genome. Filtering of vasiaesulted in
removal of indels. The resultant VCF file is shown below in &iy7.
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| #tsource=CombineGVCFs
3| #tsource=SelectVariants

T/HCHROM POS ) REF ALT QUAL  FILTER INFO  FORMAT C1 c Q @ 3
}scaffoldl_ 102007 . c T 738.63 PASS  AC=18;AF=GT:AD:DP: 1/1/1:0,1::1/1/1: :1: 0/0/0: :0: 0/0/0: :1,0:10/0/0:6,0:00/1/1:1,1:: 1/1/1:0,42¢0/0/0:14,00/0/0:18,0../.

) scaffold1_ 102129 . T G 5216.59 PASS

) scaffold1_ 102137 . T C 5204.48 PASS

I/scaffold1_ 105644 . G T 1301.76 PASS

!V scaffold1_ 105658 . T c 87175 PASS

i scaffold1_ 105678 . T A 1108.39 PASS

scaffold1_ 105705 . G A 920.14 PASS

j|scaffoldl_ 115054 . A T 558.44 PASS

jscaffold1_ 122908 . A T 534.78 PASS

Uscaffoldl_ 148684 . c G 104.98 PASS

3| scaffold1_ 148700 . c T 173.74 PASS

) scaffold1_ 148701 . A G 175.02 PASS

)scaffold1_ 191358 . T A 1858.83 PASS

|/ scaffold1_ 205399 . T c 2354.17 PASS

Uscaffoldl_ 205547 . c T 1271.24 PASS

}scaffold1_ 205588 . G c 1431.55 PASS

Vscaffold1_ 216522 . A G 240.32 PASS

i|scaffold1_ 216535 . c A 809.34 PASS

lscaffoldl_ 216553 . c A 897.78 PASS

scaffold1_ 216565 . A G 907.8 PASS

3|scaffold1_ 220966 . A G 3339.24 PASS

) scaffold1_ 279544 . G A 339.06 PASS A :3,0:.

) scaffold1_ 298405 . c G 635.04 PASS /:2,0:2: 0/0/0:30: :2,0::././.:0,0:0: 0/0/0:1,0::0/0/0:4,0:

| scaffold1_ 298525 . A G 2897.45 PASS “AD:DP: 1/1/1 . 0/0/0:3,0: :1/1/1:03:././. - 0/0/1:

! scaffold1_ 311508 . T c 79.78 PASS 2AD:DP: 0/0/0:10,0././. 1.0,0:0: 0/0/0:2,0::./..:0,0:0: ././.:0,0:0: 0/0/0:1,0::0/0/0: 0,0:0: 0/0/0:1,0::0/0/0:20:././. 000: o/o/ozo 0/0/0:1,0:
Heratfaldt M1ROA T c 2206 A6 DASS AC=25:AF- GT-AD:DD: 0/0/1:5 2:40/1/1:2.4: 1/1/1:0.42 0/0/0:2.0:°1/1/1:0.9::0/0/0:1 0 1/1/1:0.2-:0/0/0:6 0:00/0/0:2 0:: 1 /1 /1:0.4-0/0/0:7.0:° 0/0/0:2.0:1/1/1:0.7- 0/0/0:1 0+

Fig. 4.17.VCF file obtained after GATK variant calling

In conclusion, the GATK variant calling analysis performed on the polyploid NGS
data successfully identified 3083SNP variants. The variant allele frequency
spectrum demonstrated a broad range of allele frequencies, highlighting the genetic
diversity within the polyploid genome. The variant annotation analysis can further
provide insights into the potential functedrimpact of the identified variants. These
results contribute to our understanding of the genomic landscape and genetic
variations within the polyploid species. VCF file was then sorted in HapMap (HMP)
format in TASSEL software for further downstream bformatics analysis
(Fig.4.18)
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Results and Discussion

4.10 Population structure analysis using STRUCTURE software

The population structure of the 51 genotypes was investigated using the
STRUCTURE softwee. The dataset consisted of 51 turmeric genotypes and 30,438
SNP markers. The analysis was performed using the STRUCTURE software
version.2.3.4. The results obtained are shown i Hi§.

Fig. 4.19 Bar plot of population structure

The results of tt STRUCTURE analysis unveiled three distinct population clusters
(A; red, B; green and C; blue) and varying levels of genetic admixture within the
studied population. The bar plot demonstrated the inferred population membership
proportions, revealing genetdifferentiation and admixture patterns. Individuals
sharing similar colour patterns indicated shared ancestry, while those with mixed

colours indicated genetic admixture.

Table 4.11 below shows the population membership proportions (Q values) for each
individual genotype. Individuals were given in rows, while assumed populations
were shown in columns. The Q valwEnotethe estimated ancestry proportions for
each individual in the inferred populations. Thus, the population membership matrix
provides the detailed information on the estimated ancestry proportions of
individuals in the assumed populations. This matrix shed light on the genetic

contribution from different populations for each individual.
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Table 4.11 Population membership matrix

Genotypes Q1 Q2 Q3

Reshmi 0.00 1.00 0.00
Suranjana 0.00 0.45 0.55
Ranga 0.25 0.00 0.75
Varna 0.32 0.00 0.68
Rajendra Sonia 0.30 0.00 0.70
Suvarna 0.26 0.00 0.74
Sudarsana 0.52 0.00 0.48
Suguna 0.57 0.43 0.00
Sona 0.00 1.00 0.00
Suroma 0.58 0.42 0.00
Sobha 0.81 0.00 0.19
NDH-1 0.27 0.00 0.73
ISR Prabha 0.44 0.00 0.56
lISR Pratibha 1.00 0.00 0.00
ISR Alleppey Supreme 0.61 0.00 0.39
ISR Kedaram 0.12 0.14 0.75
Megha Turmeric 0.11 0.78 0.11
Kanthi 0.54 0.46 0.00
Acc 79 1.00 0.00 0.00
Acc 146 1.00 0.00 0.00
Acc 130 0.47 0.53 0.00
Acc 200 0.56 0.44 0.00
Acc 376 1.00 0.00 0.00
Acc 142 1.00 0.00 0.00
Punjab Haldi 1 0.53 0.00 0.47
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Punjab Haldi 2
CO1

Acc 23

Acc 52

Acc 134

Acc 449

Acc 1

BSR-2

Acc 2

Acc 8

Acc 19

Acc 224

Acc 821
Rajapuri

Acc 887

Acc 902

Pant Peetabh
Acc 1504
Roma

Acc 84

Acc 161

Acc 269

Acc 286
Duggirala Red
Acc 297

Acc 313

0.50
1.00
0.81
0.85
1.00
1.00
0.46
0.00
0.00
0.00
0.01
0.00
0.20
0.66
0.32
0.28
0.38
0.38
0.30
0.14
0.21
0.04
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.54
0.53
0.00
0.00
0.07
0.08
0.00
0.00
0.00
0.00
0.37
0.42
0.48
0.66
0.33
0.76
1.00
1.00
0.49
0.52

0.50
0.00
0.19
0.15
0.00
0.00
0.00
0.47
1.00
1.00
0.92
0.92
0.80
0.34
0.68
0.72
0.25
0.20
0.22
0.20
0.46
0.21
0.00
0.00
0.51

0.48
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T h e plotkobtained from structure analysis (Big0) showed the rate of
change in the log probability of data for successive K values. This plot helps to find
the optimal number of populations that best describes the genetic structure. The peak
at a specifik value gives the most likely number of populations found.

DeltaK = mean(|L"(K)|) / sd(L(K))
600}

500

400

Delta K

200}

100

Figd20 AK Pl ot showing the optimum number

The AK »plot indicated t he opti mal number
underlying genetic structure. The peak at a $jpeki value (K =3) indicated the
most suitable number of assumed populations.

In Conclusion, these findings from population structure analysis suggested the
presence of genetic substructure and admixture within the population. Further
exploration and imrpretation of these population structure patterns can be

conducted in relation to known population history, geographical factors, or other
relevant biological aspects.
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4.11 Phenotypic data for association analysis

4.11.1 BLUP value generation through Metaanalysisusing R

For the investigated phenotypic traits, a rretalysis was done to get the Best

Linear Unbiased Prediction (BLUP) values. Data of relevant traits from two years
field trial (2020 and 2021) was utilized in the matmlysis. The BLUP values
generagd are given in Table 4.12.

Table 4.12. Metaanalysis results- BLUP values

BLUP values for BLUP values BLUP values
. - h for length of for girth of
Environment Statistic curcuminoid N >
Primary Primary
content . .
rhizomes rhizomes
Overall Heritability 1.000 0.983 0.989
Overall Genotype 2.951 0.877 0.988
variance
Overall GenxLoc 0.000 0.000 0.000
variance
Overall Residual 0.003 0.061 0.045
variance
Overall Grand mean 3.295 8.159 7.236
Overall LSD 0.078 0.404 0.370
Overall Ccv 1.661 3.026 2.924
Overall n Replicats 2.000 2.000 2.000
Overall n Environments 2.000 2.000 2.000
Overall Genotype 0.000 5.40418E3 9 0.000
significance
Overall GenxEnv 1.000 1.000 1.000
significance

The computed BLUP values from the matzalysis for each analysed

characteristic are shvn in the table. Each column represents a study that

contributed to the metanalysis, and each row represents a particular feature. The

BLUP values given correspond to the predicted phenotypic values for the relevant

trait of interest.

The produced BLURvalues provide valuable information on how the examined

traits perform across various genotypes and environment. These values provide
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more precise estimates of the genuine phenotypic values since they consider random
effects and potential confounders. Bi@l, 4.22 and 4.23 shows the phenotypic
distribution of the 51 turmeric genotypes for the traits under study. It can be seen
that the genotypes follow a normal distribution for all the trait except for the trait of
curcuminoid content. So, the phenotypata was transformed and normalised prior

to the marker trait association study.

Frasgunsricy

Fig.4.2la Fig4.21b

Fig.4.21.Distribution of length of primary rhizomes imstogram andbox plot

Frasgusecy

..............

Fig4.2a Fig.4.2b
Fig.4.22 Distribution of girth of primary rhizomes in hist@n and box plot
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Frequancy

Obgsoervalion

Fig.4.23a Fig.4.23b

Fig. 4.23 Distribution of curcuminoid content depicted in histogram and box plot

A final dataset of 30438 highuality SNPs was produced after the implementation
of preliminary quality control steps to ensure data intggB&sed on the structure
analysis, it was discovered that there were three distinct subpopulations. Kinship
was included as a fixed effect in the association analysis model (BLINK model) to

account for this population structure.
4.12 Marker -trait associationanalysis using GAPIT and the BLINK model

In this work, we investigated the genetic basis of trait variation in our population
using an SNP marker trait association analysis with the GAPIT software. The
dataset focused on three main traits: length of pgmiaizomes per plant, girth of
primary rhizomes per plant and curcuminoid content. It included phenotypic data
from 51 distinct genotypes of turmeric and 30438 SNP markers. Here, gevidee
association analysis was conducted using the GAPIT R packagthariRLINK
(Bayesian Logistic Interaction Kernel) model to find genetic relationships with the
phenotypic traits under study. The research sought to identify potential genetic
variations linked to the desired phenotypic features. To identify SNP markers
significantly associated with traits of our interest, BLUP values derived from
transformed trait measurements over 2 years were utilized as input phenotypic data
for GWAS analysis. BLINK algorithm utilized here is a model selection technique
inspired by FanCPU. BLINK employs a bin approach to prevent marker selection

from the same genomic regions and does not assume an equal distribution of causal
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genes across the genome. Instead, it utilizes the linkage disequilibrium (LD) method
to enhance statistical pew(Huang et al., 2019)Markers were ranked based on
their association significance, and redundant markers were eliminated if they were in
LD with the most associated marker, through an iterative process. BLINK adopted a
fixed-effect model, approximatghmaximum likelihood using Bayesian Information
Content (BIC), thereby reducing computational complexity. In GWAS conducted
via GAPIT software, BLINK analysis incorporated structure and kinship
information as covariates. The defaulv&ue threshold empy@d by BLINK was a
Bonferrontcorrected threshold of 0.01, withho g 1 0P value threshold
for this analysis. The markérait associations identified by BLINK models for each
trait in turmeric are summarized in Table 4.13. These associatidicate potential
genetic variants influencing the phenotypic variation.
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Table 4.13. Significant marker trait associations

Bonferonni
Character Chromosome Position | P value-overall Alleles | correction value
Curcumin content SCAFFOLD89 247814 PILON 19559 0.000150202 GIT 3.823324284
Rhizome length SCAFFOLD7 640062 PILON 36714 3.89E05 CIG 4.410050399
Rhizome length SCAFFOLD7 640062 PILON 36731 4.56E05 GIT 4.341035157
Rhizome length SCAFFOLD7 640062 PILON 36732 4.56E05 C/A 4.341035157
Rhizome length SCAFFOLD7 640062 PILON 36736 4.56E05 T/A 4.341035157
Rhizome length SCAFFOLD1660 108323 PILON 33359 8.30E05 G/A 4.080921908
Rhizome girth SCAFFOLD1658 73987 PILON 153029 7.43E05 CIT 4.129011186
Rhizome girth SCAFFOLD20303 6028 PILON 5594 9.93E05 cr 4.003050752
Rhizome girth SCAFFOLD716 115384 PILON 4272 0.000135505 CIT 3.868044679
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Thus, the association analysis using the BLINK model in GAPIT identified several
significant SNPtrait associations. The Manhattan plot (#ig4, 4.25 and 4.26)
illustrates the genomic distribution of associations, with distinct peaks indicating
potential genomic regions of interest. TheQQplot (Fig4.27a to 4.27c)
demonstrates that the observeevaiues deviate from the null distribution,
supporting the presencétoue associations. The-Q plot compares the observed p
values with the expected-yalues under the null hypothesis of no association.
Deviation from the expected line indicates the presence of genetic associations. The
closer the observedymlues alignwith the expected line; the fewer false positives

are present in the analysis.

Fig 4.24 Manhattan plot of SNP associatifor length of primary rhizomesThe
Manhattan plot above displays the genemide associations between single
nucleotide polymorplms (SNPs) and the trait, primary length of rhizome per plant.
Each point represents a SNP, with thaxxs indicating its genomic position, and the
y-axis showing thelogl0 (pvalue) of the association. Significant associations are
represented by pointdbove the significance threshold line.
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Fig 4.25 Manhattan plot of SNP associatiofts girth of primary rhizomesThe
Manhattan plot displays the genomvae associations between single nucleotide
polymorphisms (SNPs) and the trait, girth of primdrizomes per plant. Each point
represents a SNP, with theaxis indicating its genomic position, and thexis
showing the -logl0(pvalue) of the association. Significant associations are
represented by points above the significance threshold line.
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Fig 4.26 Manhattan plot of SNP associatiofier curcuminoid content The
Manhattan plot displays the genomvae associations between single nucleotide
polymorphisms (SNPs) and the trait, curcuminoid content. Each point represents a
SNP, with the xaxis indicating its genomic position, and theayis showing the

log10 (pvalue) of the association. Significant associations are represented by points
above the significance threshold line.

14C



Results and Discussion
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Fig. 4.27a.Q-Q plot for the trait curcuminoid conterijg. 4.27b. Q-Q plot for the
trait of length of primary rhizomeper plant;Fig. 4.27c. Q-Q plot for the trait of
girth of primary rhizomes per plant.
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Thus, association analysis has resulted in identification of nine significant MTAs
(markertrait associationsfor the three phenotypic traits (Table 4.13). The number
of significant MTAs per trait are as follows: curcumin content (1), rhizome length
(5), rhizome girth (3). These associations provide insights into the genetic
architecture underlying the phenotypa@riation and can serve as valuable markers

for future studies or breeding programs.
4.13 BLAST analysis of GWAS-identified MTAs

To gain insights into the genomic location of the MarKeait Associations (MTAS)
identified through Genom®ide Association Stud (GWAS), a BLAST analysis

was conducted. For this, a 1 Kb sequence comprising MTAs was retrieved, and a
BLAST comparison was made with the reference genome that had been assembled
at the chromosomal levelYin et al.,, 2022) This allowed us to infer the
chromosomal location of MTAs. Further, to find whether the MTAs fall in any
potential candidate genes, a similarity search using BLASTN was carried out. This
analysis aimed to find the functional significance of MTAs by comparing them to

known nucleotidesequences available in public databases.

Table 4.14. Summarizes the top hits obtained from the BLASTN analysis. Each hit
is accompanied by relevant information such as the hit ID, description, alignment
score, and other pertinent details. Lowevatues sggest stronger similarities to

known nucleotide sequences. These results provide initial clues about the potential

functions and roles of the MTAs in various biological processes or pathways.
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Table 4.14. BLASTN similarity analysis results

Trait

SNP

Chromosomal

location

Putative
candidate genes
if any

Scientific
name

Max
score

Total
score

Query
cover

E value

Percent
identity
(%)

Alignment
length (bp)

Curcumin
content

MTA 1

Chr11

Zingiber

officinale
probable
ethanolamine
kinase
(LOC121974481),
mMRNA

Z. offcinale

165

247

13%

2E-35

100
%

1415

Rhizome
length

MTA 2

Chr 4

Z. officinale
MADS-box
transcription
factor 34like
(LOC122034397),
mMRNA

Z. officinale

159

159

11%

1e33

91.45%

984

MTA 3

Chr 4

Z. officinale
MADS-box
transcription
factor 34like
(LOC122031397),
MRNA

Z. officinale

159

159

11%

1e33

91.45%

984

MTA 4

Chr 4

Z. officinale
MADS-box
transcription
factor 34like
(LOC122034397),
mMRNA

Z. officinale

159

159

11%

1e33

91.45%

984

MTA 5

Chr 4

Z. officinale

Z. officinale

159

159

11%

1e33

91.45%

984
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MADS-box
transcription
factor 34like
(LOC122034397),
MRNA

Chenopodium

albumgenome |~ i | 974 | 971 | 16% | 9e15 | 77.38% | °081OO4°
assembly;

chromosome 18

MTA 6 Chr 21

No significant

MTA 7 Chr 19 o
similarity found

No significant

Rhizome MTA 8 Chr 20 Y
similarity found

girth :
Myrica gale
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The association analysis identified several significant SNP markers associated with
the target traits. Fohe trait of curcuminoid content, SNP located on chromosome
11 showed a strong association (p < 0.001) and this genomic locus showed similarity
to Z. officinaleprobable ethanolamine kinase (LOC121974481), mRNA. For length
of primary rhizome, all the SNPstécted fall on chromosome 4 and were highly
similar to Z. officinale MADS-box transcription factor 3#ke (LOC122034397),
MRNA except for one SNP (MTA 6) that fall on chromosome 21 and was similar to
chromosome 18 o€. Albumgenome assembly. Meanwhil@®r the three SNPs
associated with rhizome girth that falls on chromosome 19, chromosome 20 and
chromosome 13 respectively, wal notfind any similarity match except for MTA

9 which most likely hints their location in n@oding regions. MTA 9 that fallsn
chromosome 13 of turmeric chromosomal assembly finds similarity with

chromosome 14 d¥l. galegenome assembly.

In association analysis, the likelihood of getting false positive results (Type | errors)
rises when running several statistical tests aé oBonferroni correction was used to
address this problem. By changing thegbue cutoff for each individual test, the
Bonferroni correction helps regulate the overall significance level or famnsly

error rate(Gubaev et al., 2020)Thus, results dhined indicate that these SNP
markers may play a crucial role in determining the observed variation in length of

primary rhizome, girth of primary rhizome and curcuminoid content.

Further validation and replication of these associations in independasttatvill

be necessary to confirm their robustness. Nevertheless, our findings provide
valuable insights into the genetic architecture underlying these traits, which can
inform future breeding efforts aimed at improving plant performance and disease

resigance.

Overall, our SNP marker trait association analysis using GAPIT has uncovered
significant associations between specific genetic variants and important agronomic
traits, shedding light on the genetic factors contributing to phenotypic variation in

our population.
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4.14 Discussion of objective 3

Here, the turmeric genotypes were characterised using the etigbst restriction

site associated DNA sequencing (ddRAD) method, and the population structure of
the genotypes were then elucidated through varialingausing the Genome
Analysis Toolkit (GATK). One of the earlier studi¢siang et al., 2021)have
recommended the utilization of reduced representation sequencing methods like
ddRAD to understand phylogeny and evolutionGafrcumaspecies but there ba

been no such study done till date. The identification and characterization of genetic
variations through the processing of ddRAD data will advance our knowledge of
turmeric crop genomics and will aid efforts in subsequent study and breeding. The
choice @ restriction enzymes and size selection range are the most crucial factors
for any ddRAD experimer(Peterson et al., 2012; Yang et al., 20T®)e restriction
enzyme pair utilized her&phlandMlucl produced sufficient number of fragments
well within our size selection range of 2200 bp and hence can be utilized for
ddRAD experiments in similar crops. The recovered fragments after digestion is 2
3% for say 1 Gb genome and the depth of a read is atleast 5X and reads below 5X is
filtered out and theise selection range was of 0800 bp. The recommended size
selection in ddRAD sequencing for plants varies depending on factors such as the
species under study, research objectives, and the sequencing platform employed
(Peterson et al., 2012owever,a commonly advised size range for plants typically
falls between 250 to 500 base pairs (pgterson et al., 2012)This range is often
preferred as it strikes a balance between capturing sufficient genomic information
and minimizing biases associateih extremely short or long fragmer(&ballay et

al., 2021) Opting for smaller fragments as in here ((RDD bp) offers potential
advantages such as heightened resolution and sensitivity, along with the capability to
detect finer genetic variationsrfcomplex trait analysis as in GWABWMIiller et al.,

2007) But this approach also poses potential drawbacks as well, including

heightened bias and complexities in computational angksdrews et al., 2016)

After the ddRAD sequencing, quality doml of sequencing data is an important step
as it ensures the suitability of the data for downstream anéyai®y et al., 2011)

14¢



Results and Discussion

In our study here, the absence of significant concerns pertaining to sequence quality,
read length, GC content, and ptlx contamination validated the data's suitability

for subsequent analysi€atchen et al., 2013Yhese results instil confidence in the
reliability of the acquired sequencing data. Unlike many NGS data quality control
analysis, here we have not remdwbe duplicate reads in the overrepresented reads

(Li et al., 2009) This is because these sequences may correspond to known target
regions of interest, such as highly expressed genes or repetitive elements or can arise
due to polyploid nature of theap. Hence, it was determined that these sequences
were biologically relevant rather than indicative of contamination or technical
artifacts(Davey et al., 2011)

After quality check, alignment to a reference genomedernovogenome is
necessary to diswer genomic variants presefilevenger et al., 2017)Here,the
alignment statistics demonstrated higinfidence mapping, with the majority of
reads uniquely aligned to specific genomic locations. These results validate the
effectiveness of the BWA lignment algorithm for aligning NGS data to the
reference genome, enabling reliable downstream analysis and interpretation as
reported in other studies as wgllhakraborty et al., 2021; Hazzouri et al., 2019; Li

& Durbin, 2009)

The variant calling praess using GATK has successfully identified a
comprehensive set of single nucleotide polymorphisms (SNPs), i.e. 30438 SNP
variants in the crop genotypes. These variants were utilized as genetic markers for
population genetic analysis and association studlémis, the highhroughput
nature of ddRAD sequencing combined with the accuracy of GATK variant calling
has enabled the efficient and reliable identification of genetic variations across the

crop genoméClevenger et al., 2015)

The genotypic data ataining the identified SNP variants were then utilized for the
study of genetic population structure present among the genotypes. Identification of
intraspecific population structure is one of the-prquisites before embarking on an
in-depth genetic dersity or evolution studyBoukteb et al., 2021Here, we have

conducted population structure for markeit association studies. The population
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structure analysis based on the identified variants has revealed three distinct genetic
clusters within tk studied crop population. Presence of three subgroups in structure

analysis indicate population stratification because of genetic variation and capacity

for adaptability within the crop speciésS z ¢ z e ¢ i n s k Becarise itendbles 2 01 6)
the selection of a wide and representative sample of individuals for hybridization

and trait improvement, understanding the population structure is essential for the

design and implementation of efficient bdeng technique8Nerner et al., 2020)

The study of population structure is important as it can shed light on the patterns of

crop domestication and evolutionary histdBird et al., 2017) For example, the

discovery of numerous subpopulations witlda species of say a cereal crop can

reveal the influence of several breeding programmes and the geographic origins of

the genotypes. Several studies underline how crucial it is to take population structure

into account when conducting association mappasgarch to prevent falp®sitive

associations and to enhance the precision of gengiypeotype connectior{&aler

et al ., 2020 ; Naret et .al ., 201 8; Szczecin

The genetic variants discovered by ddRAD genotyping and GATK variantgallin
can be used for a variety of downstream investigations in addition to population
structure. These include markassisted selection (MAS) in breeding programmes,
candidate gene identification, and genemide association studies (GWAS)
(Scheben et al2017) The accessibility of higlquality genomic variants enables
researchers and breeders to relate certain genetic loci to critical agronomic qualities
in less time. At the same time, we need to acknowledge the drawbacks and
limitations of ddRAD genotypg and GATK variant calling. Here, the
representation of genomic region may be impacted by the choice of appropriate
restriction enzymes and library preparation techniques, which may also cause biases
in variant calling(Herry et al., 2023)Additionally, the presence of repeated areas
and structural variations may make it difficult to detect variants effect{Rgierson

et al., 2012) To guarantee accurate and reliable results, careful consideration and

validation of the detected variants are regdir

14¢



Results and Discussion

Hence, the ddRAD genotyping approach combined with GATK variant calling has
provided valuable insights into the genetic diversity, population structure, and
genetic variation of crop genotypes. The identified variants serve as valuable
resources for gmulation genetics, association studies, and breeding applications.
Future research should focus on expanding the sample size, incorporating additional
genomic data, and integrating functional genomics approaches to further enhance
our understanding of crogenetics and enable more precise crop improvement

strategies.

Although a lot of genetic diversity studies have been done in turmeric based on
agremorphological characterizatioffnindita et al., 2020; Sasikumar, @) and
molecular markebased characterizati@®iju et al., 2010a; Siju et al., 2010b; Singh
et al.,, 2018; Verma et al., 2018here have not been any markeit association
work in the crop. The genomic ambiguity due to the absence of a refgyemoee
was a hindrance to effective markesit studies as it can result in bias and
misidentification of variant§Formenti et al., 2022; Valienddullor et al., 2021)

The advent of reference genome paved way to association studies in turmeric
(Chakaborty et al., 2021)In annual crops like turmeric marker trait studies can
expedite the identification and selection of plants with desired (Kitmawat et al.,

2020) The traditional methods identification of marker trait association (QTL
mapping relies on crossing over studies and linkage analysis which are challenging
in crops like turmeric that is mostly vegetatively propagated with only occasional
seed settingkhan & Korban, 2012)Association mapping that exploits the inherent
genetic diersity in the population provides an alternative strategy to traditional
QTL mapping(Gupta et al., 2014)

The association analysis or association mapping has now emerged as a powerful tool
in plant genomics with the advent of new statistical softwareshigh throughput
molecular marker technologie&hu et al., 2008) Approach of genome wide
association studies or GWAS that leverages on genome wide markers has become
highly useful in the elucidation of the genetic architecture of complex traissacr

plant species(Padmashree et al., 2023; Peng et al., 20@8re have been studies
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combining the sequencing data from high throughput method of ddRAD sequencing
with agremorphological trait information to gain insights into the genetic diversity
as well as markers associated with traits of intefésposito et al., 2020; Han et al.,
2023) In our study, we have used the BLINK model in the GAPIT package to find
the markeitrait association in turmeri@LINK model that has been used in GWAS
studies utilize linkage disequilibrium to increase statistical power and the maximum
likelihood is estimated through the application of Bayesian Information Content
(BIC) (Huang et al., 2019)

Here, we have identified nine significant Marke&rait Associatios (MTAS) that

can contribute to our understanding of trait variation in this crbipis is the first

study of its kind in turmeric. The variants discovered here may most likely
contribute to the complex traits of interest. For instance, MTA1 that iy likdde in

an ethanolamine kinase had showed a significant association with curcuminoid
content, hinting to its role in this complex trait expression. Ethanolamine kinase are
enzymes that participate in phospholipid metabolism that has wide ranging impacts
on plant growth and metabolisifiLin et al., 2020; Rabeler et al., 2022)his
highlights the reliability of the BLINK model in capturing meaningful associations.
Four MTAs pertaining to rhizome length, namely MTA 2, MTA 3, MTA 4 and
MTA 5 are likely tobe in MADSbox transcription factor had showed a significant
association with rhizome length. The role of MAIDB8Xx transcription factors in
development of vegetative tissues like rhizomes and tuber have been reported in
some plantgFatima et al.,, 2020; & et al.,, 2018, 2021)n a microarray study
specifically in ginger and turmeric, it was found that there was an upregulated
rhizome specific expression of few MADS box genes which were homologous to
MADS box genes which are found near quantitative it (QTLs) linked to
rhizomatousness in Oryza and Sorghum plant spékies et al., 2013) MTA 6
associated with rhizome length was found to be similar wiftomosome 18 of
Chenopodium alburC. Albun) genome assembl. album commonly known as
lamb's quarters or pigweed, is an annual weed prevalent in various environments,
including agricultural fields as well as urban areas and rich in polyphenolic

phytochemicals of medicinal val§8aini et al., 2019; Poonia & Upadhayay, 2015)
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Interestingly, C. album have been reported as common weed in turmeric fields
(Tahira et al., 2010enomic similarity of host plant and weed hints to molecular
dynamics of weed host interaction and likely incidence of horizontal gene transfer
(Ashapkin et al., 2023)Among the MTAs associated with rhizome girth, MTA 7
and MTA 8 did not show any similarity with known nucleotide sequences except for
MTA 9 that showed similarity with regions of chromosome 14 Miyrica gale
genome assemblyM( gale) often referred to asweet gale or bog myrtle is a
perennial shrub native to wetland areas of Europe, Asia, and North America and is
known for polyphenolic content, which supports its traditional culinary and
medicinal usé Lo Z i e n ¢ .eAbsengel of similakitg maiches for MTA 7 and
MTA 8 hints to their likely location at necoding region and species specific
genomic regionsAlthough many GWAS studies across species have found MTAs
in noncoding regions, the interptation of these variants is still challenging due to
the uncertainty in the functional consequences and regulatory genes inySiwid

et al., 2004; Wu et al., 2020).

It is important to acknowledge the limitations and challenges encountered ding t
association analysis. These limitations include potential biases arising from available
data and the impact of sample size on detecting associations, particularly for rare
variants(Korte & Farlow, 2013) Conducting future studies with larger sampies

and more comprehensive genotyping approaches can offer a more comprehensive
understanding of the genetics of the traits.

The utilization of the BLINK model in the GAPIT package provides advantages by
effectively accounting for population structure akidship, thus improving the
accuracy of association mappiftiduang et al., 2019However, the model assumes

no interactions between markers, which may result in overlooking important genetic
effects. Future research can enhance the model's performgngeorporating

epistatic interactions.

The implications of the findings extend beyond the scope of this study. Gaining
knowledge about the genetic basis of traits can inform breeding programs aimed at

developing improved turmeric varieties with improveldaracters. The identified
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MTAs serve as targets for further functional studies, enabling the exploration of the

molecular mechanisms underlying these traits.

In short, the association analysis employing the BLINK model in the GAPIT
package has provideghable insights into the genetic architecture of the examined
traits in turmeric. The identified MTAs, contribute to our understanding of trait
variation and establish a foundation for future investigations. Future research
directions should prioritize @reasing sample sizes, investigating epistatic
interactions, and conducting functional studies to unravel the molecular mechanisms

driving these significant traits.




Chapter 5
CONCLUSION

Phenotypic characterization revealed significant genetic variation among 93
turmeric genotypes. Flow cytometric analysis revealed that among these 93
genotypes, majority were triploids (84) and nine were tetraploids. Most of the
tetraploids have origins as seedling progenies while few are germplasm collections.
It was found that tploids and tetraploids differ significantly in their plant height,
number of shoots per plant, number of leaves on main shoot, length of petiole, leaf
length, length of mother rhizomes per plant, length of primary rhizomes per plant,
length of secondaryhizomes per plant, girth of secondary rhizomes per plant, inner
core diameter of primary rhizomes, weight of mother rhizomes per plant, weight of
primary rhizomes per plant, total rhizome weight per plant and dry rhizome weight
per plant. Genetic variabiyi analysis revealed that characters; number of shoots per
plant, length of mother rhizome, total weight of mother rhizomes per plant, total
weight of rhizome per plant and dry weight of rhizome per plant were the most
important traits for selection acrogkidy levels. Here, we have utilized molecular
marker based genotyping as well as NGS based genotyping to study the genetic
relationship of the genotypes under studithdugh, reliable and reproducible, the
inherent limitations of molecular marker tohéeve the requisite resolution for
association studies led us to proceed with NGS based genotypic data analysis.
Quality check and control of NGS ddRAD data enhanced the quality of genotypic
data for a reliable downstream analysis result. Also, we havanigptd a
bioinformatics pipeline or workflow for variant calling which have resulted in
discovery of 30438 SNP variants. Further, we have analysed the population structure
of genotypes under study and have found that there are 3 subpopulations. This is
important as not properly corrected, these factors (population structure and
relatedness) can cause false positives and false negatives in downstream analysis.
These 30438 SNP markers were utilized for association mapping in turmeric using

the GAPIT packageni R. 9 significant marker trait association were observed:
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curcumin content (1), rhizome length (5), and rhizome girth (3). Most marker trait
associations were from chromosomeZ4officinaleMADS-box transcription factor
34-like (LOC122034397) can be putative locus involved in rhizome length
morphology. These associations can help in the reveal of the molecular mechanisms
involved in generation of complex traits and result in the identification of candidate
genes involved. Thus, results obtained heit add onto the understanding of
genetic base of these complex traits in turmeric and to further crop improvement

efforts in turmeric.

In conclusion, thistudyon markestrait association in turmeric has revealed
significant findings that contribute tthé understanding of the genetic basis of key
traits in turmeric. Our work not only advances the current knowledge in the field but
also holds practical implications for improving turmeric varieties through marker
assisted selection. Despite acknowledgenhitéitions (biological complexity,
incomplete genomic information), the study provides a foundation for future
research directions (validation and replication), highlighting opportunities to explore
the impact of environmental factors and suggesting avefane®fining marker
assisted breeding strategies. Overall, this research contributes valuable insights to
the scientific community, paving the way for enhanced turmeric crop management

and genetic improvement.
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Chapter 6
RECOMMENDATIONS

The overall aim of thihD. work was to study genetic diversity and marker trait
association in turmericdqurcuma longd..). The major objectives were to study the
level of phenotypic variability among core turmeric collection, to genetically
characterize these genotypes usmglecular markers and finally to determine the
association of rhizome characters and quality traits with molecular markers in
turmeric. The first component of the study that involves the phenotypic
characterization of turmeric genotypes for two years ake¢e significant genetic
diversity among these 93 genotypes that form the core collection. Flow cytometric
analysis revealed that among these 93 genotypes, majority were triploids (84) and
nine were tetraploids. Most of the tetraploids have origins adirsgguogenies
while few are germplasm collections. It was found that triploids and tetraploids
differ significantly in their plant height, number of shoots, number of leaves on main
shoot, petiole length, leaf length, length of mother rhizome, lengthriofapy
rhizomes, length of secondary rhizomes, girth of secondary rhizomes, inner core
diameter of primary rhizome, weight of mother rhizomes per plant, weight of
primary rhizomes per plant, total rhizome weight per plant and dry rhizome weight
per plant.Genetic variability analysis revealed that characters; number of shoots per
plant, length of mother rhizome, total weight of mother rhizomes per plant, total
weight of rhizome per plant and dry weight of rhizome per plant were the most
important traits foselection across ploidy levels. As most of these phenotypic traits
in turmeric is highly influenced by environment, there is a need for replication of
these experiment in various environment conditions before arriving at generalisation

and conclusive finithgs.

As part of second objective of molecular characterization, we have carried out the
genotypic characterization of turmeric using both microsatellite (SSR and ISSR) and
nextgeneration sequencing (NGS) markers. The molecular marker based

characterizatin have revealed three major clusters that groups the genotypes of core
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collection based on their molecular genetic similarity. Although, reliable and
reproducible, the inherent limitations of molecular marker to achieve the requisite
resolution for assaation studies led us to proceed with NGS based genotypic data
analysis. Quality check and control of ddRAD data enhanced the quality of
genotypic data for a reliable downstream analysis result. Also, we have optimized a
bioinformatics pipeline or workflowfor variant calling which have resulted in
discovery of 30438 SNP variants. Even though earlier studies have recommended
the utilization of reduced representation sequencing methods like ddRAD to
understand phylogeny and evolution@ircumaspecies buthtere has been no such
study done till date and this is the first study of its kind. The genomic study of
turmeric is still in its infant stage and hence there is a needdotinued and
sustained efforts to expand turmeric genomic resources by expltigngmerging
utilities of highthroughput genotyping platforms and enhancing bioinformatics
pipelines and analytical tools for efficient analysis of NGS data for turmeric

breeding and genetic studies.

The final objective of identification of marker traissociation was accomplished
with the discovery of nine significant markieait associations, notably linked to
curcumin content and rhizome attributes. Most marker trait associations were from
chromosome 4.Zingiber officinale MADS-box transcription facto 34-like
(LOC122034397) was found out as a putative candidate gene locus involved in
rhizome length morphology. These associations can help in the reveal of the
molecular mechanisms involved in generation of complex traits and result in the
identificationof candidate genes involved. Thus, results obtained here will add onto
the understanding of genetic base of these complex traits in turmeric and to further

crop improvement efforts in turmeric.

As a future perspective, this work needs to be further veliddy conducting
validation studies to confirm the markieait associations observed in this research
using independent datasets or populations. The stability and generalizability of these
markertrait associations can be examined by replicating theysinddiverse

environments and genetic backgrounds. Also, more functional studies are required to
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validate the role of candidate genes identified through mdr&iérassociations in
regulating key traits such as rhizome length and curcumin content. Siiglies
involving gene expression analysis, gene editing techniques (e.g., CRISPR/Cas9), or
transgenic approaches can help to elucidate the molecular mechanisms underlying
trait variation and will enhance our understanding of the genetic architectuesef th
traits. This can be supplemented with iategrative approach by combining the
multiple omics datasets (e.g., transcriptomics, metabolomics) to gain a
comprehensive understanding of these complex traits in turmeric by investigating
gene regulatory netorks and metabolic pathways associated with turmeric rhizome
development and secondary metabolite biosynthesis. As most of these traits are
highly influenced by environment, future studies in the direction of environmental
effects and GxE interactions wibdd on to our understanding about the trait
expression. Exploring the influence of environmental factors (e.g., climate, soil
conditions) on turmeric trait expression and matkait associations by
investigating the genotydey-environment interactionfGxE) to identify genomic
regions or markers associated with trait stability across diverse environmental
conditions. Findings from all these studies can be collated and used to develop and
implement markenssisted breeding strategies in turmeric tamngetkey traits
identified in this study, such as rhizome length and curcumin content. Incorporating
this marker information into breeding programs also helps to accelerate the
development of improved turmeric varieties with desirable agronomic and medicinal

traits.
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APPENDIX |

Meteorological data during 2020 and 2021 at ICARISR
Experimental Farm, Peruvannamuzhi

Temperature (°C) Rainfall
Season | Month Maximum Minimum R:i)r:?allll F;Z';g
(mm)
January 34.3 216 0.0 0
February 35.8 21.9 0.0 0
March 37.1 23.7 0.0 0
April 34.3 21.6 75.8 8
May 34.5 24.8 511.4 20
June 31.0 23.5 942.6 27
July 34.5 24.8 902.6 26
2020 August 29.9 23.5 945.4 21
September 30.5 23.6 933.0 22
October 22.2 13.0 275.2 12
Novenber 34.4 22.5 80.4 8
December 33.8 21.9 99.0 8
January 33.5 215 119.0 6
February 35.4 21.2 0.0 0
March 35.5 23.2 23.9 4
April 34.9 24.2 141.8 14
May 32.9 23.3 799.3 21
June 32.7 24.1 508.0 22
July 29.9 23.4 868.3 27
2021 August 29.9 23.6 649.9 27
September 31.0 23.8 438.3 18
October 32.0 23.7 583.0 17
November 325 23.8 455.0 18
December 34.0 21.1 42.0 4




APPENDIX II

List of improved varieties with their institution of release and characteristic

features

Improved variety

Institution of release

Characteristic features

Varna

Kerala Agricultural
University (KAU),
Thrissur, Kerala

Bright orange yellow
rhizome, medium bol(
with closer internodes
medium duration crop.

ICAR Research Comple

Selection from Lakadon

Megha Turmeric for_ NEH Region, tu_rmeric,_ bold rhizom_e
Shillong, Meghalaya with high curcumin
content.
Uttar Bengal  Krishi Tolerant to leaf blotch an
Suranjana Vishwa Vidyalaya, Wes| rhizome rot
Bengal
ICAR-Indian Institute off A high yielding and gooq
Suguna Spice; Researcl quali.ty variety  with
Kozhikode, Kere reddish yellow coloure(
rhizome.
ICAR-Indian Institute of A high yielding high
Spices Research| quality short  duratior
Sudarsana Kozhikode, Kerala turmeric with thick
plumpy rhizomes. Fielg
tolerant to rhipme rot.
ICAR-Indian Institute off A high vyielding, short
Spices Researcl duration turmeric  with
Suvarna .
Kozhikode, Kerala deep orange coloure
rhizome.
ICAR-Indian Institute of Consistency in curcumi
ISR Kedaram Spices Researcl conent and tolerant to leg
Kozhikode, Kerala blotch.
ICAR-Indian Institute off Short duration, stable hig
ISR Pragati Spice_s Researcl cur_cumin, moderatel
Kozhikode, Kerala resistant to  roeknot
nematode.
ICAR-Indian Institute of Selection from a seedlin
ISR Prabha Spices Researcl progeny, long duration

Kozhikode, Kerala

high yielding variety with
high curcumin.

lISR Alleppey Supreme

ICAR-Indian Institute of
Spices Researcl
Kozhikode, Kerala

Selection form AFT, long
duration, high curcumin
tolerance to leaf blotc
disease.

ISR Pratibha

ICAR-Indian Institute of

Spices Researcl

Selection from a seedlin
progeny, long duration
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Kozhikode, Kerala

high curcumin, plumpy
and bold rhizomes

Punjab Haldi 1

Punjab Agricultural
University, Ludhiana
Punjab

Plants mediumin height,
long medium thick
rhizomes. Rhizomes dark
yellow in colour, harves
in 215 days.

Tamil Nadu Agricultural

It is a mutant from Erod

University, Coimbatore| local.The crop yields 3
BSR 2 Tamil Nadu t/ha in 240250 days. The
plants are mediun

statued, high yielding

Tamil Nadu Agricultural It is a vegetative mutant

University, Coimbatore| from Erode local.

Tamil Nadu Rhizomes are bigger size
and bright orange
coloured. Plants are tall,

CO1 . .
vigorous with more leaves
and tillers. Suitable for
droucht and saline
conditions.

Tamil Nadu Agricultural High curcumin conten

University, Coimbatore| (4.02%), highly resistan

Tamil Nadu to rhizome rot, field

CO 2 tolerant to thrips, shoc

borer, leaf foldeandscale
insects, duration 25R60
days. Yield- 42 t fresh
rhizome /ha.

Rajendra Sonia

Tirhut College of
Agriculture, RAU, Dholi,
Bihar

Bold and plumby
rhizomes, high curcumir|
medium dry recovery

Acharya Narendra Dev

High yidd potential, goog

University of Agriculture| size and colour o
NDH 1 and Technology| rhizomes.

Kumarganj, Uttar Prades

Acharya Narendra Dev High yielding with good
NDH 3 University of Agriculture| size fingers.

and Technology

Kumarganj, Uttar Prades
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