Norwegian University of Life Sciences

|_' I Faculty of Biosciences
- Department of Plant Sciences

Philosophiae Doctor (PhD)
Thesis 2023:50

Genetic Diversity, Selection
Signatures and Nutritional
Composition of Enset (Ensete
ventricosum) from Ethiopia

Genetisk diversitet, seleksjonssignaturer
og ernaeringmessig sammensetning av enset
(Ensete ventricosum) fra Etiopia

Alye Tefera Haile






Genetic Diversity, Selection Signatures and
Nutritional Composition of Enset (Ensete
ventricosum) from Ethiopia

Genetisk diversitet, seleksjonssignaturer og ernaeringmessig
sammensetning av enset (Ensete ventricosum) fra Etiopia

Philosophiae Doctor (PhD) Thesis

Alye Tefera Haile

Department of Plant Sciences
Faculty of Biosciences
Norwegian University of Life Sciences

As, 2023

U
[m 1

Thesis number: 2023:50
ISSN: 1894-6402
ISBN: 978-82-575-2079-3



PhD supervisors:

Prof. 0dd Arne Rognli (main supervisor)

Faculty of Biosciences, Department of Plant Sciences
Norwegian University of Life Sciences (NMBU),
NO-1432 As, Norway

Dr. Bizuayehu Tesfaye

College of agriculture,

School of plant and Horticultural science,
Hawassa University, Ethiopia

Prof. Trine Hvoslef-Eide

Faculty of Biosciences, Department of Plant Sciences
Norwegian University of Life Sciences (NMBU),
NO0-1432 As, Norway

Dr. Mallikarjuna Rao Kovi

Faculty of Biosciences, Department of Plant Sciences
Norwegian University of Life Sciences (NMBU),
NO-1432 As, Norway

Dr. Sylvia Sagen Johnsen

Faculty of Biosciences, Department of Plant Sciences
Norwegian University of Life Sciences (NMBU),
NO-1432 As, Norway

Evaluation committees:

Prof. Sergio Ochatt

INRAe 17 rue Sully BP 86510,
F-21065 Dijon, France

E-mail: sergio.ochatt@inrae.fr

Ass. Prof. Jgrn Henrik Sgnstebg
University of South-Eastern Norway,
Gullbringvegen 36,

NO-3800 Bg, Norway

E-mail: jorn.h.sonstebo@usn.no

Committee coordinator:

Prof. Anne Kjersti Uhlen

Faculty of Biosciences, Department of Plant Sciences
Norwegian University of Life Sciences (NMBU),
NO-1432 As, Norway

E-mail: anne.uhlen@nmbu.no



Acknowledgements

I am very grateful to the Norwegian Agency for Development Cooperation (Norad) for funding my PhD
which is part of the project “Controlling disease in sweet potato and enset in South Sudan and Ethiopia to
improve productivity and livelihoods under changing climatic conditions using modern technologies”
under the NORHED program (Agreement No. ETH-13/0017,2013). I would like to thank the School of Plant
and Horticultural Sciences, College of Agriculture and Hawassa University for granting me a study leave.

Thank you!

I would like to express my deepest appreciation to Prof. Odd Arne for being a solid point of contact
throughout the project, having an open-door policy for both small questions and large discussions, and for
his encouragement and keeping me calm when I felt overwhelmed. I have learned a lot from your in-depth
knowledge and experience. | appreciate your prompt replies to all my queries. You believed in me and have
guided me from the very beginning, you are a great teacher. I say thank you very much for all your

contributions in my success. Thank you!

I would like to express my sincere gratitude to Prof. Trine Hvoslef-Eide, the main coordinator of the Enset-
sweet potato NORHED project and my co- supervisor for giving me a chance to study in this project and
exercise academic freedom. Thanks for the academic advice you have provided and for handling all
administrative issues I always felt encouraged and energetic after our talks; you inspired me to move
forward. More than anything else, thank you for the flexibility in arranging travels during the field work as
well as during family visiting. I have seen your thoughtfulness and understanding particularly for mothers
taking care of their children, you gave me freedom and allowing me to do my best. You are among the three
power that were pushing me forward to finish this PhD. I say thank you very much for all your contributions

in my success. Thank you!

I thank my co-supervisors for reviewing my manuscripts, thesis, and providing constructive comments Dr.
Bizuayehu, Mallikarjuna Rao Kovi and Sylvia Sagen Johnsen for their generous input of ideas, guidance, and
support. [ would also like to give thanks to my local supervisor Dr. Bizuayehu, for the encouragement to
pursue on the research idea at the beginning, your contribution to my work in facilitating transportation
during my field work in Ethiopia and commenting my work is highly appreciated. I also Thank Dr.
Andargachew, the local Norad project coordinator for facilitating transportation and other finance issue

during my field work in Ethiopia. Thank you!

I would like to thank the Southern Nations, Nationalities and Peoples’ Region (SNNPR) state in Ethiopia,
Hawassa University, Agriculture office, and the Ethiopian Institute of Biodiversity jointly facilitated access
to enset tissues. I also thank the administrative and technical staffs of Areka Agricultural Research Center,
especially Dr. Zerihun, for providing me enset planting materials. | would like to thank the enset farmers,
experts and development agents in Sidama, Gurage and South Omo who were cooperative and facilitated
during data collection. You welcomed us to your homes, shared your food, gave us all the plant material

and information. Thank you! Your contribution and hospitability is highly appreciated.



I would like to thank the Norwegian University of Life Sciences (NMBU) for all the support I got from the
department of plant sciences, staff of CIGENE, LabTek staff, soil lab, fruit lab and the administrative staffs,
the students information center (SiT) and the housing department (SiAs). My country mates in Norway,
made me in touch with my language and food during my study periods. I would also like to thank all my

friends and colleagues at NMBU and Hawassa university for their help in one way or another. Thank you!

Last, but not least, I would not have been able to complete this without some amazing people. [ am
immeasurably grateful: my lovely kids, keab and Amha, for tolerance and patience, and for putting up with
me being a part-time mama for such a very long time. you shouldn’t have this stress at this age, but I had to
decide for our better future. I love you both. Above all, I would like to share my success with my adorable
children Keab and Amha who always make me to stay strong in all the difficulties and I am very much

grateful with their unconditional love. I love you all. Thank you!

Most importantly, I give my heartfelt thanks to my husband Mekuye for taking care of our kids and for
shouldering family responsibilities in my absence, under difficult circumstances, for his exceptional
encouragement and enormous support during my study. You provided me with a steady supply of many
countable and uncountable things, | found a great companion and partner in you. I love you. Thank you! I
am also grateful to my sister and brother, Birtukan and Chuchu, all my entire family, my neighbours and

friends for their exceptional encouragement, prayers, and invaluable support. Thank you!

Last, but the most significant, | am very gratefulness for my parents. My late mother (Oct 2011) and my late
father (Nov 2020), you brought me into the world, initiated and invested in my educational journey. You
never went to school, but you were respected and model hard worker farmers, traders, politicians, good
entrepreneurs, and education advocates. [ will never forget what you taught me; keeping domestic animals
and protecting crops from monkeys and how to fight and win hardships at my early age. I thank you for
investing in education of your children. You are still the reason why [ am here today. You were and will be
my biggest supporters and energy in my life to overcome any challenges. | have never seen anyone like you
my father who appreciates technology, and [ am able to experience everything because of you. [ will always
remember the things you have taught me and how much you loved and supported me. Now I know the
reason why you were always telling me to be strong and go forward in life. Mam I will always remember
your words, Problem isn’t solving by talking. You were my number one supporter, all I wanted to do now

is to say I love you; I miss both. GOODBYE Ababa and Emama rest in peace. Thank you for everything!

Glory be to God! ATTH. AN AC £aPN7 T Alye Tefera, March 2023

Compete with yourself and collaborate with others!



Abbreviations

AMOVA Analysis of Molecular Variance

ANOVA Analysis of Variance

AOAC Association of Official Agricultural Chemists
AW; Wash Buffer AW2

bp base pair

CO2 Carbon dioxide

Ca Calcium

CLUMPACK Clustering Markov Packager Across K

CTAB Cetyltrimethylammonium bromide

Cu Copper

ddRAD Double Digest Restriction-site Associated DNA
DNA Deoxyribonucleic acid

df degrees of freedom

dsDNA double-stranded DNA

Fe Iron

FwW Fresh Weight

Fst Fixation Index

GAE Gallic Acid Equivalent

GC Guanine, Cytosine

H20 Water

Ho Observed Heterozygosity

iTOL Interactive Tree Of Life

ISO International Organization for Standardization
Mg Magnesium

N Nitrogen

NaCl Sodium Chloride

NADPH Nicotinamide Adenine Dinucleotide Phosphate
NDF Neutral Detergent Fibre

Na Sodium

P Phosphorus

PC Principal Components

PCR Polymerase Chain Reaction

QTL Quantitative Trait Locus

RNA Ribonucleic Acid

SNP Single Nucleotide Polymorphism



Dedication

Dedicated to My Mother Mulumebet W/Yonnes and My Father Tefera Haile



Table of Contents

Acknowledgements I
Abbreviations
List of papers VI
Summary Vil
Sammendrag, X
1. General Introduction 1
1. 1 Origin, distribution, and botanical characteristics of enset 3
1.2. Enset and its farming system in Ethiopia 5
1.3. Food security and nutritional value of enset 6
1.4. Genetic resources and molecular marker of enset 8
1.5. Research objectives and framework 11
2. Summary of materials and methods 12
2.1 Description of sampling area and plant material 12
2.2. Methods 12
2.2.1. Preservation of collected leaf materials and extraction of genomic DNA 12

2.2.2. Double-digest Restriction-Site-Associated DNA (ddRAD) library preparation and Illumina

FSY=T0 L T=) 00 TP 13
2.2.3. SNP calling and population genetic analyses 13
2.2.4. Characterization and analyses of nutritional composition and bioactive compounds .......oeeereeees 13

3. Main findings and diSCUSSIONS.....cuuuinmnmn i s s s s 14

3.1. Appropriate methods for preserving and extracting DNA from enset leaves 14

3.2. Genetic diversity, population structure, and selection signatures in enset (Paper I1)......eeeeeens 15

3.3. Genetic diversity among clones of the Entada landrace and its relationships with cultivated and wild

enset (Paper III) 16
3.4. Characterization of nutritional composition and bioactive compounds in Enset (Paper IV).......ccoreenns 17
4. Conclusions 19
5. Future prospects and needs 21
References 23

Appendix: Paper I - [V



List of papers

I. Alye Tefera Haile, Sylvia Sagen Johnsen, Mallikarjuna Rao Kovi, Trine Hvoslef-Eide, Bizuayehu Tesfaye,
0dd Arne Rognli. Comparison of different leaf preservation methods to obtain high quality DNA from
enset (Ensete ventricosum (Welw.) Cheesman), a native and orphan food security crop in Ethiopia.

(Manuscript)

IL. Alye Tefera Haile, Mallikarjuna Rao Kovi, Bizuayehu Tesfaye, Sylvia Sagen Johnsen, Trine Hvoslef-Eide,
0dd Arne Rognli. Genetic Diversity, Population Structure and Selection Signatures in Enset (Ensete
ventricosum, (Welw.) Cheesman), an Underutilized and Key Food Security Crop in Ethiopia.

(Submitted to Genetic Resources and Crop Evolution)

III. Alye Tefera Haile, Mallikarjuna Rao Kovi, Sylvia Sagen Johnsen, Trine Hvoslef-Eide, Bizuayehu Tesfaye,
0Odd Arne Rognli. Limited genetic diversity found in the Entada landrace (Ensete ventricosum,

(Welw.) Chessman, var. Entada) from Ethiopia. (Manuscript)

IV. Alye Haile Tefera, Trine Hvoslef-Eide, Sylvia Sagen Johnsen, Mallikarjuna Rao Kovi, Bizuayehu Tesfaye,
0dd Arne Rognli. Characterization of nutritional composition and bioactive compounds among

different forms of enset (Ensete ventricosum, (Welw.) Chessman) from Ethiopia. (Manuscript)

Vi



Summary

Most of the agrobiodiversity exists in the form of landraces and wild relatives in traditional smallholder-
based farming systems. This diversity mainly exists among neglected and underutilized species, so called
orphan crops. Moreover, climate change has a huge negative impact on agriculture resulting in uncertainty
as regard agricultural productivity, particularly in food-insecure countries. Within this frame, this thesis
focuses on enset (Ensete ventricosum), an important crop in Ethiopia which is a good example of a neglected
and underutilized orphan crop. Three types of enset are present in Ethiopia, i.e., cultivated enset which is
a large, perennial, and single-stemmed type propagated by induced suckers, the Entada landrace
propagated by natural suckers, and wild enset propagated by seed. Enset is not well characterized at the
genomic level and information on the variation in nutritional composition in diverse Ethiopian ensets is
scarce. A number of cultivated and Entada enset genotypes, and some wild ensets were collected from
farmers, natural habitats, and research fields in the southern regions Sidama, Gurage, and South Omo in
Ethiopia. The aim was to study the genetic diversity, population structure, selection signatures, nutritional

compositions, and content of bioactive compounds among and within all different form of enset.

Since most of the plant material used in these studies were collected from farms and natural habitats in
remote areas, storage of plant tissue at ambient temperature for longer time was necessary. The first task
was therefore to test leaf preservation methods and find a method that protected DNA from disintegration.
Three methods for storage of DNA were compared, i.e., saturated NaCL-CTAB, silica gel and 96% ethanol.
We found that a saturated modified NaCl-CTAB method was best for preserving the quality, integrity, and
quantity of enset genomic DNA, and that the DNeasy plant mini kit approach was better for extracting
genomic DNA from the preserved leaf samples than the CTAB method. High quality DNA could be extracted
from samples that had been stored at ambient temperature for more than 35 days and more than 270 days
at -20°C. These protocols were validated for leaf tissues of all Entada landraces, cultivated and wild enset,
and used to obtain high-quality DNA for the molecular genetic analyses. Efficient, robust, and low-cost
methods for preservation and storage of plant tissue sampled on collection trips to remote areas are very

important and should receive further attention.

We assessed genetic diversity, population structure and selection signatures in 226 cultivated and 10 wild
enset accessions (genotypes) collected from diverse enset growing regions in southern Ethiopia, using a
total of 3505 SNPs markers obtained from ddRAD-sequences. Population structure and cluster analyses
clearly distinguished between cultivated and wild enset. Moreover, higher levels of genetic variation were
found within populations and regions (91.2 and 92.4%, respectively) than between populations and
regions (8.8 and 7.6%, respectively). This result implies that the region of origin and environmental
heterogeneity have little influence on the genetic variation among enset accessions. However, the genetic
differentiation between regions was moderate to large (Fsr = 0.06-0.17). The genetic structure of enset was
mainly shaped by eco-geographic factors, mode of propagation and cultivation status. Moreover, six genes

potentially involved in sexual reproduction and flowering signalling, which are key processes underlying

Vil



domestication and adaptation, were under positive selection demonstrating that sexual reproduction plays

an important role in shaping enset diversity.

The first study assessing the genetic diversity, selection signatures and relationship of Entada with
cultivated and wild enset is presented in the thesis. A total of 117 Entada landraces were collected from
three Entada growing regions in Ethiopia (Sidama, South and North Ari), and 1617 high-quality SNP
markers, obtained from ddRAD-sequences, were used for the diversity studies. We found that Entada
formed a completely separated clade from cultivated and wild enset. However, very little molecular
variation was detected between regions (0.48%), nearly all variation was present within individuals
(99.5%). Subpopulation differentiation between regions (Pairwise Fsr) was zero, and observed
heterozygosity was very high (0.99), which is expected of plants with strict asexual propagation by suckers
and limit the genetic diversity between genotypes. Prolonged clonal propagation of heterozygous
genotypes from a single or few founding lineages will lead to populations with very little or no diversity
between genotypes, and extremely high heterozygosity. Furthermore, eight candidate genes detected in
this study to be under directional selection are involved in axillary shoot growth and they might be involved
in controlling natural sucker formation in Entada. This study has generated a useful resource of information

for further conservation efforts, genetic research, and breeding of Entada landraces.

Nutritional composition and bioactive compounds in the different forms of enset was compared for the first
time. This was done in 14 common Enset cultivars (6 originating from Sidama and 8 from Gurage), two
Entada and two wild enset genotypes, selected to represent contrasting molecular genetic diversity based
on a phylogenetic analysis. We found significant nutritional variation between and within accessions and
edible enset tissues leaf sheaths and corm. The highest amylose content was found in the leaf sheath of the
cultivated “Mundraro” and in the corm of wild enset. The average content of amylose in the leaf sheath
(45.4%) was higher than in the corm (26.6%), indicating that starch biosynthesis is more efficient in leaf
sheaths than in the corm. There was no difference in amylose content between Enset cultivars of different
origin. Among the cultivated ensets, the cultivar ‘Kiticho’ had the highest antioxidant capacity (8.4 umol g-
1 FW) and total phenolic content (TPC) (108 mg GAE 100 g! FW) in the leaf sheath. However, a wild
genotype showed highest antioxidant capacity in leaf sheath (9.2 pmolg! FW) and corm (8.8 umolg! FW).
Entada landraces had the lowest neutral detergent fibre (NDF) and water-soluble carbohydrate (WSC)
contents compared to both cultivated and wild enset, whereas wild ensets had highest content of NDF.
Significant variation in mineral content was observed between corms and leaf sheaths except for Mg, P, and
Na. Ca and Mg contents were significantly different among cultivated ensets. The content of the minor
elements Zn and Cu was highest in the corm, while Fe was highest in the leaf sheath. These results are
discussed in relation to the utilization of enset for food and feed. The variation among enset genotypes and
edible enset tissues described here are important for selection of accessions for evaluation in multiple

environments and for breeding purposes.

A lot of unexplored diversity is available for improving enset in Ethiopia, with patterns of diversity

consistent with divergent selection on adaptive traits. Our results are useful for the conservation of genetic
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resources, especially under global climate changes, and contribute to the potential discovery of functional
genes and genetic mechanisms related to adaptability of enset to local climatic conditions, especially
drought. This is encouraging for the potential of diversifying crops also in regions where enset is not

traditionally grown, such as the food insecure dry north in Ethiopia.

Key words: Ensete ventricosum, Entada, ddRAD-SNPs, genetic diversity, nutritional content, bioactive

compounds



Sammendrag

Det meste av agrobiodiversiteten eksisterer i form av landraser og ville slektninger i tradisjonelle
smabruksbaserte dyrkingssystemer. Dette mangfoldet eksisterer hovedsakelig blant forsgmte og
underutnyttede arter, sakalte ‘orphan crops’. Klimaendringene har dessuten en enorm negativ innvirkning
pa landbruket, noe som resulterer i usikkerhet nar det gjelder jordbruksproduktivitet, spesielt i land med

usikker matforsyning.

Innenfor denne rammen fokuserer denne oppgaven pé enset (Ensete ventricosum), en viktig matplante i
Etiopia og et godt eksempel pa en forsgmt og underutnyttet ‘orphan crop’. Enset er ikke godt karakterisert
pa genomisk niva, og informasjon om variasjon i ernaeringsmessig sammensetning i forskjellige type enset
fra Etiopia er mangelfull. En rekke dyrkede sorter/genotyper, samt genotyper av Entada og noen ville
genotyper, ble samlet inn fra bgnder, naturlige habitater og forskningsfelt i de sgrlige regionene Sidama,
Gurage og South Omo i Etiopia. Mélet var a studere genetisk diversitet, populasjonsstruktur,
seleksjonssignaturer, ernaeringsmessige sammensetning og innhold av bioaktive stoffer blant og innen de

ulike typer enset.

Siden det meste av plantematerialet som ble brukt i disse studiene ble samlet inn fra gérder og naturlige
habitater i avsidesliggende omrader, var lagring av plantevev ved romtemperatur over lengre tid
ngdvendig. Den fgrste oppgaven var derfor a teste mater a konservere bladmaterialene pa og finne en
metode som beskyttet DNA mot nedbrytning. Tre metoder for lagring av DNA ble sammenlignet, dvs. mettet
NaCL-CTAB Igsning, silikagel og 96 % etanol. Vi fant at en mettet modifisert NaCl-CTAB Igsning var best for
a bevare kvaliteten, integriteten og kvantiteten av genomisk DNA fra enset, og at ‘DNeasy Plant Mini Kit’
metoden var bedre for a ekstrahere genomisk DNA fra de bevarte bladprgvene enn CTAB-metoden. DNA
av hgy kvalitet kunne ekstraheres fra prgver som hadde vert lagret ved romtemperatur i mer enn 35 dager
og mer enn 270 dager ved -20°C. Disse protokollene ble validert for bladvev av alle Entada landraser, dyrket
og vill enset, og brukt til & framskaffe DNA av hgy kvalitet for de molekyleergenetiske analysene. Effektive,
robuste og rimelige metoder for bevaring og lagring av plantevev som er samlet inn ved ekspedisjoner til

fjerntliggende omrader er sveert viktig og bgr fa ytterligere oppmerksomhet.

Vi vurderte genetisk mangfold, populasjonsstruktur og seleksjonssignaturer i 226 kultiverte og 10 ville
enset-genotyper samlet fra forskjellige regioner i Sgr-Etiopia, ved a bruke totalt 3505 SNP-markgrer isolert
fra ddRAD-sekvenser. Populasjonsstruktur og klusteranalyser skilte tydelig mellom dyrket og vill enset.
Dessuten ble det funnet mye mer genetisk variasjon innen populasjoner og regioner (henholdsvis 91,2 og
92,4 %) enn mellom populasjoner og regioner (henholdsvis 8,8 og 7,6 %). Dette resultatet tyder pa at
regionen for opphavet til genotypene og miljgmessig heterogenitet har liten innflytelse pa den genetiske
variasjonen blant ensetgenotypene. Imidlertid var den genetiske differensieringen mellom regioner
moderat til stor (Fst = 0,06-0,17). Den genetiske strukturen til enset blir hovedsakelig formet av gkologiske
og geografiske faktorer, formeringmaéte og dyrkingsstatus. Seks gener som potensielt er involvert i seksuell
reproduksjon og blomstringssignalering, ngkkelprosesser som ligger til grunn for domestisering og
tilpasning, ble identifisert. Disse seks genene var under positiv seleksjon som viser at seksuell

reproduksjon spiller en viktig rolle i & skape diversitet i enset.

Denne avhandlingen er den fgrste studien som er utfgrt av genetisk diversitet, seleksjonssignaturer og

forholdet mellom landrasen ‘Entada’ og dyrket og vill enset. Totalt 117 Entada landraser ble samlet inn fra

tre regioner i Etiopia (Sidama, Sgr og Nord Ari), og 1617 hgykvalitets SNP-markgrer, isolert fra ddRAD-
X



sekvenser, ble brukt til diversitetstudiene. Vi fant at Entada dannet en fullstendig adskilt grein fra dyrket
og vill enset vha. en fylogenetisk analyse. Imidlertid ble det pavist sveert lite molekylaer variasjon mellom
regioner (0,48 %), nesten all variasjon var tilstede i individer (99,5 %). Subpopulasjonsdifferensiering
mellom regioner (pairwise Fsr) var null, og observert heterozygoti var sveert hgy (0,99), noe som forventes
av planter med streng aseksuell forplantning med adventivskudd. Langvarig klonformering av
heterozygote genotyper som stammer fra en enkelt eller fa opprinnelige genotyper vil fgre til populasjoner
med sveert lite eller ingen diversitet mellom genotyper, og ekstremt hgy heterozygoti. Videre er atte
kandidatgener involverti dannelse av adventivskudd oppdaget i denne studien, og disse kan vaere involvert
i a kontrollere naturlig dannelse av adventivskudd i Entada. Denne studien har generert nyttig informasjon

for videre bevaringsarbeid, genetisk forskning og foredling av Entada landraser.

Erneeringsmessig sammensetning og bioaktive stoffer i de forskjellige formene for enset ble sammenlignet
for fgrste gang i denne oppgaven. Dette ble gjort i 14 kjente ‘sorter’ av enset (6 med opprinnelse fra Sidama
og 8 fra Gurage), to Entada og to ville ensetgenotyper, valgt for a representere kontrasterende
molekylaergenetisk diversitet basert pa den fylogenetiske analysen. Vi fant betydelig ernseringsmessig
variasjon mellom og innen genotyper, og mellom de spiselige delene bladskjeder og rotknoller (corm). Det
hgyeste innholdet av amylose ble funnet i bladskjeder hos den dyrkede sorten ‘Mundraro’ og i knollen til
en vill enset. Gjennomsnittlig innhold av amylose i bladskjeder (45,4 %) var hgyere enn i rotknoller (26,6
%), noe som tyder pa at stivelsesbiosyntesen er mer effektiv i bladskjeder enn i knoller. Det var ingen
forskjell i amyloseinnhold mellom sorter av enset fra Sidama og Gurage. Blant de dyrkede ensetene hadde
sorten 'Kiticho' den hgyeste antioksidantkapasiteten (8,4 pmol g-1 FW) og totalt fenolinnhold (TPC) (108
mg GAE 100 g-1 FW) i bladskjeden. Imidlertid hadde en vill genotype hgyest antioksidantkapasitet i
bladskjeden (9,2 umolg-1 FW) og rotknollen (8,8 umolg-1 FW). Entada landraser hadde lavere NDF- og
WSC-innhold enn bade dyrket og vill enset, mens vill enset hadde hgyest innhold av NDF. Signifikant
variasjon i mineralinnhold ble observert mellom rotknoller og bladskjeder bortsett fra for Mg, P og Na. Ca-
og Mg-innhold var signifikant forskjellig blant de dyrkede sortene. Innholdet av de sporelementene Zn og
Cu var hgyest i rotknollen, mens innholdet av Fe var hgyest i bladsliren. Disse resultatene diskuteres i
forhold til utnyttelse av enset til mat og for. Variasjonen mellom genotyper og vev som er beskrevet her er

viktig for seleksjon av genotyper for utprgving i flere miljger og for planteforedling.

Mye uutforsket diversitet er tilgjengelig for & forbedre enset i Etiopia, med diversitetsmgnstre i samsvar
med divergerende seleksjon pd adaptive egenskaper. Resultatene vére er nyttige for bevaring av genetiske
ressurser, spesielt under globale klimaendringer, og de kan bidra & oppdage funksjonelle gener og
genetiske mekanismer knyttet til tilpasningsevnen til enset til lokale klimatiske forhold, spesielt tgrke.
Dette er oppmuntrende med tanke pad potensialet for d utnytte diversiteten ogsa i regioner der enset ikke

tradisjonelt dyrkes, for eksempel det matusikre tgrre nord i Etiopia.

Key words: Ensete ventricosum, Entada, ddRAD-SNPs, genetic diversity, nutritional content, bioactive

compounds
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1. General Introduction

Increasing global food production is one of the primary challenges to achieve food security to our world
population (FAO, 2009). There is a need to produce more food and fibre with a smaller rural labour force
to feed a growing population, more feedstocks for a potentially huge bioenergy market, contribute to
overall development in the many agriculture-dependent developing countries, adopt more efficient and
sustainable production methods and adapt to climate change. At the same time, we urgently need to cut
greenhouse gas emissions from agricultural production and stop conversion of remaining forests to
agricultural land. The world’s population could grow to around 8.5 billion in 2030, 9.7 billion in 2050 and
10.4 billion in 2100. More than 50% of the predicted global population growth between now and 2050 is
expected to happen in Africa (United Nations, 2022). There is a big gap between the amount of food we
produce today, and the amount needed to feed everyone in 2050. Urbanization will continue at an
accelerated pace, and about 70 percent of the world’s population is expected to be urban in 2050 compared
to 49 percent today (FAO, 2009). The international community committed to ending hunger and all forms
of malnutrition worldwide by 2030. According to Naylor et al.,, (2004), food security can only be achieved
if emphasis is given to the improvement of crops widely cultivated and used by the poor farmers and

societies.

Many of the plant species that are cultivated for food are neglected and underutilized even though they play
a crucial role in food security, nutrition, and income generation for rural societies. They are not recognized,
if not wholly unknown, outside their origin and cultivation regions (Magbagbeola et al., 2010; Mayes et al.,
2012). The reasons for this negligence vary with the producers and the agricultural experts (Dansi et al.,
2012). In general, these crops perform better than major crops under extreme soil and climate conditions
prevalent in the regions (Esfeld et al., 2013). To achieve food security, crop diversification is necessary.
Currently, fewer than 150 crop species are commercially cultivated; 103 of them deliver up to 90% of the
calories in the human diet, and of these, only four (rice, wheat, maize, and potato) provide 60% of the
human energy supply (Bailey, 2016). Thus, tens of thousands of edible plant species are relatively
underutilized and could be used to meet the food requirements of the growing world population (Chivenge
et al,, 2015). In addition, only producing enough food is not enough, but that food must be harvested,
processed, distributed and the poor must be able to have the purchasing power to access that food
resources. Therefore, any short-term improvement in food security will need to include modification

(either transgenic or through conventional breeding) of neglected, underutilized, and other staple crops.

The underutilized root and tuber crops are hidden treasures of healthy nutritious food. Moreover, root and
tuber crops are second in importance next to cereals as global sources of carbohydrates and play a crucial
role in the human diet (Chandrasekara and Josheph Kumar, 2016). Tropical root and tuber crops are
considered as the third most important crops after cereals and grain legumes (Archana et al,, 2015). They

provide a substantial part of the world’s food supply and are also an important source of animal feed and



processed products for human consumption and industrial use. Root crops occupy nearly 50 million
hectares of arable land and account for a global production of 560 million tonnes (Behera et al., 2009). Most
of the world's food insecure people and subsistence farmers depend highly on root and tuber crops as their
principal source of nutrition, medicine, shelter, feed, and cash income (Scott et al., 2000). These species
produce large quantities of dietary energy and have stable yields under difficult environmental conditions
and particularly during the periods of drought, famine and dry seasons (Campbe, 1987). For millions of
people in the tropical humid regions of Africa, root and tuber crops occupy a position of prestige among the
staple foods (Lebot, 2019). On average, root and tuber crops provide 20% of the daily per capita calorie
intake for more than 640 million inhabitants of Sub-Saharan Africa, where, with the growing population,
there is an increasing demand for these crops both for food and feed (Kenyon et al., 2006). Diversification
of staple crops and the systems in which they grow is essential to make the future agriculture more
sustainable, resilient, and suitable for local environments and soils (Massawe et al., 2016). Many root and
tuber crops, except potatoes, sweet potatoes and cassava, are not yet fully explored for their genetic and
nutritional diversity (Borrell et al, 2019; Chandrasekara and Josheph Kumar, 2016). According to the
world bank report, by the end of 2022, 685 million people could still be living in extreme poverty. Besides,
the global extreme poor are concentrated in Sub-Saharan Africa (The World Bank, 2022). In addition,
despite undeniable progress in reducing rates of undernourishment and improving levels of nutrition and
health, nearly 800 million people are chronically hungry and over two billion do not have access to quality
diets (Micha et al.,, 2020). Reducing poverty and hunger are recognized as the most important challenges

globally since they are the first two of the seventeen UN Sustainability Development Goals (SDG’s)
(https://sdgs.un.org/)

In Ethiopia, the widely consumed root and tuber crops have been relatively neglected by research and
conservation efforts (Tamiru et al., 2008). However, root and tuber crops are a major part of the traditional
food system and income generation specifically in Southern, Western and Southwestern part of Ethiopia
(Gezahegn et al., 2018). These crops are mainly used as food security during food shortage since they are
drought-tolerant and high yielding (Wheatly et al., 1995). Several million people rely on root and tuber
crops in Ethiopia. Among these crops, enset is one of the key food security crops in the country as a staple
or co-staple food for 20 to 35 million people (Brandt et al., 1997; Tuffa, 2019). Besides, the enset-based
farming system is a key agricultural system and farmers cultivate various enset landraces in different
agroecological settings (Borrell et al.,, 2019; Tsegaye, 2002). Some studies showed that enset is the main
crop of a sustainable indigenous African system that ensures food security (Brandt et al., 1997; Shigeta,
1992). Other minor root and tuber crops such as Anchote (Coccinia abyssinica), Taro (Colocasia esculenta),
Yam (Dioscorea alata), Cassava (Manihot esculenta) and Welayta dinich (Plectranthus edulis) are also
important in some parts of Ethiopia (Purseglove, 1985; Vavilov, 1951; Winters et al., 2006). Hence, an
improved understanding of the production, utilization, and estimated future economic importance of these
crops has potentially far-reaching implication for research and development areas at both the national and

international levels.



1. 1 Origin, distribution, and botanical characteristics of enset

Enset (Ensete ventricosum (Welw.) Cheesman), is a large diploid (2n=2x=18) perennial monocarpic and
single-stemmed herbaceous species belonging to the family Musaceae, along with banana and plantain, in
the order Zingiberales and genus Ensete (Figure 1A-B) (Borrell et al, 2019; Westphal and Stevels, 1975).
Enset, often referred to as false banana, is together with banana and plantains the most known cultivated
members of the plant family, with a high global and local economic and food security importance (Baker
and Simmonds, 1962). The genome of Ensete ventricosum is approximately 547 Mb (Harrison et al., 2014),
equivalent to the 523 Mb genome of the double-haploid (2n = 22) Musa acuminata genotype (D’hont et al.,
2012). Ensete ventricosum is the only cultivated species of the genus Ensete and is cultivated exclusively for
food, fibre, and animal fodder in smallholder farming systems in Ethiopia (Brandt et al., 1997; Guzzon and

Miiller, 2016).
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Figure 1: Evolutionary relationships of the genus Ensete with sister groups. The genus Ensete is included
in the Musaceae, one of eight families of the monocot order Zingiberales which together with the
Commelinales is sister to the Poales (A). Evolutionary relationships of the genus Ensete within the
Zingiberales based on ITS sequences, including collapsed sister genera within Musaceae and outgroups

representing the eight families (B) (Borrell et al,, 2019).

Currently, Ensete consists of three species with large distributions, Ensete ventricosum and Ensete
livingstonianum in Africa (Figure 2A), and Ensete glaucum in Asia; in addition, there are five other localized
endemics or near-endemic species (Borrell et al, 2019). Wild species of Ensete are distributed throughout
the central, eastern, and southern Africa as well as in Asia (Cheesman, 1947; Baker and Simmonds, 1953;
Purseglove, 1985). In Africa, the wild form of Ensete ventricosum is widespread in tropical Africa from
Ethiopia, through Kenya, Uganda and Tanzania to Mozambique and South Africa (Transvaal), and west to
the Democratic Republic of Congo (Figure 2A) (Baker and Simmonds1953; Guzzon and Miiller, 2016;

Tsegaye, 2002). In Ethiopia wild enset is limited to the dense forests along riverbanks in the southern and
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western part of the country. The wild form occurs at lower altitudes than the present area of enset
cultivation in Ethiopia (Figure 2B) (Birmeta et al., 2004). Despite the wide distribution of wild enset, enset
has been domesticated only in the Ethiopian highlands (Guzzon and Miiller, 2016). Enset is mainly
cultivated at the altitudes between 1500-3100 m above sea level (m a.s.l), but scattered plants can also be
found at lower altitudes from 500-2400 m a.s.l (Birmeta et al, 2004). However, it grows best at elevations
between 1800 - 2450 m a.s.l. Further, recurrent droughts have led to the expansion of enset cultivation to

other parts of the country (Ashango, 2017).
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Figure 2: Distribution in Africa (both cultivated and wild) (A). In light grey Ensete livingstonianum, in dark
grey Ensete ventricosum, in horizontal bars countries in which Ensete ventricosum and Ensete
livingstonianum co-occur (Angola and Malawi), in vertical bars the country (Zambia) in which Ensete
ventricosum and Ensete homblei co-occur. In diagonal cross the country (Democratic Republic of Congo) in
which all three species co-occur (Baker and Simmonds, 1953; Guzzon and Miiller, 2016; Tsegaye, 2002).
Regions of enset farming system in Ethiopia and area under cultivation as percentage of total cropped area

(B) (Source: unpublished resource from Demeke Nigussie).

The stem of enset is thicker and larger than banana, often reaching up to 12 m height and more than 1.5 m
in diameter (Birmeta et al, 2004; Tsegaye, 2002). Unlike bananas, enset does not produce edible fruits,
instead, it is grown for its carbohydrate-rich tissue obtained from the pseudostem, leaf sheaths and
underground corm harvested 3-12 years after planting, depending on the local conditions and management
efficiency (Borrell et al, 2020; Brandt et al., 1997). Enset consists of an underground edible stem structure,
known as the corm, which is 0.7-1.8 m long with a circumference of 1.5-2.5 m at maturity, a root system
which is usually adventitious, a pseudostem formed from overlapping leaf sheaths that give a distinctly

dilated shape at the base, and several broad leaves (Birmeta, et al, 2004; Tsegaye and Struik, 2003).



Figure 3: Physical form and the plant morphology of enset plant. Enset fruits on inflorescence (A), fruit (B),
seeds inside fruits (C), mature flowering enset plant (D) (Photo taken by the author during sample
collection) (Source figures A, B and C: http://www.bananas.org/f2/fruits-seeds-ensete-ventricosum-

11923.html).

When the plant matures, an inflorescence is produced from the true stem that emerges through the leaf
sheaths; and over time small fruits that contain large and very hard seeds develop in the inflorescence

(Figure 3A-D).
1.2. Enset and its farming system in Ethiopia

Ethiopia is extremely dependent on agriculture as a predominant source of employment, income, and food
security for most of its population (Tadesse et al., 2021). Ethiopian agricultural systems are naturally highly

diverse (Borrell et al, 2019). According to some authors, a total of 162 crop species are cultivated
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throughout the highlands of southern, western, eastern, and central Ethiopia (Zemede and Ayele, 1995).
Several ethno-linguistic groups cultivate enset as a main perennial plantation on farms, with other crop
species complementing enset in the form of mixed subsistence farming systems for socio-cultural,
economic, and environmental use-values. On average, enset farms grow and herd more than 10 different
crops and livestock species (Sibhatu et al., 2015), with farmers growing many different enset landraces
within one plantation (Zippel, 2005). Anthropologists, archaeologists, historians, and other scholars argue
that enset was domesticated in Ethiopia as early as 10,000 years ago (Brandt et al, 1997). During his travels
in Africa to discover “the Source of the Nile”, Bruce, (1790) collected plant species and stated that enset
naturally produce and grow in every part of Abyssinia (the earliest name of Ethiopia). This indicated that
enset is one of the earliest domesticated and cultivated crops in the country. Eighty percent of the enset
production is concentrated in the South and Southwestern part of the country (Bezuneh et al, 1967).
Besides, the crop represents 65% of the total crop production in the southern regions of Ethiopia (Borrell
et al, 2019; Tuffa, 2019). The name “Tree Against Hunger”, is common across different cultural groups
cultivating enset and was first recorded in a European language by the traveling Portuguese priest
Jeronimo Lobo in 1640 (Costa and Lockhart, 1984). It is an important food security crop sustaining the lives
of many people (Borrell et al, 2019; Brandt et al., 1997), which was evident during the harsh famine in
Ethiopia in the 1980’s, where enset growing communities were not affected at all (Rahmato, 1995). Outside
Ethiopia, enset is reported to have provided an emergency food in Vietnam during the Second World War.
In parts of north and central Vietnam the growing point is used as a vegetable (Oyen and Lemmens, 2002).
In addition, parts of Ensete glaucum are consumed in New Guinea, particularly the ripe fruits (Kennedy,

2009).
1.3. Food security and nutritional value of enset

Several agricultural crops are known to originate from Ethiopia (Purseglove, 1985; Vavilov, 1951; Winters
etal,, 2006). This includes coffee (Coffea arabica), tef (Eragrostis tef), safflower (Carthamus tinctorius), noug
(Guizotia abyssinica), anchote (Coccinia abyssinica (Lam.) Cogn.), khat (Catha edulis Forsk), and enset
(Ensete ventricosum, (Welw.) Chessman). Most research works, and subsequent improvement and
conservation programs have so far focused mainly on cereals (0Oli, 2006). Most of the root and tuber crops,
including enset, did not get a fair share of attention by researchers and policy makers. However, enset is
the major starch staple and an underexploited starch crop with significant potential in Ethiopia and beyond
(Borrell et al., 2019). It is also stated that Ethiopia is well known for its diversity of indigenous food plants,
of which 27% are cultivated vegetables by traditional farmers in home gardens, and about 29% non-
cultivated traditional vegetables (Asfaw, 1997). However, chronic food insecurity in Ethiopia is estimated
to be about 10% and this figure rises to more than 15% during frequent drought years causing acute food
insecurity (Endalew et al,, 2015). Enset is highly drought tolerant with a broad distribution in different
agro-ecological zones and a lifesaving crop for both humans and livestock (Shigeta, 1990). Besides, enset
can be harvested at any time of the year and at any stage over several years (including when itis immature),
and enset-derived starch can also be stored for long periods (Birmeta et al, 2004). According to the
6



2019/20 main crop season survey, 157 mill enset plant were harvested. This gives a total yield of about 9.4
mill tonnes per year, making it one of the largest perennial food crops in the country (Central Statistical
Agency, CSA, Government of Ethiopia, 2020). Also compared to all other crops in Ethiopia, enset ranks the
second most produced crop species, with the fourth highest yield per hectare (Borrell et al, 2020).
However, yield and ratio of different enset food products vary and depends on cultivated accessions
(Borrell et al., 2020). The usable parts of the enset are the pseudostem (leaf sheaths) (Figure 4A), the corm
(underground part) (Figure 4A) and leaf petioles, but the pseudostem and corm are the main edible parts

from the enset plant (Tsegaye, 2002).

Midrib
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Figure 4: A: Mature enset at flowering stage (adapted from (Brandt et al, 1997); B: Enset plant ready for

harvest (Photo taken by the author during sample collection).

The major processed foods from enset are Kocho (obtained through fermentation of decorticated leaf
sheaths and corm), Bulla (a white powder produced by drying squeezed sap from scraped leaf sheaths and
grated corms), and Amicho (boiled enset corm, usually from a younger plant) (Figure 4A-B) (Brandt et al.,
1997; Yemataw et al,, 2014). The nutritional value of enset products is comparable to other starchy
products from species such as sweet potato, taro and yam (Tsegaye, 2002). The pseudostem is rich in
soluble carbohydrates (80%) and starch (65%) but has low protein content (4%) (Mohammed etal, 2013).
However, the fat and carbohydrate contents of enset products are better than in sweet potato and yam
(Jacobsen et al, 2018; Tsegaye, 2002). The corm has the highest concentration of most soluble
carbohydrates and starch, and least of protein, fibre, cellulose, and sugar (Mohammed et al., 2013).
Chemical composition and the relative concentrations of certain macro and trace elements show a

considerable variation in enset (Nurfeta et al., 2008). The enset food contains more calcium and iron than
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most cereals, tubers, and root crops, and some enset landraces are believed to have medicinal value, which
is utilized by the enset growing communities (Daba and Shigeta, 2016). Moreover, several bioactive
compounds such as antioxidants, antiobesity, immunomodulatory activities, hypocholesterolemic,
antimicrobial and antidiabetic, are present in tubers and root crops (Chandrasekara and Josheph Kumar,
2016). These bioactive compounds are important to reduce heart strokes, cancers, chronic respiratory
diseases, and diabetes. The bioactive compounds such as antioxidants and total phenolic compounds of
different types of enset have seldom been described (Forsido et al 2013; Desssalegn 2019). The chemical
composition of food crops can vary considerably between regions within a country and among countries
(Greenfield and Southgate, 2003). Similarly, the quality of enset products depends on the accessions type,
environmental conditions, age of the plant and method of processing (Karssa and Papini, 2018).
Characterization of the nutritional quality of enset accessions is very important for the utilization of the

enset biodiversity in Ethiopia.
1.4. Genetic resources and molecular marker of enset

Ethiopia is the primary centre of origin and centre of diversity of enset (Purseglove, 1985; Vavilov, 1951).
Enset farms in Ethiopia are rich in enset diversity, since farmers grow various types of enset used for
specific purposes on the same farm (Shumbulo et al, 2012). Previous studies have characterised
phenotypic variation among accessions and regions for traits such as maturity time, plant height,
pseudostem height, circumference, leaf number and end-product yield in 378 accessions of enset (Yemataw
etal., 2017). Moreover, a large part of enset diversity still exists in farmers' field (on-farm), unrepresented
in ex situ collections (Haile, 2014; Yemataw et al., 2017). Thus far, very few studies were conducted to

characterize enset genetic resources, both in farmers' field and germplasm collection centres.

In a biological comparison of wild and cultivated enset, the wild enset propagates naturally by seed under
natural condition, however, cultivated enset in farmer fields are only propagated vegetatively by the local
farmers (Borrell et al., 2019; Brandt et al., 1997; Shigeta, 1992). Based on the domestication status and
modes of propagation, the three horticultural forms of enset are cultivated enset (Figure 5 A-F), Entada
landraces (Ensete ventricosum (Welw.) Cheesman var. Entada) propagated from spontaneous suckers
(Figure 5 G-H), and wild enset (Figure 5 I-]) (Bekele and Shigeta, 2011; Olango et al., 2015). However, wild
and a few cultivated genotypes are produced from seeds, and the species appears to have an outcrossing
reproductive system (Birmeta et al.,, 2004; Brandt et al.,, 1997). Enset is harvested before flowering (unlike
banana) to avoid reallocation of resources from edible storage organs to the inedible inflorescences, thus
seeds are not available for establishing new plants (Borrell et al., 2020). However, vegetative propagation
is preferred due to increased vigour of suckers (Alemu and Sandford, 1991). Besides, domesticated enset
seeds also have low germination ability and are highly variable (Diro et al., 2003; Negash, 2001; Tesfaye,
1992). Enset propagation by inducing suckers is a cultivation practice carried out every year, from late

December to early February, using a mixture of accessions (Tsegaye, 2002; Zippel, 2005).



Another cultivated enset landrace know as Entada (Ensete ventricosum (Welw.) Cheesman var. Entada) is
asingle domesticated enset landrace mainly from the South Omo region in the country (Bekele and Shigeta,
2011). Entada is a naturally suckering cultigen of enset and resembles Musa species as regards the
suckering trait (Figure 5 G-H) (Shigeta, 1990). Entada is propagated by spontaneous suckers like banana,
and the local name is Intada (Bekele and Shigeta, 2011). The name indicates that the plant grows by itself
or multiply by itself (Shigeta, 1992). Entada has lost the apical dominance, which is present in enset but has
kept the ability to flower and set fruit (Shigeta, 1992). Generally, Entada is different from all the other
cultivated and wild enset both morphologically and genetically, which do not produce and propagate with
suckers (Figure 5 G-H) (Olango et al, 2015; Shigeta, 1992). Phenotypically Entada is short in stature,
produce numerous suckers naturally, have short leaves, and the nature of the leaves are plastic. However,
evidence indicates that the Entada landrace is one of the most genetically unstudied food crops in Ethiopia
(Shigeta, 1992). A previous molecular diversity study of enset using SSR and SNP markers revealed that
Entada belongs to the genus Ensete of the Musaceae family (Olango et al., 2015; Yemataw et al., 2018), but
so far, no research has been conducted to investigate and document the phenotypic and genetic variation

among and within Entada landraces and the relationship of Entada with other cultivated and wild enset

genotypes.

Figure 5: Phenotypic variation among sequenced enset accession from cultivated enset (A-F), Entada

landraces (G-H) and wild enset (I-]) (Photos taken by the author during sample collection).

Landraces of Entada are being maintained and used by mainly the Ari people in Ethiopia (Shigeta, 1992).
The major processed food from Entada is Amicho prepared from the underground corm (the underground

base of the stem that serves as a storage organ). The fresh corm is cooked like potatoes and yam. It is very



important to sustain the cultivation of Entada since it is not only a food plant but also a multi-purpose crop

with cultural values and an animal feed source (Shigeta, 1992).

Understanding genetic variation and geographic origins of germplasm in line with their cultivation history
and ecological adaptation are essential for conservation and breeding (Solomon et al, 2019). Germplasm
diversity is vital to successful breeding programs. Such diversity is important for broadening the genetic
base, as it increases the probability of finding more unique genes for which two parents have diverse alleles
(Solomon et al,, 2019). Conservation of genetic diversity is an important prerequisite for developing new
cultivars with desirable agronomic characters. While many germplasm collections have been established
worldwide, many of them face major difficulties due to large size and lack of adequate information about
population structure and genetic diversity (Lee et al.,, 2016). Similarly, enset accessions have traditionally
been characterized based on phenotypes, however, phenotypic descriptions are limited by the cost, time,
and space required to make visual observations and measurements (Heuzé et al, 2017). Moreover, the
vegetative propagation nature and long perennial life cycle of enset have made the programs laborious,
time-consuming, and costly (Bezuneh, 2010). Although assessment of morphological variation present in
enset is feasible, its use is rather limited due to the small number of phenotypic markers and the fact that

they are influenced by many environmental factors (Negash et al., 2002).

In Ethiopia, farmers give vernacular names for each enset accession and distinguish between them based
on the main observable physical or biochemical characteristics. Further farmers distinguish based on the
output product and fibre content (Shumbulo et al,, 2012). However, language differences among the enset
growing communities resulted in homonyms, synonyms, and multiple duplications of landraces in
conservation centres and made them overfilled and bulky to manage effectively (Bezuneh, 2010; Negash et
al., 2002). This is beginning to change as the importance of this crop becomes better understood. Studies
using molecular markers such as Amplified Fragment Length Polymorphism (AFLP) (Negash et al.,, 2002),
Random Amplified Polymorphic DNA (RAPD) (Birmeta et al., 2004), Inter Simple Sequence Repeats (ISSR)
(Tobiaw and Bekele, 2011), chloroplast DNA sequences (Bekele and Shigeta, 2011), Simple-Sequence
Repeats (SSRs) (Gerura et al.,, 2019; Getachew et al., 2014; Olango et al, 2015), and Single Nucleotide
Polymorphism (SNP) (Tesfamicael et al.,, 2020) have revealed that there are genetic diversity among wild
and cultivated enset accessions. However, these studies were conducted in particular locations of enset
growing areas in southern Ethiopia. Since Ethiopia is the centre of diversity there still are many enset rich
locations that are thought to harbour huge diversity of cultivated and wild enset not yet studied and
unrepresented in ex situ collections (Olango et al., 2015; Yemataw et al., 2017). Numerous landraces and
elite cultivars adapted to diverse local habitats in Ethiopia have been developed via thousands of years of
natural and artificial selection, domestication, and evolutionary processes. Therefore, it is very important
to employ new molecular techniques and exploit the hitherto unstudied enset growing regions to discover
and characterize new sources of variation and study the relationships forms of enset as well as relatedness

with the already characterized enset diversity in other parts of Ethiopia.
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Several modern molecular techniques are now being applied together with phenotypic descriptions to
describe genetic diversity and relatedness among enset accessions (Birmeta et al., 2004; Tesfamicael et al.,
2020). Single Nucleotide Polymorphisms (SNPs) and Simple Sequence Repeats (SSRs) are the most
common DNA markers for genetic diversity studies (Tsykun et al., 2017). Among all DNA markers, SNPs
are the most abundant and robust markers. They are feasible for automated high-throughput genotyping
processing of large numbers of samples and available for multiple assay options using different technology
platforms to meet the demand for genetic studies and molecular breeding of crop plants (Alkan and Eichler,
2011; Bus et al, 2012; Hamilton et al, 2011). The recently developed ddRAD-seq technique is used
extensively for population genetic studies in a wide range of non-model organisms (Andrews et al., 2016;
Peterson et al., 2012). The ddRAD sequencing provides a useful tool for marker-assisted breeding, genotype
identification and determination of genomic organization and evolution in plants. It is a powerful and
relatively cost-effective approach for developing numerous SNP markers and constructing high-density
genetic maps (Peterson et al., 2012). SNPs are powerful tools to resolve the differences among extremely
similar individuals and increase the accuracy of diversity estimates (Hinze et al, 2017). Currently, enset is
one of the indigenous orphan crops for which there is high protection and development concern in Ethiopia
(Olango et al., 2015). However, lack of knowledge about the detail genetic diversity of this plant species
complicates conservation, improvement, and utilization efforts by farmers, conservationists, and breeders
(Negash et al,, 2002). Despite its current importance, abundant diversity and huge potential, enset is
probably the least studied food security crop in Africa, even if it is the second most widely grown crop in
Ethiopia and serves as a key staple food crop for about 20 to 35% of the Ethiopian population. Detailed
diversity studies of both cultivated and wild enset, and the Entada landrace in Ethiopia are needed (Borrell
et al, 2019; Tesfamicael et al, 2020). Furthermore, research in fields such as agronomy, breeding,
pathology, and conservation is very much needed to optimize and maximize the benefits from this multi-
purpose crop that is so important for Ethiopians (Borrell et al.,, 2019). Therefore, investigations of genetic
diversity, population structure, potential selection signatures of different enset types, and the nutritional
diversity are essential for conservation and management of germplasm resources, including identification

of duplicate accessions and breeding efforts.
1.5. Research objectives and framework

This project was initiated with the general objective of addressing the magnitude and structure of genetic
diversity, and chemical and nutritional composition of enset in Ethiopia for the benefits of future collection,
conservation, and breeding programs. The last chapter provides concluding remarks and outlines future
research needs. Since the thesis was developed as individual manuscripts already submitted or ready to be
submitted to peer-reviewed journals, repetitions of introductory information in each of the chapters

occurs, allowing for an independent reading.
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The specific objectives of this PhD thesis were to:

1. Find optimal methods for preservation of leaf tissues of enset, collected during field expeditions
and necessary to store at ambient temperature for various time spans, and DNA extraction
methods to ensure integrity, quantity, and quality of genomic DNA.

2. Evaluate the efficacy and suitability of Single Nucleotide Polymorphism (SNP) markers developed
from ddRAD (double-digest Restriction-Site-Associated DNA) sequencing for high-throughput
genotyping and estimation of genetic diversity among and within cultivated and wild enset
accessions collected from three regions in Southern Ethiopia.

3. Study the genetic diversity among accessions of the Entada landrace, relationships between
Entada, cultivated and wild enset, and identify candidate genes involved in sucker formation.

4. Characterize the nutritional composition and content of bioactive compounds in plant parts used
for food and feed among the most common enset clones used by farmers and compare it with

different forms of enset.

2. Summary of materials and methods

2.1 Description of sampling area and plant material

In this PhD project we used enset plant material both for the genetic diversity studies and the nutritional
and bioactive compounds analyses. Enset accessions were collected from three main enset culture
communities, which are the densely populated enset cultivating administrative regions Sidama, Gurage and
South Omo (Paper [, I and III). We collected 226 cultivated and 10 wild enset accessions originating from
different geographical locations and agro-ecological zones (Paper II). The wild ensets were collected
around farms, along riversides and in deep forests only in the South Omo region. Furthermore, 129 Entada
landraces were collected from Sidama, South and North Ari regions (Paper I1I). Eighteen enset accessions
(14 cultivated and 2 wild ensets, and 2 Entada landraces), were collected from the fields at Areka
Agricultural Research Centre (AARC) and Hawassa university (HU) Research Center for characterizing
nutritional composition and bioactive compounds of enset (Paper 1V). Unfurled young, healthy, and fresh
leaves were collected and used for genetic diversity studies, and five years old enset plant tissues i.e., leaf

sheath and corm, for nutritional composition analyses.
2.2. Methods
2.2.1. Preservation of collected leaf materials and extraction of genomic DNA

We tested three leaf preservation (NaCl-CTAB, silica gel and ethanol) and two DNA extraction (DNeasy
Plant Mini Kit and CTAB) methods for the preservation of plant materials over various time periods up to
five weeks, and for obtaining high quality and quantity of genomic DNA (Paper I). We found that the
saturated NaCl-CTAB solution for leaf preservation and the DNeasy Plant Mini Kit (Qiagen) for genomic

DNA extraction gave the best results and these methods were selected for preparation of genomic DNA
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used in the studies reported in paper Il and III. Unfurled young, healthy, and fresh leaves were collected
and maintained in saturated NaCl-CTAB solution with minor modification (Rogstad, 1992) to preserve
genomic DNA from degradation during transportation from the field in Ethiopia to the laboratory at the
Norwegian University of Life Sciences (NMBU) at As in Norway. The concentration was measured with a
Thermo Scientific NanoDrop™ (ND). DNA quantification was performed by agarose gel electrophoresis

(1%), Qubit® dsDNA BR assay kit (Q) and Quant-iT™ PicoGreen™ dsDNA assay (Paper I, I and III).

2.2.2. Double-digest Restriction-Site-Associated DNA (ddRAD) library preparation and Illumina

sequencing

The ddRAD procedure used in this study was modified from Peterson et al. (2012) (paper II and III). We
calculated the number of reads required for 20X coverage of restriction fragments in the 150-500 bp size
range across 10 multiplexed individuals using multiple enzyme pairs, assuming 0.44 GC content, to ensure
that restriction fragments could feasibly be sequenced with enough coverage on an Illumina MiSeq
platform. The libraries were analyzed using an Agilent 2100 Bioanalyzer and diluted to a concentration of
35 nM for paired-end sequencing using the V2 sequencing kit on the MiSeq platform (Illumina). The

sequencing was performed at NMBU.
2.2.3. SNP calling and population genetic analyses

The ddRAD sequence data obtained was quality checked wusing the FastQC program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). High quality reads were retained after
trimming the bad quality reads using the Trimmomatic program (Bolger et al, 2014). The SNPs were
filtered using STACKS 2 (Rochette et al.,, 2019). The SNP data were used to estimate population genetic
parameters and population structure of cultivated and wild enset (Paper II) and Entada landraces (Paper
I1I). We estimated the population genetic structure using the software fastSTRUCTURE (Raj et al., 2014),
cluster analyses including maximum-likelihood (ML) phylogenetic tree analyses were performed using
PhyML 3.0 (Guindon et al, 2010), and PCA analyses using TASSEL v5.2 (Bradbury et al., 2007). The trees
were prepared and visualized using the iTOL v4 online tool (Letunic and Bork, 2019). The patterns of
genetic variation and population differentiation, including heterozygosity and pairwise genetic
differentiation (Fsr) (Weir and Cockerham, 1984), were estimated based on SNP genotypes using Arlequin
v.3.5 (Excoffier and Lischer, 2010). To detect loci under directional selection, we used the hierarchical
method (Excoffier et al, 2009), a modified approach of Beaumont and Nichols (1996) (Beaumont and
Nichols, 1996), implemented in the Arlequin software package version 3.5.1.3 (Excoffier and Lischer,
2010). The putative function of genes with outlier SNPs was identified using the Gene Ontology (GO)

annotation using Blast2GO software tool version 3.0 (Conesa et al., 2005).
2.2.4. Characterization and analyses of nutritional composition and bioactive compounds

All analyses were based on dry weight (DW), while the total phenol content and antioxidant capacity were

measured based on fresh weight (FW). Samples were freeze dried and ground to pass through a 1 mm
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screen (coffee grinder in stainless steel). The Megazyme K-Amyl amylose/amylopectin analysis kit was
used to quantify the amylose (AM) content following the manufacturer's protocol (Megazyme, Wicklow,
Ireland). The amylose content (%) was calculated as (Abs510 Amyl/Abs510 total)*66,8. The conversion
factor originating from the dilutions during the protocol steps was 66.8. For determination of WSC, samples
were extracted in 0.05 MNa-acetate buffer at room temperature for 18 h and filtered through paper
(Randby et al., 2010). The carbon (C) and nitrogen (N) was determined based on the classical Pregl-Dumas
method (https://www.nmbu.no/download/file/fid/48964) and the amount of aNDF (NDF on organic
matter basis) was determined as described in Mertens (2002) using and Ankom200 Fiber Analyzer (Ankom
Technology). The major and minor minerals samples were decomposed with ultrapure concentrated HNO3
(nitric acid) prepared by dissolving 0.25 g of sample with 5 mL of HNO3 in acid-washed Teflon tubes at 260
°C in a Milestone Ultraclave (260 °C for 20 minutes). The samples were diluted by adding 50 mL deionized
water and analyzed using ICP-OES (Inductively coupled plasma atomic emission spectroscopy) (Agilent
5110 ICP-OES) and ICP-MS (Inductively coupled plasma mass spectrometry) (Agilent 8800 ICP-MS).
Phosphorus (P), potassium (K), sulfur (S), calcium (Ca), and magnesium (Mg) were quantified using the
ICP-OES. Sodium (Na), iron (Fe), copper (Cu) and zinc (Zn) were quantified using the ICP-MS. Dry matter
content was determined gravimetrically based on sample weight loss after being heated in an oven at 120
°C for 48 hours. TPC was determined using the Folin-Ciocalteu reagent based on the procedure (Singleton
et al., 1999). Three grams (g) of fresh homogenate sample was weighed and extracted using 30 mL
methanol. The liquid sample was centrifuged, and the supernatant was mixed with Folin Ciocalteu reagent
and 7.5% (w/v) sodium carbonate, sample was incubated for 15 minutes and measured at 765 nm
wavelength. The results are expressed as mg gallic acid equivalent (GAE) per g fresh weight (FW). The
antioxidant capacity (AO) was estimated by the method of (Benzie and Strain, 1999). Three grams of fresh
homogenate sample was weighed, extracted in 30 mL methanol, centrifuged and the supernatant was
mixed with acetate buffer, TPTZ (2,4,6-tri-pyridyl-s-triazine) and iron trichloride, incubated for 10 minutes

and the absorbance was measured at 595 nm.

Analysis of variance was performed using the R software (version 3.6.2) and Proc GLM in SAS version 9.4
(SAS Institute Inc., Cary, NC, USA) to test differences in contents of various nutritional composition and
bioactive compounds among and within different forms of enset. Multiple means comparisons were tested
using the Tukey test, and differences between considered statistically significant at P<0.05. The correlation

coefficients were estimated using Pearson correlation (r).

3. Main findings and discussions

3.1. Appropriate methods for preserving and extracting DNA from enset leaves

Many leaves preservation and DNA extraction methods have been developed, most of them tailored for
isolation of DNA from fresh leaf samples (Bressan et al., 2014; Rogstad, 1992). The first objective (Paper I)

was to find a method that preserved the leaf materials at ambient temperature over various time periods
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up to five weeks. The saturated NaCl-CTAB solution was found to preserve leaves better than silica gel or
96% ethanol. Besides, visible contamination was not observed on the enset leaves and this is most likely
due to the bactericidal and detergent properties of CTAB (Rogstad, 1992; Thomson, 2002). Storage in
ethanol did not preserve the DNA of enset leaves. DNA of samples preserved in silica gel were highly
degraded. Most likely the preservation efficiency of silica gel is affected by the enset leaf secondary
compounds and/or tissue characteristics (Abdel-Latif and Osman, 2017; Bressan et al., 2014). Moreover,
the DNeasy Plant Mini Kit (Qiagen) method was found to be more efficient in extracting DNA from the
preserved samples than the standard CTAB method; being faster and producing genomic DNA of higher
quality (Kotchoni and Gachomo, 2009; Margam et al., 2010). Most likely the CTAB method is better for
young and fresh leaves (Guo et al, 2018). The preservation protocol was validated for leaf tissues of all
Entada landraces, cultivated and wild ensets. Therefore, the saturated NaCl-CTAB solution and the DNeasy
Plant Mini Kit were used in this study to obtain high quality genomic DNA for the experiments described in

Paper Il and III.
3.2. Genetic diversity, population structure, and selection signatures in enset (Paper II)

Single nucleotide polymorphism (SNP) genotyping arrays and next-generation sequencing technologies are
powerful tools to measure the level of genetic polymorphism within a population (Bianchi et al,, 2020). In
this study, we developed 3,505 high-quality SNP markers from the 236 cultivated and wild enset samples
collected from various enset growing zones (Paper II). The SNP marker data was used to estimate genetic
diversity, population structure, and selection signatures in cultivated and wild enset. Our results showed
that the genetic structure and cluster analyses clearly distinguished between cultivated and wild enset due
to the difference in propagation methods and cultivation status. The cultivated enset is propagated from
induced suckers by farmers, and wild enset is known to propagate by seeds (Birmeta et al, 2004; Gerura et
al, 2019; Olango et al, 2015; Tesfamicael et al, 2020). AMOVA showed much higher levels of genetic
variation within populations and regions (91.2 and 92.4%, respectively) than between populations and
regions (8.8 and 7.6%, respectively). This shows that the region of origin and environmental heterogeneity
have little influence on the genetic variation in enset accessions. According to some studies, large genetic
variation within populations is not necessarily caused by environmental heterogeneity but could be due to
historical patterns of relationship (Schaal et al., 1998). However, the genetic differentiation between
regions was moderate to large (Fsr = 0.06-0.17). The highest Fsr values were observed between wild enset
(from South Omo) and cultivated ensets from Gurage and Sidama. This shows that these accessions are
more isolated from one another and most likely there is no wild enset growing in these regions. However,
moderate genetic differentiation was found in South Omom region. This might be due to the co-existence
of wild and cultivated enset in the South Omo region. Moreover, we also found that wild enset had lower
levels of heterozygosity than expected, indicating that wild enset is a sexually propagated plant within a
restricted area. This might be lead to inbreeding and increased homozygosity. However, relatively high
levels of heterozygosity were observed in all cultivated populations, which is consistent with the
outcrossing nature of enset during sexual reproduction. Most likely the genetic structure of enset can to a
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large extent be explained by eco-geographic factors, cultivation status and mode of propagation. The
genetic structure of plant populations reflects the interactions of various factors, including the long-term
evolutionary history of genetic drift, the reproductive system, gene flow and selection (Godoy et al, 2018;
Schaal et al, 1998). Overall, high levels of unexplored diversity for enset improvement remain available in
Ethiopia, with patterns of diversity consistent with divergent selection on adaptive traits. Furthermore, an
outlier Fsr analysis identified 12 candidate loci that distinguished between wild and cultivated enset.
Among these, six loci might be under positive selection and potentially involved in sexual reproduction and
flowering signalling, which are key processes underlying domestication and adaptation (Borrell et al,

2019). This demonstrates that sexual reproduction plays an important role in shaping enset diversity.

3.3. Genetic diversity among clones of the Entada landrace and its relationships with cultivated

and wild enset (Paper III)

Most of the plant landraces are cultivated and maintained by smallholder farmers and private gardeners
all over the world. In this context, the Entada landrace (Ensete ventricosum, (Welw.) Chessman, var. Entada)
is probably the most typical indigenous crop in Ethiopia. Entada landrace propagated by natural suckers
while the cultivated enset propagated by induced suckers. We developed 1,617 high quality polymorphic
SNP markers from ddRAD sequences across 117 Entada landraces, since 12 of the 129 Entada genotypes
collected turned out to be cultivated enset with suckers (see below). These markers were used to study the
genetic diversity among the Entada landraces. For the comparison of Entada with cultivated and wild
ensets, we used 2,823 high quality SNP markers, which were polymorphic in both cultivated enset (226
genotypes), wild enset (10 genotypes) and the Entada landraces (117). The joint phylogenetic analysis
involving all enset genotypes grouped the cultivated enset, wild enset and Entada landraces into three
distinct clusters. Entada forms a completely separated clade from cultivated and wild enset accessions in
the phylogenetic analysis (Paper III). However, an interesting result from the joint phylogenetic analysis
was that 12 of the Entada landraces clustered with cultivated enset. Morphological characters confirm that
these Entada landraces indeed are cultivated enset with natural suckers. This was surprising since we
expected these landraces with natural suckers to cluster in the Entada group. This illustrates that high

levels of unexplored diversity for enset improvement remain available in Ethiopia.

PCA analysis showed a clear differentiation between Entada landraces from Sidama and North Ari, and
nearly complete overlap of landraces from South and North Ari, indicating that Sidama landraces are more
isolated from the two other regions. This is not surprising since South and North Ari are very close
neighbouring regions. However, minimal molecular variation was detected between regions (0.48%),
nearly all variation was present within individuals (99.5%). This study revealed that asexual propagation
limit the genetic diversity between, but not within individuals. Subpopulation differentiation between
regions was not found, however, observed heterozygosity was very high, which is expected of Entada plants
with strict asexual propagation by spontaneous sucker (Olango et al, 2015; Shigeta, 1992). In conclusion,

Entada landraces with prolonged clonal growth and propagation will develop monoclonal populations with
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no significant clonal diversity. Furthermore, for the first time, signatures of selection were studied using
the Fsr outlier approach, which identified eight loci differentiating between cultivated enset and Entada
landrace. Four of the loci have putative gene functions, i.e., Lateral suppressor protein, Auxin response factor
24, Cytokinin dehydrogenase, and Scarecrow-like protein 18. The candidate genes are involved in axillary
shoot growth, and they might have important influences on the natural and induced sucker formation in

Entada landraces and cultivated enset, respectively.
3.4. Characterization of nutritional composition and bioactive compounds in Enset (Paper IV)

The current study is the first assessment of the nutritional variation among different forms of enset. Enset
(Ensete ventricosum,) is grown for its carbohydrate-rich food obtained from the pseudostem, leaf sheaths
and underground corm harvested 3-12 years after planting (Brandt et al, 1997). According to farmers,
corm size, tissue quality for extracting starch, root structure for harvestability, drought, frost and disease
tolerance are traits that are variable among clonal genotypes (Asfaw, 2002; Tsegaye and Struik, 2001). We
performed chemical analyses and estimated the contents of amylose (AM), neutral detergent fiber (NDF),
antioxidant capacity (AO), total phenol content (TPC), water-soluble carbohydrates (WSC), dry matter
(DM), and major minerals and minor elements in cultivated enset (14 common cultivars), 6 originating
from Sidama and 8 from Gurage), wild enset (2 clones) and Entada landraces (2 clones) originating from

Sidama.

We detected statistically significant nutritional differences between accessions and edible parts of enset
tissues, i.e., leaf sheaths and corm. On average, higher amylose content was observed in leaf sheaths than
in corm, suggesting that the starch biosynthesis was more efficient in leaf sheaths than in the corm.
Although not statistically significant, genotypes from Sidama had higher amylose content than Gurage
genotypes in both tissues, most pronounced in corms (P=0.07). The highest amylose content was found in
the leaf sheath of the Mundraro cultivar (64.1%) from Sidama and in the corm of one of the wild ensets
(62.6%), while the lowest content was 22.0% in the leaf sheath of cv. Astara and 20.9% in the corm of cv.
Agade, both cultivars from Gurage. The Mundraro genotype from Sidama is especially interesting since it
has highest amylose content of all cultivated ensets both in leaf sheath and corm. The differences in amylose
content are most certainly due to genotypic variation, at least for variation between the cultivated ensets
which had been grown in the same field for many years and were sample at the same age. The differences
are also due to variation in the main edible tissues (Gebre-Mariam et al, 1996; Moorthy, 2002; Seung,
2020). Surprisingly, except for two enset accessions, the average amylose content in the leaf sheath (36.3-
64.1%) is higher than in banana (24.4-40.7%) (Fontes et al., 2017; Ravi and Mustaffa, 2013; Waliszewski
et al.,, 2003). Starch from accessions with the highest amylose content can be used as potential sources for

maltodextrin and glucose syrup production.

The WSC content varied significantly between tissues (highest in leaf sheaths), cultivation status and enset
vs. Entada in leaf sheath. WSC content in the corm did not vary significantly between different enset

genotypes and geographical regions, while WSC contents in the leaf sheaths differed significantly between
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different enset types, being higher in cultivated enset than in wild enset and Entada. The common cultivar
‘Kiticho’ stands out since it has the highest WSC content in leaf sheaths and is also among the highest in
WSC of the corm. We found a moderate positive correlation (r=0.49) between WSC content in the leaf
sheaths and amylose content, but negative correlation (-0.18) in the corm. Since starch is a polymer of
glucose units and glucose is on fraction of WSC, we would expect a positive relationship between

carbohydrate and starch/amylose contents. The negative correlation in the corm is thus difficult to explain.

The amount of fibre, measured by NDF, is important for the feed value of enset leaves, and low NDF content
means that the leaves have high energy concentration and provides a good forage for ruminants. The
Entadalandraces had lowest NDF content in the leaf sheaths, wild enset highest and of the cultivated ensets,
Mundraro and Kiticho had significantly higher NDF content than the other genotypes. Thus, the Entada
genotypes should be very promising as feed sources providing that the yield is satisfactory. The NDF
content in the present study was lower than the values reported by Nurfeta et al., (2009). The NDF content
of wild enset in the present study is comparable with that of banana pseudostem (Carmo et al., 2018). The
differences in NDF contents is due to variation in genotype, and roots and tubers crops generally contain a

substantial amount of dietary fibre (Chandrasekara and Josheph Kumar, 2016).

The large positive correlations between NDF content on the one hand, and WSC and amylose in the leaf
sheaths is somewhat surprising. It is likely that high WSC content create a good source for starch
deposition, and WSC is also providing the building blocks (glucose and other sugars) of cellulose and
hemicellulose, which are main components of NDF. The positive correlation can only be explained by the
composition of NDF, i.e,, it must be made up of a low proportion of lignin and mostly hemicellulose. Also,
the NDF content among the cultivated enset genotypes was low compared to other studies, which could

have affected these correlations.

Significant variation of mineral content was observed between corm and leaf sheath of enset, except for
contents of Mg, P and Na. Mineral contents did not vary according to the geographical region, except for Mg
in corms which was significantly highest among Sidama genotypes. Some enset genotypes are believed to
have medicinal value, maybe due to large amounts of Ca and P (Daba and Shigeta 2016), and they are used
for that purpose by enset farmers. The wild enset had much larger content of Ca than the cultivated ensets
in both tissues, which could be a genotypic effect but also an environmental effect since the wild ensets
were not grown in the same experimental field as the cultivated ensets. However, another study (only on
cultivated enset) showed lower Ca contents in the leaf sheath and corm than the values reported in this
study (Nurfeta et al., 2008). The content of the minor minerals S, Fe, Zn, and Cu was significantly higher in
corms than in leaf sheaths, except for Fe. The highest Fe content was found in leaf sheaths of wild enset and
the lowest in the corms of the Entada landraces. All accessions had higher Cu content in the corm than in
the leaf sheath. These results are in agreement with previous reports (Debebe et al., 2012). We provide
further evidence that enset is an essential source of Zn and Cu, and that corm contains much higher levels

of these minor elements than leaf sheaths.
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As expected, very strong positive correlations were observed between TPC and AO contents both in leaf
sheaths and corms. The average TPC and AO contents in leaf sheaths and corms were not significantly
different, but within tissues, there were significant differences both within and between different types of
enset. Of the cultivated enset, Kiticho had highest TPC and AO contents in leaf sheaths, while Agade had
highest contents in corms, but lowest contents in the leaf sheath. This demonstrates very different
characteristics of these two commonly grown genotypes. However, genotype Wild1l had significantly
highest antioxidant capacity in leaf sheaths (9.2 umolg! FW) and Wild2 in corms (8.8 pmolg! FW) of all
enset genotypes. This demonstrates that there are valuable untapped genetic resources among wild ensets
that can be utilized for improving food quality of enset products. In general, the content of bioactive
compounds in tissues of Entada genotypes is average, and Entada does not seem to be promising sources
of antioxidants. Except for two of the common cultivated ensets, the others have higher TPC contents than
reported for enset by Forsido etal., (2013). The quantity of TPC content will vary with genotype and tissue
part (Chung etal,, 2008; Patthamakanokporn etal., 2008). Like banana, the enset plant has different content
of total phenol in different edible parts (Kandasamy and Aradhya, 2014). Edible enset tissue parts can serve
as an equally good source of dietary polyphenols as other Ethiopian staple carbohydrate foods, as also
shown by Forsido et al.,, (2013). Further, the total phenolic content of most of the enset accessions are very
high compared with other tuber vegetables reported in the literature (Cornago et al,, 2011; Shan et al,,

2005).

The enset genotypes differed considerably in dry matter content, for most of them, DM content was much
higher in corms than in leaf sheaths. This has also been found in other studies (Debebe et al., 2012; Negash,
2002; Nurfeta et al., 2008). There are, however, some genotypes, i.e., Medasho, Ado, Badedet, and one of
the wild ensets (Wild2), that has very similar DM content in the two tissues. Wild2 has very low DM content,
and this type would an interesting genotype for feeding ruminants during the dry season in areas where

the water supply is scarce, as pointed out by Nurfeta et al. (2008).
4. Conclusions

Enset (Ensete ventricosum) is a large perennial herbaceous plant distributed across central, eastern, and
southern parts of Africa. Despite of its wide distribution in Africa, it has only been cultivated and
domesticated in the southern part of Ethiopia. Surprisingly, it is not much known outside a narrow zone of
cultivation in southern Ethiopia considering the fact that it is a staple food for 20 to 35 million people
through its starch rich main edible parts, the corm and the pseudostem. Moreover, the large majority of
enset diversity existing in farmers' field are unrepresented in ex situ collections. Genetic diversity
assessment is crucial for characterization and conservation of accessions, and for utilization in breeding
programs. In this PhD work, baseline information on the genetic and nutritional diversities of enset
collected from different enset cultivation areas in the South and South-Western parts of Ethiopia is

presented.
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Preservation of plant tissue sampled from remote farmers’ fields, and rapid extraction of DNA of high
quality and quantity for utilization in molecular studies is challenging. For genetic diversity studies,
researchers usually collect plant materials from different locations, and it is critical to preserve the
biological samples so that the integrity of DNA is preserved for the longest possible time. We found that the
classical saturated NaCl-CTAB method was the best method for preserving leaf tissues and secure integrity
and good quality of the extracted genomic DNA for further downstream applications. The preservation
protocol was validated for leaf tissues of all cultivated, wild and Entada landraces. Efficient, robust, and
low-cost methods for preservation and storage of plant tissue sampled on collection trips to remote areas

are very important and should receive further attention.

In conclusion, our genetic diversity and population structure studies on enset genotypes, managed and
maintained by different farming communities in Southern Ethiopia, found a significant subdivision
between cultivated and wild enset and a large genetic variation within populations, indicating a
heterogeneous collection. Most of the genetic variability exists within geographical regions and very little
between regions, and enset from Sidama and South Omo are more genetically diverse than enset from
Gurage. Relatively high levels of heterozygosity within populations are consistent with the outcrossing
nature of enset during sexual reproduction, which has played an important role in shaping the genetic
structure of enset. This was further corroborated by an outlier Fsr analysis that identified six genes linked
to genes involved in sexual reproduction and flowering signalling, which are key processes underlying
domestication and adaptation. Extensive and unexplored genotype diversity is present among enset in
Ethiopia, encouraging further exploration and preservation of genotypes with desirable traits. Our results
are useful for the conservation of genetic resources, especially under global climate changes, and contribute
to the potential discovery of functional genes and genetic mechanisms related to adaptability of enset to
local climatic conditions, especially drought. This is encouraging for the potential of diversifying crops also

in regions where enset is not traditionally grown, such as the food insecure dry north in Ethiopia.

We describe, for the first time, genetic diversity among and within the Entada landrace, a variant of enset
that has lost apical dominance present in enset. It is therefore propagated by natural suckers as banana.
Entada formed a completely separated clade and group based on phylogenetic and PCA analyses of Entada,
cultivated and wild enset genotypes. However, little molecular variation was detected between landraces
from the different regions. Despite this, the PCA analysis differentiated between genotypes from Sidama
and the Ari region. Observed heterozygosity was extremely high, which is expected in plants with strict
asexual propagation. Prolonged clonal propagation of heterozygous genotypes from a single or few
founding lineages will lead to populations with very little or no diversity between genotypes, and extremely
high heterozygosity. Signatures of directional selection were identified at eight loci using an Fsr analysis
across cultivated enset and Entada landraces. These genes are involved in axillary shoot growth and might
be involved in controlling natural sucker formation in Entada. Overall, this study has generated a useful
resource of information for further conservation efforts, genetic research, and breeding of Entada
landraces.
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We analysed the composition of chemical and bioactive compounds of fresh leaf sheaths and corms of
fourteen common enset cultivars, originating from the Sidama and Gurage regions, and in addition two wild
ensets and two Entada genotypes from Sidama. These genotypes were selected to secure diversity and was
based on the relationships revealed in the phylogenetic study. Differences in chemical composition
between accessions, regions, and the edible parts leaf sheaths and corms were significant. On average,
higher amylose content was observed in leaf sheaths than in corm, and highest amylose content was found
in the leaf sheath of cv. Mundraro from Sidama (64.1%) and in the corm of one of the wild ensets (62.6%).
Genotypes/cultivars from Sidama have higher amylose content in both plant parts than ensets from Gurage.
The amylose content of some of the enset genotypes is very high compared to other root and tuber crops
like potato and cassava, which has amylose contents around 20%. These high-amylose genotypes could be
used as sources for production of maltodextrin and glucose syrup. The Entada landraces had the lowest
NDF, while wild enset had highest NDF content. NDF is important for the feed value of enset leaves, and low
NDF content means that the leaves have high energy concentration and provides a good forage for
ruminants. The content of major and trace mineral elements, and bioactive compounds, show different
variability regarding variations between tissues, genotypes, and regions of origin. The content and
availability of these nutritional elements are essential for people that has enset as their major staple food
source. The variations demonstrated in this study can be used to select and develop enset cultivar with
specific nutritional compositions, and also provide information to farmers which enset cultivars would

create optimal combinations on their farms.

Enset has a history of being an Ethiopian indigenous food security crop during difficult times, e.g., during
severe drought. We hope that our study will contributes to changing the enset production and consumption
systems. This study demonstrates that enset has high value, not only as source of starch, but also because
of its balanced content of minerals and bioactive compounds. There is a great potential to further utilize
the significant diversity present among the different types of enset, also for introducing enset as a more

food secure crop for the food insecure regions in the dry north of Ethiopia.
5. Future prospects and needs

e  Wide-scale efforts on natural resource preservation and maintenance of the existing Entada
landraces, cultivated and wild enset germplasm in Ethiopia are also essential. Moreover, the
genetic variation needs to be assessed using morphological, agronomic, and molecular traits to
develop a strategy to conserve and utilize the existing genetic diversity.

e  Further research is needed to expand this study to other regions of Ethiopia that are not covered
by the present study and give more comprehensive coverage to wild enset, as well as consider elite
genotypes across central, eastern, and southern parts of Africa to investigate the available diversity
thoroughly.

e Moreresearch is needed to investigate the cultural, socio-economic, and gender-associated aspects

of enset cultivation to assess and understand the dynamics of enset biodiversity.
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No study has been conducted so far on the distribution, management, modes of reproduction and
flowering. Therefore, it is essential that the interdisciplinary approaches such us combining
ethnobotanical with molecular methods is needed for documentation of the indigenous knowledge
system.

Enset is an underexploited starch-stable crop with a higher potential in Ethiopia and beyond. Thus,
further research is required to upgrade the nutritional content and the processing technology for
all types of enset and making the devices available to the end users.

Awareness and knowledge about all types of enset in Ethiopia are very insignificant. Thus, we
suggest more studies and policymakers' attention toward maintaining the existing enset farming
system and wider distribution and adoption in the other areas of the country, especially the
drought-prone regions in the north of Ethiopia.

In the end, high-throughput genotyping and phenotyping techniques should be used for the
description and utilization of enset genetic resources, for development of improved enset types

with broad adaptation to diverse climates and farming systems by novel breeding methods.
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Abstract

Enset (Ensete ventricosum) is a staple food for more than 20 million Ethiopians and only cultivated in the
native indigenous farming systems of Ethiopia. In contrast to other cultivated species in the Musaceae
family, enset has been relatively little studied at the molecular level. Application of advanced molecular
genetic techniques requires rapid extraction of DNA of high quality and quantity. Fresh, lyophilized tissues,
as well as tissues stored in liquid nitrogen are mainly preferred to avoid DNA degradation, thus most of the
DNA extraction protocols recommend these types of tissues as starting material. However, such sample
processing techniques are difficult to utilize in many developing countries and at collection sites of many
endemic plant species, underutilized or orphan crop species like enset. These situations necessitate the
development of alternative protocols for leaf preservation and optimized methods for isolating high-
quality DNA from dried or preserved leaf samples. In this study, three different leaf preservation and two
DNA extraction methods were compared. Fresh young leaf tissue was preserved using the minor modified
saturated NaCl-CTAB solution, silica gel or 96% ethanol at ambient temperature for more than 35 days.
Subsequently, DNA was extracted using either the DNeasy Plant Mini Kit or the CTAB method. As compared
to silica gel and 96% ethanol, the minor modified saturated NaCl-CTAB solution preserved the quality,
quantity, and integrity of enset genomic DNA. This method consistently produced genomic DNA of high-
quality and quantity at affordable cost. The DNeasy Plant Mini Kit method was found to be more efficient
than the standard CTAB method, being faster and producing genomic DNA of higher quality. Using
saturated NaCl-CTAB solution is an accessible, efficient, scalable, and inexpensive way to preserve enset
leaves during collection and transportation. The preservation protocol was validated for leaf tissues of all
cultivated and wild enset, and Entada landraces. Genomic DNA of high quality and quantity was obtained
from preserved enset leaves, which can be used for further downstream applications including PCR and

sequencing.
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Introduction

Rapid extraction of high-quality and pure DNA is a prerequisite step for implementing the most advanced
molecular techniques used in modern biological research project such as developing molecular markers,
genetic mapping, sequencing, and marker-assisted selection (Guo et al, 2018; Pervaiz et al, 2011). The
isolation of pure and intact genomic DNA of high quality and quantity is a limiting factor in many plants
molecular genetic studies, mainly for the next generation sequencing platforms, where high-molecular-
weight DNA, free of contaminants is required (Abdel-Latif and Osman, 2017; Vaillancourt and Buell, 2019).
Unlike animals and microbes, the DNA extraction methods need to be adjusted to fit each plant species and
even to each plant tissue, because of the presence of secondary metabolites. (Sangwan et al., 1998;
Sonmezoglu and Terzi, 2019). Various protocols have been developed for the extraction of genomic DNA
from plants but a universal application has not been developed (Abdel-Latif and Osman, 2017; Varma et al,
2007). The main cause of variability and modification in DNA extraction protocols such as the CTAB
protocol, is the composition of cell walls and intra- and extracellular components (Pervaiz et al, 2011). For
genetic diversity studies, in many cases, researchers usually collect plant materials from different locations
or even from different countries. It is critical to preserve biological samples using methods that maintain
the integrity of DNA for the longest possible time, especially for endemic plant species mostly present in
remote areas that are difficult to collect (Doyle and Dickson, 1987). Taxa from temperate zones, botanical
gardens and major cultivated crops are often well sampled, but species found in the tropics, particularly in

remote areas, are poorly represented (Harris, 1993).

Genomic DNA can be extracted from fresh, dried, or preserved plant tissues using various extraction
methods. DNA extraction from plants is generally compromised by excessive contamination of secondary
metabolites (Sahu et al,, 2012). Therefore, extraction of large quantities of high-quality DNA from plant
tissues can be difficult in some species due to the presence of large amounts of phenolic compounds, high
levels of DNases and large amounts of organelle DNA (Varma et al, 2007). Young and fresh plant tissues
are commonly used as sources of high molecular weight genomic DNA as they contain small amounts of
secondary metabolites, less polysaccharides and is easier to grind and isolate DNA from compared to older
plant tissues (Abu Almakarem et al., 2012; Nickrent, 1994). It is possible to use fresh plant material when
the laboratory is close to the research sites, the greenhouse, or the growth chamber. However, using fresh
tissue samples are often not practical because the collection sites are located far away from the laboratory,
leading to the need for preservation of collected samples and transport to the laboratory where the DNA
extraction will be performed. Degradation of genomic DNA and other biochemical processes begin
immediately after the tissue is removed from the plant (Abu Almakarem et al., 2012). Fresh, dehydrated,
or lyophilized tissues, as well as tissues stored in the liquid nitrogen, are mainly preferred to avoid DNA
degradation. Nevertheless, such sample processing is impossible to perform in many developing countries
and at locations of many underutilized tropical plant species (Bressan et al., 2014). In these cases, plant
tissue samples are usually preserved and stored at ambient temperature until brought back to the
laboratory or cold storage, where already the DNA might be degraded. Therefore, many ecological and
biodiversity studies performed in remote areas need different methods to preserve and store leaf materials,

prior to molecular analyses to prevent DNA degradation (Bainard et al., 2010).



Enset (Ensete ventricosum) is only cultivated in the native indigenous farming systems in Ethiopia (Brandt
etal.,, 1997; Guzzon and Miiller 2016). It is a staple food for over 20 to 35 million people through its starch
rich main edible parts, the corm and the pseudostem (Borrell et al, 2019, Tuffa, 2019). Effective
preservation methods are essential when sampling tissues from the remote farmers’ fields for investigating
molecular diversity or other molecular studies. Further, the leaf preservation methods should be
compatible with the requirements of commercial and airline shippers (Chase and Hills, 1991). Dried leaf
samples and rapid desiccation is a good alternative for storing herbarium samples in the field, however,
preserving herbarium samples in silica gel or by drying has resulted in significant degradation of genomic
DNA obtained from herbarium specimens (Chase and Hills, 1991; Doyle and Dickson, 1987; Liston et al,
1990; Nickrent, 1994; Pyle and Adams, 1989). Hydrate leaf preservation methods such as ethanol and
saturated NaCl-CTAB solution have also been tested on samples from various plant species and the results
have been inconsistent (Abu Almakarem et al., 2012; Doyle and Dickson, 1987; Rogstad, 1992). Besides,
poor leaf preservation method can lead to DNA degradation and co-precipitation of PCR inhibitors (Bainard
et al, 2010; Rogstad, 1992). However, the saturated NaCl-CTAB solution is an important method for the
collection of plant samples from remote areas (Rogstad, 1992). This method has been proved to be
significant for the preservation of DNA samples of taxonomically diverse species (Nickrent, 1994; Rogstad,
1992; Storchova et al., 2000). The advantage of this method is that the dry ingredients, both NaCl and the
CTAB chemicals, are easy to obtain and transport to remote areas in developing countries (Rogstad, 1992).
However, few studies have been conducted using this method for leaf preservation and for studying its
effects on the quality and quantity of genomic DNA. The quality and quantity of the DNA from the samples
also depend on the duration of sampling and storage, and the plant species (Doyle and Dickson, 1987; Guo

etal, 2018).

Most of the DNA extraction protocols, recommends fresh leaf samples for genomic DNA isolation, but this
is impossible when the samples are collected in remote geographical areas. These situations necessitate
the development of appropriate protocols for leaf preservation and optimized methods for isolation of
high-quality DNA from preserved or dried leaf samples. The main objectives of this study were: (1) to find
an optimal method for preserving leaf tissues of enset stored at ambient temperature for various time
spans; (2) to examine how the preservation methods affects both the quality and quantity of the genomic

DNA; and (3) to study the effect of DNA extraction methods on DNA quality and quantity.
Materials and Methods

Plant samples and treatments

Ensetleaf tissues used for this study were collected from enset plants grown in farmer fields in the Southern
Nations, Nationalities and Peoples’ Region (SNNPR) state in Ethiopia. The duration of the storage of
collected samples varies from 7 to 35 days at ambient temperature (AT) (Table 1). Young fresh leaf
material, free from visible fungal and insect damage, was selected from each enset genotype. The collected
samples were divided into three parts and preserved using three different methods, i.e., 1) in saturated
NaCl-CTAB solution (hexadecyltrimethylammonium bromide), 2) in indicator silica gel, and 3) in ethanol

(96%). The saturated NaCl-CTAB solution was prepared following the original protocol (Rogstad, 1992),



with minor modifications. Briefly, 550 g NaCl was added to 1 L of tap water, boiled, cooled at ambient
temperature, and mixed thoroughly until the salt precipitated. Then, 35 g of CTAB was added gradually
with irregular intervals mixing, until the solution became viscous. 35-40 mL of the prepared solution was
aliquoted into 50 mL falcon tubes and used for the preservation of tissue samples. A pair of scissors was
used to remove leaf samples from the mother plants. The scissors were cleaned with ethanol (96%)
between independent samples. Fresh cigar-leaf samples harvested from each enset genotype were stored
immediately in the 50 mL tubes containing the saturated NaCl-CTAB preservation buffer. Samples were
then placed in a black plastic bag and stored in a dark room at ambient temperature. The second
preservation method used orange indicating silica gel (https://www.agmcontainer.com/920013). The
silica gel was applied at 10:1 gram ratio for effective leaf preservation (Chase and Hills, 1991). The leaf
tissue samples were placed in small tea bags, the tea bags were stapled, and the tea bags were transferred
to individual plastic bags containing 50-60 gram of silica gel (Goldberg and Weintraub, 2001). The third
preservation method used ethanol (96%). Approximately 2.5 gram of leaf samples were stored in 15 mL
Falcon tubes containing 8 mL of 96% ethanol following the protocol (Bressan et al., 2014). All samples were
stored at ambient temperatures during field collection and transportation from the remote farmer fields to

the laboratory at the Norwegian University of Life Sciences, As, Norway.

Sample preparation for DNA extraction

Upon arrival at the laboratory, the minor modified saturated NaCl-CTAB solution was washed off
thoroughly with deionized water and excess water wiped off the leaves with dry white wipes (Kimberly-
Clark™ Professional Kimtech Science™) (Figure 2b). Leaf samples were put in liquid nitrogen, ground
quickly using a pestle and mortar, and the ground powder transferred into 2 mL microcentrifuge tubes
(Eppendorf A.G., Hamburg, Germany) (Figure 3a). Leaf samples preserved in silica gel were removed from
the tea bags (Figure 2c) and pulverized using a pestle and mortar in liquid nitrogen (Figure 3b). Leaf
samples preserved in ethanol were washed with deionized water, dried with white wipes (Figure 2d) and
pulverized with a pestle and mortar in liquid nitrogen (Figure 3c). Pestles and mortars were washed and
dried before starting each sample preparation, and all pulverized leaf samples stored at -80 °C until further
analyses. For DNA extraction, 100 mg of pulverized leaf material of each sample preserved in NaCl-CTAB

and ethanol, and 20 mg of each sample dried in silica gel were used.

DNA extraction and detections

Total genomic DNA was extracted from the preserved and dried leaf materials using two different DNA
extraction methods. The DNeasy Plant Mini Kit (2016) was used following the manufacturer’s instructions
(QIAGEN, Hilden, Germany); the other method was the CTAB (cetyltrimethylammonium bromide)
procedure (Kovi et al, 2011; Murray and Thompson, 1980). However, the CTAB method did not show
promising results for the preserved and dried enset leaf samples. The DNeasy Plant Mini Kit (2016) method
was used for DNA extraction by varying the volume of the AE buffer (from 50 pL to 100 pL) and testing
various amounts of tissue (50-100 mg) to find the optimum amount of starting material. After removal of

the final AW2 washing buffer, the spin column was transferred into a new 2 ml collection tube and



centrifuged again for 1 minute at 20,000 x g to remove leftover AW2 washing buffer from the spin column,
which can affect downstream applications. Finally, we used a volume of 50 pL AE elution buffer with 100
mg fresh preserved enset leaf samples (Table 2, Figure 4, Sample ID 1(d)). The DNA of some accessions
were extracted from preserved samples after a few days, whereas DNA for others were extracted following
longer preservation times up to nine months at -20 °C to compare the quality and quantity of DNA (Table

1).

Qualitative and quantitative analysis of extracted DNA

The concentration, purity (A260/A280 ratio), and absorbance ratio at 260-280 nm (A260/A230 ratio)
were measured with a Thermo Scientific NanoDrop™ (ND) 1000 Spectrophotometer (Thermo Fisher
Scientific, USA), using 1 uL of each sample. According to DNeasy® Plant handbook (2020), a purified DNA
has an A260/A280 ratio of 1.7-1.9, indicating high purity of the DNA. The quality and integrity of total
genomic DNA was detected using 1% (w/v) agarose gel electrophoresis. Finally, the DNA concentration

was measured with the Qubit® dsDNA BR assay kit (Q) (Table 5).
Digestion with restriction enzyme

To check whether the genomic DNA extracted could be successfully digested with restriction
endonucleases the DNA was digested with the restriction enzyme EcoRI. This is important for downstream
applications like PCR and sequencing. The digested DNA was checked by electrophoresis on a 1% agarose
gel (Figure 8a, b).

Results
Comparisons of leaf preservation methods

After few days of storage at ambient temperature there were clear differences between the leaf
preservation methods as well as the physical appearance of the intact leaf samples (color) (Figure 2) and
pulverized (powder texture) samples (Figure 3). Moreover, visible biological contamination and infection
were not observed on the leaves preserved by all these three methods. Samples preserved with the minor
modified saturated NaCl-CTAB solution maintained their original leaf color, i.e., the leaves remained green
with no browning contrary to the other methods (Figure 2b, 3a). Leaf samples preserved in silica gel or
ethanol did not maintain their visible physical characteristics except for a few samples (Figure 2). Samples
stored in ethanol (96%) changed their color and formed a sticky and clay-mud like powder following

pulverization (Figure 3c).
Comparison of DNA extraction methods

Total genomic DNA was extracted from preserved and dried leaves using the DNeasy plant mini kit and the
CTAB extraction methods. Agarose gel electrophoresis and NanoDrop showed that total genomic DNA
extracted using the DNeasy plant mini kit method gave DNA of high concentration and purity (Figure 4-8)
(Table 3), whereas DNA extracted using the CTAB method showed comparatively lower concentration and

purity (Table 3).



DNA quality and quantity from preserved and dried enset leaves

The DNA quality and quantity were measured from preserved and dried tissue using NanoDrop and Qubit.
Overall, the DNA extracted from samples preserved in saturated NaCl-CTAB were of high quality with
A260/A280 ratios ranging from 1.70 to 2.01 and concentrations of DNA ranging from 50.8 to 222.1 ng/pL
(Table 3). The storage temperature (ambient or -20 °C) had no effect on the quality and quantity of DNA
from leaves preserved in saturated NaCl-CTAB (Table 2-5) (Figure 5, 7, 8). The DNA extracted from
samples preserved with different methods appeared as distinct bands separated on the gel at their
corresponding high molecular weights with little evidence of shearing and absence of RNA contamination
(Figure 5, 7). However, DNA obtained from dried leaf samples preserved in silica gel and the hydrated leaf
samples preserved in ethanol (96%) stored for 7 days at ambient temperature were highly degraded and
not visible on the gel (Figure 5, 7). Thus, the DNA from these samples were not analyzed further.
Furthermore, we performed digestion of the DNA with the restriction enzyme EcoRI, to further validate
that the DNA extracted from leaves preserved using the saturated NaCl-CTAB method can be used in down-

stream analysis like sequencing and molecular marker development (Figure 8a, b).
Discussion

One of the main advantages of the saturated NaCl-CTAB solution for preserving enset leaves is the use of
common and inexpensive reagents, scalability, and its simplicity of usage. In addition, it was easy to
transport samples in this solution from farmer fields in Ethiopia to Norway (Bhattacharjee et al., 2009;
Rogstad, 1992). To the best of our knowledge, no other studies have been investigating the effects of
different enset leaf preservation and DNA extraction methods on the quality, quantity and integrity of DNA
extracted from the preserved and dried enset leaf material. In this study, we determined that DNA could
be successfully extracted from enset leaves preserved using the minor modified saturated NaCl-CTAB
solution for longer periods (over 35 days) at ambient temperature. The NaCl-CTAB solution preserved both
the physical properties of the enset leaf samples and high quality and quantity of genomic DNA could be
extracted after 7 to 35 days at ambient temperature and from samples stored more than nine months at -
20 °C (Figure 5, 7) (Table 4). One of the reasons for slowing down the DNA degradation process using the
NaCl-CTAB method is attributable to the high salt concentration, which partially dehydrate the leaf tissues.
Furthermore, CTAB interacts with nucleic acids, proteins and carbohydrates to slow down the DNA
degradation processes (Abu Almakarem et al, 2012). Another reason that the saturated NaCl-CTAB
solution might be more suitable for enset leaf preservation than silica gel is the fact that enset has hard
leathery leaves with few stomata and high contents of water and fiber (Rogstad, 1992). In addition, the
solution and the falcon tube protect the enset leaves from shaking and from physical damaged during field
collection and transportation, which are important to minimize DNA degradation (Rogstad, 1992). Besides,
visible contamination was not observed on the enset leaves and this is most likely due to the bactericidal
and detergent properties of CTAB, as seen in previous studies, (Rogstad, 1992; Thomson, 2002). Further,
the saturated NaCl-CTAB leaf preservation method also facilitates cleaning of leaves during the removal of
the preservation solution before DNA extraction (Thomson, 2002). On the contrary, it has been shown that

other plant species such as Nardus stricta L. (Poaceae), with thick cuticles, were not preserved well using



the saturated NaCI-CTAB preservation method (Storchova et al., 2000). This indicates that the rate of
degradation varies among plant species and leaf preservation methods (Chase and Hills, 1991; Rogstad,
1992; Storchova et al., 2000; Till et al, 2015). However, enset leaves stored in other chemicals such as
ethanol (96%) did not preserve the DNA even after only seven days at ambient temperature (Figure 5, 7).
This might be because ethanol did not facilitate and induce leaf lysis, cell wall disruption, and deactivation
of DNAases during field collection and transportation (Akinnagbe et al, 2011; York et al, 1986). Similarly,
Pyle and Adams, (1989) found that preservation of spinach leaves in 95% ethanol for as little as 24 h
resulted in significant DNA degradation. On the contrary, Bressan et al., (2014) found that Jatropha curcas

and other tropical species can be successfully preserved in ethanol for up to 30 days.

This study showed that the DNA quality of the samples preserved in silica gel were highly degraded
compared to the samples preserved in the minor modified saturated NaCl-CTAB solution (Figure 5, 7).
Most likely the preservation efficiency of silica gel is affected by the enset leaf secondary compounds or
tissue characteristics (Savolainen et al., 1995), as most tropical plant species contain considerable amounts
of secondary compounds (Abdel-Latif and Osman, 2017; Bressan et al., 2014). As pointed out, enset has
hard leathery leaves with high contents of water and fiber, and the natural shape of the young cigar leaf.
Another reason might be that enset is a highly drought tolerant species and will not easily desiccate by the
silica gel (Adams et al.,, 1999; Borrell et al., 2019). Other studies have reported DNA degradation in other
plant tissues preserved in silica gel due to the accumulation of phenolic compounds, which interfere with
the quality of the isolated DNA (Akinnagbe et al, 2011; Bainard et al, 2010; Bhattacharjee et al., 2009).
However, preservation in silica gel works in some plant species such as grasses and small herbs (Chase and
Hills, 1991; Laulier et al., 1995; Margam et al., 2010). All this shows that different plant species require
specific leaf preservation methods and the efficiency of each leaf preservation method can vary among and

within plant species (Chase and Hills, 1991; Rogstad, 1992; Storchova et al,, 2000).

Regarding the DNA extraction methods, the DNeasy Plant Mini Kit (Qiagen) is more suitable for large
number of DNA samples with limited time compared to the CTAB method (Kotchoni and Gachomo, 2009;
Margam et al, 2010). In the present study, we used both solvent (CTAB) and solid (Qiagen kit) phase DNA
extraction (SPE) methods (TOPCU et al, 2016). The total genomic DNA extracted using the DNeasy plant
mini kit method gave DNA of higher concentrations and purities than DNA extracted using the CTAB
method (Table 3). This indicates that most likely the CTAB method is better for young and fresh leaves
than preserved leaf samples (Guo et al, 2018). The second reason might be that the DNA extracted using
the DNeasy Plant Mini Kit method most likely is free from secondary metabolites that interfere with the
quality and quantity of DNA (Sika et al, 2015). Most secondary compounds in plant tissues affect the
disruption of tissues, interferes with the DNA extraction, reduce the DNA quality and inhibit subsequent

molecular analyses like PCR and sequencing (Bressan et al., 2014; Varma et al.,, 2007).

Overall, we obtained DNA of high quality and quantity when we used the NaCl-CTAB preservation method
combined with DNeasy Plant Mini Kit (Qiagen) extraction method from leaf samples of enset stored for
variable length of time and at various temperatures (ambient and -20 °C). We also tested that the DNA

obtained was suitable for downstream applications (Figure 8a, b). Further, we observed little



contamination by polysaccharides and proteins as indicated by the ratios of A260/A230 and A260/A280
(Table 2-5). When we compared the effect of different leaf preservation methods, i.e., saturated NaCl-CTAB
solution, silica gel and ethanol, we found that only the saturated NaCl-CTAB solution had slight degradation
after 7 to 35 days of storage at ambient temperature, whereas the other two methods showed significant
degradation after the same storage time (Figure 5, 7). The difference between these three leaf preservation
methods became clear after seven days storage times at ambient temperature (Figure 5, 7). This indicates
that saturated NaCl-CTAB solution can preserve enset DNA without causing severe degradation. The
spectrophotometric measurements with NanoDrop tend to give higher readings of DNA quality and
quantity of DNA from tissue preserved in silica gel and ethanol (Table 4), most likely due to contamination
with the molecules absorbed at 260 nm or the interferences of proteins, and the NanoDrop reading
degraded DNA (Ponti et al., 2018). Moreover, DNA purity can be severely affected by various components
of sample matrices such as polysaccharides, lipids, and polyphenols or extraction chemicals like CTAB

(Vinson et al, 2018).
Conclusions

An efficient leaf preservation and DNA extraction method for enset leaf material is described. Based on the
results, the minor modified saturated NaCl-CTAB leaf preservation method was found to be a better field
preservation method for maintaining freshness, and integrity, quality and quantity of DNA of enset samples
than preservation in silica gel or 96% ethanol. Further, this method makes the transportation of the
samples from remote areas easy. The method consistently produces high yield and high-quality genomic
DNA of enset at an affordable cost. Also, we found that the DNeasy plant mini kit approach performed better
in extracting high quality and quantity of enset genomic DNA than the CTAB method. The high-quality
genomic DNA extracted using this method, was used for further downstream applications including PCR
and sequencing. Therefore, our results provided useful suggestions for preservation methods and DNA

extraction methods.
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Tables

Table 1. Enset (Ensete ventricosum (Welw.) Cheesman) sample location and leaf preservation information

Accessions  Cultivation ~ No. in Storage method Storage time (days)
fame region iiure AT 20 °C with
NaCl-CTAB
Tsela SouthOmo 1 NaCl-CTAB solution 21 14
Ado Sidama 2 NaCl-CTAB solution and silica gel 7 -
Chacho Sidama 3 NaCl-CTAB solution and silica gel 7 -
Dado Sidama 4 NaCl-CTAB solution and silica gel 7 -
Borbancho Sidama 5 NaCl-CTAB solution 7 -
Bolanicho  Sidama 6 NaCI-CTAB solution 7 -
Chacho Sidama 7 NaCl-CTAB solution 14 30
Wild SouthOmo 8 NaCI-CTAB solution 14 30
Wild South Omo 9 NaCl-CTAB solution 21 60
Mcho Sidama 10 NaCI-CTAB solution 35 >270
Tunakecho Sidama 11 NaCl-CTAB solution 35 >270
Kerta South Omo 12 Ethanol (96%) 7 -
Golaa South Omo 13 Ethanol (96%) 7 -
Entada South Omo 14 Ethanol (96%) 7 -
Entada South Omo 15 Ethanol (%96) 7 -
Wousasi SouthOmo 16 NaCl-CTAB solution 21 14
Golaa SouthOmo 17 NaCI-CTAB solution 21 14
Buuka SouthOmo 18 NaCl-CTAB solution 21 14
Zokuma SouthOmo 19 NaCI-CTAB solution 21 14
Dusak South Omo 20 NaCl-CTAB solution 21 14
Siknda South Omo 21 NaCI-CTAB solution 21 14
Mono South Omo 22 NaCl-CTAB solution 21 14
Solka South Omo 23 NaCI-CTAB solution 21 14
Entada SouthOmo 24 NaCI-CTAB solution and Ethanol (96%) 7 -
Entada South Omo 25 NaCl-CTAB solution and Ethanol (96%) 7 -

AT stands for ambient temperature
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Table 2. Quantity and quality of genomic DNA obtained using different amounts of tissue and elution buffer
volumes, quantified by NanoDrop

Sample Weight Volume of elution buffer DNA quantity A260/280 A260/230
1D (mg) (uL) (ng/ul)

1(a) 125 100 55.00 1.78 2.33

1(b) 100 100 55.90 1.77 2.26

1(c) 100 75 62.80 1.78 2.39

1(d) 100 50 103.10 1.78 2.02

1(e) 80 80 42.50 1.79 2.70

1 sample ID and accession name corresponding to number is shown in Table 1

Table 3. Comparison of DNA quantity and quality of samples extracted with different extraction methods,
quantified by NanoDrop (ND)

Extraction methods Storage methods DNA quantity A260/280 A260/230
(ng/uL)
Minor modified DNeasy Modified saturated 50.80 - 222.10 1.70 - 2.01 2.09 - 2.57
plant mini kit NaCl-CTAB
CTAB method Modified saturated 7.50-9.70 1.99-247 -0.67 -7.93
NaCl-CTAB

Table 4. Control of DNA quantity and quality among different leaf preservation methods and seven days

stored at ambient temperature, quantified by NanoDrop (ND)

Sample ID Storage methods DNA quantity (ng/pL) A260/280 A260/230
2s Silica Gel (orange color) 87.70 1.82 2.31
3s 72.77 1.76 1.94
4s 66.02 1.87 1.98
2c Saturated NaCl-CTAB 72.98 1.73 2.02
3c 43.68 1.70 2.04
4c 72.80 1.70 1.79
24e Ethanol (96%) 32.37 1.72 2.04
25e 58.92 1.79 2.08
24c Saturated NaCl-CTAB 97.39 1.78 2.27
25c¢ 54.62 1.71 2.32

S indicate silica gel, ¢ indicate saturated NaCl-CTAB and ¢ indicate ethanol (96%) leaf preservation method

and numbers correspond to accessions names shown in Table 1
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Table 5. Quantity and quality of the total genomic DNA extracted with DNeasy Plant Mini Kit and
preserved in the minor modified NaCl-CTAB solution quantified by NanoDrop (ND) and Qubit (Q)

DNA quantity DNA quality
Sample ID Q (pug/ml) ND (ng/pL) A260/280 A260/230
16 0.56 71.27 1.77 2.46
17 0.36 54.02 1.76 2.35
18 0.45 59.00 1.79 2.39
19 0.66 98.08 1.81 2.41
20 0.75 89.93 1.79 2.18
21 0.57 64.80 1.82 2.54
22 0.38 57.48 1.82 2.17
23 1.21 106.70 1.79 2.23

14



Figures

Enset leaf

96% ethanol

Silica gel
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Figure 1. Flowchart of workflow design
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Figure 2. Enset plant and preserved enset leaves after seven days of storage at ambient temperature. The external
structure of the enset plant and enset young leaf used for preservation and DNA extraction (a) ; preserved in saturated
NaCl-CTAB solution (b), preserved in silica gel (c), preserved in ethanol (96%) (d)

Figure 3. Pulverized enset leaf samples after seven days of storage at ambient temperature. Preserved in saturated NaCl-
CTAB solution (a), silica gel (b) and ethanol (96%) (c)
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Figure 4. Agarose gel electrophoresis of total genomic DNA extracted with the DNeasy Plant Mini Kit. Lanes 1(a) to 1(e)
correspond to the samples in Table 2 with different combinations of amount of leaf material and elution buffer (AE), i.e.
1(a) 125 mg/100 uL, 1(b) 100mg/100 uL, 1(c) 100mg/75uL, 1(d) 100mg/50uL, 1(e) 80mg/80uL. L, 1kb, DNA molecular
weight ladder (Thermo). Accession that corresponds to the number is shown in Table 1

2c 3c 4c 24e 25e 24c 25c¢
S e -

Figure 5. Agarose gel (1%) electrophoresis of total genomic DNA extracted from preserved leaf by the DNeasy Plant Mini
Kit following different leaf preservation methods but the same genotype and the same storage period (seven days) at
ambient temperature (AT). Samples are stained with 1 uL Red safe; L: 1kb DNA molecular weight ladder (Thermo), s: silica

gel, c: NaCl-CTAB solution and e: ethanol (96%). Accession names that correspond to the numbers are described in Table
1
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Figure 6. Nano-Drop measurement profile of genomic DNA extractions from preserved leaves in saturated NaCl-CTAB
solution. DNA extracted by using DNeasy Plant Mini Kit method. Scanned on NanoDrop from 220 to 350 nm
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Figure 7. Agarose gel (1%) electrophoresis of total genomic DNA extracted from preserved leaves by the DNeasy Plant
Mini Kit following different duration of preservation. Lanes 2-4: Silica gel preserved leaf after seven days at ambient
temperature (AT), Lanes 5-6: 7 days preserved in NaCl-CTAB at AT, Lanes 7-8: preserved for 14 days at AT and stored 30
days at -20 B in NaCl-CTAB, Lane 9: preserved for 21 days at AT and stored 60 days at -20 @ in NaCI-CTAB, Lanes 10-11:
preserved for 35 days at AT and stored >270 days -20 B in NaCI-CTAB, Lanes 12-15: ethanol (96%) preserved leaf after 7
days AT, L: 1kb, DNA molecular weight ladder (Thermo). Samples are stained with 1 uL Red safe. Accessions corresponding
to the numbers (2-15) are described in Table 1.
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Figure 8. Restriction uncut and cut enset leaf DNA from the minor modified saturated NaCl-CTAB leaf preservation
method and the DNA yield quantified by NanoDrop (ND) and Qubit (Q) (Table 5). Total genomic DNA uncut with restriction
EcoRI enzymes (a) and the same DNA cut with EcoRI enzyme (b). UN, uncut enset leaf total genomic DNA. L, 1 kb, DNA

molecular weight ladder (Thermo). Name that corresponds to the numbers are shown in Table 1.
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Abstract

Enset (Ensete ventricosum) is a multipurpose, drought-tolerant and a key food security crop, which is the
staple food for peoples in the South and Southwestern parts of Ethiopia. Despite its importance, enset is an
orphan crop as regards genetic research and breeding. In this study, we characterized genetic diversity,
population structure and selection signatures in 226 cultivated and 10 wild enset accessions collected from
diverse enset growing regions of Ethiopia using 3505 high-quality SNP markers obtained from ddRAD-
sequences. The population structure and cluster analyses clearly distinguished between cultivated and
wild enset. AMOVA revealed much higher levels of genetic variation within populations and regions (91.2
and 92.4%, respectively) than between populations and regions (8.8 and 7.6%, respectively). This shows
that the region of origin and environmental heterogeneity have little influence on the genetic variation.
However, the genetic differentiation between regions was moderate to large (Fsr = 0.06-0.17). The genetic
structure of enset was mainly shaped by eco-geographic factors, mode of propagation and cultivation
status. Six genes potentially involved in sexual reproduction and flowering signalling, which are key
processes underlying domestication and adaptation, were under positive selection demonstrating that
sexual reproduction plays an important role in shaping enset diversity. A lot of unexplored diversity is
available for improving enset in Ethiopia, with patterns of diversity consistent with divergent selection on
adaptive traits. This diversity also shows potential for introducing enset as a more food secure crop for the

food insecure regions in the dry north of Ethiopia.
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Introduction

Enset (Ensete ventricosum), commonly known as false banana or Abyssinian banana, is a perennial diploid
(2n=18), monocarpic species belonging to the family Musaceae in the genus Ensete (Westphal et al., 1975).
Enset, banana and plantains are the most important cultivated members of the family; all with high global
and local economic as well as food security importance (Baker and Simmonds 1953; Simmonds, 1962). The
genus Ensete consists of three species with extensive geographical distribution, E. ventricosum and E.
livingstonianum in Africa and E. glaucum in Asia, and five other localized endemics or near-endemic species
(Borrell et al.,, 2019). Although wild species of Ensete are distributed throughout Central, Eastern, and
Southern Africa, as well as Asia, enset (Ensete ventricosum) is the only cultivated species of the genus Ensete
and its domestication and utilization as a food and fiber crop is so far restricted to Ethiopia.
Anthropologists, archaeologists, historians and other scholars have argued that enset was domesticated in
Ethiopia as early as 10,000 years ago (Brandt et al.,1997). During his travels in the 18t century, Bruce
(1790) stated that enset was naturally produced and grown in every part of Abyssinia (now Ethiopia) if
provided with enough heat and water. This indicates that enset is one of the early cultivated crops in
Ethiopia. Ensetis highly drought tolerant with a wide agroecological distribution and is cultivated only with
household-produced inputs (Brandt et al., 1997; Tsegaye and Struik, 2002). It is unknown whether its wide

distribution across a range of altitudes involves genetic or phenotypic adaptation (Tsegaye, 2002).

Eighty percent of the enset production is concentrated in the southern and southwestern part of Ethiopia
(Bezuneh et al,, 1967). The crop represents 65% of the total crop production in the southern regions of the
country and serves as staple and co-staple food for about 20 to 35% of the Ethiopian population, largely in
the south and southwestern part of the country (Borrell et al., 2020; Spring et al., 1996). Furthermore, it is
used for several other purposes, such as animal feed, fiber, construction material and in traditional
medicine. This became evident through the great famine in Ethiopia in the years 1888 to 1892 (Tobiaw and
Bekele, 2011), and is the reason why enset is called “The Tree Against Hunger” (Brandt et al., 1997; Costa
and Lockhart, 1984),1984). The crop best grows at cooler, higher altitudes and is found mostly between
1200-3100 m above sea level (Brandt et al, 1997). Enset plants grow 4-8 m, sometimes up to 11 m height.
Cultivated enset are propagated vegetatively, while wild enset reproduces through seeds (Birmeta et al,
2004; Borrell et al, 2019; Tsegaye and Struik, 2001). Harvest regularly occurs after 4 to 6 years after
transplanting, but age at harvest varies from as early as three years up to twelve years after transplanting
(Borrell et al., 2020). According to the 2019/20 main crop season survey, about 158 mill enset plants were
harvested with a total yield of about 9.45 mill tons: making it one of the largest perennial food crops in the
country (Central Statistical Agency, CSA, Government of Ethiopia, 2020). The cultivation of enset provides
farmers and their families with security against hunger. Although the normal harvesting time is 4-6 years
after planting, if other crops fail, they have their enset plants and can harvest any time. This is an important

aspect of introducing enset to other, more food insecure regions in Ethiopia, particularly in the dry north.

Ethiopia is the center of origin of many plant species, including enset (Engels and Hawkes, 1991). The

presence of wild and cultivated enset indicates that Ethiopia is the primary center of origin and center of
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diversity (Purseglove, 1985; Vavilov, 1951). Ethnic groups in Ethiopia recognize and exploit various enset
landraces. Regions in Ethiopia with diverse cultural history have rich biodiversity (Tsegaye, 2002). Enset-
based farming system is a major agricultural system and farmers cultivate many enset landraces across
various climatic and agroecological systems (Borrell et al.,, 2019). Several studies of genetic diversity of
specific enset accessions from local regions using molecular markers such as Amplified Fragment Length
Polymorphism (AFLP) (Negash et al, 2002; Tesfamicael et al., 2020), Random Amplified Polymorphic
DNA (RAPD) (Birmeta et al, 2004), Inter Simple Sequence Repeats (ISSR) (Tobiaw and Bekele, 2011),
chloroplast DNA sequences (Bekele and Shigeta, 2011), Simple-Sequence Repeats (SSRs) (Gerura et al.,
2019; Getachew et al., 2014; Olango et al, 2015) and Single Nucleotide Polymorphism (SNPs) (Tesfamicael
et al, 2020) have been conducted and revealed genetic diversity among and within wild and cultivated
enset accessions. The cultivated enset is vegetatively propagated, genetic divergence among clones may be
minimal and could be difficult to detect using these marker types (McKey et al., 2010). Moreover, different
molecular markers have different properties and will reveal different aspects of genetic diversity (Karp and
Edward, 1997). The investigations mentioned above were conducted in certain enset growing areas in the
southern and southwestern part of the country. Since Ethiopia is the center of diversity, many enset rich
locations harboring large amounts of diversity of cultivated and wild enset are yet to be studied and is not
represented in ex situ collections. Enset clones have traditionally been characterized phenotypically,
however, phenotypic description is limited by the cost, time and space required to make visual

observations and measurements (Hinze et al, 2017).

Several new molecular techniques are now being applied together with phenotypic descriptions to
investigate genetic diversity and relatedness in enset accessions (Birmeta et al, 2004). Single nucleotide
polymorphisms (SNPs) and simple sequence repeats (SSRs) are the most common DNA markers for genetic
diversity studies (Tsykun et al, 2017). Among all DNA markers, SNPs are the most abundant and robust
markers, and they are suitable for automated high-throughput genotyping of large numbers of samples. A
range of assay options using different technology platforms to meet the demand for genetic studies and
molecular breeding of crop plants are also available (Alkan et al,, 2011; Bus et al., 2012; Hamilton et al,
2011). The recently developed double-digest restriction-site associated DNA (ddRAD) technique is used
extensively for population genetic studies in a wide range of non-model organisms (Andrews et al., 2016;
Peterson et al., 2012). ddRAD sequencing provides a useful tool for marker-assisted breeding, genotype
identification and determination of genomic organization and evolution in plants. It is a powerful and
relatively cost-effective approach for developing numerous SNP markers and constructing high-density
genetic maps (Peterson et al, 2012). SNP markers are powerful tools for estimating genetic similarities and
diversity. SNPs are able to resolve the differences among extremely similar individuals and increase the

accuracy of diversity estimates (Hinze et al,, 2017).

Despite the abundance, diversity and ecological importance of enset, the species is not well characterized
at the genomic level and has been far less studied than other cultivated species in the family Musaceae
(Borrell et al, 2019). More detailed diversity studies of both cultivated and wild enset accessions in
Ethiopia are needed to meet future needs, including diversification of crops in more vulnerable regions in
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Ethiopia. Novel sources of genetic diversity need to be identified, characterized, incorporated into breeding
programs, and utilized for the development of non-redundant core collections for conservation and
breeding. In this study, SNP markers were developed and used to understand the population divergence of
cultivated and wild enset. Understanding the genetic basis of enset domestication provides a valuable
foundation for enset conservation and genetic improvement. The objectives of the present study were: (1)
to evaluate the efficacy and suitability of SNP markers developed from ddRAD sequencing for high-
throughput genotyping of enset; (2) to assess population structure, genetic diversity, and relationships
among and within cultivated and wild enset accessions, and (3) to identify candidate genes potentially

subjected to domestication and selection.
Materials and Methods

Sampling Area

The Southern Nations, Nationalities and Peoples’ Region (SNNPR) state has a total area of 117,506 km2,
with altitudes ranging from 378 to 4,201 meters above sea level (masl) (Abebe, 2005). Enset accessions
were collected from three main enset culture communities, which are densely populated enset cultivating
administrative regions (Sidama, Gurage and South Omo). The wild enset were collected around farms, along
riversides and in deep forests. The three collection regions were deliberately chosen based on their enset
production potential in SNNPR, where more than two-thirds of the country’s enset production is located
(Zeberga et al.,, 2014). We collected 226 cultivated and 10 wild enset accessions originating from different
geographical locations and agroecological zones (Table 1; Table S1). The major ethnic regions cultivating

enset and the study areas in Southern Ethiopia are show in Figure 1.
Preparation of NaCl-CTAB Preservation and Samples Collection

The saturated NaCl-CTAB solution was used to preserve the enset leaf samples upon collection, as
described by Rogstad, (1992) with minor modifications. Briefly, 550 g NaCl was added to 1 L of water,
boiled, and cooled at ambient temperature, and mixed thoroughly until the salt precipitated. Then, 35 g of
CTAB was added gradually with intermittent irregular intervals mixing, until the solution became viscous.
35-40 mL of the prepared solution was aliquoted into 50 mL Falcon tubes and used for preservation of
tissue samples. A pair of scissors was used to remove leaf samples from the mother plants, and the scissors
were cleaned with ethanol (96%) between independent samples. Fresh cigar-leaf samples harvested from
each enset accession were stored immediately in the 50 mL tubes containing the saturated NaCl-CTAB
preservation solution. Samples were then placed in a black plastic bag and stored in a dark room at ambient
temperature to preserve genomic DNA from degradation during transportation from the farmer fields in

Ethiopia to the laboratory in Norway.
DNA Extraction

Young, healthy, and fresh leaves were stored in NaCL-CTAB solution for genomic DNA extraction. DNA was
extracted using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). DNA quality and quantity were

determined using a NanoDrop spectrophotometer (Thermo Fisher, Inc.) and agarose gel electrophoresis
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(1%). DNA concentrations were determined using the Qubit® dsDNA BR assay kit (Life Sciences) and
Quant-iT™ PicoGreen™ (Life Sciences) dsDNA assay.

Double-digest Restriction-Site-Associated DNA (ddRAD) Library Preparation and Illumina

Sequencing

We calculated the number of reads required for 20X coverage of restriction fragments in the 150-500 bp
size range across 10 multiplexed individuals using multiple enzyme pairs, assuming 0.44 GC content, to
ensure that restriction fragments could feasibly be sequenced with enough coverage on an Illumina MiSeq
platform. The ddRAD procedure used in this study was modified from Peterson et al. (2012) (For further
ddRAD information and the complete protocol, see Supplementary information, Table 2-7; Table S1). 500
ng of each DNA sample was double digested using EcoR1 HF (the “rare cutter”- recognizes a six bases motif,
i.e, 5'-GAATTC), and Msel (the “frequent cutter”- recognizes a four bases motif, i.e., 5'-TTAA) restriction
endonucleases, and adapters ligated to the digested fragments. Each DNA sample with a unique P1 barcode,
and a P2 barcode common for all samples. Samples containing unique P1 barcodes were pooled, and the
Sage Science Blue Pippin system (www.sagescience.com) was used to select fragments of about 500 bp.
Size-selected libraries was bound to Dynabeads® M-270 Streptavidin magnetic beads (Invitrogen), to
eliminate fragments without the P2 adapter, and the libraries amplified by PCR using Phusion™ Polymerase
kit (Invitrogen) and index-marked primers for further tagging of the samples. The libraries were analyzed
using an Agilent 2100 Bioanalyzer and diluted to a concentration of 35 nM for paired-end sequencing using
the V2 sequencing kit on the MiSeq platform (Illumina). The sequencing was performed at the Norwegian

University of Life Sciences, Norway.
Sequence Data Analysis and SNP Calling

The GBS data  obtained was  quality checked wusing the FastQC  program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). High quality reads were retained after
trimming the bad quality reads using Trimmomatic program (Bolger et al., 2014). The raw paired-end
sequence reads obtained from MiSeq were quality checked after removing the adapters and barcodes. The
clean paired-end reads were used to call the SNPs using the STACKS 2 pipeline (Rochette et al.,, 2019). The
SNPs were filtered based on the following criteria: (1) variant should be bi-allelic SNPs, (2) SNPs having
more than 20% missing information were excluded, (3) genotypes having more than 20% missing

information were excluded, and (4) markers with minor allele frequency (MAF) > 0.05 were retained.
Population Structure Analysis

Population groups were inferred using the fastSTRUCTURE software (Raj et al, 2014). Twenty independent
test runs were conducted allowing K to vary from 1 to 20. The optimal value of K for these runs was then
determined using the ChooseK function. The script ChooseK, included with the fastSTRUCTURE package,
was used to choose the number of subpopulations that maximize the marginal likelihood. The cluster

membership matrices of the fastSTRUCTURE outputs were visualized using structure selector tool (Li et



al, 2018). Following the assignment of individuals to populations, the program package CLUMPACK

(Kopelman et al, 2015) was used to summarize the structure results into structure plots.
Genetic Diversity Analysis

For genetic diversity analysis, subpopulations were defined as the number of clusters produced by
fastSTRUCTURE at K = 12. Genetic variation among and within populations, observed (Ho) and expected
(HE) heterozygosity, and pairwise fixation index (Fsr) for the subpopulations (Weir and Cockerham, 1984)
was estimated by analysis of molecular variance (AMOVA) using Arlequin v.3.5 (Excoffier and Lischer
2010). Significance (P<0.05) of the Fsr values were estimated using 1023 permutations. Fsr results were

interpreted using the same standard as in (Pino Del Carpio et al, 2011; Hartl et al, 1997; Wright, 1978).
Phylogenetic Trees and PCA Analyses

To examine the relationship between cultivated and wild enset accessions, Principal Component Analysis
(PCA) was performed using TASSEL v5.2 (Bradbury et al, 2007) and maximum-likelihood (ML)
phylogenetic tree analyses performed using PhyML 3.0 (Guindon et al, 2010). The trees were prepared and
visualized using the iTOL v4 online tool (Letunic and Bork, 2019). PCAs were graphically summarized using

scatter plots. Populations were named according to the passport data denoting geographical origin.
Fst Outlier Tests for Detecting SNP Loci Under Selection

To detect loci under directional selection, we used the hierarchical method (Excoffier et al., 2009), a
modified approach of Beaumont and Nichols (1996), implemented in the Arlequin software package
version 3.5.1.3 (Excoffier and Lischer, 2010). We employed an hierarchical island model based on 2 groups
(cultivated and wild enset) with 50,000 simulations to generate the joint distribution of Fsr versus
heterozygosity. Loci that fall out of the 99% confidence intervals of the distribution were identified as
outliers being putatively under selection. The putative function of genes with outlier SNPs was identified

using the Gene Ontology (GO) annotation using the Blast2GO software tool version 3.0 (Conesa et al., 2005).
Results

SNP Discovery and Filtering

Following sequencing of the double digest RAD fragments, data processing and SNP filtering, SNPs with
high heterozygosity (> 80%) were removed and a total number of 3505 high-quality SNPs were identified

among the 236 enset accessions.
Genetic Structure

The genetic structure analysis using fastSTRUCTURE suggests that the most likely number of
subpopulations is 12, i.e., the model complexity that maximizes likelihood is 12 (likelihood=-0.82) and the
highest peak shows K = 12 as optimal (Figure 2A). The results of the fastSTRUCTURE analysis are shown
in Figure 2B. The 10 wild enset accessions from South Omo make up a distinct group which is stable at all

levels above K=7. The 62 cultivated ensets from Gurage separated from Sidama and South Omo accessions
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and seems to make up a rather unique subpopulation, while the cultivated enset accessions from Sidama

(72) and South Omo (92) represent many subpopulations.
PCA and Phylogenetic Relationships

Results from the principal component analysis (PCA) are presented in Figure 3. The PCA showed that some
of the populations were more clearly separated while others were clustered more closely. The first three
components described 20, 18 and 9% of the total variance, respectively. PC1, with some overlap, separates
Gurage accessions from accessions of the other regions, while PC2 separates the South Omo accessions in
two clusters, one of them overlapping with the Sidama cluster. However, the Sidama and South Omo
accessions in this cluster are partly separated by PC3, with the wild accessions clustering, as expected, with
the South Omo subcluster. The phylogenetic analysis grouped the enset accessions into different clusters,
to a large degree reflecting geographical origins and cultivation status (Figure 4). The wild accessions
formed a clearly distinguished clade from the cultivated enset accessions (Figure 4B). Generally, few
accessions of cultivated enset tended to have longer branches (Figure 4B). Interestingly, twelve accessions
(19.35%) collected from the Sidama region clustered into Gurage. However, surprisingly no Gurage
accessions clustered into Sidama in this study. Besides, four accessions collected from Sidama and two from
Gurage clustered into South Omo. Some accessions have the same names in different regions, e.g., Gena,
Astara and Mazia, however, they are certainly different accessions since they cluster in different clades in
the phylogenetic tree (Figure 4). The phylogenetic analysis confirms the results of the structure analysis;
the most genetically unique accessions, apart from the wild accessions, are the Gurage accessions, while
accessions from Sidama seems to have a mixed ancestry, whereas the South Omo accessions clearly

represents two genetically diverse subgroups.
Genetic Diversity and Pairwise Population Differentiation

The results of the AMOVA analysis are presented in Table 2. Most of the genetic variation (91.2 %) is within
the enset accessions, and very little (8.8%) between cultivated and wild accessions. Analysis of the genetic
differentiation between the geographic regions showed that 92.4% of the genetic variation was within and
only 7.6% between geographic regions (Table 2). Observed (Ho) heterozygosity was slightly higher in
Sidama and the wild group (Ho=0.33 and 0.32, respectively) than in Gurage and South Omo (both Ho=0.31),
while expected (He) heterozygosity was slightly lower than observed in Sidama and Gurage and higher than
observed in South Omo and the wild group (Table 3). Generally, the molecular variation was highest within
the wild accessions and lowest within cultivated enset from Gurage. Pairwise population differentiation
(Fst) showed, as expected, that the largest subpopulation division is between the wild accession group and
the cultivated (moderate to large differentiation, Fsr=0.14-0.17), with the largest differentiation between
the wild and the Gurage group. Between the cultivated enset groups, the largest differentiation is between
Gurage and South Omo (Fsr=0.10), while differentiation between Sidama and the other two groups are

smaller (Fsr=0.06-0.07) (Table 4).



Signatures of Selection and Functional Analyses

Signatures of balancing and directional selection were identified at 35 loci among cultivated and wild
accessions using the hierarchical method (Excoffier et al., 2009) (Figure 5). Putative balancing selection
was detected at 23 loci and directional selection was detected at 12 loci (Figure 5). Among the 12 loci, six
loci have putative gene functions, while the other six loci have unknown gene functions. Putative functions

of these six loci are described in Table 5.
Discussion

Population Structure and Differentiation between Wild and Cultivated Enset

In this study, a high-throughput sequencing technology was used to explore genetic diversity, population
structure, and selection signatures in cultivated and wild enset accessions collected across the center of
origin and domestication in Ethiopia. The ancestral admixture and phylogenetic analyses showed a clear
separation between wild and cultivated enset (Figure 2B, 4). Most probably this separation between wild
and cultivated enset populations can be attributed to the difference in propagation methods (Birmeta et al,
2004; Gerura, et al, 2019; Olango et al, 2015; Tesfamicael et al, 2020). It is interesting to note that
cultivated enset accessions collected from regions where wild enset grows showed higher admixture and
weaker clustering than those collected from regions where wild enset does not grow. This could be due to
higher enset diversity in that specific region with wild enset and indicates exchange of genetic material by
crossing between cultivated and wild enset. Besides, the phylogenetic tree analysis showed that
populations from adjacent regions like Sidama and Gurage formed a polyphyletic group, which was not the
case with distantly located populations e.g., populations from Sidama and South Omo (Figure 4B). This
genetic structure could be explained by a combination of genetic drift locally and the founder population.
However, the analyses showed admixture of very few accessions irrespective of their origins whether the
accessions were located isolated far apart or close like Sidama and Gurage (Figure 4). Remarkably, some
accessions collected from Sidama clustered with Gurage accessions, suggesting that these accessions are
most possibly of Gurage origin. However, no Gurage accessions clustered with accessions from Sidama. In
addition, four accessions from Sidama and two from Gurage clustered with South Omo accessions. Taken
together, this indicates human sharing and exchange of some clonal materials among and within regions
(Gerura et al., 2019; Getachew et al, 2014). As pointed out earlier, a few accessions have the same
vernacular names in different regions, e.g., Gena, Astara and Mazia. However, they are certainly different
accessions genetically based on their SNP profiles, and they have not been exchanged by humans even if

they have the same vernacular name.

The phylogenetic tree showed long branches for the wild population from South Omo and for a few
cultivated enset accessions too (Figures 4A, 4B), suggesting high rates of nucleotide substitution and
consequently high diversity. Furthermore, the phylogenetic tree revealed a relatively close association
between South Omo and Sidama enset populations (Figures 4A, 4B) and lowest Fsr value was found

between these two populations (Table 4). Thus, showing that Sidama and South Omo populations have
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close relationship with each other which might be due to possible vicariant evolutionary event from a single
common ancestor through the fragmentation of their common ancestor's range or historical relationship

(Schaal et al.,, 1998).

Values of the fixation index (Fst) above 0.15 indicate significant differentiation between populations
(Frankham et al,, 2002). In this study, we observed that significant divergence between enset populations.
The wild population showed moderate to large genetic differentiation from the cultivated populations from
the regions, while there was relatively small differentiation between the cultivated populations. Cultivated
enset is only propagated vegetatively and farmers harvest enset before seed set, while wild enset are
propagated exclusively by sexual reproduction (Birmeta et al, 2004; Brandt et al,, 1997). As a result of this,
gene flow between cultivated and wild enset is probably very limited. Besides, the natural distribution of
wild enset, as well as the farming and management practices of cultivated accessions have an impact
(Birmeta et al, 2004; Olango et al, 2015). Further, limited exchange of genetic material by humans or
natural factors may be considered as the main reasons for the larger genetic differentiation observed
between wild and cultivation populations (Birmeta et al, 2004; Gerura et al, 2019; Tesfamicael et al.,
2020).

Importantly, moderate genetic differentiation was found between wild and cultivated enset from South
Omo. This might be due to the co-existence of wild and cultivated enset in the South Omo region, where
farmers introduce wild accessions into the cultivation areas and hence genetic exchange occurs between
cultivated and wild populations of enset in this particular region (Shigeta, 1992). In contrast, the highest
Fsr value (0.17) was observed between wild enset and accessions from Gurage (Table 4). This shows that
these accessions are more isolated from one another; most likely there is no wild enset growing in the
Gurage region. Similar results can be seen from the population structure and phylogenetic analyses. The
Gurage accessions are separated and formed a single cluster on their own far from the wild enset cluster
(Figure 3, 4). Another reason is that Gurage maybe has a different cultural and ethnic origin. This indicates
that there is unique genetic diversity within the Gurage accessions, which is not related to the geographical
distance to the other regions investigated in our study. Besides, Sidama and wild enset populations showed
higher differentiation from one another. Most probably accessions from the regions are not currently
breeding with one another and there is no sharing of planting materials. Concerning cultivated enset,
accessions from Gurage and South Omo show low connectivity (Figure 3, 4). This might be due to a distinct
genetic profile within Gurage and South Omo accessions and possibly no frequent exchange of accessions
between the two regions. Our SNPs data indicate that the cultivated and wild enset accessions are very
divergent. Besides, the principal component and phylogenetic tree analysis grouped the 236 enset
accessions into four major clusters, where the wild individuals clustered separately. Other enset diversity
studies have also reported a high level of genetic differentiation between cultivated and wild enset
accessions (Birmeta et al, 2004; Gerura et al.,, 2019; Olango et al, 2015; Tobiaw and Bekele, 2011). Also,
geographic form of genetic structure was observed with consistent distinct grouping of cultivated enset

accessions from Sidama, Gurage and South Omo. This knowledge of population structure and genetic



diversity between cultivated and wild enset accessions is crucial for future studies and breeding for new

introductions.
Genetic Diversity Within and Across Populations

The large regional variation in agroecological conditions, different cultures and management relatively
large geographic distances between the different enset growing regions within the country should result
in large genetic variation among regions. However, multiple lines of evidence show that the level of genetic
variation among regions (geographical areas) is low. For instance, AFLP analysis of 192 enset accessions
from six growing regions showed a limited proportion of variation among growing regions (11-13 %), but
a considerable variation within regions (87-89%) (Tesfamicael et al, 2020). Earlier studies also found
limited variation among growing regions compared to within regions, i.e., 13% using AFLPs (Tesfamicael
etal., 2020), 4.8% using AFLPs (Negash et al., 2002) and 16% using SSRs (Olango et al, 2015). These values
indicated that the high proportion of genetic variation within regions is a general feature of the enset

species.

In the current study, the low genetic structuring among regions of enset that were observed both by the
average pairwise Fsr values and AMOVA indicate that allele sharing between regions is high. The AMOVA
analysis showed that the level of genetic variation among regions is limited (7.6%) and very high within
regions (92.4%) (Table 2). This is also evident from the low Fsr values observed between the cultivated
enset accessions from the different growing regions (Table 4). These results show that genetic variation in
enset accessions are less affected by the region of origin (Schaal et al.,, 1998), but has rather been shaped
by a long history of extensive human exchange of clonal materials among regions, and different
communities may select different sources of the germplasm to suit their specific cultural needs (Gerura et
al, 2019; Getachew et al., 2014; Negash et al.,, 2002). Furthermore, there has also most probably been
extensive exchanges of clones particularly between highland and lowland regions because farmers in the
latter area believe that suckers imported from the mountain areas grow better than those raised locally
(Tesfaye and Liidders, 2003). Because of the large genetic variation among accessions within regions, clonal
selection based on desirable traits may be effective for most of the natural populations in Ethiopia. In
addition, the large genetic variation within regions may be partly explained by gene flow and common
origin of the populations. According to some studies, large genetic variation within populations is not
necessarily caused by environmental heterogeneity but could be due to historical patterns of relationship

(Schaal et al.,, 1998).

In this study was detected 3505 SNPs markers from 236 (226 cultivated and 10 wild) enset accessions. This
number of SNPs might be considered low relative to the 5011 SNPs detected from 141 (120 cultivated and
21 wild enset) studied by (Tesfamicael et al., 2020). Moreover, the observed heterozygosity (Ho) and
expected heterozygosity (He) is low (Table 3) compared to studies using other DNA marker systems such
as ISSR (Getachew et al.,, 2014) and SSRs (Gerura et al.,, 2019; Olango et al., 2015), but higher than with
AFLP markers, which revealed lower observed and expected heterozygosity in cultivated and in wild enset

populations (Tesfamicael et al.,, 2020). However, it is difficult to make direct comparisons between previous
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and the present study, due to differences in the number and types of the studied enset accessions and
different SNP calling and filtering parameters applied. Other reasons may be that we did not include
sources of genetic variation from other enset growing regions which might contain additional allelic
variation. Also, different molecular markers have different properties and will scan different regions of the

genome (Karp and Edward, 1997).

In this context, it is interesting that wild enset had lower levels of heterozygosity than expected, indicating
that wild enset is a sexually propagated plant within a restricted area, which will limit gene flow and lead
to inbreeding and increased homozygosity (Table 3) (Birmeta et al, 2004; Shigeta, 1992). Moreover, the
suitable habitats for wild enset has been sharply declining in Ethiopia because of population growth and
deforestation, and the geographical range of wild enset is more limited, possibly due to more specific
ecological requirements or alternatively loss of habitat (Birmeta et al, 2004; Olango et al, 2015). This
reduction in effective population size might have contributed to the observed lower heterozygosity in wild
enset due to the increased chances of inbreeding. This differs from what has been reported based on SSR

markers (Olango et al., 2015).

However, relatively high levels of heterozygosity were observed in all cultivated populations (Table 3),
which is consistent with the outcrossing nature of enset during sexual reproduction (Olango et al., 2015).
Enset might have improved phenotypes through heterosis, so that growers favor heterozygous varieties
during selective propagation practices (Oztolan-Erol et al, 2021). Further, the current levels of enset
diversity reflect frozen variation; that is variation which arose through sexual reproduction in an ancestral
population (Chapman et al., 2000). In addition, occasional gene flow from wild enset and possibly from
other enset species can occur too (Birmeta et al, 2004). Other possible causes of this type of clonal variation
might be somatic mutations, introduction of new variation from outside of the cultivated populations, and
introduction of new landraces from other regions (Shigeta, 1990; Tsykun et al., 2017). Another possible
cause might be the perennial and highly clonally propagated species that are highly selected for adaptability
and productivity under cultivation, and different pollination mechanisms (Birmeta et al,, 2004; Negash et
al, 2002; Yemataw et al., 2016). According to Shank (1994) considerable clonal variation is present within

enset for characters associated with growth and adaptation.

Above and beyond, the highlands of southern Ethiopia form the geographical center of enset cultivation
(Vavilov, 1997). According to Harlan (1951), high altitude areas have high concentrations of diverse and
unique landraces and can be designated as microcenters of enset diversity. All such factors in combination
or alone have resulted in a high degree of genetic diversity in the presently studied enset accessions. The
most important point is that most likely differences in genetic diversity among regions are important for
farmers; different accessions contribute to the high diversity that is observed at each site and provides
strong evidence for selection by humans. Enset diversity in Ethiopia may thus be extensive but it is not

effectively utilized, as the available germplasm is poorly known (Borrell et al., 2019).
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Genetic Signatures for Differential Selection Between Cultivated and Wild Enset

Little is known about the genetic makeup and population differentiation between cultivated and wild enset.
Knowledge about the genetic adaptation of enset is essential for breeding strategies. A central aim of
evolutionary biology is to understand the molecular basis for adaptive differences between populations
(Lotterhos and Whitlock, 2014). Higher genetic population differentiation for adaptive SNP than neutral
SNP is expected if adaptation to local environments is the principal source of genetic differentiation (De
Villemereuil and Gaggiotti, 2015). Fsr outlier approaches has been applied to many crops, such as tomato
(Sim et al, 2011), perennial ryegrass (Kovi et al.,, 2015), soybean (Li et al., 2014), European beech (Laura
et al, 2018), banana (Hinge et al, 2022) and common bean (Papa et al, 2007) for identifying adaptive
differentiation. Markers detected in these crops have been mapped to the genomic regions with known

QTL/genes related to domestication.

Wild enset propagates by seed under natural condition, while cultivated enset is propagated only
vegetatively by local farmers (Borrell et al., 2019; Brandt et al., 1997; Shigeta, 1992). Most probably the
genetic differences between wild and cultivated enset populations can be attributed to the different
reproduction systems (Birmeta et al, 2004; Gerura et al., 2019; Olango et al, 2015; Tesfamicael et al., 2020).
Continued vegetative propagation during cultivation can lead to loss of sexual reproduction capacity
(Denham et al., 2020), thus flowering, seed development, seed size, numbers of viable seeds per fruit and
per infructescence are important traits that differentiate cultivated and wild enset (Borrell et al., 2019;

Brandt et al., 1997).

In the present study, we identified 12 candidate loci putatively under positive selection based on Fsr values
displaying differentiation higher than the 99% limit of the confidence interval (Figure 5, Table 5). Among
them, six loci, i.e,, E-2488, E-3078, E-298, E-1617, E-3031 and E-3091, might be directly under selection.
SNP annotation showed the putative functions of all these candidate loci (Table 5) are involved in different
biological processes, including sexual reproduction and flowering signaling in plants, which are key players
in domestication and adaptation (Borrell et al, 2019). E-2488 was identified as a SAUR-like auxin-
responsive protein. Small auxin-upregulated RNAs (SAURs) is the largest family of early auxin responsive
genes in higher plants regulating a wide range of cellular, physiological, and developmental processes (Ren
and Gray, 2015; Zhang et al., 2021). Most of the SAUR genes, which are part of auxin response factors (ARF)
regulate cell elongation, at least in the seedlings (Sun et al., 2016). Further, Hu et al. (2015) showed higher
expression of MaARF genes at initial days of flowering than at later stages, suggesting crucial roles of
the ARF genes in early banana fruit development. E-3078 was identified as an_isoflavone synthase gene
(IFS), which plays a natural role in plant defense and root nodulation. Manipulating the expression of IFS
in legumes showed improved pathogen and stress responses (Jung et al, 2000). E-298 was detected as a
DNA binding with one finger (Dof) protein, which is a plant-specific transcription factor having multiple
roles, such as seed maturation and germination (Ruta et al, 2020). Further, Dof proteins involved in the
growth and development of banana reproductive organs (Dong et al., 2016; Venkatesh and Park, 2015). E-

1617 was identified as a serine/threonine-protein kinase (STK). STKs are involved in various
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developmental processes like cell proliferation, modification of cell shape and apoptosis. Proteomic studies
in somatic embryo development in banana, showed that serine /threonine- protein kinase (spot 17) was
found to be highly expressed in mature somatic embryos and these proteins are associated with pattern
formation and tissue specification during embryonic developmental process (Kumaravel et al, 2020). E-
3031 was identified as histone acetyltransferases (HATSs), which plays critical roles in the regulation of
chromatin structure and gene expression. Genetic analysis and cytological study revealed that the double
mutation induced severe defects in the formation of male and female gametophyte, resulting in an arrest
of mitotic cell cycle at early stages of gametogenesis (Latrasse et al., 2008), thus showing their crucial roles
in cell division. The final SNP, E-3091 was associated with R2R3-MYB transcription factor. These
transcription factors have been shown to play regulatory roles during plant development, and responses
to biotic and abiotic stress in banana (Pucker et al,, 2020). Further, MYB genes MaMYB4, an R2R3-MYB
repressor transcription factor, negatively regulates the biosynthesis of anthocyanin in banana (Deng et al.,
2021) and also MaMYB3 is involved in fruit ripening through modulation of starch degradation (Fan et al.,
2018). Moreover, two of the genes, serine/threonine-protein kinase and MYB transcription factor

identified in our study were also detected in a similar study of enset (Tesfamicael et al., 2020).
Conclusions

In conclusion, our genetic diversity and population structure studies on enset genotypes from in Ethiopia
found a significant subdivision between cultivated and wild enset and a large genetic variation within
populations, indicating a heterogeneous collection. The genetic structure of enset was mainly shaped by
eco-geographic factors, mode of propagation and cultivation status. The molecular marker analysis shows
that most of the genetic variability exists within geographical regions and very little between regions. The
results also imply that sexual reproduction plays an important role in shaping the genetic structure of enset
populations. Enset from Sidama and South Omo are more genetically diverse than enset from Gurage. The
diversity within the regions is not the same and different accessions contribute to the large diversity
observed at each site. This study reports extensive and unexplored enset genotype diversity present in
Ethiopia, encouraging further exploration and preservation of genotypes with desirable traits inside the
known centers of origin. Furthermore, we identified 12 candidate loci under positive selection, at least 6 of
these genes are most probably linked to genes involved in sexual reproduction and flowering signalling
that are key processes underlying domestication and adaptation. These novel findings are useful for the
conservation of genetic resources, especially under global climate changes, and contribute to the potential
discovery of functional genes and genetic mechanisms related to adaptability of enset to local climatic
conditions, especially drought. This is encouraging for the potential of diversifying crops also in regions

where enset is not traditionally grown, such as the food insecure dry north.
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Tables

Table 1. Enset (Ensete. ventricosum (Welw.) Cheesman) plant materials from Ethiopia used for genetic

diversity analyses

Cultivation status  Number of Geographical origin Sources
accessions and location
Cultivated 72 Sidama Farmers
Cultivated 62 Gurage Farmers
Cultivated 92 South Omo Farmers
Wwild 10 South Omo Farmers and forest area

Table 2. Analysis of Molecular Variance (AMOVA) among and within populations and regions of

cultivated and wild enset.

Source df Sum of Variance Total variation
squares component (%)

Cultivated and wild enset

Among populations 3 16495.01 51. 8.79

Within populations 468 224622.88 532.71 91.20

Total 471 241117.89 584.11

Growing regions

Among regions 2 12822.99 44.13 7.64

Within regions 449 215813.23 533.83 92.35

Total 451 228635.22 577.96

Table 3. Genetic diversity among cultivated and wild enset populations based on 3505 SNP markers

Enset populations

Sidama  Gurage South Omo Wild
Observed heterozygosity (Ho) 0.33 0.31 031 0.32
Expected heterozygosity (He) 0.32 0.30 0.32 0.36

Table 4. Average pairwise population differentiation (Fsr).

Regions Sidama Gurage South Omo

Gurage 0.07
South Omo 0.06 0.10

Wwild 0.15 0.17 0.14
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Table 5. Functional annotation of outlier SNPs potentially involved in domestication of enset.

SNPID Gene name Gene function Reference

E-2488  SAUR-like auxin- This family plays important roles in https://www.uniprot.org
responsive protein flowering, plant growth and uniprot/Q3E901
family regulation of plant architecture.

E-3078  Isoflavone synthase  Controls isoflavone accumulation https://www.uniprot.org
gene and is most expressed in the uniprot/Q9M6D6

developing seed.

E-298 DNA binding with Shift in flowering time in the https://www.uniprot.org
one finger (Dof) landraces through regulation /uniprot/F4I]M6
proteins of CONSTANS.

E-1617  Serine/threonine- Regulates flowering time by https://www.uniprot.org
protein kinase modulating the photoperiod uniprot/Q944Q0

pathway.

E-3031 Histone Plays a critical role in floral meristem https://www.uniprot.org
acetyltransferase development. uniprot/Q9AR19

E-3091  R2R3-MYB Regulate plant growth and https://www.uniprot.org

transcription factor

development.

uniprot/Q9SAM2
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Figure 1. A: An overview of the study districts in Ethiopia and their detailed locations; B: Gurage; C: South

Omo; D: Sidama.
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Figure 2. Population structure; A: Model complexity that maximizes likelihood is 12 and the highest peak shows on the
graph the best K = 12; B: Population structure based on fastSTRUCTURE output resulting in K = 12 being the most likely
number of genetic clusters, where each cluster is represented as a different shade and each bar represents an individual
within each geographic region/cultivation status; colors represent the groups identified. 1: Gurage (cultivated enset); 2:
Sidama (cultivated enset); 3: South Omo (cultivated enset); 4: wild enset (from South Omo).
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Figure 3. A: Principal component analysis (PCA) plots of PC1 and PC2; B: PC1 and PC3. The percentages in

brackets indicate the variance explained by the different PCs.
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Figure 4. Phylogenetic tree; A: Maximum-likelihood phylogenetic tree with branch length displayed; B:
Topological view of the maximume-likelihood phylogenetic tree. Accessions are numbered as in Supplementary

Table 1 and colored according to their geographical origin and cultivation status, i.e., South Omo: blue;
Sidama: orange; Gurage: purple; wild enset: green.
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Supplementary material

Supplementary Table 1. Descriptions of the 226 cultivated and 10 wild enset (Ensete ventricosum
(Welw.) Cheesman) genotypes used for genetic analysis with their corresponding geographical locations

in Ethiopia.

No. Local landrace Biological Mode of Region Geographic coordinates
names status propagation

1 Medasho Cultivated Induced sucker Sidama 0643 26.1 038 42 28.7
2 Kiticho Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
3 Ganticha Cultivated Induced sucker Sidama 0643 26.1 038 42 28.7
4 Lalamo Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
5 Gulumo Cultivated Induced sucker Sidama 0643261 038 42 28.7
6 Birra Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
7 Silitte Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
8 Goloma Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
9 Gadime Cultivated Induced sucker Sidama 0643 26.1 03842 28.7
10 Maldea Cultivated Induced sucker Sidama 0643 16.6 03842 37.4
11 Chacho Cultivated Induced sucker Sidama 06 43 16.6 404237.4
12 Astara Cultivated Induced sucker Sidama 06 43 16.0 03842 43.8
13 Shawite Cultivated Induced sucker Sidama 06 43 24.0 038.42.55.0
14 Serana Cultivated Induced sucker Sidama 064304 5 03843 25.7
15 Dado Cultivated Induced sucker Sidama 064304 5 03843 25.7
16 Kulle Cultivated Induced sucker Sidama 064304 5 038 43 25.7
17 Shawa Cultivated Induced sucker Sidama 06 41 46.0 038 41 54.5
18  Awulcho Cultivated Induced sucker Sidama 0637 28.8 03844141
19 Duwane Cultivated Induced sucker Sidama 737288 39 44 14.1
20 Lemicho Cultivated Induced sucker Sidama 0635295 03844296
21 Tunakecho Cultivated Induced sucker Sidama 06 35 25.2 038 44 29.6
22 Made Cultivated Induced sucker Sidama 73525.2 3944296
23 Nino Cultivated Induced sucker Sidama 063012,5 03830 10.0
24 Kishicha Cultivated Induced sucker Sidama 063011.7 03829553
25 Gora Cultivated Induced sucker Sidama 0630 21,4 0382950,7
26 Arsho Cultivated Induced sucker Sidama 063013,6 03829 49,3
27 Dargicha Cultivated Induced sucker Sidama 0630145 03829 24.6
28 Sharite Cultivated Induced sucker Sidama 0628 36.2 0383310.7
29 Keshicha Cultivated Induced sucker Sidama 06 28 36.2 0383310.7
30 Boricho Cultivated Induced sucker Sidama 063111.6 03837 02.6
31 Agena Cultivated Induced sucker Sidama 0630 20.9 03838 04.1
32 Banijo Cultivated Induced sucker Sidama 063020.9 03838 04.1
33 Torora Cultivated Induced sucker Sidama 0659 22.8 03842 17.0
34 kanko Cultivated Induced sucker Sidama 0659 22.8 03842 17.0
35 Garawicho Cultivated Induced sucker Sidama 0659 22.8 03842 17.0
36  Maziya Cultivated Induced sucker Sidama 0659 22.8 03842 17.0
37 Shilo Cultivated Induced sucker Sidama 0659 22.8 03842 17.0
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

Kishe
Linto

Bula
Lenbacho
Amboma
Umisho
Wanikore
Adama
Ayidara
Wani-wasa
Mundraro
Derasicho
Duwiramo
Gusalo
Shonbo
Sirriro
Kitacho
Borbancho
Botate
Bolanicho
Ado
Hekeche
Ganna
Demala
Gamechela
Mcho
Medicha
Sediso
Birbo
Kanbatcha
Gena
Hahu
Malgicha
Fatane
Kanda
Marye
Kone
Ehire
Benegn
Gezewode
Ashekit
Benet
Kembatye
Ayitkoket
Sinewot
Tegaded

Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated

Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker

Induced sucker
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Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Sidama
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage

Gurage

0659 23.8
0659 23.8
0654 42.2
06 5551.1
06 3509.8
06 3509.8
06 3509.8
06 35 09.8
0635 09.8
06 3509.8
0634 46.9
063442.3
0634 46.9
0632 40.9
0631224
0631224
063118.0
0633 09.1
063309.1
063309.1
0643 16.6
0634 16.5
0634 16.5
0639 04.9
06 39 04.9
06 39 04.9
0650 08.8
0650 08.8
0650 08.8
0650 08.8
06 5008.8
0649 49.0
0649 49.0
06 49 56.7
06 49 56.5
0800 23.6
0800 23.6
0800 06.9
0800 06.9
080114.8
0801 14.8
0801 14.8
07 5502.5
07 5502.5
07 5502.5
07 5403.1

03842 07.5
03842 02.7
03840 23.4
0384137.5
03854 33.6
03854 33.6
03854 33.6
03854 33.6
03854 33.6
03854 33.6
03854 21.3
0385157.0
03854 21.3
0385501.2
0384549.8
03845 49.8
03848 09.4
038.23.49.15
0382349.15
03844 29.6
3942374
03823 24.0
03823 24.0
03830 05.2
0383005.2
0383005.2
03829 06.3
03829 06.3
03829 06.3
0382906.3
0382906.3
0382910.3
0382910.3
038 2835.2
038 2834.2
03805 26.3
03805 26.3
03806 20.7
03806 20.7
03802 53.4
03802 53.4
03802 53.4
03802 20.2
03802 20.2
03802 20.2
03801 18.6



84
85
86
87
88
89
90
91
92
93
94
95
96
97
99
100
101
102
103
104
105
106
107
108
109

120
121
122
123
124
125
126
127
128
129
130

Ameno
Yirgeye
Zigeziwe
Derewetiye
Boresiye
Dere

Weka
Yibye
Keneykeki
Yedabiriye
Yekechireye
Yegara amerate
Gimbuwe
Tererye
Zober
Eegetiye
Ede-mert
Shewredi
Ayiher
Wenadiye
Sapara
Egendiye
Guarye
Agade
Nechiwe
Kuashkuashiye
Derea
Lemar
Gunbura
Gimbowo
Badedet
Gezwed
Orid
Amerat
Bosere
Bereziye
Fereziye
Kanchiwe
Yeshirfiriye
Yedem-Arti
Wusmaer
Kibnar
Eweredi
Keswo
Astara

Sherteye

Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated

Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker

Induced sucker
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Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage
Gurage

Gurage

0812398
0812 39.8
081319.8
0813198
0812579
081257.9
0812 54.2
08 04 40.3
08 04 40.3
08 04 04.5
080859.1
080859.1
07 57 48.1
0757 48.1
075813.3
07 57 59.9
07 5317.8
07 5317.8
075317.8
07 53329
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
07 59 56.6
08 00 03.41
08 00 03.41
08 00 03.41
08 00 03.41
0800 03.41
0800 03.41
0802125
0802125
0802125
0802 01.5
0802 01.5
0802 01.5
0802 01.5
0802 01.5
080201.5

03806 34.0
038 06 34.0
0380551.8
0380551.8
037 5958.2
037 5958.2
03759 51.2
037 59 40.8
037 59 40.8
03800 19.1
037 54 00.9
037 54 00.9
03752 35.5
037 52 35.5
037 52 40.1
037 53 47.7
03751104
037 5110.4
037 5110.4
037 5043.3
037 5141.7
3851417

3951417

405141.7

4151417

3951417

4051417

415141.7

3951417

4051417

4151417

037 5117.0
0375117.0
0375117.0
037 5117.0
037 5117.0
037 5117.0
037 5520.8
037 5520.8
03755 20.8
03750 08.8
037 5008.8
037 5008.8
037 5008.8
037 5008.8
037 5008.8



131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

153
154

176

Gumbre
Gezod
Emnye
Angefuye
Boyiche
Gacha
Chelak
Geschawul
Sikar/Sikar
Kechak
Kuchi
Bosar
Ankmar
Atsarakay
Maza
Kawazrr
Molebaba
Agino
Ochaa
Odaret
Kumucha
Godra
Antsa
Siknda
Dalee
Sepa

Gofa
Monet
Kundkush
Beheken
Kumicha
Tsela
Wergnmeche
Arisig
Zokuma
Buuka
Dusak
Gaya
Karta
Bebilus
Mehaka
Garacha
Moset
Jolak

Arfa

Gena

Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated

Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker

Induced sucker
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Gurage

Gurage

Gurage

Gurage

Gurage

South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo

080201.5
0811 22.2
0811 22.2
0811222
0811222
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
0602 4.17
06 84 4.49
06 84 4.49
06 84 4.49
06 84 4.49
06 84 4.49
06 84 4.49
06 84 4.49
0556 03.8
0556 03.8
0555 45.4
0555 45.4
0556 03.8
055545.4
0554193
055419.3
055410.1
055410.1
055410.1
055410.1
055410.1
055410.1
055410.1
0601 44.0
0601 44.0
0601 44.0
06 01 44.0
06 01 44.0
0601 08.9
0601 08.9
0552304
055230.4

037 5008.8
037 5132.6
037 5132.6
037 5132.6
037 5132.6
037 24 16.7
03724 16.7
03724 16.7
037 24 16.7
037 24 16.7
037 24 16.7
037 24 16.7
037 24 16.7
03724 16.7
037 24 16.7
03702 41.7
03702 41.7
03702 41.7
03702 41.7
03702 41.7
037 02 41.7
03702 41.7
036 40 08.8
036 40 08.8
036 40 08.7
036 40 08.7
03640 08.8
036 40 08.7
036 38 53.1
036 3853.1
036 3841.5
036 3841.5
036 3841.5
036 3841.5
036 38 41.5
036 3841.5
036 3841.5
036 33 40.6
036 33 40.6
036 33 40.6
03633 40.6
03633 40.6
03633 25.8
03633 25.8
03636 52.2
03636 52.2



178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

220
221
222

Selta
Adaret
Asa
Chelike
Shuferak
Kerta
Shoka
Mono
Zika
Damet
Solka
Kaket
Golaa
Bublin
Salibeli
Wousasi
Nodifals
Kakisa
Bekelo
Ollact
Gufirak
Sikarak
Zergina
Sheha
Tefana
Dama
Kachak
Baysametecho
Kayssidak
Tibla
Makka
Molla
Alka
Gammi
Sikki
Kumlla
Shiya
Garchii
Silver
Dammi
Gollect
Skimma
Wobajalk
Selti
Zergana
Shehana

Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
Cultivated

Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker

Induced sucker
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South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo

055230.4
0552 30.4
0552 30.4
0552304
055230.4

055323

055323

9
0553 23.
0553 23.
0553 23.
055323.
055323.
055323.
055323.
0553 23.
0553 23.
055323.
9

9
9
9
9
9
9
9
9
9
9

0553 28.6
0553 28.6
0553 28.6

0547179
054717.9
0547 13.4
06 84 44.0
06 84 44.0
0684 49.1
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
06 84 44.0
0559 01.3
055901.3
055901.3

03636 52.2
03636 52.2
03636 52.2
03636 52.2
03636 52.2
03637 46.9
03637 46.9
03637 46.9
03637 46.9
03637 46.9
03637 46.9
03637 46.9
03637 46.9
03637 46.9
036 37 46.9
03637 46.9
03637 46.9
036 36 25.9
036 36 25.9
03636 25.9

03633 10.1

03633 10.1

0363310.1

03702 41.67
037 02 41.67
037 02 41.67
037 02 41.67
03702 41.67
03702 41.67
037 02 41.67
037 02 41.67
037 02 41.67
037 02 41.67
03702 41.67
03702 41.67
037 02 41.67
037 02 41.67
037 02 41.67
03702 41.67
03702 41.67
037 02 41.67
036 34 36.1

036 34 36.1

036 34 36.1



223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

Sheferek
Berga
Gerchet
Zoda
Dempa
Gella
Gella
Gella
Gella
Gella
Gella
Gella
Gella
Gella
Gella

Cultivated
Cultivated
Cultivated
Cultivated
Cultivated
wild
wild
wild
Wwild
wild
wild
wild
wild
wild
Wwild

Induced sucker
Induced sucker
Induced sucker
Induced sucker
Induced sucker
Botanical seed
Botanical seed
Botanical seed
Botanical seed
Botanical seed
Botanical seed
Botanical seed
Botanical seed
Botanical seed

Botanical seed

South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo
South Omo

055901.3
0555 40.8
0555 40.8
0558 05.4
055805.4
055850.0
055850.0
055849.9
0559 01.3
055901.3
055805.4
0601 44.0
0601 44.0

036 34 36.1
036 34 54.3
03634 54.3
03631349
03631349
03634 21.4
03634214
03634214
036 34 36.1
036 34 36.1
03631349
036 33 40.6
036 33 40.6
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Supplementary Table 2. Annealing adapters

Z
i

Annealing adapters

No.

Annealing adapters

No.

Annealing adapters

O 0 N O U1 b W N =

W W W N N NN DNNNDNDNDNDDNRR R B B B B B B 2
N = O O 00 N O Ul & W N B O O 0 N O U1 & W N = O

GCATG_EcoRI_P1.1
AACCA_EcoRI_P1.1
CGATC_EcoRI_P1.1
TCGAT_EcoRI_P1.1
TGCAT_EcoRI_P1.1
CAACC_EcoRI_P1.1
GGTTG_EcoRI_P1.1
AAGGA_EcoRI_P1.1
AGCTA_EcoRI_P1.1
ACACA_EcoRI_P1.1
AATTA_EcoRI_P1.1
ACGGT_EcoRI_P1.1
ACTGG_EcoRI_P1.1
ACTTC_EcoRI_P1.1
ATACG_EcoRI_P1.1
ATGAG_EcoRI_P1.1
ATTAC_EcoRI_P1.1
CATAT_EcoRI_P1.1
CGAAT_EcoRI_P1.1
CGGCT_EcoRI_P1.1
CGGTA_EcoRI_P1.1
CGTAC_EcoRI_P1.1
CGTCG_EcoRI_P1.1
CTGAT_EcoRI_P1.1
CTGCG_EcoRI_P1.1
CTGTC_EcoRI_P1.1
CTTGG_EcoRI_P1.1
GACAC_EcoRI_P1.1
GAGAT_EcoRI_P1.1
GAGTC_EcoRI_P1.1
GCCGT_EcoRI_P1.1
GCTGA_EcoRI_P1.1

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

GGATA_EcoRI_P1.1
GGCCA_EcoRI_P1.1
GGCTC_EcoRI_P1.1
GTAGT_EcoRI_P1.1
GTCCG_EcoRI_P1.1
GTCGA_EcoRI_P1.1
TACCG_EcoRI_P1.1
TACGT_EcoRI_P1.1
TAGTA_EcoRI_P1.1
TATAC_EcoRI_P1.1
TCACG_EcoRI_P1.1
TCAGT_EcoRI_P1.1
TCCGG_EcoRI_P1.1
TCTGC_EcoRI_P1.1
TGGAA_EcoRI_P1.1
TTACC_EcoRI_P1.1
GCATG_EcoRI_P1.2
AACCA_EcoRI_P1.2
CGATC_EcoRI_P1.2
TCGAT_EcoRI_P1.2
TGCAT_EcoRI_P1.2
CAACC_EcoRI_P1.2
GGTTG_EcoRI_P1.2
AAGGA_EcoRI_P1.2
AGCTA_EcoRI_P1.2
ACACA_EcoRI_P1.2
AATTA_EcoRI_P1.2
ACGGT_EcoRI_P1.2
ACTGG_EcoRI_P1.2
ACTTC_EcoRI_P1.2
ATACG_EcoRI_P1.2
ATGAG_EcoRI_P1.2

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

ATTAC_EcoRI_P1.2
CATAT_EcoRI_P1.2
CGAAT_EcoRI_P1.2
CGGCT_EcoRI_P1.2
CGGTA_EcoRI_P1.2
CGTAC_EcoRI_P1.2
CGTCG_EcoRI_P1.2
CTGAT_EcoRI_P1.2
CTGCG_EcoRI_P1.2
CTGTC_EcoRI_P1.2
CTTGG_EcoRI_P1.2
GACAC_EcoRI_P1.2
GAGAT_EcoRI_P1.2
GAGTC_EcoRI_P1.2
GCCGT_EcoRI_P1.2
GCTGA_EcoRI_P1.2
GGATA_EcoRI_P1.2
GGCCA_EcoRI_P1.2
GGCTC_EcoRI_P1.2
GTAGT_EcoRI_P1.2
GTCCG_EcoRI_P1.2
GTCGA_EcoRI_P1.2
TACCG_EcoRI_P1.2
TACGT_EcoRI_P1.2
TAGTA_EcoRI_P1.2
TATAC_EcoRI_P1.2
TCACG_EcoRI_P1.2
TCAGT_EcoRI_P1.2
TCCGG_EcoRI_P1.2
TCTGC_EcoRI_P1.2
TGGAA_EcoRI_P1.2
TTACC_EcoRI_P1.2
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Supplementary Table 3. Adapter_P1-EcoRI

Name

OligoSequence

GCATG_EcoRI_P1.1
AACCA_EcoRI_P1.1
CGATC_EcoRI_P1.1
TCGAT_EcoRI_P1.1
TGCAT_EcoRI_P1.1
CAACC_EcoRI_P1.1
GGTTG_EcoRI_P1.1
AAGGA_EcoRI_P1.1
AGCTA_EcoRI_P1.1
ACACA_EcoRI_P1.1
AATTA_EcoRI_P1.1
ACGGT_EcoRI_P1.1
ACTGG_EcoRI_P1.1
ACTTC_EcoRI_P1.1
ATACG_EcoRI_P1.1
ATGAG_EcoRI_P1.1
ATTAC_EcoRI_P1.1
CATAT_EcoRI_P1.1
CGAAT _EcoRI_P1.1
CGGCT_EcoRI_P1.1
CGGTA_EcoRI_P1.1
CGTAC_EcoRI_P1.1
CGTCG_EcoRI_P1.1
CTGAT_EcoRI_P1.1
CTGCG_EcoRI_P1.1
CTGTC_EcoRI_P1.1
CTTGG_EcoRI_P1.1
GACAC_EcoRI_P1.1
GAGAT_EcoRI_P1.1
GAGTC_EcoRI_P1.1
GCCGT_EcoRI_P1.1
GCTGA_EcoRI_P1.1
GGATA_EcoRI_P1.1
GGCCA_EcoRI_P1.1
GGCTC_EcoRI_P1.1
GTAGT_EcoRI_P1.1
GTCCG_EcoRI_P1.1
GTCGA_EcoRI_P1.1
TACCG_EcoRI_P1.1
TACGT_EcoRI_P1.1
TAGTA_EcoRI_P1.1
TATAC_EcoRI_P1.1
TCACG_EcoRI_P1.1
TCAGT_EcoRI_P1.1
TCCGG_EcoRI_P1.1
TCTGC_EcoRI_P1.1
TGGAA_EcoRI_P1.1
TTACC_EcoRI_P1.1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACACA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTTC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGCT

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTAC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCGT

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCTC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCACG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCAGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTGC

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGAA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTACC

GCATG_EcoRI_P1.2
AACCA_EcoRI_P1.2

/5Phos/AATTCATGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGGTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
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Supplementary Table 3. Continued ...

CGATC_EcoRI_P1.2
TCGAT_EcoRI_P1.2
TGCAT_EcoRI_P1.2
CAACC_EcoRI_P1.2
GGTTG_EcoRI_P1.2
AAGGA_EcoRI_P1.2
AGCTA_EcoRI_P1.2
ACACA_EcoRI_P1.2
AATTA_EcoRI_P1.2
ACGGT_EcoRI_P1.2
ACTGG_EcoRI_P1.2
ACTTC_EcoRI_P1.2
ATACG_EcoRI_P1.2
ATGAG_EcoRI_P1.2
ATTAC_EcoRI_P1.2
CATAT_EcoRI_P1.2
CGAAT _EcoRI_P1.2
CGGCT_EcoRI_P1.2
CGGTA_EcoRI_P1.2
CGTAC_EcoRI_P1.2
CGTCG_EcoRI_P1.2
CTGAT_EcoRI_P1.2
CTGCG_EcoRI_P1.2
CTGTC_EcoRI_P1.2
CTTGG_EcoRI_P1.2
GACAC_EcoRI_P1.2
GAGAT_EcoRI_P1.2
GAGTC_EcoRI_P1.2
GCCGT_EcoRI_P1.2
GCTGA_EcoRI_P1.2
GGATA_EcoRI_P1.2
GGCCA_EcoRI_P1.2
GGCTC_EcoRI_P1.2
GTAGT_EcoRI_P1.2
GTCCG_EcoRI_P1.2
GTCGA_EcoRI_P1.2
TACCG_EcoRI_P1.2
TACGT_EcoRI_P1.2
TAGTA_EcoRI_P1.2
TATAC_EcoRI_P1.2
TCACG_EcoRI_P1.2
TCAGT_EcoRI_P1.2
TCCGG_EcoRI_P1.2
TCTGC_EcoRI_P1.2
TGGAA_EcoRI_P1.2
TTACC_EcoRI_P1.2

/5Phos/AATTGATCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATGCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGGTTGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCAACCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCCTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTAGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGTGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTAATTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACCGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGAAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGTATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCTCATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTAATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATATGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATTCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTAGCCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTACCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGACAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCAAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTGTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGACTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACGGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCAGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTATCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGAGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACTACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTACTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTATAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCGGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGCAGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTTCCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGGTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
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Supplementary Table 4. Adapter_P2-Mspl

Name OligoSequence
Mspl_P2.1 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
Mspl_P2.2 /5Phos/CGAGATCGGAAGAGCGAGAACAA

Supplementary Table 5. Adapter_P1-flex

Name

OligoSequence

GCATG_flex_P1.1
AACCA _flex_P1.1
CGATC_flex_P1.1
TCGAT _flex_P1.1
TGCAT _flex_P1.1
CAACC_flex P1.1
GGTTG_flex_P1.1
AAGGA flex_P1.1
AGCTA flex_P1.1
ACACA flex P1.1
AATTA flex P1.1
ACGGT_flex_P1.1
ACTGG_flex_P1.1
ACTTC flex_P1.1
ATACG_flex_P1.1
ATGAG_flex_P1.1
ATTAC flex_P1.1
CATAT flex_P1.1
CGAAT flex_P1.1
CGGCT_flex_P1.1
CGGTA _flex_P1.1
CGTAC flex_P1.1
CGTCG_flex_P1.1
CTGAT flex_P1.1
CTGCG_flex_P1.1
CTGTC_flex_P1.1
CTTGG_flex_P1.1
GACAC flex_P1.1
GAGAT _flex_P1.1
GAGTC_flex_P1.1
GCCGT_flex_P1.1
GCTGA _flex_P1.1
GGATA flex P1.1
GGCCA flex_P1.1
GGCTC_flex_P1.1
GTAGT _flex P1.1
GTCCG_flex_P1.1
GTCGA_flex_P1.1
TACCG_flex_P1.1
TACGT _flex_P1.1
TAGTA flex_P1.1
TATAC flex_P1.1
TCACG_flex_P1.1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACACACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATTACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGGTCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTTCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTACCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGCTCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTACCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACACCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGATCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGTCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCGTCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTGACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCTCCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAGTCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCCGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCGACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGTCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGTACATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATACCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCACGCATG
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Supplementary Table 5. Continued ...

TCAGT_flex_P1.1
TCTGC_flex_P1.1
TGGAA_flex_P1.1
TTACC flex_P1.1
GCATG_flex_P1.2
AACCA flex_P1.2
CGATC flex_P1.2
TCGAT _flex_P1.2
TGCAT _flex_P1.2
CAACC_flex P1.2
GGTTG_flex_P1.2
AAGGA flex_P1.2
AGCTA flex_P1.2
ACACA flex_P1.2
AATTA flex P1.2
ACGGT_flex_P1.2
ACTGG_flex_P1.2
ACTTC_flex_P1.2
ATACG_flex_P1.2
ATGAG _flex_P1.2
ATTAC flex_P1.2
CATAT flex_P1.2
CGAAT flex_P1.2
CGGCT_flex_P1.2
CGGTA _flex_P1.2
CGTAC flex_P1.2
CGTCG_flex_P1.2
CTGAT flex_P1.2
CTGCG_flex_P1.2
CTGTC_flex_P1.2
CTTGG_flex_P1.2
GACAC flex_P1.2
GAGAT flex_P1.2
GAGTC_flex_P1.2
GCCGT_flex_P1.2
GCTGA _flex_P1.2
GGATA flex_P1.2
GGCCA flex_P1.2
GGCTC_flex_P1.2
GTAGT _flex_P1.2
GTCCG_flex_P1.2
GTCGA_flex_P1.2
TACCG_flex_P1.2
TACGT_flex_P1.2
TAGTA flex_P1.2
TATAC flex_P1.2
TCACG_flex_P1.2
TCAGT_flex_P1.2
TCCGG_flex_P1.2
TCTGC_flex_P1.2
TGGAA _flex_P1.2
TTACC flex P1.2

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCAGTCATG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTGCCATG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGAACATG

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTACCCATG

/5Phos/CATGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TGGTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GATCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATCGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATGCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GGTTGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CAACCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TCCTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TAGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TGTGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TAATTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ACCGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CCAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GAAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGTATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CTCATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GTAATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATATGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATTCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AGCCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TACCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GTACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GACAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CCAAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GTGTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ATCTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GACTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ACGGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TCAGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TATCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TGGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GAGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ACTACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TCGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ACGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TACTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GTATAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CGTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/ACTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/CCGGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GCAGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/TTCCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/GGTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
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Supplementary Table 6. Adapter_P2-flex

Name OligoSequence
flex_P2.1 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
flex_P2.2 /5Phos/AATTAGATCGGAAGAGCGAGAACAA

Supplementary Table 7. PCR-primers

Name

OligoSequence

PCR1
PCR2_Idx_1_ATCACG
PCR2_Idx_2_CGATGT
PCR2_Idx_3_TTAGGC
PCR2_Idx_4_TGACCA
PCR2_Idx_5_ACAGTG
PCR2_Idx_6_GCCAAT
PCR2_Idx_7_CAGATC
PCR2_Idx_8_ACTTGA
PCR2_Idx_9_GATCAG
PCR2_1dx_10_TAGCTT
PCR2_1dx_11_GGCTAC
PCR2_Idx_12_CTTGTA

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAGACGTGTGC
CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGC
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Supplementary Figure 1. Phylogenic tree; A: Maximum-likelihood phylogenetic tree with branch length and
bootstrap values.; B: Topological view of the maximum-likelihood phylogenetic tree. Accessions are numbered

following the Supplementary Table 1 and colored according to their geographical origins and cultivation
status: Blue; South Omo: Orange; Sidama: Purple; Gurage: Green; Wild enset.
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Abstract

The Entada landrace (Ensete ventricosum (Welw.) Chessman, var. Entada) is probably the most unique
indigenous crop in Ethiopia, being maintained and utilized by the Ari people in the South of Ethiopia. Here
we describe genetic diversity, signatures selection and relationship of Entada with cultivated and wild
enset using 117 Entada landraces collected from three Entada growing regions in Ethiopia (Sidama, South
and North Ari). A total number of 1617 high-quality SNP markers, obtained from ddRAD-sequences, were
used for the diversity studies. Entada formed a completely separated clade and group in the phylogenetic
and PCA analyses of Entada, cultivated and wild enset genotypes. The principal component analysis (PCA)
clearly differentiated between landraces from Sidama and North Ari, however, no differentiation was
observed between South and North Ari. Very little molecular variation was detected between regions
(0.48%), and nearly all variation was present within individuals (99.5%). Subpopulation differentiation
between regions (pairwise Fsr) was zero, and observed heterozygosity was 0.99, which is expected of plants
with strict asexual propagation. Prolonged clonal propagation of heterozygous genotypes from a single or
few founding lineages will lead to populations with very little or no diversity between genotypes, and
extremely high heterozygosity, as found in this study (Ho=0.99). Signatures of directional selection were
identified at eightloci based on an Fsr outlier analysis. The candidate genes detected are involved in axillary

shoot growth and might be involved in controlling natural sucker formation in Entada.

Keywords:

Entada (Ensete ventricosum (Welw.) Cheesman var. Entada), SNP markers, ddRAD, Outlier SNPs, Genetic
diversity



Introduction

Most of the plant landraces are cultivated and maintained by smallholder farmers and private gardeners
all over the world. Numerous landraces have originated as a result of agriculture and horticulture over the
past 10,000 years (Zeven, 1998). Landraces are commonly considered as locally adapted and endemic to a
specific area. Many of the plant species that are cultivated for food are neglected and underutilized despite
their crucial role in the food security, nutrition and income generation of rural societies (Magbagbeola et
al,, 2010). Rural communities prepare food and different products such as medicine, shelter, feed, and fuel
from different orphan crops. Mostly, underutilized crops make up a significant part of the diet of rural

households, typically during periods of drought, famine and dry seasons (Campbe, 1987).

Landraces are geographically and ecologically distinctive populations (Brown, 1978), which are highly
diverse containing a mixture of genotypes (Hawkes, 1983). They often have comparative advantages over
commercial cultivars because they have been selected to survive stressful conditions and can be cultivated
using low input and/or organic cultivation methods. Moreover, there is an increasing interest in finding
new food sources to alleviate malnutrition. The local landraces constitute valuable germplasm for plant

breeding and it is important to conserve the genetic diversity present in landraces (Kolliker et al., 2003).

In Ethiopia, Entada landrace (Ensete ventricosum (Welw.) Cheesman var. Entada) is probably the most
unique and understudied indigenous landrace. Entada is an enset landrace that has lost apical dominance
present in enset; therefore, it is propagated by natural suckers similar to banana (Shigeta, 1990). The local
or farmers name “Intada” actually indicates that the plant grow or multiply by itself (Shigeta, 1992). Entada
has the ability to flower and set fruits, but it is different from all other cultivated and wild enset both
morphologically and genetically, which do not produce and propagate with suckers (Olango et al., 2015;
Shigeta, 1992). Landraces of Entada are being maintained and utilized mainly by the Ari people in the
Southern regions of Ethiopia (Shigeta, 1992). The major processed foods from Entada are Amicho prepared
from the underground corm (the underground base of the stem that serves as a storage organ). The fresh
corm is cooked like potato and yam. It is a multi-purpose crop with cultural values in religious ceremonies
and as a feed source in addition to being a food. Due to its tolerance to adverse factors such as drought and
different soil types, this landrace is considered an alternative crop for areas with extreme growing
conditions (Brandt et al., 1997; Shigeta, 1992). However, so far there is no genetic diversity studies among

and within Entada landrace (Olango et al.,, 2015; Shigeta, 1992).

A previous molecular diversity study of enset using SSR (microsatellites) and SNP (single nucleotide
polymorphism) markers revealed that Entada belongs to the genus Ensete of the Musaceae family (Olango
etal., 2015; Yemataw et al., 2018). Currently, several new molecular techniques are being applied together
with phenotypic descriptions to investigate genetic diversity and relatedness in enset accessions (Birmeta,
et al., 2004). Single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) are the most
common DNA markers for genetic diversity studies (Tsykun et al., 2017). Among all DNA markers, SNPs
are abundant and robust markers, which are well suited for automated high-throughput genotyping of
large numbers of samples. Besides, SNPs are able to resolve the differences among extremely similar

individuals and increase the accuracy of diversity estimates (Hinze et al., 2017).



Double digest restriction-site associated DNA (ddRADseq) is one of the reduced representation sequencing
methods for SNP discovery at a genome-wide scale. It includes digesting the DNA with two restriction
enzymes to allow greater control of the genomic regions sampled for sequencing and more reproducible
recovery of sequenced regions. Specific size-selected fragments are generated and sequenced (Peterson et
al,, 2012). ddRADseq eliminates random the shearing step of the original RAD protocol (Baird et al.,, 2008).
The application of the ddRADseq technology has been successfully applied in many plant species such as
tomato (Esposito et al., 2020), strawberry (Davik et al., 2015), northern red oak (Konar et al, 2017), and
Oriental thuja (Platycladus orientalis) (Jin et al., 2019). Here, we report on the development and utilization
of the first set of SNP markers developed from ddRAD sequences to study genetic diversity and relatedness
among Entada landraces, cultivated and wild enset collected from the Entada growing regions in Ethiopia.
To facilitate progress in future Entada conservation and breeding, it is essential to discover and
characterize Entada and understand its relationships to cultivated and wild enset populations. In the
present study we applied SNP markers to: (1) study genetic diversity and relationship of Entada landraces
with cultivated and wild enset, (2) determine the effects of clonal propagation on genetic diversity, and (3)

identify candidate genes involved in sucker formation in Entada.

Materials and Methods

Plant Samples and Treatments

Leaftissue from 129 Entada genotypes were collected from South Ari (91), North Ari (17) and Sidama (21)
regions in Ethiopia (Figure 1). The saturated NaCl-CTAB solution was used to preserve the Entada leaf
samples upon collection, as described by Rogstad (1992), with minor modifications. Briefly, 550 g NaCl was
added to 1 L of water, boiled, and cooled at ambient temperature, and mixed thoroughly until the salt
precipitated. Then, 35 g of CTAB was added gradually with intermittent irregular intervals mixing, until the
solution became viscous. 35-40 mL of the prepared solution was aliquoted into 50 mL Falcon tubes and
used for preservation of tissue samples. A pair of scissors was used to remove leaf samples from the mother
plants, and the scissors were cleaned with ethanol (96%) between independent samples. Fresh cigar-leaf
samples harvested from each genotype were stored immediately in the 50 mL tubes containing the
saturated NaCl-CTAB preservation buffer. Samples were then placed in a black plastic bag and stored in a
dark room at ambient temperature, to preserve genomic DNA from degradation during transportation from
the farmer fields in Ethiopia to the laboratory in Norway. Upon arrival at the laboratory, the saturated NaCl-
CTAB solution was washed off thoroughly with deionized water and excess water wiped off the leaves with
dry white wipes (Kimberly-Clark™ Professional Kimtech Science™). Leaf samples were put in liquid
nitrogen, ground quickly using a pestle and mortar, and the ground powder transferred into 2 mL
microcentrifuge tubes (Eppendorf A.G., Hamburg, Germany). Pestles and mortars were washed and dried
before starting each sample preparation, and all pulverized leaf samples stored at -80 °C until further
analyses. For DNA extraction, 100 mg of pulverized leaf material of each sample preserved in NaCl-CTAB

was used.



DNA Extraction and Quantification

DNA was extracted using the DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). Genomic DNA quality and
quantity were checked by 1% (w/v) agarose gel electrophoresis and using a NanoDrop spectrophotometer.
Lastly, the DNA concentration was measured with the Qubit® dsDNA BR assay kit (Q) and Quant-iT™

PicoGreen™ (Life Sciences) dsDNA assay.

Double-digest Restriction-site-associated DNA (ddRAD) Library Preparation and llumina
Sequencing

The ddRAD procedure used in this study was modified from (Peterson et al, 2012). We calculated the
number of reads required for 20X coverage of restriction fragments in the 150-500bp size range across 10
multiplexed individuals using multiple enzyme pairs, assuming a GC content of 0.44, to ensure that
restriction fragments could feasibly be sequenced with enough coverage on an Illumina MiSeq platform.
500ng of each DNA sample was double digested using EcoR1 and Msel restriction endonucleases, and
unique P1 barcode adapters were ligated to the digested fragments from each sample while a common P2
barcode adapter was ligated to fragments from all samples (For information about adapters and primers,
see Supplementary tables 1-3). Samples containing unique P1 barcodes were pooled, and the Sage Science
Blue Pippin system (www.sagescience.com) was used to select fragments of about 500bp. Size-selected
libraries were bound to Dynabeads® M-270 Streptavidin magnetic beads (Invitrogen) to eliminate
fragments without the P2 adapter, and the libraries amplified by PCR using Phusion™ Polymerase kit
(Invitrogen) and index-marked primers for further tagging of the samples (Supplementary Table 3). The
libraries were analyzed using an Agilent 2100 BioAnalyser and diluted to a concentration of 35nM for
sequencing using the V2 sequencing kit on the MiSeq platform (Illumina). The sequencing was performed

at the Norwegian University of Life Sciences, As, Norway.

Sequence Data Analysis and SNP Calling

The ddRAD sequence data obtained was quality checked wusing the FastQC program
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). High quality reads were retained after
trimming the bad quality reads using the Trimmomatic program (Bolger et al., 2014). The SNP calling was
performed using the STACKS 2 program (Rochette et al., 2019). The obtained SNPs were further quality
filtered according to the following criteria: (1) variants should be bi-allelic SNPs, (2) SNPs having more than
20% missing information were excluded, (3) genotypes having more than 20% missing information were
excluded, and (4) markers with minor allele frequency (MAF; MAF > 0.05) were retained. We identified
1617 high quality SNPs across 117 Entada landraces, since 12 of the 129 Entada genotypes collected turned

out to be cultivated enset with suckers (see results section).

Genetic Diversity and Cluster Analyses

Genetic variation among and within populations/regions, observed (Ho) and expected (He) heterozygosity,
and pairwise fixation indices (Fsr) for the subpopulations (Weir and Cockerham, 1984) was estimated by
analysis of molecular variance (AMOVA) using Arlequin v.3.5 (Excoffier and Lischer, 2010). To examine the
relationship among Entada landraces, and cultivated and wild enset, principal component analyses (PCA)

were performed using TASSEL v5.2 (Bradbury et al,, 2007) and maximum-likelihood (ML) phylogenetic
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tree analyses performed using PhyML 3.0 (Guindon et al.,, 2010). The trees were prepared and visualized
using the iTOL v4 online tool (Letunic and Bork, 2019). PCAs were graphically summarized using scatter

plot.

Fst Outlier Analysis to Detect Candidate Genes for Sucker Development

The primary distinction between the cultivation of enset and Entada lies in the growth of suckers. While
Entada generates them naturally, enset necessitates their induction. To identify potential genes involved in
sucker formation, we performed genome scans using Fsroutlier analysis. We used the hierarchical method
(Excoffier et al., 2009), a modified approach of Beaumont and Nichols (1996) implemented in the
ARLEQUIN software package version 3.5.1.3 (Excoffier and Lischer, 2010) to detect loci under directional
selection. We conducted hierarchical island model simulations on two populations (enset and Entada) with
50,000 simulations to generate the joint distribution of Fsr versus heterozygosity. Loci that fall outside the
99% confidence intervals of the distribution were identified as outliers being putatively under selection.
The putative function of genes with outlier SNPs was identified using the Gene Ontology (GO) annotation

using Blast2GO software tool version 3.0 (Conesa et al., 2005).

Results

Phylogenetic and Principal Component Analysis (PCA)

Previously we developed 2,823 high quality SNP markers which were polymorphic in both cultivated enset
(226 genotypes), wild enset (10 genotypes) and the 129 Entada landraces. The joint phylogenetic analysis
involving all enset genotypes grouped the cultivated enset, wild enset and Entada landraces into three
distinct clusters (Figure 2). However, 12 genotypes collected as Entada landraces cluster with cultivated
enset. These genotypes produce suckers and resemble Entada phenotypically. The PCA analyses confirm
that Entada is completely different from other ensets, while cultivated enset, cultivated enset with suckers
and wild enset group together (Figure 3A, B) with PC1, PC2 and PC3 accounting for 59.12, 10.71, and
17.23% of the variation, respectively. Phylogenetic analysis of the Entada landraces showed several
clusters/branches (Figure 4A, B). One landrace from Sidama is clearly separated from other clusters. Ten
landraces from South Ari and two from North Ari clustered together. Several landraces from South Ari,
North Ari and Sidama are clustered together. The phylogenetic analysis didn’t show clear differences
between the regions. However, the PCA analysis showed that Entada from the Sidama and North Ari regions
was completely separated, while Entada from Sidama partly overlapped with Entada from South Ari

igure 5A, B). ) an explain 62.84, 21, an o of the variation, respectively.
Fi 5A, B). PC1, PC2 and PC3 lain 62.84, 21, and 16% of th 1

Genetic Diversity and Differentiation of Entada Populations

AMOVA analysis of population differentiation was performed between and within the three
populations/regions, i.e., the growing regions Sidama, South Ari and North Ari. The AMOVA results show
that nearly all variation is present within individuals (99.52%), only very little between
populations/regions (0.48%) and none among individuals within populations (Table 1). Observed
heterozygosity (Ho) was 0.99 in all the three regions, while expected heterozygosity (He) was around 0.50

in all three regions (Table 2). No significant differentiation was detected between populations/regions



based on pairwise Fsr values which ranged from -0.04 to -0.02 (Table 3). The differentiation (Fsr) between

the three populations/regions was 0.005.
Loci Under Selection

We employed a Fsr outlier method; hierarchical structure model (Excoffier et al.,, 2009), using Arlequin to
detect true positive loci under selection by comparing cultivated enset with Entada landraces (Figure 6).
We identified eight candidate loci under positive selection based on Fsr values that displayed differentiation
higher than the 99% limit of the confidence interval (Figure 6 and Table 4). Among the eight loci, four
have putative gene functions, i.e., Lateral suppressor protein, Auxin response factor 24, Cytokinin

dehydrogenase, and Scarecrow-like protein 18 (Table 4).
Discussion

Genetic Relationship and Diversity

This study shows that the Entada landraces are clearly different from all the other cultivated and wild enset
both morphologically and genetically. The genetic differentiation of cultivated and wild enset, can to a large
degree be explained by cultivation status and reproduction methods (Birmeta et al, 2004; Gerura et al,
2019; Olango et al, 2015). Wild enset regenerates from botanical seeds and hence lack spontaneous
suckers, while cultivated enset and Entada landraces are propagated by suckers. However, formation of
suckers is different; suckers are induced in cultivated enset, while in Entada suckers are formed
spontaneously (Bekele and Shigeta, 2011; Olango et al, 2015). In addition to these differences in
reproduction, various factors like long-term evolutionary history, genetic drift, gene flow and selection
(Godoy et al., 2018; Schaal et al.,, 1998) can explain the genetic structure evident from the phylogenetic
analyses. The results of the phylogenetic analysis show a clear distinction between enset, Entada and wild.
However, 12 of the Entada landraces clustered together with cultivated enset. Morphological characters
observed in the field confirms that these 12 Entada landraces are similar to the cultivated enset with

natural suckers (Figure 2).

We found insignificant molecular variation (0.48%) between populations/regions and none among
individuals within populations/regions. These results are in agreement with studies on plantain, belonging
to the same plant family, using SSR markers (Cyrille et al., 2019; Quain et al., 2018). However, we detected
very high molecular variation (99.5%) within individuals, indicating that complete clonal propagation is
frequent, and sexual reproduction is absent. The high level of molecular diversity within individuals may
also be partially maintained through clonal determination of clones from the founding population, as they
share a common history within a clonal lineage (Balloux et al., 2003; Hangelbroek et al., 2002). According
to some studies, absence of sex will promote divergence between alleles within loci, as the two copies will
accumulate different mutations over time (Judson and Normark, 1996; Rousset, 2002). Overall, the pattern
of genetic structure and diversity observed in Entada confirms that Entada landraces are clonal plants with
the dominance of vegetative offspring. Knowledge about genetic diversity in landraces of Entada can be

used in designing conservation strategies and maximizing its use in breeding programs.



Genotypic Diversity in Entada Landraces

Balloux et al., (2003) simulated the effect of clonal or partial clonal reproduction on the population genetics
of neutral markers in diploid organisms. They found that high rates of clonal reproduction increase
heterozygosity, maintain higher genetic diversity at each single locus while the genotypic diversity is
reduced, resulting in Fsr values being drastically reduced. Population size also increases towards extreme
since the polymorphism is protected within individuals due to fixed heterozygosity. Our observations are
very much in line with these theoretical predictions. We found that observed heterozygosity (Ho) was
extremely high (0.99) in the Entada landraces, expected heterozygosity (He) was intermediate (0.50), and
Fst was zero. Overall, Entada landraces had very low genotypic diversity, probably due to the origin of
Entadalandraces from one or a few mutants that has been picked up by farmers and propagated and spread

across farms. Thus, our results suggest that Entada has originated from one or a few clones.
Identification of candidate genes responsible for suckers Development

Fsr outlier approaches have applied in studies in many crops, i.e., tomato (Sim et al., 2011), European beech
(Laura et al.,, 2018), soybean (Li et al., 2014), banana (Sardos et al., 2022), and common bean (Papa et al.,
2007) for identifying adaptive differentiations. Markers detected in these crops are mapped to the genomic
regions with known QTL/genes related to domestication. These loci may be directly under selection.
Putative function of the candidate SNP loci detected in the present study revealed that at least four genes
with known function are involved in axillary shoot formation. Genes involved in axillary meristem
development have been studied in various plant species. Mutations in the Lateral suppressor genes in
Arabidopsis (LAS) (Greb et al., 2003) and in tomato (Ls) (Schumacher et al., 1999) inhibits axillary shoot
formation during the vegetative phase. Further, it is well known that the phytohormones, auxin and
cytokinin interact to regulate many plants growth and developmental processes (Schaller et al.,, 2015).
Functional characterization of some auxin response factors based on the phenotypes of the loss-of-function
and gain-of-function mutants showed abnormal abscission of the floral organs (Ellis et al., 2005) and
impaired hypocotyl elongation and auxin homeostasis (Goetz et al., 2006), while the tomato SIARF3 was
found to participate in the formation of trichomes and epidermal cells (Zhang et al, 2015). The cytokinins,
which are positive regulators of shoot growth and negative regulators of root growth (Werner et al., 2003),
are implicated in the control of the shoot architecture (Han et al., 2014). Thus, candidate genes detected in
this study are involved in axillary growth and they might have important influences on the natural and

induced sucker formations in Entada and enset populations.

Conclusion

To the best of our knowledge, this study is the first application of SNP markers to study molecular diversity
in landraces of Entada in Ethiopia. The results clearly demonstrate that there is no clonal diversity among
Entada landraces from the three regions in Ethiopia. It confirms that Entada is naturally propagated by
spontaneous suckers. Low genetic diversity and the little structuring of genetic variation between regions
provide an important basis for developing strategies for the conservation of this subspecies in the active

germplasm bank in Ethiopia. Furthermore, we identified genes that probably are involved in axillary shoot



growth crucial for sucker formation. Knowledge about the genetic regulation of sucker formation is

important for characterization of germplasm and for developing breeding strategies.
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Tables

Table 1. Analysis of Molecular Variance (AMOVA) among and within populations of the three regions in

Entada
Source df Sum of Variance Percentage
squares component of variation
Among populations 2 184.15 1.88 0.48
Among individuals within populations 114 1100.41 -383.06 0.00
Within populations 117 8474 777.15 99.52
Total 233 86024.56 395.98

Table 2. Genetic diversity based on SNP genotyping data between the three regions of Entada

Population No. of genotypes Observed (Ho) Expected (He)
South Ari 87 0.99 0.50
North Ari 17 0.99 0.51
Sidama 13 0.99 0.52

Table 3. Average pairwise population differentiation (Fsr)

Pairwise Fsr South Ari North Ari
North Ari -0.02
Sidama -0.02 -0.04

Table 4. Candidate genes under directional selection and potentially involved in sucker formation,

detected using Fsr outlier analysis.

SNP ID Gene name Gene function Reference

E-1971 Lateral suppressor protein Role in secondary shoot formation https://www.uniprot.org
/uniprot/B5M4A5

E-2117  Auxinresponse factor 2A Regulates vegetative growth, lateral root  https://www.uniprot.org

formation and flower organ senescence

E-1685  Cytokinin dehydrogenase Play a key role in plant growth and
development including maintenance of

root and shoot meristems

E-2580  Scarecrow-like protein 18 Transcription factor required for
axillary (lateral) shoot meristem

formation during vegetative

development

uniprot/Q2LAJ3

https://www.uniprot.org
/uniprot/A0A1S4ARV5

https://www.uniprot.org
uniprot/Q9ZWC5
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Figure 1. A: Geographic locations of the collected Entada genotypes. A) An overview of the study areas in

Ethiopia; B: Sidama; C: South Ari; D: North Ari
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Figure 2. Maximum likelihood phylogenetic tree with branch length. Colored according to their propagation
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Supplementary material

Tables

Supplementary Table 1. Adapter_P1-EcoRI

Name

OligoSequence

GCATG_EcoRI_P1.1
AACCA_EcoRI_P1.1
CGATC_EcoRI_P1.1
TCGAT_EcoRI_P1.1
TGCAT_EcoRI_P1.1
CAACC_EcoRI_P1.1
GGTTG_EcoRI_P1.1
AAGGA_EcoRI_P1.1
AGCTA_EcoRI_P1.1
ACACA_EcoRI_P1.1
AATTA _EcoRI_P1.1
ACGGT_EcoRI_P1.1
ACTGG_EcoRI_P1.1
ACTTC_EcoRI_P1.1
ATACG_EcoRI_P1.1
ATGAG_EcoRI_P1.1
ATTAC_EcoRI_P1.1
CATAT_EcoRI_P1.1
CGAAT_EcoRI_P1.1
CGGCT_EcoRI_P1.1
CGGTA_EcoRI_P1.1
CGTAC_EcoRI_P1.1
CGTCG_EcoRI_P1.1
CTGAT_EcoRI_P1.1
CTGCG_EcoRI_P1.1
CTGTC_EcoRI_P1.1
CTTGG_EcoRI_P1.1
GACAC_EcoRI_P1.1
GAGAT _EcoRI_P1.1
GAGTC_EcoRI_P1.1
GCCGT_EcoRI_P1.1
GCTGA_EcoRI_P1.1
GGATA_EcoRI_P1.1
GGCCA_EcoRI_P1.1
GGCTC_EcoRI_P1.1
GTAGT_EcoRI_P1.1
GTCCG_EcoRI_P1.1
GTCGA_EcoRI_P1.1
TACCG_EcoRI_P1.1
TACGT_EcoRI_P1.1
TAGTA_EcoRI_P1.1
TATAC_EcoRI_P1.1
TCACG_EcoRI_P1.1
TCAGT_EcoRI_P1.1
TCCGG_EcoRI_P1.1
TCTGC_EcoRI_P1.1
TGGAA_EcoRI_P1.1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAACCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAACC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGTTG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAGGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACACA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATACG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATTAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGAAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGCT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTTGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGACAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCCGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCTGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCTC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCGA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGTA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATAC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCACG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCAGT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCCGG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTCTGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGAA
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Supplementary Table 1. Continued ...

TTACC_EcoRI_P1.1
GCATG_EcoRI_P1.2
AACCA_EcoRI_P1.2
CGATC_EcoRI_P1.2
TCGAT_EcoRI_P1.2
TGCAT_EcoRI_P1.2
CAACC_EcoRI_P1.2
GGTTG_EcoRI_P1.2
AAGGA_EcoRI_P1.2
AGCTA_EcoRI_P1.2
ACACA_EcoRI_P1.2
AATTA_EcoRI_P1.2
ACGGT_EcoRI_P1.2
ACTGG_EcoRI_P1.2
ACTTC_EcoRI_P1.2
ATACG_EcoRI_P1.2
ATGAG_EcoRI_P1.2
ATTAC_EcoRI_P1.2
CATAT_EcoRI_P1.2
CGAAT_EcoRI_P1.2
CGGCT_EcoRI_P1.2
CGGTA_EcoRI_P1.2
CGTAC_EcoRI_P1.2
CGTCG_EcoRI_P1.2
CTGAT_EcoRI_P1.2
CTGCG_EcoRI_P1.2
CTGTC_EcoRI_P1.2
CTTGG_EcoRI_P1.2
GACAC_EcoRI_P1.2
GAGAT_EcoRI_P1.2
GAGTC_EcoRI_P1.2
GCCGT_EcoRI_P1.2
GCTGA_EcoRI_P1.2
GGATA_EcoRI_P1.2
GGCCA_EcoRI_P1.2
GGCTC_EcoRI_P1.2
GTAGT_EcoRI_P1.2
GTCCG_EcoRI_P1.2
GTCGA_EcoRI_P1.2
TACCG_EcoRI_P1.2
TACGT_EcoRI_P1.2
TAGTA_EcoRI_P1.2
TATAC_EcoRI_P1.2
TCACG_EcoRI_P1.2
TCAGT_EcoRI_P1.2
TCCGG_EcoRI_P1.2
TCTGC_EcoRI_P1.2
TGGAA_EcoRI_P1.2
TTACC_EcoRI_P1.2

ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTACC

/5Phos/AATTCATGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGGTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGATCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATGCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGGTTGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCAACCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCCTTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTAGCTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGTGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTAATTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACCGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGAAGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGTATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCTCATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTAATAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATATGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATTCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTAGCCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTACCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGACGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGCAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGACAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCAAGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTGTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTATCTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGACTCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACGGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCAGCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTATCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTGGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGAGCCAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACTACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTCGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACGTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTACTAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGTATAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCGTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTACTGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTCCGGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGCAGAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTTTCCAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
/5Phos/AATTGGTAAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT
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Supplementary Table 2. Adapter_P2-Mspl

Name OligoSequence
Mspl_P2.1 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
Mspl_P2.2 /5Phos/CGAGATCGGAAGAGCGAGAACAA

Supplementary Table 3. PCR-primers

Name OligoSequence

PCR1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
PCR2_Idx_6_GCCAAT CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGC
PCR2_Idx_12_CTTGTA  CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGC
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Supplementary Figure 1. Maximum likelihood phylogenetic tree with branch length and bootstrap values.
Colored according to their propagation method and cultivation status, i.e., Cultivated enset: blue; Wild enset:
green; Entada landraces: red; Cultivated enset with suckers: purple.
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Supplementary Figure 2. Phylogenic tree (A) Maximum-likelihood phylogenetic tree with branch length and
bootstrap values.; (B) Topological view of the maximum-likelihood phylogenetic tree. Colored according to
their geographical origins. Black; South Ari: Blue; North Ari: Red; Sidama.
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Abstract

Enset (Ensete ventricosum) is one of the key endemic starch staple root crops in Ethiopia. It accumulates
starch mainly in leaf sheaths and corms. We analysed variation in nutritional composition and bioactive
compounds in genotypes of cultivated and wild enset, and Entada. Significant differences were found
between genotypes and between the edible enset tissues. The highest amylose content was found in the
leaf sheath of the cultivated “Mundraro” genotype and in the corm of wild enset. The average content of
amylose in the leaf sheath (45.4%) and corm (26.6%) suggests that starch biosynthesis is more efficient in
leaf sheath than in corm tissue. The highest antioxidant capacity (8.4 umolg! FW) and total phenolic
content (TPC) (100 mg GAE 100 g' FW) was found in leaf sheaths of the “Kiticho” cultivated enset.
However, a wild enset genotype had the highest antioxidant capacity in leaf sheath (9.2 pmolg? FW) and
corm (8.8 pmolg! FW). Entada landraces had lowest neutral detergent fiber (NDF) and water-soluble
carbohydrate (WSC) content compared to cultivated and wild ensets, whereas the wild ensets had highest
content of NDF (350.6 g/kg). All ensets had higher contents of dry matter in the corm than in leaf sheaths.
Significant variation in mineral content was observed between corms and leaf sheaths except for Mg, P, and
Na. Ca and Mg contents were significantly different among cultivated ensets. The content of the minor
elements Zn and Cu was highest in the corm, while Fe was highest in the leaf sheath. These results are
discussed in relation to the utilization of enset for food and feed. The variation among enset genotypes and
edible enset tissues described here are important for selection of accessions for evaluation in multiple

environments and for breeding purposes.
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Enset (Ensete ventricosum), Corm, Leaf sheath, Starch, Mineral, Total phenolic content, Antioxidant
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Introduction

The current trend in food consumption suggests a strong consumer interest in natural and high-quality
foods for healthier lifestyles (Grace, 2016). However, malnutrition continues to be a primary public health
problem in developing countries, especially in Sub-Saharan countries of Africa (Abebe, 2021). In Ethiopia,
undernourishment affects 21.4% of the population and 38.4% of children under the age of five are affected
by stunting (von Grebmer et al., 2018). Many of the plant species that are cultivated for food are neglected
and under-utilized even though they play crucial roles in nutrition and food security, and generate income
for rural societies (Magbagbeola et al., 2010; Mayes et al, 2012). Several bioactive compounds, such as
antioxidants, anti-obesity, immunomodulatory, hypocholesterolemic, antimicrobial, and antidiabetic
agents are present in root and tuber crops (Chandrasekara and Josheph Kumar, 2016). Root and tuber
crops are the second most important global source of carbohydrates after cereals (Chandrasekara and
Josheph Kumar, 2016). They are the primary food source for poor people but they play a minor role in
international trade (Oke et al, 1990).

In Ethiopia, root and tuber crops are widely cultivated in the Southern and Southwest parts of the country.
Among these crops, enset (Ensete ventricosum), a member of the Musaceae family (Borrell et al. 2019), is
one of the most important starch staple crop (Borrell et al,, 2019; Nurfeta et al, 2008; Yemataw et al, 2017).
Enset is the only cultivated species in the genus Ensete and it is native to Ethiopia (Westphal et al, 1975).
Many wild Ensete species are found in other countries like in central, eastern and southern parts Africa as
well as in Asia (Brandt et al, 1997). Unlike other root and tuber crops such as potato, sweet potato and
cassava, enset's nutritional diversity and health benefits have not yet been fully explored (Chandrasekara
and Josheph Kumar, 2016). Enset-based farming is a key agricultural system and farmers cultivate various
enset landraces under different agroecological conditions (Borrell et al, 2019; Tsegaye, 2002). Enset
represents 65% of the total crop production area in the southern regions of Ethiopia and serves as a staple
food for 20 to 35% of the population (Borrell et al,, 2020; Spring et al., 1996; Tuffa, 2019). Enset is also a
multipurpose crop used as livestock fodder, for fibre, and traditional medicines in addition to its main role
as a food source for local communities (Brandt et al., 1997; Mohammed et al., 2013; Tamrat et al, 2020).
Furthermore, in times of extreme famine, wild enset may be blended with cultivated enset (Tamrat et al.,
2020) which was done during the great famine in Ethiopia in the years 1888 to 1892 (Tobiaw and Bekele,
2011) and is the reason why enset is called "The Tree Against Hunger" (Brandt et al, 1997). Enset grows
best at cooler, higher altitudes between 1200-3100 m a.s.] and can be harvested regularly after 4 to 6 years
of transplantation (Borrell et al,, 2019; Brandt et al, 1997). In the 2019/20 main crop season survey, 157
million enset plants were harvested, with a total yield of about 9.4 million tonnes per year, making enset

one of the largest perennial food crops in Ethiopia (Borrell et al, 2019).

Enset is mainly cultivated for its starch content in the pseudostem (overlapping leaf sheaths), the leaf
sheath and the corm (the underground stem), which provide a year-round dietary starch source (Borrell et
al, 2019). However, the edible parts of enset vary from place to place, but in general, the pseudostem, young
shoots, and the corm are the main edible parts of enset (Atlabachew and Chandravanshi, 2008; Daba and

Shigeta, 2016). The main processed food from enset is “Kocho”, a fermented starch obtained from the



mixture of the decorticated leaf sheaths and grated corms; “Bulla”, a white powder produced by drying
squeezed sap from scraped leaf sheaths and grated corms; and “Amicho”, boiled enset corm, usually from

younger plants (Brandt et al, 1997; Yemataw et al., 2014).

Enset is an underexploited starch crop, high in carbohydrates, but low in vitamins, proteins, and essential
amino acids (Besrat et al., 1979; Tiruha Karssa and Alessio Papini, 2018; Tamrat et al., 2020). The major
and minor mineral composition of enset products is comparable to sweet potato, taro, and yam (Tsegaye
and Struik, 2001). Food from enset contains more calcium and iron than most cereals, tubers, and root
crops, and some enset landraces are believed to have medicinal value (Daba and Shigeta, 2016). However,
large variations in quality of enset was observed among different genotypes and landraces of enset (Borrell
et al, 2019; Tobiaw and Bekele, 2011), due to climatic conditions, genetics, soil conditions (Borrell et al,

2019), and plant age (Tiruha Karssa and Alessio Papini, 2018).

Previous studies on the mineral, protein and carbohydrate content of enset is mostly from processed edible
parts of the plant and commercially available food products from local markets (Atlabachew and
Chandravanshi, 2008; Bosha et al., 2016; Daba and Shigeta, 2016; Nurfeta et al., 2008; Tamrat et al.,, 2020).
However, there is lack of studies on the complete nutritional profile including different starch, bioactive
compounds, and dietary fibres for important genotypes and landraces. Moreover, it is important to
characterize the nutritional diversity in diverse types of enset for selecting future cultivars which are high
in essential nutrients and bioactive compounds. Therefore, we selected a set of cultivated and wild enset,
and Entada genotypes with different molecular genetic profiles based on our previous genetic diversity
study (Haile et al. unpublished) for the investigation of nutritional composition (Figure S1). We
hypothesise that the genotypic variation among enset and Entada genotypes affects the nutritional
composition. Therefore, the main objective of this study is to investigate variations in health-promoting
major and minor mineral elements, bioactive compounds, starch, and fibre content among diverse types of

enset.

Materials and Methods

Sample Collection and Preparation

Fourteen cultivated enset genotypes, 6 originating from Sidama and 8 from Gurage, were collected from
the enset maintenance field at the Areka Agricultural Research Centre (AARC) and two wild enset and two
Entada landraces, originating from Sidama, were collected at the Hawassa University Research Centre
(Table 1) based on our previous genetic diversity studies. Five years old enset plants were harvested and
the edible parts thoroughly cleaned. The fresh leaf sheaths (LS) and corms (Co) were cut into small pieces,
and 2 kg of leaf sheath (LS) and corm (Co) were transferred into individual zipped plastic bags and frozen
at -20 °C (Figure 1). Leaf sheaths and corms were further sliced, freeze-dried, ground, sieved, and stored
at-20 °C for later analyses. All analyses were based on dry weight (DW), while the total phenol content and

antioxidant capacity were measured based on fresh weight (FW).



Quantification of Amylose Content

The Megazyme K-Amyl amylose/amylopectin analysis kit was used to quantify the amylose (AM) content
following the manufacturer's protocol (Megazyme, Wicklow, Ireland). 20-25 mg of each sample was
dissolved and rehydrated in dimethyl sulfoxide (DMSO) by boiling. A maize reference sample of 68%
amylose was included with each batch. The starch was precipitated using ethanol alcohol (EtOH) to remove
lipids and then re-dissolved in DMSO by boiling. After diluting the samples in concanavalin A (ConA)
solvent, they were filtered through Whatman filter paper. Amylopectin was precipitated using ConA, while
the amylose was enzymatically degraded to obtain the glucose. An aliquot sample that was not treated with
ConA was also degraded to glucose to measure the total starch content. Two aliquots of amylopectin and
two aliquots of total starch were treated with glucose determinant reagent (glucose oxidase/peroxidase;
GOPOD (D-Glucose assay kit)), and their absorbances were read using a spectrophotometer at 510 nm
wavelength. The amylose content (%) was calculated as (Abs510-Amyl/Abs510-total)*66.8. The

conversion factor (66.8) originates from the dilutions during the protocol steps.
Quantification of Water-Soluble Carbohydrates (WSC)

Samples were extracted in 0.05 M Na-acetate buffer at room temperature for 18 h and filtered through a
filter paper. Sucrose and fructans in the purified extract were hydrolysed using 0.074 M H2S04 at 90 °C for
70 minutes. Monosaccharides were further converted to glucose-6-phosphate and fructose-6-phospate by
an enzymatic method using the kit K-FRUGL (D-Fructose/D-Glucose Assay Kit D) (Megazyme, Wicklow,
Ireland). The absorbance for NADPH at 340 nm before and after the reaction is measured
spectrophotometrically. The increase in absorbance is directly proportional to the glucose and fructose
concentration. The analysis gives the total sum of monosaccharides, sucrose and fructans as a result.

Detailed description of the method used can be found in Randby et al., (2010).
Determination of the Carbon (C) and Nitrogen (N)

Simultaneous CHNS (Carbon, Hydrogen, Sulfur and Nitrogen analyzer) analysis requires high-temperature
combustion in an oxygen-rich environment and is based on the classical Pregl-Dumas method. The samples
were combusted with oxygen in a combustion chamber at a temperature of 1150 °C. Then the combustion
products were passed through a hot reduction tube (850 °C) having a helium gas. The CHNS analyzer detect
CO2, H20 and N2 with a heating wire detector (TCD - Thermal Conductivity Detector). The reference method
used to measure CHNS contents was the combustion or Dumas’s method (AOAC 992-23 or ISO 16634-1:

2008) ISO 16634: 2008; Cereals, legumes, ground cereals, oilseeds, oilseeds, and animal feed.
Quantification of Neutral Detergent Fibres (NDF)

The samples were heated in a neutral soap solution (neutral detergent) to dissolve the cells, while the cell
wall remained undissolved. The undissolved fraction (NDF) mainly contains hemicellulose and cellulose.
In contrast, the neutral detergent soluble (NDS) fraction consists of lipids, sugars, organic acids, water-
soluble compounds, pectin, starch, non-protein nitrogen and water-soluble proteins fractions. The amount
of NDF is determined gravimetrically as aNDF on organic matter basis (aNDFom) after incinerating the

samples at 550 °C to remove inorganic compounds (Mertens et al. 2002). The analysis was performed using



an Ankom200 Fiber Analyzer (Ankom Technology) at the Laboratory for Organic Analytical Chemistry
(LabTek) at NMBU.

Quantification of Major and Minor Minerals

The samples were decomposed with ultrapure concentrated HNO3 (nitric acid) prepared by dissolving 0.25
g of sample with 5 mL of HNOs in acid-washed Teflon tubes at 260 °C in a Milestone Ultraclave (260 °C for
20 minutes). The samples were then diluted by adding 50 mL deionized water and analyzed using ICP-OES
(Inductively coupled plasma atomic emission spectroscopy) (Agilent 5110 ICP-OES) and ICP-MS
(Inductively coupled plasma mass spectrometry) (Agilent 8800 ICP-MS). Reference material and blank
samples were decomposed at the same time. LOD (limit of detection) and LOQ (limit of quantification) are
calculated from 3*SD (standard deviation) and 10*SD on the blank samples (n = 3). Phosphorus (P),
potassium (K), sulfur (S), calcium (Ca), and magnesium (Mg) were quantified using the ICP-OES. Sodium
(Na), iron (Fe), copper (Cu) and zinc (Zn) were quantified using the ICP-MS. Dry matter content was
determined gravimetrically based on sample weight loss after being heated in an oven at 120 °C for 48

hours.
Bioactive Compounds in Enset Leaf Sheath and Corm

The total phenolic content (TPC) of enset leaf sheaths and corms were determined using the Folin-
Ciocalteau method (Singleton et al, 1999). Three grams (g) of fresh homogenate sample was weighed in a
centrifuge tube and then extracted using 30 mL methanol. After extraction, the liquid sample was
centrifuged, and the supernatant was mixed with Folin Ciocalteu reagent and 7.5% (w/v) sodium
carbonate. Finally, the prepared sample was incubated for 15 minutes and measured at 765 nm
wavelength. The absorption was equivalent to the sum of the individual contributions of the different
classes of phenols present in the sample. Total phenolic content was assessed against a calibration curve of
gallic acid, and the results were presented in milligram (mg) gallic acid equivalents (GAE) per 100 g FW.
The antioxidant capacity (AO) analysis was carried out by using a FRAP assay on a Konelab 30i (Thermo
Electron Corp. Vantaa, Finland) (Benzie and Strain, 1999). Three grams of fresh homogenate sample was
weighed in a centrifuge tube then extracted in 30 mL methanol, centrifuged and the supernatant was mixed
with acetate buffer, TPTZ (2,4,6-tri-pyridyl-s-triazine) and iron trichloride, incubated for 10 minutes and
the absorbance was measured at 595 nm. Standards were prepared using Trolox to which readings were

compared, following the Konelab 30i outline and method (Volden et al., 2008; Zargar et al, 2011).
Data Analysis

Analysis of variance was performed using the R software (version 3.6.2) and Proc GLM in SAS version 9.4
(SAS Institute Inc., Cary, NC, USA) to test differences in contents of various nutritional composition and
bioactive compounds among and within different forms of enset. Multiple means comparisons were tested
using the Tukey test, and differences between considered statistically significant at P <0.05. The correlation

coefficients were estimated using Pearson correlation.



Results

Variation in Amylose Content, NDF and WSC

Amylose content in the leaf sheath varied from 22.0% (Astara) to 64.1% (Mundraro), and from 21.0%
(Agade) to 62.6% (Wild2 enset) in the corm (Table 2). The difference between the average amylose content
in leaf sheath (45.36%) and corms (26.60%) was highly significant (P<0.001, Table 3). Wild enset had
significantly more amylose in the corm than both cultivated enset and Entada (52.28, 23.39, 24,45,
respectively; P<0.001, Table 3). The amylose content in the leaf sheath was not significantly different

among the different enset types, nor between the two geographical regions for any of the two tissues.

The WSC content in the leaf sheath varied from 3.7% (Entada2) to 25.5% (Kiticho), and from 4.3%
(Ginbowe) to 17.2% (Astara) in the corm (Table 2). The difference between the average WSC content in
leaf sheaths (9.79%) and corms (7.83%) was significant (P<0.05, Table 3). Cultivated enset had
significantly higher WSC content in leaf sheaths than both Entada and wild enset (P<0.001, Table 3), while
there were no significant differences between WSC contents of the corms, nor between the two

geographical regions for any tissues.

The NDF content of the leaf sheath varied from 66g/kg (Entada2) to 350.6 g/kg (Wild2) (Table 2). On
average, wild enset had significantly higher NDF content (324.42 g/kg) than both cultivated enset (123.93
g/kg) and Entada (66.62 /kg) (P<0.001, Table 3). Also, ensets from Sidama had significantly higher NDF
content than ensets from Gurage (141.84 vs. 110.50 g/kg; P<0.01, Table 3). A heat map of the chemical
composition is presented in Figure 3, which gives a quick overview of the main differences between the

contents in the two tissues.
Variation in Major and Minor Minerals

The concentrations of N and C are presented in Table 2, and the major minerals Ca, K, Mg, P, S, and Na, and
the minor elements Zn, Cu, Fe are presented in Table 6. Heat maps of these elements are presented in
Figure 3 and Figure 4. The nitrogen content in leaf sheaths varied from 0.3% (Wild1) to 1.6% (Derea) and
from 0.3% (Wild1 and Entada2) to 3.0% (Derea) in the corms (Table 2). On average, leaf sheaths contained
significantly more N than corms (P<0.001, Table 3), and cultivated enset contained significantly more N

than both Entada and wild enset, especially in corms (P<0.001), but also in leaf sheaths (P<0.5).

The carbon content in leaf sheaths varied from 37.8% (Wild1) to 42.5% (Mundraro), and from 33.8%
(Wild2) to 43.5% (Mundraro) in the corms (Table 2). On average, corms contained significantly more C
than leaf sheaths (P<0.05, Table 3), and cultivated enset and Entada contained significantly more C than
wild enset, both in leaf sheaths and corms (P<0.001). Both leaf sheaths and corms of ensets from Gurage

contained significantly more C than ensets from Sidama (P<0.01 and P<0.001, respectively, Table 3).

The Ca content in leaf sheaths varied from 1.10 (Badedet) to 13.00 g/kg (Wild2), and from 1.10 (Gena and
Astara) to 6.10 g/kg (Wild2) in the corms (Table 6). On average, leaf sheaths contained significantly more
Ca (3.2 g/kg) than corms (1.3 g/kg) (P<0.01, Table 7). The variation between genotypes was significant
(P<0.01), caused by the major difference between wild enset with average Ca contents of 12.50 and 4.80

g/kg in leaf sheaths and corms, respectively, compared to less than 2 g/kg Ca in leaf sheaths of cultivated
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and Entada and less than 1 g/kg in the corms. There were no significant differences between genotypes

from the two regions as regards Ca content in leaf sheaths and corms.

The potassium (K) content in leaf sheaths varied from 18.0 (Badedet) to 62.0 g/kg (Wild2), and from 13.0
(Lemat) to 39.0 g/kg (Wild2) in the corms (Table 6). On average, leaf sheaths contained significantly more
K (31.6 g/kg) than corms (20.9 g/kg) (P<0.05, Table 7), and differences between genotypes and regions
were non-significant. The magnesium (Mg) content in leaf sheaths varied from 0.38 (Nichew) to 2.00 g/kg
(Wild2), and from 0.32 (Gena) to 3.50 g/kg (Wild2) in the corms (Table 6). On average, differences between
genotypes were significant (P<0.01, Table 7), and the Mg content of corms was significantly highest among
the Sidama genotypes (P<0.05, Table 7), while there was no significant average difference between leaf

sheaths and corms.

There were no significant variations for phosphorus (P) nor sodium (Na) contents, although there was a
tendency that the content of P was higher in leaf sheaths than in corms on average (P=0.07, Table 7). For
sulphur (S), iron (Fe), copper (Cu) and zinc (Zn), the differences between tissues were highly significant
(P<0.001, Table 7) for all elements. On average the content of S, Cu, and Zn were higher in the corms (1.5
g/kg, 4.4 mg/kg, and 145.5 mg/kg, respectively) than in the leaf sheaths (0.4 g/kg, 1.7 mg/kg, and 9.2
mg/kg, respectively). On the other hand, the Fe content was higher in leaf sheaths (26.9 mg/kg) than in

corms (12.1 mg/kg). Differences between genotypes and regions were not significant for S, Fe, Cu and Zn.
Total Phenolic Content

The total phenolic content (TPC) in the leaf sheaths varied from 32.1 mg (Derea) to 108.0 mg GAE/100g
FW (Kiticho), and from 39.4. (Astara) to 104.3 mg GAE/100g FW (Agade) in the corms (Table 4). The
difference between the average TPC contents in leaf sheaths and corms was not significant (Table 5).
Entada had significantly lower TPC content (44.33 mg GAE/100g FW) in the leaf sheaths than cultivated
and wild enset (66.62 and 71.48 mg GAE/100g FW, respectively) (P<0.05, Table 5), and there was a
significant difference between the average TPC content in corms of cultivated and Entada (63.88 mg
GAE/100g FW) compared with wild enset (80.18 mg GAE/100g FW) (P<0.05, Table 5). There were no

significant differences between the two geographical regions for any tissues.
Antioxidant Capacity Content

The antioxidant capacity (AO) in the leaf sheaths varied from 2.4 (Agade) to 9.2 pmolg* FW (Wild1), and
from 2.4 (Lemate) to 8.8 pmolg! FW (Wild2) in the corms (Table 4). As with TPC, the difference between
the average AO contents in leaf sheaths and corms was not significant (Table 5). Wild enset had
significantly highest AO content (6.54 pmolg! FW) in the leaf sheaths compared with cultivated (5.11) and
Entada (3.41 pmolg! FW) (P<0.05, Table 5), and there was a highly significant difference between the
average AO content in corms of cultivated and Entada (4.68 mg pmolg! FW) compared with wild enset
(6.81 mg pmolg! FW) (P<0.001, Table 5). There were no significant differences between the two

geographical regions for any tissues.

Among the cultivated ensets, the highest antioxidant capacity was found in the leaf sheath of Kiticho and in

the corm of Agade, while Agade leaf sheath and Lemate corm had the lowest antioxidant capacity.



Dry Matter Content

For all genotypes, except Medasho, Ado, Badedet, and Wild2, the dry matter (DM) content in the corm was
much higher than in leaf sheaths (Figure 2). The highest DM content in corm was observed in Entada2
(32.7%) and Nichewa (32.3%), and the lowest was observed in wild ensets and Badedet. The highest DM
content in leaf sheaths was observed in Badedet (27.3%) followed by Ado (22.7%), while Wild1 (5.6%) and
Wild2 (3.3%) had the lowest DM contents (Figure 2).

Pearson Correlation Coefficients

Pearson correlation coefficients among amylose, NDF, WSC, phenolic and antioxidant contents in leaf
sheaths and corms among the fourteen cultivated ensets are presented in Figure 5. As expected, total
phenolic content (TPC) and antioxidant capacity (AO) is highly positively correlated, both in leaf sheaths
(r=0,98"") and in corms (r=0.97"") (Figure 5). The correlation between the amylose content in leaf sheath
(AM_LF) and corm (AM_Corm) was moderate positive (r=0.41), while correlations between AM_LF and
NDF content in leaf sheaths (NDF_LF) and WSC in leaf sheaths (WSC_LF) was relatively large a positive
(r=0.65" and 0.49, respectively). NDF content in leaf sheaths (NDF_LF) was highly positively correlated
with WSC_LF (r=0.78"), while the latter was moderately positively correlated with total phenolic content
(TPC_LF) and antioxidant capacity (AO_LF) in leaf sheaths (r=0.50 and 0.49, respectively). All other
correlations were weak and there were no strong negative correlations between these traits. Correlations

around 0.5 would probably be significant with a larger dataset.

Discussion

Variation of Amylose, NDF and WSC in Different Genotypes

On average, higher amylose content was observed in leaf sheaths than in corm, suggesting that the starch
biosynthesis was more efficient in leaf sheaths than in the corm (Table 2, Figure 3). Although not
statistically significant, genotypes from Sidama had higher amylose content than Gurage genotypes in both
tissues, most pronounced in corms (P=0.07) (Table 3). The Mundraro genotype from Sidama is especially
interesting since it has highest amylose content of all cultivated ensets both in leaf sheath and corm (Table
2). The differences in amylose content are most certainly due to genotypic variation, at least for variation
between the cultivated ensets which had been grown in the same field for many years and were sample at
the same age. The differences are also due to variation in the main edible tissues (Gebre-Mariam et al.,
1996; Moorthy, 2002; Seung, 2020). The amylose content of some of the enset genotypes is very high
compared to other root and tuber crops like potato and cassava, which has amylose contents around 20%.
Except for two enset genotypes, the content of amylose in the leaf sheath (36.2-64.1%) is higher than in
banana (24.4-40.7%) (Fontes et al.,, 2017; Ravi and Mustaffa, 2013; Waliszewski et al., 2003). The average
amylose content in corms (26.6%) is higher than the 21% previously reported by (Hirose et al., 2010) but
lower than 29% reported by (Gebre-Mariam et al., 1996). It is interesting that the amylose content we report
for enset is higher than found in different potato cultivars (Liang et al, 2019). Genotypes with the highest

amylose content can be used as sources for maltodextrin and glucose syrup production. Hirose et al. (2010)



characterized the properties of enset starch and found that enset starch had excellent properties compared

with potato starch, corn starch, and sago.

Water soluble carbohydrates (WSC) consist of monosaccharides (glucose and fructose), sucrose and
fructans. Starch is a polymer of glucose units, either in the linear form amylose or the branched form
amylopectin. Thus, there should be a relationship between carbohydrate and starch/amylose contents. The
correlation was 0.49 in the leaf sheaths but negative (-0.18) in the corm. A moderate positive correlation
in the leaf sheaths is as expected since glucose make up only a part WSC. The negative correlation in the
corm is difficult to explain. As regards water soluble carbohydrates (WSC), the leaf sheaths contain
significantly more carbohydrates than corms, and cultivated enset has higher content in this tissue than
Entada and wild enset. The Kiticho genotype stands out since it has the highest WSC content in leaf sheaths
and is also among the highest in WSC of the corm (Table 2).

The Entada landraces had lowest NDF content in the leaf sheaths, wild enset highest and of the cultivated
ensets, Mundraro and Kiticho had significantly higher NDF content than the other genotypes (Table 2).
However, the NDF content in this study was lower than the values reported by Nurfeta et al., (2009); they
found NDF content of 562 g/kg DM for leaves compared to the average and maximum NDF content of 139.8
and 350.6 g/kg DM, respectively, in the present study. These values are difficult to compare since there is
no information about the genotype used by Nurfeta et al, (2009) and factors like age, maturity and
preparation of samples are different. NDF is important for the feed value of enset leaves, and low NDF
content means that the leaves have high energy concentration and provide a good forage for ruminants.
Thus, the Entada genotypes should be very promising as feed sources providing that the yield is
satisfactory. The NDF content of wild enset in the present study is comparable with that of banana

pseudostem (Carmo et al., 2018).

The large positive correlations between NDF content on the one hand, and WSC and amylose in the leaf
sheaths (r=0.78 and 0.65, respectively, Figure 5) is somewhat surprising. NDF is composed of
hemicellulose and lignin, and it is expected that there would be a negative correlation between WSC and
NDF as found in a study of the inheritance of WSC in the forage grass cocksfoot (Dactylis glomerata) by
Sanada et al. (2007). Leaves of grasses do not accumulate starch, this is a big difference compared with leaf
sheaths of enset. Thus, it is likely that the explanation for the positive correlation is that high WSC content
creates a good source for starch deposition. WSC is also providing the building blocks (glucose and other
sugars) of cellulose and hemicellulose, which are main components of NDF. The positive correlation can
only be explained by the composition of NDF, i.e., it must be made up of a low proportion of lignin and
mostly hemicellulose. Also, the NDF content among the cultivated enset genotypes was low compared to
other studies, which could affect these relationships. This show that the lower NDF content in leaf sheath
might be related to the high amylose content in leaf sheaths of cultivated and wild enset as found by Tuffa

(2019).



Compositional Variation in Minerals

Significant variation of mineral content was observed between corm and leaf sheath of enset except for
contents of Mg, P and Na. Mineral contents did not vary according to the geographical region, except for Mg
in corms which was significantly highest among Sidama genotypes (Table 7). Significant variation in Ca
and Mg contents is interesting since some enset genotypes are believed to have medicinal value and are
used for that purpose by enset farmers. This may be because enset contains large amounts of Ca and P
(Daba and Shigeta 2016). The wild enset had much larger content of Ca than the cultivated ensets in both
tissues, which could be a genotypic effect but also an environmental effect since the wild ensets were not
grown in the same experimental field as the cultivated ensets. However, another study (only on cultivated
enset) showed lower Ca contents in the leaf sheath and corm than the values reported in this study (Nurfeta

etal.,, 2008).

The content of the minor minerals S, Fe, Zn, and Cu was significantly higher in corms than in leaf sheaths,
except for Fe (Table 7, Figure 4). In this context, we found that enset is a good source of zinc and copper,
and that enset corm contains higher levels of zinc and copper than leaf sheath. The highest Fe content was
found in leaf sheaths of wild enset and the lowest in the corms of the Entada landraces. All accessions had
higher Cu content in the corm than the leaf sheath. These results are in agreement with previous reports

(Debebe et al, 2012).
Variation in Bioactive Compounds - Total Phenolic Content (TPC) and Antioxidant Capacity (AO)

Consumption of food rich in phenolic content has been shown to reduce the risk of heart disease by acting
as antioxidants (Kaur and Kapoor, 2002). The antioxidant activity of phenolics is mainly because of their
redox properties (Rice-Evans et al, 1997). As expected, very strong positive correlations were observed
between TPC and AO contents both in leaf sheaths and corms. Antioxidant capacity is the most important
in this context, therefore we focus most of the discussion on this component. The average TPC and AO
contents in leaf sheaths and corms were not significantly different, but within tissues, there were significant
differences both within and between different types of enset (Table 4 and 5). Of the cultivated enset, Kiticho
had highest TPC and AO contents in leaf sheaths, while Agade had highest contents in corms, but lowest
contents in the leaf sheath. This demonstrates very different characteristics of these two commonly grown
genotypes. However, genotype Wild1 had significantly highest antioxidant capacity in leaf sheaths (9.2
umolg! FW) and Wild2 in corms (8.8 pmolg! FW) of all enset genotypes (Table 4, Figure 3). This
demonstrates that there are valuable untapped genetic resources among wild ensets that can be utilized
for improving food quality of enset products. In general, the content of bioactive compounds in tissues of

Entada genotypes is average, and Entada does not seem to be promising sources of antioxidants.

Our study indicates that, except for two of the cultivated ensets, the others have higher TPC contents than
reported for enset by Forsido et al, (2013). The quantity of TPC content will vary with genotype and tissue
part (Chung et al, 2008; Patthamakanokporn et al, 2008). Like banana, the enset plant has different content
of total phenol in different edible parts (Kandasamy and Aradhya, 2014). All edible enset tissue parts have
high amounts of total phenolic content and thus enset can serve as an equally good source of dietary

polyphenols as other Ethiopian staple carbohydrate foods, as also shown by Forsido et al., (2013). Further,
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the total phenolic content of most of the enset accessions are very high compared with other tuber
vegetables reported in the literature (Cornago et al,, 2011; Shan et al.,, 2005). However, it is difficult to
compare our results with the results of other studies because of the differences in the range of genotypes
and tissues studied, the sampling, storage and preparation methods, and the methods used to estimate total

phenolic content and antioxidant capacity (Chung et al, 2008; Patthamakanokporn et al, 2008).
Variation in Dry Matter Content

The enset genotypes differed considerably in dry matter content, for most of them, DM content was much
higher in corms than in leaf sheaths. This has also been found in other studies (Debebe et al, 2012; Negash,
2002; Nurfeta et al., 2008). There are, however, some genotypes, i.e,, Medasho, Ado, Badedet, and one of
the wild ensets (Wild2), that has very similar DM content in the two tissues. Wild2 has very low DM content,
and this type would an interesting genotype for feeding ruminants during the dry season in areas where

the water supply is scarce, as pointed out by Nurfeta et al. (2008).

Conclusion

This study demonstrates that there is significant variation in nutritional content and bioactive compounds
among well-known cultivated enset genotypes, Entada and wild enset, and between these types of enset.
Leaf sheaths and corms also differ in contents of most of the components. Since the cultivated enset plants
were grown under similar condition and harvested at same age of maturity, the variation between
genotypes and tissues is, to large extend, due to genetic differences among genotypes. Samples of the
Entada and wild genotypes were taken from clones grown at another location, and therefore differences
between cultivated enset, Entada and wild enset would be influenced by environmental factors. The
amylose content was highest in leaf sheaths of the Mundraro genotype and corms of the wild enset
genotype Wild2. Most enset accessions are good sources of antioxidants, the best sources are from leaf
sheaths of wild enset, followed by the cultivated ensets Kiticho, Mundiraro and Separa, and from corms of
Wild2 enset, Agade and Mundraro. The variation among enset genotypes and edible enset tissues described
are important for selection of accessions for evaluation in multiple environments and for breeding

purposes.
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Tables

Table 1. Enset (Ensete ventricosum (Welw.) Cheesman) genotypes selected for
nutritional analyses.

No Vernacular name Sequence code  Biological status  Geographical
origin
1 Gena 68 Cultivated Sidama
2 Mundraro 48 Cultivated Sidama
3 Kiticho 2 Cultivated Sidama
4 Ado 58 Cultivated Sidama
5 Sediso 65 Cultivated Sidama
6 Medasho 1 Cultivated Sidama
7 Ginbowe 114 Cultivated Gurage
8 Agade 108 Cultivated Gurage
9 Nichew 109 Cultivated Gurage
10 Badedet 115 Cultivated Gurage
11 Derea 111 Cultivated Gurage
12 Lemat 112 Cultivated Gurage
13 Separa 105 Cultivated Gurage
14 Astara 129 Cultivated Gurage
15 Entadal 255 Cultivated Sidama
16 Entada2 263 Cultivated Sidama
17 Wild enset1 235 Wild Sidama
18 Wild enset2 229 Wild Sidama
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Table 2. Chemical composition of cultivated enset, wild enset and Entada landraces in the leaf sheath (LS)
and corm (Co) (based on dry weight (DW).

Amylose? WSC2 NDF? Carbon? Nitrogen?

Genotypes LS Co LS Co LS LS Co LS Co

Mundraro 64.12 29.6¢ 14.60 7.6¢f 209.0¢ 42.52 43.52 0.5 1.6°
Sediso 55.2¢ 22.9¢f¢  13.4¢ 5.0! 134.9de 42.32 43.24b 0.5k 1.4¢
Kiticho 54.1cd 22.2¢f¢ 2552 10.1¢ 208.2¢ 40.34 42.8ad 0.5k 1.1¢f
Gena 45.4e 228 7.18 9.9¢d 104.6¢h 40.34 42.1de 0.7¢d 1.7ef
Ado 36.3h 21.6% 6.48h 5.21 97.08hi 47.1bcd 42.6bcd 0.5h-k 1.2¢
Medasho 29.41 25.1de 7.0 6.08h 97.3¢hi 41.7% 42.5bcd 0.6¢f8 0.9t

Lemat 52.]cd 21.6°ft  14.5b 8.1¢ 131.0def 42.12b 42.]cde 0.6fgh 1.34
Badedet 46.5¢ 24.8def  5.7hi 11.1>  83.1h 41.92 42.9abc 0.4! 1.1
Separa 44.8ef 21.6% 8.4f 7.2f 108.3¢-h 42.0% 42 2cde 0.7cde 0.9!

Derea 41.7% 23.0¢f  11.3d 7.5¢f 147.24d 41.62bc 43.1%b 1.62 3.02
Ginbowe 39.4¢h 26.5¢4  8.3f 4.3 101.2feh 41.8%b 43.13b 1.0b 0.9
Agade 37.0h 21.08 12.34d 5.21 97.3¢hi 41.62bc 43.12b 0.7¢d 0.9hi
Nichew 37.0h 21.6f 13.9bc 7.8¢f 94.981 41.82b 42.8ad 0.6def 0.6

Astara 22.00 21.4% 9.8¢ 17.22 121.04¢ 41.8% 42724 0.7¢ 1.08h
Entadal 54.8¢ 23.8def  4.8i 7.6¢f 67.21 41.7%b 42.8ad 0.6¢f8 0.4k
Entada2 51.0d 24.7df 3.7 6.48 66.0i 41.5abc 42.6bcd 0.587 0.3k
Wwild1l 59.4b 42.0b 4.8 5.6h 298.3b 37.8¢ 41.7¢ 0.3m 0.3k
Wild2 46.5¢ 62.62 5.11 9.34 350.62 40.6%4 33.8f 0.4 1.0k
Mean 45.4 26.6 9.8 7.8 139.8 41.4 42.2 0.6 1.1

LS: leaf sheath; Co: corm; NDF: neutral detergent fiber; WSC: water-soluble carbohydrates; 1based on two replications;
Zbased on three replications. Means within a column followed by the same letter(s) are not significantly different
according to Tukey's test (P < 0.05).
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Table 3. ANOVA analysis of chemical composition across tissues (corm and leaf sheath), cultivation

status, genotypes and geographical origin of genotype.

Compared
Factors fraction df AM! NDF2 WSC2 N2 cz
Corm 26.60 - 7.83 0.62 42.19
Tissue (corm and leaf sheath) Leaf sheath 45.36 - 9.79 1.05 41.35
P-value 1 0.001™" - 0.02* 0.001™ 0.01*
Cultivation status
Cultivated vs. Wild Cultivated 52.94 116.77 10.40 0.65 39.21
(leaf sheath) wild 44.41 324.41 493 0.36 41.62
P-value 1 0.13ns  0.001™ 0.01* 0.01™  0.001™
Cultivated vs wild (corm) Cultivated 23.39 - 7.88 1.10 42.75
Wild 52.28 - 7.44 0.64 37.75
P-value 1 0.001™" - 0.73 s 0.08ns 0.001™
Genotypes
Enset vs. Entada Enset 43.20 123.93 11.29 0.67 41.63
(leaf sheath) Entada 52.89 66.62 4.22 0.54 41.62
P-value 1 0.09»  0.001™ 0.001" 0.30ns 0.96ns
Enset vs. Entada (corm) Enset 23.26 - 8.01 1.21 42.76
Entada 24.25 - 7.01 0.32 42.69
P-value 1 0.44ns - 0.47ns 0.001™ 0.760ns
Enset vs. Wild vs. Entada Enset 43.20 123.93¢ 11.28a 0.672 41.622
(leaf sheath) Entada 52.89 66.62P 4.22b 0.54ab 41.632
Wild 52.94 32442 4.93b 0.36> 39.21b
P-value 2 0.07 ns 0.001™" 0.00"™ 0.03" 0.001™
Enset vs. wild vs. Entada (corm) Enset 23.26P - 8.01 1.21a 42.762
Entada 24.25b - 7.02 0.32b 42.692
Wwild 52.28a - 7.43 0.64b 37.75b
P-value 2 0.001" - 0.71n»  0.001™  0.001™
Geographical origin Sidama 24.02 - 7.30 1.03 42.43
corm Gurage 22.69 - 8.54 1.35 43.42
P-value 1 0.16ns - 0.23ns 0.07ns 0.001™
leaf sheath Sidama 47.02 141.84 12.33 0.57 41.26
Gurage 40.05 110.50 10.50 0.74 41.88
P-value 1 0.07ns 0.01™  0.25ns 0.06 s 0.004™
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Table 4. Antioxidant capacity (umolg! FW) and total phenolic (mg GAE 100 g-* FW) content

in different parts of cultivated enset, wild enset and Entada landraces (based on fresh weight (FW)).

Antioxidant capacity Total phenol content
Genotypes LS Co LS Co
Kiticho 8.4b 5.0¢f 108.02 67.6%
Gena 5.5e¢f 4.38 72.14 61.9de
Medasho 5.3f 5.2de 72.24d 68.5¢d
Mundraro 5.2f 7.3¢ 59.4f 94.2b
Sediso 4.8h 4.58 71.54 62.3de
Ado 3.7i 3.3 51.7¢ 48.8hi
Nichewa 7.6¢ 3.6 98.9b 61.6df
Separa 7.44 4.8¢ 85.9¢ 64.0de
Lemate 5.7¢ 2.4k 68.7de 45.61
Astara 5.1gh 2.5k 67.7de 39.41
Gimbowe 5.1gh 3.6! 63.4¢f 63.4de
Badedet 3.4k 5.44 45.7h 73.1¢
Derea 2.5m 4.0h 32.1i 51.78hi
Agade 2.4 8.2b 35.4i 104.32
Entadal 4.3 4.9¢f 51.3¢ 62.0de
Entada2 2.6! 4.28h 37.4i 53.7fen
Wwild1l 9.22 4.8f 98.3b 58.5¢fg
Wild2 3.9i 8.82 44.7h 101.82
Mean 5.1 4.8 64.7 65.7

Based on three replications. Means within a column followed by the same letter (s)
are not significantly different according to Tukey's test (P < 05).
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Table 5. ANOVA analysis of bioactive compounds across tissues (corm and leaf sheath),

cultivation status, genotypes, and geographical origin of genotypes.

Compared
Factors fraction df TPC AO
Tissue Corm 65.69 4.82
Leaf sheath 64.68 5.08
P-value 1 0.79ns 0.47ns
Cultivation status Cultivated 63.83 4.89
Leaf sheath wild 71.48 6.54
P-value 1 0.43ns 0.061s
Corm Cultivated 63.88 4.68
wild 80.17 6.81
P-value 1 0.03* 0.001™
Genotypes Enset 66.62 5.11
Enset vs. Entada Entada 44.33 3.41
(leaf sheath) P-value 2 0.01™ 0.03"
Enset vs. Entada Enset 64.74 4.57
(corm) Entada 57.86 4.58
P-value 2 0.34ns 0.99ns
Enset vs. wild vs. Entada  Enset 66.622 5.11ab
(leaf steath) Entada 44.33b 3.41b
wild 71.482 6.54a
P-value 2 0.05" 0.02"
Enset vs. wild vs. Entada  Enset 64.74 4.57
(corm) Entada 57.86 4.58
wild 80.17 6.81
P-value 2 0.07 ns 0.09ns
Geographical origin Sidama 67.22 491
Corm Gurage 62.88 4.31
P-value 1 0.420s 0.23ns
Leaf sheath Sidama 72.48 5.48
Gurage 62.23 4.83
P-value 1 0.12ns 0.261s
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Table 6. Mineral content in leaf sheath and corm tissues of cultivated enset, wild enset and Entada

landraces (based on dry weight (DW)).

Genotype Part used 1Ca 1K Mg 1p 18 1 Na 2Fe 2Cu 2Zn
Gena Leaf sheath 1.20 29 0.72 1.4 0.49 0.02 23 2.00 9
Corm 1.10 14 032 081 0.75 0.02 7.20 1.70 47

Mundraro Leaf sheath 2.80 43 0.87 1.50 0.56 0.02 36 3.80 13
Corm 1 20 0.77 1.10 2.20 0.02 18 7.50 480

Kiticho Leaf sheath 4 41 0.83 1.20 0.33 0.01 23 170 24
Corm 1.40 15 0.89 1.10 2.10 0.02 9.10 7.50 240

Ado Leaf sheath 1.50 25 0.99 1 0.34 0.01 21 130 8.50
Corm 0.71 15 0.56 1.20 2 0.01 10 5.10 270

Sediso Leaf sheath 3.20 37 092 1.10 0.41 0.02 20 2.00 7.60
Corm 0.57 14 0.79 1.40 2.30 0.01 10 3.70 210

Medasho Leaf sheath 2.50 23 0.58 1.30 0.46 0.01 18 2.40 12
Corm 1.20 17 0.75 1.10 1.90 0.01 880  6.60 75

Ginbowe Leaf sheath 1.90 28 0.71 1.10 0.39 0.01 13 110 7.70
Corm 0.64 14 0.54 1.10 0.97 0.01 9.90 3.40 76

Agade Leaf sheath 1.60 23 0.5 0.98 0.31 0.01 15 110 5.60
Corm 0.47 9.80 0.35 0.86 1.90 0.01 27 5.80 240

Nichew Leaf sheath 1.20 20 0.38 1.10 0.36 0.01 24 160 5.10
Corm 0.68 9.20 0.43 1.20 1.60 0.01 15 5.10 190

Badedet Leaf sheath 1.10 18 0.68 0.96 0.40 0.04 95 180 6.60
Corm 0.73 15 0.35 0.65 1.20 0.04 7.70  4.30 150

Derea Leaf sheath 1.70 31 0.90 2 0.55 0.01 20 2.70 21
Corm 1.10 14 0.40 1.20 1.90 0.01 6.80 2.50 87

Lemat Leaf sheath 1.80 33 0.80 0.77 0.32 0.01 14 150 7.30
Corm 0.58 13 0.37 097 1.10 0.02 7.70 1.70 92

Separa Leaf sheath 1.90 26 041 0.96 0.28 0.02 38 1.00 6.10
Corm 0.76 20 0.43 1.40 2.20 0.01 22 3.50 150

Astara Leaf sheath 2.40 25 1.50 0.54 0.54 0.01 23  2.70 5.20
Corm 1.10 5.4 0.66 0.49 0.70 0.01 14 830 78

Entadal Leaf sheath 1.80 34 0.94 3.50 0.43 0.03 730 150 7.20
Corm 0.63 14 0.84 2.10 1.50 0.03 330 0.29 15

Entada 2 Leaf sheath 1.50 31 0.79 3.30 0.34 0.01 11 150 440
Corm 0.87 18 0.85 1.70 1.10 0.07 420 0.22 46

Wwild1 Leaf sheath 13 62 130 5.60 0.21 0.03 81 0.69 11
Corm 3.50 38 240 130 1.60 0.50 17 7.30 99

Wild2 Leaf sheath 12 39 2 1 0.33 0.06 87 086 3.90
Corm 6.10 110 3.50 0.68 0.34 0.07 20 5.20 74

1Data are expressed on g/kgand 2 data are expressed on mg/kg.

Table 7. ANOVA analysis of major and minor elements content across tissues (corm and leaf sheath),

genotypes and geographical origin of genotypes.

Factors Compared df Ca Mg P S Na Fe Cu Zn
fraction
Tissue Corm 1.3 209 0.8 1.1 1.5 0.1 12.1 4.4 145.5
Leaf sheath 3.2 31.6 0.9 1.6 0.4 0.0 26.9 1.7 9.2
P-value 1 0.01™ 0.05” 0.8ns 0.07ns 0.001™ 0.23»s  0.001™ 0.001™ 0.001™
Genotype Genotype 2.23 26.21 0.86 1.37 0.96 0.03 19.49 3.08 77.34
P-value 17  0.01™ 0.12ns 0.01™ 0.09ns 0.52ns  0.38ns (0.12ns 0.3ns 0.46ms
Region Sidama 1 15.8 0.7 1.1 1.9 0.02 10.5 5.4 220.3
Corm Gurage 0.8 12.6 0.4 1 1.4 0.02 13.8 4.3 1329
P-value 1 0.12ns 0.12ns 0.02* 0.36ms 0.17»s  1.000s  (0.35ns 0.40ns 0.17ns
Region Sidama 2.5 33 0.8 1.3 0.43 0.02 23.5 2.2 8.1
Leaf sheath  Gurage 1.7 25.5 0.7 1.1 0.4 0.01 19.56 1.7 12.4
P-value 1 0.06ms 0.06ms 0.61ns 0.31ns 048t 0.11ns  (0.38ns 0.23ns 0.19ns
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Figures

Figure 1. A: Enset plant morphology; B: fresh leaf sheath cross section; C: fresh corm from underground part.
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Figure 2. Dry matter content in leaf sheaths and corms of cultivated enset, wild enset and Entada landraces.
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Figure 3. Heat map showing the chemical contents of leaf sheaths and corms of cultivated enset, wild enset and Entada
landraces. LS: leaf sheath; Co: corm; AM: amylose (%); WSC: water soluble carbohydrates (%); NDF: neutral detergent

fiber (g/kg); TPC: Total phenolic contents (mg GAE100 g-! FW); AO: antioxidant capacity (umolg! FW); C: carbon (%);
N: nitrogen (%).
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Figure 4. Heat map showing major and minor minerals of leaf sheaths and corms of cultivated enset, wild enset and

|V}

Entada landraces LS: leaf sheath; Co: corm. Major elements are expressed in g/kg and minor elements mg/kg

AM_LF AM_Corm NDF_LF WSC_LF WSC_corm TPC_LF TPC_corm AO_LF

AM_LF
AM_Corm 0.41

NDF_LF

WSC _LF

WSC_corm 0.12 0.07

TPC_LF 0.13 0.25 0.5 0.17
TPC_corm 0.34 0.39 0.16 0.15

AO_LF 02| 007 029 049 0.17
AO_corm 0.33 035 022 013

1Data obtained from leaf sheaths, 2 data obtained from corm.

Figure 5. Heat-map displaying the extent and direction of correlations (r) between all pairs of variables. Positive
correlations are displayed in red and negative correlations in blue. The intensity of the color is proportional to the
magnitude of the correlation coefficient. AM: amylose; WSC: water-soluble carbohydrates; NDF: neutral detergent fiber;
AO: antioxidant capacity; TPC: total phenolic content.
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Supplementary Figure
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Figure S1. Phylogenetic tree showing diversity across the wild enset, cultivated enset and Entada. Different colours
represent their propagation method and cultivation status, i.e., cultivated enset: blue; wild enset: green; Entada landraces:
red; cultivated enset with suckers: purple; selected accessions for nutritional analyses: black dots on the branch length.
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