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ABSTRACT

Tef (Eragrostis tef (Zuccagni) Trotter) is a staple food supporting over 50 million people in
Ethiopia. Ethiopia is the center of origin and diversity of tef. Tef production is low,
specifically due to drought and lodging. Tef is more vulnerable to moisture stress during
its early stages of development than it is at maturity. Moisture stress at pre-flowering stage
can result in 69 - 77% grain yield reduction. Therefore, this study was aimed at
morphological screening of 60 diverse tef accessions for moisture stress tolerance at their
vegetative growth stage under water stress and non-stress greenhouse conditions and
using SNPs marker. The experiment was laid out completely randomized design (CRD)
with three replications. Phenotypic traits were recorded to evaluate the effect of water
stress on tef. To complement the greenhouse experiment, 538,253 filtered SNPs generated
from resequencing of the same accessions were used for Genome-wide association study
(GWAS). GWAS based on mixed linear model (MLM) in TASSEL 5.2.9 identified SNPs
with significant association (FDR < 0.05) to the studied traits. The two way ANOVA
revealed existence of highly Significant (P<0.001) differences among tef genotypes for
root length, shoot length, root fresh weight, shoot fresh weight, root dry weight, and
significant differences (p<0.05) for shoot dry weight at both stressed and non-stressed
conditions. The water treatment effect was also highly significant (p<0.001) for all the
studied traits except for root length. Accessions by Treatment interactions were highly
significant (p<0.001) for root fresh weight, shoot fresh weight and root dry weight,
significant (p<0.05) for shoot dry weight, and non-significant for rout length and shoot
length, indicating that thus water stress has detrimental effect on the majority of the
evaluated phenotypic traits. Tef accessions found as tolerant to moisture stress; 243501,
225760, 243489, 243495, 243531 and 55183. GWAS identified a total of 215 loci
significantly (FDR < 0.05) associated with the considered traits (shoot length, root dry
weight, shoot fresh weight and root fresh weight) under water stress condition. The
detected significant SNPs were distribution over the 20 tef chromosomes. Overall, in
response to water stress, considerable genetic variability were found across the studied tef
accessions, indicating promising possibility to develop water stress tolerant genotypes
through integrated application of phenotypic and markers assisted breeding. Moreover,
the detected significant markers could be used to screen more accessions in the tef gene

pool and also to begin genome-assisted breeding of tef for water-stress tolerance.

Key words: Drought, Genome-assisted breeding, Genome-wide association study, Phenotype, SNPs, Tef.
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CHAPTER ONE

1. INTRODUCTION
1.1. Background of the study

Tef [Eragrostis tef (Zucc.) trotter] is an allotetraploid (2n=4x=40), small cereal grain crop
that belongs to the family Poacea, sub-family Eragrostoideae, tribe Eragrostidae and
genus Eragrostis (Ketema, 1997). Tef is a staple food supporting over 50 million people in
Ethiopia (source). Ethiopia is the center of diversity and origin of tef (Vavilov, 1951). In
Ethiopia, tef cultivation predates historical records from before wheat and barley were
introduced to the country. Despite its low productivity, the Ethiopian farmers who
engineered the domestication of this crop continued to cultivate it for millennia, with the
area planted increasing over time (Assefa et al., 2017)

Tef is a very nutritious grain. Its nutritional content is usually comparable to or better than
that of the world's major grains such as wheat, rice, barley, and millet (Chanyalew et al.,
2019).1t is superior in many aspects particularly in minerals such as calcium, iron,
magnesium, phosphorus and potassium. Tef grains are also rich in essential amino acids,
especially alanine, methionine, threonine, and tyrosine (USDA, 2013). In recent years, tef
has become popular as a health and performance food in the global market. Spaenij-
Dekking (2005) demonstrated that tef is useful as food for people suffering from gluten
protein allergy diseases known as celiac disease, since the grains are gluten-free. Its low
glycemic index, characterized by slow-release starch, makes it particularly suitable for
diabetic patients (Baye, 2014). In addition, among people who consume tef as a staple
food, its high iron content is related to the low prevalence of hookworm (Tafes et al.,

2020) and pregnancy-related anemia.

Tef has become world-famous and various products are available as health foods in Europe
and North America, especially for gluten intolerant people (Saturni et al.,2010). Straw is
also a valuable source of animal feed. In South Africa, India, Pakistan, Uganda, Kenya and
Mozambique, tef is mainly grown for fodder or forage (Assefa et al., 2011).Tef grows
under a wide range of ecological conditions from sea level to up to 3000 meter above sea
level (m.a.s.l). However, its best performance occurs between 1800 and 2200 meter above
sea level and mainly grown in the regions of Oromia, Amhara, Southern Nation and

Nationalities and Tigray in Ethiopia (Tefera and Ketema, 2001).
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Due to its diverse environmental adaptations, tef grows in high rainfall and drought-prone
agro ecology. Yields in tef are relatively good during high rainfall seasons, but much
limited during the drought period, without the complete crop failures that occur with other
grains such as corn and sorghum (Abraha et al.,2015). Annual rainfall requirements for
crops for optimal yields range from 950 to 1500 mm, but moderate yields are obtained
even under low rainfall conditions ranging from 450 to 550 mm (Abraha et al.,2016). It
also adapts to temperatures in the range of 10-27°C and flowers best under 12 hour day
length. Although adapted to harsh environmental conditions, the productivity of tef is low
in Ethiopia. The main factors limiting the productivity of tef are lodging and prolonged
drought (Asefa et al., 2011). Drought is so complex and destructive in plant biology which
is comparable to cancers in mammalian biology. Its effects depend on the timing and
intensity of stress on plant growth and development (Bhusal et al., 2021). Plant responses
to water stress are quite different and depend on the intensity and duration of stress, as well
as the genotype and growth stage of the plant.

Understanding the response of plants to drought is important for developing drought-
tolerant crops (Sohrawardy and Hossain, 2014). Drought tolerance is a complex
quantitative trait controlled by many genes and influenced by the environment and
genotype by environment interactions (Xoconostle-Cazares et al., 2010). Breeding for
drought tolerance depends on the accumulation of additive genes, a controlled stress
screening environment and high-throughput selection methods to maximize the breeding
advantage (Khan et al.,2016). Thus, the aim of this study was to screen selected tef
accessions at vegetative stage through integrated application of morphological and SNPs

marker to identify drought tolerant tef accessions.
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1.2. Statement of the problem

Drought is a severe abiotic stress that has a considerable impact on agricultural
productivity in the majority of African countries (Numan et al., 2021). Tef production is
low, specifically due to drought and lodging (Assefa, 2013). When compared to maize (4
tons ha™) and wheat (2.7 tons ha™) in Ethiopia, tef produced an average yield of only 1.7
tons per hectare (Cochrane and Bekele, 2018). Moisture stress is one of the major tef
production constrient causing 26% to 51% decrease in grain yields (Shiferaw et al., 2012).
The impact of drought becomes sever and significant after planting specifically during
flowering and grain filling stages. Tef is more vulnerable to moisture stress during its early
stages of development than it is at maturity (Tefera et al.,2000 cited in Abraha, 2016).
Low moisture stress caused tef yield reductions up to 40% (Ayele, 1993). Ferede et al.
(2018) reported that drought has reduced tef grain yields by 7.3% to 85% at the anthesis
stage in greenhouses, and by 69% to 77% in the pre-flowering stage under field conditions.
Therefore, identifying drought tolerance source materials is important for further tef
breeding program. So far the intigrated application of morphological and molecular
approches in teff breeding for drought tolerance is largely limited. Therefore, the present

study was designed with the following general and specific objectives.

1.3.  OBJECTIVES OF THE STUDY

1.3.1. General objective

To screen drought tolerance in selected tef accessions using morphological and molecular

marker approaches.

1.3.2. Specific objectives

%+ To screen tef accessions for drought tolerance at vegetative stage under greenhouse
moisture stress conditions based on morphological traits.

% To identify genomic regions underlying vegetative stage drought tolerance in tef.
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CHAPTER TWO

2. LITRATURE REVIEW
2.1.  Origin, distribution and diversity of Tef

Ethiopia is one of the richest agricultural origination centers in the world, producing
various key crops such as Eragrostis tef and other related species (Reda, 2014). Ethiopia is
the origin and diversification center of tef (Vavilov, 1951) and the crop species has
coevolved with Ethiopians over the years. This is because Ethiopia not only has a wealth of
crop species diversity, but it is also thought to be the site of genesis for its domestication,
including the presence of putative wild progenitors. According to Reda (2014), crop
variability does not exist everywhere in the globe except in Ethiopia, where the crop
originated and was domesticated. The genus Eragrostis is one of the largest in the grass
family, with over 350 species (Assefa et al., 2017). About 43% of these species are thought
to have originated in Africa, 18% in South America, 12% in Asia, 10% in Australia, 9% in
Central America, 6% in North America, and 2% in Europe. Fourteen of the 54 tef species
found in Ethiopia are indigenous to the country (Assefa et al., 2017). Globally, there is no
doubt that tef is originated in Ethiopia; however, the precise area where it was initially
domesticated in Ethiopia is uncertain. Several studies (Melak Hail, 1965; Seyfu, 1993;
Tiruneh et al., 2000; Kebebew et al., 2001 as cited in Tesema, 2013) confirmed that Tef is
extremely diverse and variable in terms of morphological and agronomic aspects. The
spread of the crop across various agro-ecological zones and the careful selection of farmers
led to the emergence of several varieties with distinctive traits. Days to maturity (60 to 120
days), number of grains/plant (9,000-90,000 seeds), plant height (31-155 cm), number of
tillers/plant (5-35), panicle type (from very loose open to very compact) figurel, flag leaf
area (2-4 cm2), and culm diameter (1.2-5 mm) are among the parameters or characters
with the greatest diversity. Tef has been distributed over the world by a variety of
organizations and people. The date of tef's worldwide footmark, however, varies according
to the sources. The Royal Botanical Gardens, Kew, London, United Kingdom, acquired tef
seeds from Ethiopia between 1866 and 1886 and delivered them to certain British colonies,
including India, Australia, the United States of America, South Africa, and British Guyana
(Seyfu, 1997).Tadesse (1975) claims that Burt Davy brought tef to California (USA),

Malawi, Zaire, India, Sri Lanka, Australia, New Zealand, and Argentina in 1916. It was
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brought by Skyes to Zimbabwe, Mozambique, Kenya, Uganda, and Tanzania in 1911. Tef

was introduced to Palestine by Horuitz in 1940.

Figure 1. Diversity in the form of tef panicles. (A) Very compact, (B) semi-compact, (C)
fairly loose, (D) very loose. Source:(Assefa et al., 2015)
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2.2.  Morphology and physiology of tef
2.2.1. Morphology of tef

Morphologically, tef is a fine stemmed tufted annual grass with a lag crown, many shoots
and a shallow diverse root structure. It has a fine grain inflorescence that ranges in color
from white and red to dark brown and its panicle can be loose or compact (Dijkstra and
Polman, 2009) figure2.Under field circumstances, the root system of the tef plant is thin
and fibrous (thread-like), rarely emerging from nodes above the base and growing 4-8 cm
deep (Tadesse Ebba,1969).The stems are typically upright (ascending), although in certain
cultivars they geniculate (creep, bend or elbow) and are jointed with hollow internodes
separated by nodes. One leaf with a sheath and a blade is present on each culm internode
other than the most basal one. The Paniculate tef inflorescence ranges in form from very
compact (whip-like) to very loose and open.

The panicles branch into primary, secondary, and tertiary bearing spikelets. Each spikelet
bears a pair of unequal sized glumes at the base and a number of florets (3—17) above. A
tri-nerved lemma, a two-nerved bow or boat-shaped palea, three stamens (arising from the
ovary base and with extremely thin and slender filaments bearing length-wise opening
anthers at the apex) and an ovary or a pistil are all present in each floret. The ovary has two
or in rare and exceptional circumstances, three styles, each of which ends in a plumose
(feathery), yellowish-white stigma. Tef is a highly self-fertilized species with just
approximately 0.2-1% natural outcrossing (Seyifu, 1993). Basipetal (top-down) flowering,

anthesis, maturity of florets and grains occur on a panicle basis and acropetal (bottom-up)

on a spikelet basis.

(a) (b) (©)
Figure 2.The inflorescence and flower of tef. a) Panicles of tef differ in color and size

(scale bar = 10 cm); b) spike of tef showing individual spikelet (scale bar = 1mm); c)
structure of tef flower indicating three stamens and a pair of hairy stigmas (scale bar =
1mm). Source: (Assefa et al., 2017).
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2.2.2. Physiology of tef

Tef is an annual herbaceous plant that matures physiologically between 60 and 140 days
(Assefa et al., 2011). It is a C4 plant that produces 4-carbon molecules (malic or aspartic
acid) as the first by product of photosynthesis. It also demands a high optimal temperature
for photosynthesis and whereas the typical carbon dioxide compensation points for C3
plants are in the range of 14-20 pl/l and 5ul/l or less for C4 plants, the tef compensation
point is 6 £ 1 pl/l at 38°C. Furthermore, tef's leaf structure is Kranz type, with vascular

bundles enclosed by bundle sheath cells in a circular pattern (Assefa et al., 2011).

2.2.3. Taxonomy of tef

Tef belongs to the Poaceae family as do all economically important cereals. It is closely
related to finger millet (Eleusine coracana Gaerth.) as both are in the subfamily
Chloridoideae. The genus Eragrostis comprises about 350 species from which only tef is
cultivated for human consumption. Although the crop species have had several synonyms
previously used by several authors, presently its most accepted binomial nomenclature is
[Eragrostis tef (Zucc.) Trotter] (Assefa et al., 2011). Unlike wheat, barley and rice, which
are all C3 plants, tef along with maize and sorghum is a C4 plant which efficiently utilizes
carbon dioxide during photosynthesis. This can be seen by tef’s Kranz-type leaf anatomy
with vascular centers surrounded by bundle sheath cells containing a high number of
chloroplasts and by the low CO2 compensation point of the leaves, also typical of C4 as
opposed to C3 species (Kebebew et al., 2015). The genus Eragrostis is basically a complex
taxon distinguished by the prevalence of polyploidy (approximately 69%) and common
presence of cytological races. The species in the genus vary from diploids (2n = 2x = 20)
to hexaploids (2n = 6x = 60). Tef is an allotetraploid (2n = 4x = 40) with disomic
inheritance patterns that forms 20 bivalents in meiotic Metaphase I. (Berhe et al., 2001).
However, the probable diploid progenitors have not yet been found. Eragrostis pilosa, an
allotetraploid, is thought to be the closest related and potential direct wild progenitor of tef,
according to recent DNA-based investigations (Ayele et al., 1999; Ayele and Nguyen,
2000; Ingram and Doyle, 2003). Assefa et al. (2011) stated that even by the standards of
the genus, the chromosomes of tef are extremely tiny (0.8-2.9 um); the largest tef
chromosome is smaller than the smallest (1D) wheat chromosome (Gugsa et al., 2001).
Unlike several of its related Eragrostis species, neither chromosomal races nor aneuploidy

have been found in this species. According to Kebebew Assefa et al. (2011), the average
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nuclear genome size is 730 Mbp, which is nearly the same as the diploid sorghum genome
(Sorghum bicolor, 735 Mb) and roughly 60% larger than the diploid rice genome (Oryza
sativa, 430 Mb).

2.3.  Economic importance of tef

Ethiopia is now the world's largest tef producer and the only country to have adopted tef as
a staple crop, producing more than 90% of the world's tef (Tadele and Hibistu, 2022). The
sole cereal crop in which the nation has a competitive trade advantage is tef. Tef is grown
by 6.5 million smallholder farmers and many Ethiopians depend on it for their livelihoods
(Tadele and Hibistu, 2022). More than 50 million people in the Horn of Africa rely on tef
as a main diet today. Because it accounts for 72% of all cultivated land in Ethiopia, this
sector is the most significant in the country's agricultural economy (Fikadu et al., 2019). In
Ethiopia, tef is mostly grown to harvest the economic portion of the grain for personal use.
Once the grains have been processed, they are used to make Injera, Ethiopia's most well-
known meal (Reda, 2014).Tef is one of the world's least well-known, most nutritious
grains and Injera made from it has exceptional flavor, aroma, texture and durability
(Tilahun, 2021). It is well known for its excellent nutritional value and 99% high return
quality following milling as opposed to 60-80% from wheat (Reda, 2014).The grains may
also be processed into flour, which is used to make porridge and alcoholic drinks such as
tela and katikala. Additionally, Tef straw is used in the construction of traditional homes,
granaries, and animal feed. Compared to other cereal straw, the straw is the most favored
and appealing animal feed and it also has equivalent or even higher nutritional content than
traditional forage crops (Miller, 2010). Because it is the primary choice of Ethiopians for
food and animal feed, it fetches high market prices (Worede et al., 2020).As a result, tef is
Ethiopia's most significant commaodity in terms of area planted and production value, and
the second most important crop in terms of cash generation after coffee, producing over
$500 million each year for local farmers (Fikadu et al., 2019). Studies indicate that the
value of Injera exports in 2015 was over $10 million (Hassen et al., 2018; Fikadu et al.,
2019). Tef has a greater economic surplus than the nation's three other major cereals
(sorghum, maize, and wheat) when taken as a whole. Tef is also a more profitable
commodity in Ethiopian markets and it is a significant cash crop for farmers since it
frequently fetches a market price two to three times more than maize and the grain with the

biggest production volume in the nation (Assefa, 2015).
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2.4.  Nutritional value of Tef and its significance to human health

Tef's nutritional value, health benefits and quality value as a gluten-free grain have drawn
interest globally (Sridhara et al., 2022). Tef has highly appealing nutritional profile and
gluten-free grain make it a suitable substitute for wheat, maize and other cereals in food
applications, particularly for people with celiac disease. As a result, interest in tef has
increased significantly (Girma et al., 2017). Numerous gluten-free products might not
provide enough fiber, vitamins, or minerals on a daily basis. As a result, they must be
fortified to meet the daily intake requirements (Oliveira et al., 2018). Compared to many
other grains, tef naturally has a higher nutritional value, so it doesn't require fortification
(Gebremariam et al., 2014).The grain has high nutritional values, including a significant
amount of protein, carbohydrate, fat, vitamin A and C, fiber, thiamin, riboflavin, and
niacin, as well as important minerals like calcium, chloride, chromium, copper, iron,
magnesium, manganese, phosphorus, potassium, sodium, and zinc (Girma et al., 2017).Tef
grains include all eight essential amino acids (isoleucine, leucine, methionine, lysine,
phenylalanine, threonine, tryptophan and valine). Tef grains contain an average of 9 - 15%
protein, 2% to 4% fat, 2% to 4% fiber, 68% to 74% carbohydrates, 10% to 13% moisture,
and ash content between 2% and 3%, according to a study by the Ethiopian Institute
Biodiversity Conservation laboratory using 114 tef variants collected from Ethiopia
(Science, 2019). In addition, tef contains more of the amino acid lysine than other cereals
despite having a protein content that is comparable to that of other common cereals like
wheat. Tef is rich in phytochemicals like polyphenols and phytates, as well as fatty acids,
minerals, fiber, and fiber-related nutrients (Baye, 2014).Tef's high fiber, calcium, and iron
content, according to Dekking and Koning (2005), made it essential for preventing
pregnancy anemia. In comparison to other cereal crops like wheat, sorghum, rice, barley,
and maize, the crop has a longer shelf life and a slower rate of aging of its bread products.
The grain is associated with a number of health advantages, including the prevention and
treatment of diseases like celiac disease, diabetes and anemia, as stated by Gebru et al.
(2020).Tef consumption also has a number of positive health effects, such as the growth of
sturdy bones and teeth, a decrease in premenstrual syndrome, blood sugar regulation and
sustained energy. The iron deficiency in the diet can be corrected with a daily dose of 100
g of tef (Sridhara et al., 2022).
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2.5.  Asignificant turning point in Tef research history and improvement

In the late 1950s, scientific investigation into tef improvement started in Jimma at what
was formerly known as Jimma Technical and Agricultural High School. The study was
transferred in 1960 to the Central Experiment Station, which is now the DebreZeit
Agricultural Research Center (Kebebew and Chanyalew, 2018). The following three
related phases are identified as part of the overall history of tef Breeding: The first phase
took place from 1956 to 1974, and was distinguished by germplasm enhancement
(collection/acquisition, characterization and evaluation, systematics and conservation),
genetic improvement solely based on mass and/or pure line selection directly from the

existing germplasm and the beginning of induced mutation techniques.

The second phase was from 1975 to 1995 years and was marked by the discovery of the
artificial crossing technique by Berhe (1975) and the subsequent incorporation of
intraspecific hybridization in the genetic improvement program. Additionally the
chasmogamous floral opening behavior of tef flowers (from approximately 6:45-7:30 am)
was discovered in this period. The third phase was from 1995 to the present, and it is
distinguished by the following activities: (1) initiation of molecular/genomic approaches,
which involves the development of molecular markers, genetic linkage maps and analyses
of molecular genetic diversity; (2) incorporating of in vitro culture techniques and
interspecific hybridization; (3) re-evaluating induced mutagenesis, particularly for lodging
and leaf rust disease resistance and (4) stepping up the use of participatory breeding
techniques. As a result, over the past 20 years there has been advancement in the study of

tef genetic architecture and genomics (Numan et al., 2021) as illustrated in figure3.
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Figure 3. Improvement of tef varieties over the last 50 years. The improvement of tef

started back in 1970s with tissue culture techniques, followed by hybridization, the study

of molecular diversity, molecular marker analysis, the development of resistant varieties by

interspecific hybridization and mutation and the recently emerged clustered regularly

interspaced short palindromic repeats (CRISPR)-associated proteins (CRISPR-Cas) based

genome editing technique. Source: (Numan et al., 2021).
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2.6.  Mechanisms of drought tolerance in Tef

In order to develop alternative strategies for enhancing yield and quality, it is crucial to
understand the degree of stress tolerance in crops. One of the main abiotic factors
impacting plant growth and development is drought. In order to cope with drought, plants
have developed a variety of strategies for drought tolerance (Sofia et al., 2013; Mickelbart
et al, 2015). Modifications in stomatal conductance, osmotic adjustment, the
establishment of a deep root system, and maintenance of cell membrane stability are some
of the processes that have been reported in tef (Araya et al., 2011). Many crops, especially
tef have important drought stress tolerance mechanisms, including the development of a
deep root system and osmotic adjustment. Previous research on tef found a correlation
between plant height, root depth and thickness are related to tolerance to drought stress
(Numan et al., 2021).

Recent research on tef and other cereals established a correlation between plant height and
drought tolerance, with semi-dwarf plants being proven to be drought-tolerant (Plaza et al.,
2016). It is also known that osmotic adjustment allows tef leaves to sustain leaf turgor
pressure (LTP) during extreme drought circumstances by retrieving and absorbing water
even from dry soils. Modification of root growth parameters in response to water scarcity
is another strategy used to mitigate drought stress Another technique for reducing drought
stress is to modify root growth characteristics in response to water stress (Numan et al.,
2021).For example, the increase in root length of cowpea, peanut and soybean plants when
exposed to drought enabled them to absorb deep soil water (Merrill et al.,2002). Similarly,
growing deep-rooted tef plants with a broad and extensive root system is a desired
characteristic for drought tolerance.

2.7.  Mechanisms of gene action for drought tolerance

Drought tolerance is a complex feature in which its expression is determined by the action
and interaction of several genes and the environment, which influence morphological,
physiological and biochemical characteristics. The success of any breeding effort for
generating drought-tolerant cultivars is dependent on exact estimates of genetic variance
components of the traits of interest, which primarily consist of additive, dominant and
epistasis genetic influences (Abraha et al., 2015).Additive gene action is connected with
the presence of heterozygotes that perform intermediately between the two homozygotes in

terms of a certain trait. Dominance is a sort of gene activity in which the heterozygote
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performs the same as the dominant homozygote. Epistasis is a phenomenon in which two
or more gene loci interact to influence a genotype's performance (Forneris et al., 2017). To
choose the best selection techniques, it is helpful to have knowledge about the gene action
mode of the desired traits of a particular crop in a certain environment (Acquaah, 2015). If
additive gene action predominates in self-pollinated species, the breeder can successfully
select at different levels of inbreeding and produce a significant improvement of the trait of
interest since additive effects are reversible and easily passed down from one generation to
another. On the other side, sufficient non-additive gene activity may justify the generation

of hybrids since it optimizes heterosis.

2.8.  Development of molecular markers

Molecular markers are the most recent technology that friendly to examine gene
localization and can be effective in plant breeding through desirable gene selections. The
history of molecular markers development indicates that genetic positions of markers has
improved in genomes over the last two decades that is providing fast and easy support for
breeders and scientists. Molecular markers use the technology of genome analysis that
helps to create information database for common use. The use of molecular markers in tef
improvement began in 1995-1998 (Assefa et al.,, 2011). Basically closely linked
chromosomal regions are inherited together, and hence, marker-assisted breeding (MAB)
or marker-assisted selection (MAS) uses molecular markers close to the target genes to
track the introgression or presence of the target gene (Ibitoye and Akinldowu, 2011). They
enable for the efficient utilization of alleles during phenotypic selection. Microsatellites
(simple sequence repeats; SSRs), amplified fragment length polymorphisms (AFLPs) and
single nucleotide polymorphisms (SNPs) are the most often utilized markers. SSRs,
expressed sequence tags, restriction fragment length polymorphisms and random amplified
polymorphic DNA (RAPD) have all been developed for tef (Yu et al., 2006). Abraha et al.
(2016) used SSR markers to identify and enhance certain critical features in tef, such as
grain yield, days to maturity, panicle length and plant height. Similarly, diversity in tef
accessions was detected using AFLP markers, which may be employed in seed
multiplication and breeding programs (Numan et al., 2021). The use of these markers
might have a significant impact on environmental stress tolerance in tef, resulting in
increased productivity. Targeting induced local lesions in genomes (TILLING) was
employed in tef to target and enhance beneficial agronomic features such as dwarfism,

seed size and drought tolerance (Chanyalew et al., 2019)
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2.9.  Single nucleotide polymorphism (SNPs) marker

Molecular markers are used to identify gene positions or genomic areas that regulate
important traits in plants. SNPs are a widely used and popular DNA marker for identifying
genomic regions for important traits that significantly speeds up plant breeding
(Dwiningsih et al., 2020). It refers to a change in one base pair at a particular locus
involving two alleles, where the unusual allele frequency is more than 1 %.( Mokhena et
al., 2016). It is a single nucleotide base difference between two DNA sequences. Thus, it
denotes the point in the DNA sequence where there is a one-base change. Based on
nucleotide substitution, they are divided into two categories: transition, which is the
exchange of pyrimidines (C/T) and purines (A/G), and transversion, which is the exchange
of the purine base for the pyrimidine (G/C, A/T, A/C and G/T).

The SNP is present in both plants and animals and its frequency range in plants is between
100 and 300 bp (Edwards et al., 2007; Xu, 2010 cited in Alsamdani, 2018). SNPs that are
classified as insertions or deletions can be detected in a coding or non-coding regions of
crop plants. Some individuals within a species may be heterozygous or ambiguous at SNP
locus, which implies they have both nucleotides on the same position on that gene. As a
result when screened phenotypically, such individuals will exhibit an intermediate
phenotype. Due to the expansion of sequence information and the identification of gene
function as a result of genomic research, single nucleotide polymorphism is now a widely
preferred genetic marker. They are the ideal marker for plant germplasm screening or
characterisation and identification of functional genes for traits of interest because of their
abundance in the genome and the development of new SNP genotyping tools (Gray et al.,
2000; Chen et al., 2003; Zhou et al., 2016). SNPs are easily automated using high

throughput techniques and are used to segregate large populations.
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CHAPTER THREE

3. MATERIALS AND METHODS

3.1.  Plant materials

A total of 60 tef (Eragrostis tef) accessions used in this study, were obtained from Debre
Zeit Agriculture Research Center (DZARC), which were collected from diverse agro-
ecological regions of Ethiopia, ranging in altitude from 1100 to 2950 m.a.s.l. The detail

information of accessions used for the screening experiment is shown in appendix1.

3.2.  Experimental site and its description

The greenhouse experiment was conducted at the National Agricultural Biotechnology
Research Centers’ Holeta located at a latitude and longitude of 9°3'N 38°30'E/ 9.050°N
38.500°E, respectively and an altitude of 2391 meters above sea level. Array based

Sequencing of the tef accessions was carried out at Colorado State University, USA.

3.3.  Phenotyping

The greenhouse experiment was conducted using PVC tubes (30cm length and 5cm
diameter), each filled with 5349 of pre-sieved mixed soil of sand and top forest soil (1:3).
Before sowing, all PVC tubes were watered for seven days in order to check whether there
may be other or wild tef in the soil and then weeded. Then, one day before sowing, all
PVC tubes containing soil mix, were watered uniformly to field capacity. Eight seeds of
each accession were sown in each tube and 100 ml Hoagland nutrient media of full
strength were supplied according to Kittiwongwattana and Vuttipongchaikij (2013) ten
days after seedlings were fully germinated to each experimental unit once per-week. The
greenhouse day/night temperature was 26 /18 °C. Two weeks after sowing; the seedlings
were thinned to three plants per-PVC tubes. Two treatment (moisture stressed and non-
stressed) conditions were conducted with three replications arranged in completely

randomized design (CRD). The accessions were phenotyped under water-stressed and non-

stressed conditions. All accessions were allowed to grow under optimum water conditions

from 25 days until water stress treatment was commenced. The PVC tubes were separated
into two sets; one set of accessions was kept supplying nutrient media and watered in a
regular manner (well-watered) to the end of the experiment , while the second set of

treatment with similar accessions, withheld water and supplying of nutrient media for 14
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days. Soil moisture in all PVC tube was maintained to field capacity one day before
starting treatment. The experiment was terminated at 39 days after sowing. The effect of
water stress was determined on every treatment by recording data on root length (cm) and
shoot length (cm) using ruler, and root fresh weight (gm), shoot fresh weight (gm), root dry
weight(gm) and shoot dry weight(gm) using a sensitive balance. In order to avoid breaking
during data collection, soil in the PVC tubes was softened by watering, plants were
carefully removed and rinsed gently with tap water and placed on tissue paper to absorb
moisture. Then fresh weight (gm) of individual plants was measured. Plants were then
carefully wrapped in aluminum foil and kept in an oven set at 65°C for 24 hours to get
their dry weight. For all parameters in each replication under non-stressed and stressed
conditions, a mean of three plants’ measurements from each experimental unit, for all tef

accessions were utilized for statistical analysis.

3.4.  Statistical analysis of phenotypic data

For all parameters in each replication under non-stressed and stressed conditions, the mean
of three plant measurements from each accession were utilized for statistical analysis.
Collected data of seedling traits were analyzed using the two-way analysis of variance
(ANOVA) in R (version 4.2.2). Data normality and homogeneity of variance was tested
using Shapiro-Wilk test and Levene’s tests. Significant means were separated using LSD at
p<0.05 significance level. Pearson’s correlation coefficients were also performed based on
the mean value of studied seedling traits under stress and non-stress conditions using
METAN package in R Studio to clarify how different traits interact with one another and
find qualities that might be effectively utilized to select for drought tolerance at this stage.
The broad-sense heritability (H2) of all traits was also calculated using VARIABILITY
package in R.

3.5.  Genomic DNA extraction and genotyping

Genomic DNA isolation was carried out from three weeks old leaves of individual plants
from each accession grown in the greenhouse using the DArT plant DNA extraction
protocol (https://ordering.diversity arrays.com/file/DArT DNA isolation.pdf). DNA quality
and quantity was checked with 1.5% agarose gel and Nano drop spectrophotometer
(Thermo Fisher Scientific), respectively. DNA concentrations were normalized to 50 ng/ pl
and sent to Colorado State University, USA for sequencing and library preparation.

Genomic library of the 60 Tef’s accessions were prepared and paired end whole genome
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sequencing (2x150 bp at~10x coverage) was done using an Illlumina NovaSeq 6000
platform.

Adapter sequences were trimmed from the raw paired-end 150nt reads using Fastp v0.19.6,
as well as low-quality base pairs and reads shorter than 35 bp were removed. Trimmed
reads were then aligned to most recent tef genome assembly [Eragrostis tef (tef) (vV3,
1050954)] using BWA-MEM with default settings. The resulting Sequence Alignment Map
files generated after read mapping were then sorted by chromosome, annotated for read
group information, filtered for improperly paired reads and reads with a mapping quality
less than 10, converted to Binary Alignment Map format, and subsequently indexed using
SAM tools before proceeding to SNP calling using GATK. SNP calling was performed
according to the best practice protocol of GATK. Haplotype Caller was used to genotype
individual samples with default settings. All resulting Genomic Variant Call Format
(GVCEF) files were then combined into a single database using Genomic DBImport to
perform joint genotyping with Genotype GVCF. The resulting Variant Call Format (VCF)
files were filtered to contain only bi-allelic single nucleotide polymorphisms (SNPs) that
had quality-by-depth > 30, Fisher strand bias > 10, minimum read mapping quality < 42,
read depth within a 90% confidence interval by taxa, and passing genotype calls using the
R package “vcfR” and GATK Select Variants and Variant Filtration tools. Finally,
TASSEL was utilized to remove loci with a minor allele frequency < 5% and heterozygous
genotype calls > 50%; as well as taxa that possessed a genotyping rate < 80%, and SNPs
that missed % genotypes. The resulting filtered VCF comprised of 538,253 SNPs across 57
samples. The remaining 3 genotypes were excluded from genotyping due to poor DNA
quality. Filtered data were received in VCF format and association analysis was done by

converting the SNPs in VCF format into hapmap format using the TASSEL software.

3.6. Genome-wide association studies

TASSEL V5.0 was used to determine marker-trait associations using filtered SNP markers.
The detection of association between SNP markers and the phenotypic traits was done
using a mixed linear model (MLM). According to Mathew et al. (2019) population
structure matrix (Q) was fitted as a fixed factor while the kinship matrix (K) was treated as
a random factor. The MLM model with a default configuration (P3D for variance
component analysis and no compression level) was taken into consideration throughout the
study, and population structure was regarded as a covariate with five principal components

(Begum et al., 2020). The false discovery rate (FDR), which was estimated using the
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gvalue package in R software, was set at 5% (FDR adjusted p-value) (Storey et al., 2019)
to determine statistically significant marker-trait association. To reduce the risk of false
marker-trait associations, the markers were deemed significant for each trait separately at a
critical p-value of 1% and a false discovery rate of 5 %( Gupta et al., 2014). Using the
CMplot package in R, rectangular Manhattan plots and Quantile-Quantile plots were
plotted based on the TASSEL summary statistics output, which included the marker
names, chromosomes, positions on the chromosomes, and p-values to categories the actual

marker-trait association(Yin,2018).

3.7.  Linkage disequilibrium

Based on trait-specific genome-wide markers whose locations were unique to the
polymorphic SNP markers, Linkage Disequilibrium (LD) analysis was conducted. The
significant markers were considered to plot the LD heatmap in order to accurately estimate
coinheritance and historical linkage for each pair of loci (Begum et al., 2020). Haploview
4.2 was used to create the LD that was visualised as a heat map. Map chart 2.32 is also
used to illustrate the chromosomal location and QTL intervals of trait-associated SNPs on
the A and B genomes for all evaluated traits.
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CHAPTER FOUR

4. RESULTS
4.1.  Phenotypic data

4.1.1. Root length, shoot length and their respective biomasses

ANOVA revealed that RL, SHL, RFWt, SHFWt and RDWt were highly significantly
(p<0.001) influenced by the main effects due to accessions at both stressed and non-
stressed conditions (Tablel). The genotypic effect on SHDWt was also significant (p <
0.05) at both growth conditions. Different accessions responded differently for all the traits
investigated (Table3). The analyses confirmed the presence of genetic variability among
tested tef accession for drought tolerance. The water treatment effect was also highly
significant (p<0.001) for all traits except for RL (Tablel). ANOVA also confirmed that the
interaction effect of genotype-by water treatment conditions were highly significant
(p<0.001) for RFWt, SHFWt and RDWt, significant (p<0.05) for SHDWHt, and non-
significant for RL and SHL (Tablel). Table 3 and figure4 displayed mean performances of
all accessions in both non-stressed and stressed conditions. A lot of significant variations
were observed among sixty tef accessions in response to water stress treatment when
comparing with non-stressed condition. Those with the best phenotypic performance under
stressed scenario were considered to be potential candidates for drought tolerance

breeding.

Table 1. Analysis of variance for seedling traits of 60 tef accessions based on
morphological traits evaluated under non-stressed and stressed conditions.

Source of variation DF MS

RL SHL RFW1 SHFWt RDW1t SHDW1t
Replication 2 63.56"° 120.1* 0.0001™ 0.00114"™ 0.0000047" 0.000008™
Treatment 1 43.06 ™ 2426.8*** (0.0018***  (0.083 *** 0.0004*** 0.0023***
Accessions 59 126.88***  64.1***  0.0004*** 0.00761***  0.0000286*** 0.00009*
Replication*Treatment 2 68.66 "™ 3.1™ 0.0002"™ 0.00023"™ 0.0000079 0.000007"
Treatment* Accessions 59 61.64" 41.2™ 0.0004*** 0.00317***  0.00004*** 0.00009*
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RL, root length; SHL, shoot length; RFWH, root fresh weight; SHFWHt, shoot fresh weight; RDWH, root dry
weight; SHDWHt, shoot dry weight. *, **, *** significant at p<0.05, p<0.01andp<0.001, ns non-significant,

DF, degrees of freedom, MS, mean square.

Root length ranged from 15cm to 42cm in the non-stressed and 12cm to 37cm in the
stressed environment, showing the influence of drought stress on root length. Among
tested tef accession, the highest root length was recorded in accession number 55062
followed by accession 243497 and 243531 under non-stressed, which highly decreased
under stressed condition. Under water-stressed condition, accession number 243501
showed maximum root lengths followed by accession number 55068 and 243500. They
were collected from Amhara region at altitudes of 2950, 2400 and 2230, respectively.
These accessions also performed best under well-watered condition. However, due to its
poor performance, accession 212834 was identified as being vulnerable to water stress
conditions, as seen in table 3.According to earlier research; root length was a crucial
characteristic for coping with drought stress (Ahmed et al., 2019). The root system is
therefore generally considered as the most important organ with respect to improving crop
adaptation to water stress (Vadez, 2014).

Under non-stressed condition, shoot length ranged from 27 cm- 45.5cm. While it ranged
from 13.5cm to 38.3cm under water stressed condition. The longest shoot length was
recorded in accession number 225761 under non-stressed conditions which was followed
by the accessions 225751and 225760. On the other hand, in water-stressed condition,
accession number 225760 showed the maximum shoot lengths, which was followed by
accession 225759 and 243495. These accessions also showed very good performance
under non-stressed and displayed tolerance to stressed condition.

With regard to root weight, the lowest (0.003g) and maximum (0.060g) root fresh weight
were recorded under non-stressed condition. The tef accession 243494 showed the
maximum root fresh weight followed by 55135 and 243497 under non-stressed
environment. While the same accessions (243494 and 243497) which had recorded, the
highest root fresh weight in non-stressed environment displayed the lowest root fresh
weight under stressed condition and they are considered as susceptible to water stress.
Under stressed condition, the roots fresh weight ranged from 0.001g to 0.048g. Under this
stress condition, the tef accession 243489 possessed the largest root fresh weight followed
by accession 243492 and 212616, and, they were collected from Amhara region at altitudes
of 2920, 2935 and 1460, respectively. Similar accessions performed well under non-
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stressed condition as well (Table 3). Shoot fresh weight ranged from 0.020g to 0.250g in
the non-stressed and 0.009g to 0.126g in stressed conditions, revealing the impact of
drought on shoots fresh weight. On Non-stressed environment, the accession 230773
showed the highest shoot fresh weight followed by the accessions 243495 and 225760
accessions, while under stressed condition accession number 243495 collected from
Amhara region had maximum Shoot fresh weight. The study confirmed that the tef
accessions 243495 and 225760 showed maximum shoot fresh weight under both
conditions, and hence, they could be considered as tolerant to stress condition (Table 3).
The tested genotypes showed considerable variation in root dry weight in both non-stressed
(0.002g - 0.0259) to stress (0.001g to 0.009) condition, demonstrating the significant of
water stress (drought) on tef root dry weight. Under non-stressed condition, accessions
243494 showed maximum root dry weight followed by 243497 and then by 243507, which
radically decreased under stressed condition and these accessions were screened as drought
susceptible. Under water stress condition, the highest root dry weight was recorded in
accession 243531and 212616 followed by accession 243533 which were collected from
Ambhara region at altitudes of 2605, 1460, 2390, respectively. The accession 212933
collected from SNNP also showed high root dry weight under stressed conditions.
Likewise, considerable shoot dry weight difference was observed among tested in both
non-stressed (0.035g to 0.012g) and stressed conditions (0.033g to 0.002). Accordingly,
the tef accession 225760 sourced from Amhara region possessed highest shoot dry in non-
stressed environment. In contrast these accessions reduced under stressed condition and
screened as susceptible to water-stressed scenario. Whereas the accession 55183 obtained
from Amhara and accession 230580 collected from Oromia showed maximum shoot dry
weight under stressed condition (Table 3).

Broad sense heritability also done under moisture stress and non-stress condition using R
software. The broad-sense heritability (H?) under moisture stress condition ranged from -
0.5 to 0.13 and under non-stressed condition, it ranged from -0.23 to 0.41 and also their
phenotypic variance, genotypic variance, phenotypic coefficient of variance and genotypic

coefficient of variance has shown in table2
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Table 2.Phenotypic variance, genotypic variance, phenotypic coefficient of variance,

genotypic coefficient of variance and broad sense heritability (H2)

Trait Stressed Non-stressed

Vp Gv Pcv | Gev | H? Vp Gv Pcv Gev | H?
RL 87.80 |10.99 |3546 | 1255 |0.13 72.16 8.12 33.01 11.07 | 0.11
SHL 29.80 |-14.87 | 1792 | 12.66 |-0.50 52.11 21.38 | 20.25 1297 | 041
RFWt le-04 |0 101.12 | O 0 3e-04 0 120.24 0 0
SHFWt | 8e-04 | -1e-04 | 51.00 | 18.01 |-0.125 | 0.0031 -7e-04 | 65.49 31.12 | -0.23
RDWt 0 0 0 0 NaN 0 0 0 0 NaN
SHDWt | 1e-04 | O 56.1 0 0 le-04 0 43.730 0 0

VP, Phenotypic variance; Gv, genotypic variance; Pcv, phenotypic coefficient of variance; Gev,

genotypic coefficient of variance; H2, broad sense heritability.
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Figure 4.Box plots show mean value fluctuation of traits(RL, SHL, RFWt, SHFWt RDWt
and SHDW!) under stressed and non-stressed condition.
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Table 3. Mean performance of seedling traits of 60 tef accessions under non-stress and water-
stressed conditions.

Accessions Root length(cm) shoot length(cm) Root fresh weight(g) Shoot fresh weight(g) Root dry weight(g) shoot dry
weight(g)

watered stressed watered stressed watered stressed watered stressed watered stressed watered stressed

55183 18.900 26.833 37.667 31.167 0.004 0.008 0.041 0.054 0.003 0.002 0.024 0.033
212933 22.000 21.767 36.333 31.500 0.007 0.009 0.072 0.050 0.003 0.006 0.019 0.022
243522 17.667 17.533 34.433 34.267 0.038 0.012 0.029 0.039 0.006 0.002 0.016 0.021
243499 23.500 23.700 35.667 26.000 0.004 0.023 0.049 0.042 0.005 0.006 0.023 0.021
55186 28.400 21.533 34.667 24.833 0.006 0.015 0.070 0.024 0.005 0.003 0.025 0.007
230771 21.167 18.200 41.167 19.333 0.015 0.008 0.050 0.016 0.005 0.002 0.015 0.007
243494 32.000 28.833 41.000 34.500 0.060 0.006 0.135 0.037 0.025 0.003 0.029 0.010
243496 22.167 24.833 37.333 33.333 0.005 0.013 0.056 0.052 0.002 0.005 0.026 0.018
234726 18.500 31.333 28,500 31.667 0.005 0.016 0.040 0.041 0.002 0.003 0.014 0.009
243521 31.667 24.167 33.333 33.100 0.004 0.005 0.045 0.053 0.003 0.003 0.018 0.023
243506 31.333 29.000 36.333 29.667 0.006 0.007 0.049 0.060 0.004 0.002 0.023 0.019
243507 23.667 24.367 36.833 29.900 0.042 0.005 0.163 0.062 0.015 0.002 0.027 0.015
243533 26.500 12,933 34.667 13.500 0.006 0.022 0.105 0.070 0.002 0.007 0.019 0.019
225761 18.933 29.833 45.500 32.000 0.023 0.003 0.153 0.072 0.011 0.002 0.030 0.020
55102 26.167 20.000 39.200 29.133 0.008 0.004 0.120 0.084 0.004 0.003 0.028 0.026
243489 26.667 36.567 35.667 33.067 0.007 0.048 0.071 0.062 0.003 0.006 0.019 0.021
243495 29.833 25,733 37.800 36.533 0.023 0.005 0.213 0.126 0.009 0.002 0.030 0.028
230773 25.000 19.833 36.733 32.800 0.023 0.008 0.250 0.085 0.009 0.004 0.033 0.017
55184 16.667 31.000 34.167 32.500 0.004 0.007 0.047 0.045 0.003 0.002 0.024 0.017
243498 28.500 21.733 34.167 29.100 0.015 0.008 0.026 0.048 0.005 0.007 0.015 0.017
234435 24.867 19.500 36.833 32.833 0.027 0.004 0.094 0.055 0.013 0.002 0.023 0.008
234371 25.267 30.733 32.500 32.833 0.003 0.009 0.045 0.064 0.002 0.004 0.018 0.022
55334 20.333 22.867 33.333 29.333 0.005 0.007 0.027 0.029 0.005 0.003 0.017 0.016
55068 26.833 25.000 41.667 31.267 0.030 0.003 0.191 0.098 0.011 0.002 0.030 0.002
243531 35.200 31.000 37.367 28.833 0.007 0.012 0.151 0.064 0.003 0.009 0.025 0.019
243511 23.500 28.500 32.167 28.667 0.005 0.006 0.059 0.034 0.004 0.004 0.024 0.017
55100 24.167 26.333 29.333 29.833 0.004 0.005 0.031 0.045 0.002 0.004 0.018 0.021
55096 28.833 27.667 38.667 30.667 0.016 0.009 0.158 0.044 0.006 0.004 0.031 0.015
212834 17.333 11.833 40.100 33.333 0.056 0.021 0.157 0.097 0.003 0.004 0.027 0.011
225760 18.000 26.800 43.000 38.300 0.032 0.003 0.210 0.108 0.011 0.001 0.035 0.018
230580 26.000 32.900 38.833 34.167 0.013 0.008 0.025 0.100 0.005 0.005 0.026 0.027
55049 23.000 25,533 32.633 28.300 0.004 0.004 0.090 0.049 0.003 0.003 0.021 0.017
243500 25.667 34.667 37.167 26.800 0.015 0.006 0.052 0.034 0.004 0.003 0.025 0.015
55123 34500 31.833 29.667 36.167 0.005 0.006 0.055 0.038 0.004 0.004 0.025 0.018
55034 15.000 22.000 34.833 21.000 0.003 0.004 0.084 0.041 0.002 0.002 0.028 0.018
225759 27.000 32.433 38.833 37.833 0.029 0.007 0.159 0.070 0.013 0.003 0.022 0.010
237205 21.567 33.167 31.067 33.667 0.006 0.012 0.050 0.084 0.004 0.005 0.015 0.021
243512 40.000 31.000 37.500 29.000 0.006 0.008 0.055 0.042 0.002 0.004 0.028 0.018
212835 24.800 31.167 33.400 30.333 0.018 0.006 0.088 0.058 0.004 0.004 0.012 0.022
243497 29.433 31.333 36.333 35.833 0.037 0.007 0.125 0.009 0.016 0.004 0.020 0.014
212616 24.033 30.100 31.000 25.967 0.005 0.035 0.060 0.037 0.003 0.009 0.021 0.013
243530 31.167 21.167 37.167 32.267 0.009 0.005 0.064 0.060 0.004 0.004 0.028 0.026
243539 31.667 28.000 33.000 29.167 0.008 0.006 0.042 0.046 0.005 0.002 0.019 0.019
243524 20.233  22.367 30.733 24.167 0.004 0.005 0.020 0.026 0.002 0.003 0.018 0.018
55188 24500 33.333 29.500 22.500 0.006 0.005 0.051 0.040 0.004 0.002 0.016 0.015
243501 30.833 36.600 39.333 26.167 0.007 0.006 0.085 0.034 0.007 0.004 0.031 0.016
55187 23.333 30.667 27.333 28.833 0.004 0.006 0.075 0.060 0.003 0.004 0.021 0.014
243540 16.767 17.967 38.833 26.500 0.020 0.021 0.126 0.056 0.003 0.004 0.022 0.024
212931 25.333  29.333 33.667 31.000 0.006 0.008 0.066 0.057 0.004 0.003 0.026 0.019
243532 23.000 22.667 36.000 36.167 0.004 0.008 0.044 0.049 0.003 0.003 0.023 0.025
243523 26.100 19.900 34500 32.667 0.004 0.001 0.040 0.049 0.003 0.004 0.022 0.025
243492 33.000 26.000 37.000 32.000 0.007 0.042 0.051 0.033 0.003 0.005 0.021 0.009
55125 27.667 29.800 35.600 30.833 0.035 0.004 0.059 0.046 0.014 0.002 0.014 0.009
243503 26.000 26.000 36.000 34.500 0.007 0.005 0.038 0.056 0.002 0.002 0.018 0.023
55031 30.333 21.333 33.100 24.167 0.007 0.005 0.068 0.035 0.005 0.002 0.028 0.014
243515 32.833 32,333 34.333 34.167 0.005 0.008 0.039 0.068 0.002 0.004 0.023 0.026
225751 28.000 26.500 42.333 35.333 0.033 0.016 0.198 0.062 0.014 0.002 0.031 0.017
55132 22,900 30.567 31.500 27.500 0.007 0.008 0.100 0.069 0.003 0.004 0.022 0.016
55062 41.667 34.333 34.667 33.500 0.008 0.008 0.059 0.050 0.003 0.005 0.021 0.024
55135 22933 20.533 37.000 35.800 0.047 0.014 0.156 0.115 0.015 0.004 0.021 0.022
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Grand mean25.7 26.4 35.7 304 0.014 0.009 0.09 0.056 0.006 0.004 0.023 0.018

SD 7.995 8.8 559 6.7 0016 0.01 0.062 0.03 0.005 0.002 0.008 0.497
Cv 31% 33% 17%  22% 114% 102% 73%  53% 92% 67% 36% 48%
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4.2.  Relationship between traits under watered and stressed conditions

The correlation coefficient measures how closely two variables or factors are related. It
also demonstrates the relationship between several traits. Under non-stressed condition,
shoot dry weight was significantly (p<0.001) and moderately positively associated with
shoot fresh weight (r=0.63), shoot length (r= 0.59) and root dry weight (r=0.31), but
negligible non-significant association with root length (r=0.12) and root fresh weight
(r=0.24). Shoot fresh weight showed significant moderate positive association with root
fresh weight (r=0.61), root dry weight (r=0.58) and shoot length (r=0.57), but non-
significant negligible association with root length (r=-0.03). Shoot length showed moderate
positive association with root fresh weight (r=0.53) and root dry weight (r=0.49), but
negative negligible association with root length (r=0.01). Root dry weight showed
significant strong positive (r=0.82) association with root fresh weight, but its association
with root length was negligible and non-significant (p> 0.05; r=0.07). Moreover, root fresh
weight and root length showed negative negligible (r=-0.10) association.

Root dry weight was significantly (p<0.001) and moderately positively associated with
root fresh weight(r=0.54), but its association with shoot dry weight and root length was
negligible and non-significant (p> 0.05; r=0.12, r=0.09) and also showed non-significant
negligible negative association with shoot length and shoot fresh weight (p>0.05, r=-0.16,-
0.03).Root fresh weight showed non-significant negative negligible association with shoot
dry weight (-0.09),shoot length(-0.09),shoot fresh weight(-0.04) and root length(-0.01).root
length showed negligible non-significant association with shoot dry weight (r=0.03),shoot
length(0.25) and also showed negative negligible non-significant association with shoot
fresh weight(-0.1).Shoot fresh weight showed significant moderate positive association
with shoot dry weight (0.3) and shoot length(0.4). Moreover, shoot length and shoot dry
weight showed negligible (r=0.22) association. Figure 5 and 6 shows Pearson’s correlation
coefficients for selected morphological traits of tef accessions under non-stressed and
stressed condition respectively.

26| Pag



Pearson's

Correlation SHFEWtW
-1.0-05 0.0 05 1.0
SHLW
RDWtW
RFEWtW
-0.10 0.07 0.01 -0.03 0.12 RLW
ns ns ns ns ns
& S
S 5 xS &S
& <« & X

ns p>=0.05; * p <0.05; ** p <0.01; and *** p < 0.001

Figure 5.Phenotype correlation analysis among 60 tef seedling traits under non-stressed
condition.
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Figure 6. Phenotype correlation analysis among 60 tef seedling traits under stressed
condition.
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4.3.  Marker trait association (MTAS) under water stressed condition

Marker-trait association (MTA) analysis was carried out for six phenotypic traits (RL,
RFWt, RDWt, SHL, SHFWt and SHDWH) using 538,253 SNP markers to identify the key
genomic regions responsible for water stress response at 5% significant threshold (FDR
adjusted pvalue) (Storey et al., 2019). In four traits (SHL, SHFWt, RFWt, and RDWt) a
total of 215 significant SNPs were identified at significance threshold of p < 0.0001 or —
log10 (p-values) = 4.0(appendix2). However, significant MTA was not detected for two
traits (RL and SHDWHI) at the used significance threshold. The highest number of MTA
were identified for RFWt (204) followed by SHL (7) and then by RDWt (3), while the
lowest MTA was detected for SHFWt (1) under water stress condition. Figure 10 depicts
Manhattan plots constructed by potting the negative log of the p —values i.e. —log10 (P-
value) of each SNPs on the y-axis against their corresponding genomic positions on
chromosomes colored in alternating colors in the x-axis. The right side is the QQ plots
indicating how well the used model controlled the confounding factors due to population

structure (Q) and familial relatedness (k).

Linkage disequilibrium (LD) heat maps for MTA were generated using Haploview 4.2 to
demonstrate coinheritance, marker-marker linkage, and non-random association patterns
between SNPs figure7. Using a window of physical distance in base pairs (bp) established
by a pair-wise LD analysis of the genome-wide scanned SNPs. QTL under stress
conditions were also discovered by merging the MTAs based on their genomic locations.
Map chart 2.32 was used inorder to visualize the chromosomal location and QTL intervals
of the associated SNPs on the A and B genome for the evaluated traits. For some of the
traits that were evaluated under stress condition, the chromosomal location and QTL
intervals of the trait-associated SNPs on the A and B genome are shown in figure 9. Figure
8 depicts genome-wide linkage disequilibrium decay (LD-decay) in the total tef accessions

utilized for this study.
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A, B,
LD heatmap LD heatmap

C, D,
LD heatmap LD heatmap

Figure 7.Linkage disequilibrium (LD) heat map generated by Haploview software for MTA on
5A; 2A, 3B and 6A respectively for shoot length (A), Root dry weight (B), shoot fresh weight (C)
and Root fresh weight (D). Within each of the corresponding squares, the LD blocks/triangles are
displayed as paired D' values that correspond to SNP pairings expressed as percentages (%) and
LOD (log of the likelihood odds ratio), which measures the level of confidence in the value of D'.
The amount and significance of pairwise LD between SNPs are represented by shading, with a red

to white color gradient reflecting higher-to-lower LD values.
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Figure 8.Scatter plot of genome-wide LD decay against total physical distance (bp) based on
the r2 values of the marker pairs.
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Figure 9.The related SNPs on the A and B genomes for MTA under water stress
conditions were located on chromosomes by genome-wide analysis. SNPs are provided in
millions of base pairs according to their physical positions on chromosomes. The vertical
black lines in chromosomes denote the maker interval in LD where SNPs were located.
The QTL are shown on the right (in red) the markers which are associated with shoot
length(5A), Root dry weight(2A), shoot fresh weight(3B) and Root fresh weight(6A).
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Figure 10.Manhattan and Quantile-Quantile (QQ) plots of genome-wide association study
for six traits: RDWt, RFWt, RL, SHDWt, SHFWt and SHL. Each dot represents a SNP.
On the X-axis is the genomic position of the SNPs on the corresponding chromosomes
indicated in different colours.Y-axis is the -log10 of the P-value depicting the significance
of the association test. Statistically significant MTAs are marked on the plots with red dot.
Whereas for two traits (RL and SHDW1) there were no significant MTAs observed.
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4.4.  SNPs markers density

The physical distribution of targeted SNP markers across the 20 chromosomes was uneven,
resulting in different densities on each chromosome. Figure 11 shows the chromosomal
distribution of targeted SNP markers within a 1Mbp window size indicated by a color
gradient; grey indicates no SNPs, green indicates low density, yellow indicates medium
density and red indicates high density.
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Figure 11. Distribution of chromosomal markers in terms of density. Green to red color
coding represents low to high SNP densities.
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5. DISCUSSION

Drought is one of the major abiotic factors that significantly influence and diminish the
yield and productivity of food crop resulting in up to 70% yield loss globally (Lum et al.,
2014). It has a large influence on plant growth during germination, vegetative and
reproductive stages. At each stage, it acts as a constraint to crop productivity. However,
studies on drought tolerance have mostly neglected drought that occurs during the early
stages of growth (Spontaneous et al., 2016). There is limited information on drought stress
tolerance of tef at vegetative growth stage. The current study was carried out to identify the
best performing tef accessions under water stressed condition, and identify SNPs

associated with drought tolerance to be used in further tef breeding program through MAS.

5.1.  Effects of water stress on root length shoot length and their respective bio-
masses.

The results obtained from the present work clearly demonstrated the presence of significant
variability among 60 tef accessions for the considered seedling traits at vegetative growth
stage. The genetic variability offer opportunities for breeds to improve vyield, yield related
traits and resistance to both biotic and abiotic stresses through breeding. The analyses also
confirmed that the effect of water treatment on genotypes performance was highly
significant, indicating that germplasm greenhouse screening can be used to identify
drought tolerant tef genotypes. Moreover, the very highly significance differences for the
interaction effect of accession by water treatment indicated that the different tef accessions
interacted or responded differentially with the different water treatment conditions. These
findings are consistent with (Meo, 2000; Bibi et al., 2010; Ali et al., 2011a cited in Bibi et
al., 2012). Similarly, maize plants are found to be more susceptible to drought stress at the
seedling stage (Badr et al., 2020). The study confirmed that although both shoot and root
growth was inhibited under water stressed condition, shoot growth was more sensitive than
root growth. This finding is in line with the reports by Salih et al.(999) Younis et al. (2000)
Okgu et al. (2005), Bibi et al. (2010,) and Ajithkumar and Panneerselvam (2014) that
drought stress suppressed shoot growth more than root growth, and in certain cases root
growth increased in sorghum at seedling stage. Similarly, Ahmad et al. (2014) stated that
limited supply of water and nutrients under water stress condition often results in growth

inhibition of shoot than roots.
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Shoot length of tef accessions were decreased under water stressed condition in
comparison to non-stressed condition that corresponds to the study of drought tolerance in
maize (Zea et al., 2018) and wheat (Aldesuquy et al., 2012). Water stress reduced fresh as
well as dry weight of root and shoot in tef. This result is in line with the results reported
by Bibi et al.(2012) in some cultivars of sorghum, wheat, maize and sunflower. Farooq et
al. (2008) also displayed that water stress on crop plants generally cause significant
reduction in fresh and dry biomass production. Genotypes allocate biomass differently
between roots and shoots (Weiner, 2004), and there are indications that drought tolerance
can be improved via traits, such as root length, shoot and root biomass accumulation
(Paustian et al., 2016; Griffiths and Paul, 2017). Mwangoe et al. (2022) reported that
accumulation of root and shoot biomass has been used as an indicator of drought tolerance.
The results are useful for screening large number of tef accessions for water stress

tolerance during its vegetative growth stage.

Pearson correlation among morphological traits was also assessed for both non-stressed
and stressed circumstances. Results from the study demonstrated that strongest positive
correlation was observed between shoot fresh weight and shoot length under both
environmental conditions. Root dry weight and root fresh weight had significant positive
correlation under both conditions. The present result is in line with the report of Ahmed et
al. (2022) in wheat. Shoot fresh weight had also significant and positive association with
shoot dry weight under both stressed and non-stressed condition. Traits that showed strong
positive association can be improved simultaneously through indirect selection.
Correlations are useful criterions for choosing genotypes that are drought tolerant
(Darvishzadeh et al. (2010). Characterization of tef accessions with better stress tolerance
traits and screening for drought tolerant tef are essential to the success of breeding
programs. The broad-sense heritability (H2) under moisture stress condition ranged from -
0.5 to 0.13 and under non-stressed condition, it is ranged from -0.23 to 0.41. This low
heritability implies that the genetic variance is low compared to the phenotypic

variance which means most of the differences are not due to genetic.
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5.2.  Marker trait association (MTAS) under water stressed condition

In agricultural plants, GWAS is becoming into a potent and cutting-edge method for
identifying the genes, alleles or haplotypes that are strongly associated with agronomically
important traits (Alqudah et al., 2020). Furthermore, the advent of molecular breeding tools
like as genome sequencing and the rapid increase of high-density SNP arrays pave the door
for crucial trait association mapping/QTL mapping. In the current study, at significant p <
0.001 threshold, MLM model based GWAS identified a total of 215 SNPs significantly
associated with various drought stress traits of tef such as shoot length, shoot fresh weight,
root dry weight and rout fresh weight at vegetative growth stage under water stressed
condition. However, no marker-trait association was observed for root length and shoot dry
weight (-log10p-value>4.0); hence, the considerable variations in these two traits were not
genetic. For RFW1 trait the largest number of associated SNPs mapped was 204, for SHL
(7), for RDWt (3) and for SHFWt (1) was associated (appendix2). The marker-trait
association revealed here are particular to water stress conditions and to the best of my
knowledge relevant information on these associations in Eragrostis tef is not currently
accessible in the literature and can be considered as potential candidates for exploring SNP
trait associations further in Tef accessions panels. It is known that Linkage disequilibrium
is a popular and ideal method to explain the continuation of non-random association
among alleles at two or more loci which can exist after the historical linkage and
recombination events and mutation (Abebaw M.A., 2020). LD decay can, however, be
influenced by a variety of genetic and environmental factors such as mating system,
selection, rate of mutation, rate of genetic recombination, genetic drift, and population
structure (Gupta et al, 2014). Therefore, linkage disequilibrium (LD) analysis was carried
out to identify the potential candidate genes that may be responsible for the assessed
parameters under water stress condition for each trait having significant SNPs across each
chromosome in order to demonstrate the existence of non-random association between
alleles at two or more loci and to define the candidate genomic region. The locus thought
to be relevant for a given trait is the LD block that contains significant SNP markers for
that trait (Figure 7). Figure 8 also shows the chromosomal location and QTL intervals of
trait-associated SNPs on the A and B genomes for all evaluated traits. To the best of my
knowledge, none of the known QTL had been documented in the literature on tef during its
vegetative development stage under moisture stress conditions; hence, these QTLs may be

regarded as novel.

35|Pag



6. CONCLUSIONS

Diverse tef accessions used in this study showed significant variations for different traits to
drought stress recorded at the vegetative growth stage under water stress condition in the
greenhouse. This implies that drought tolerance can be improved by exploiting the existing
genetic variability through breeding. The study confirmed that water stress has a
detrimental effect on the majority of evaluated phenotypic traits (RL, SHL, RFWt, SHFWt
RDWt and SHDWH). This shows that it is important to consider these traits in selecting
genotypes for drought tolerance. Correlation analysis revealed that some agronomic traits
like shoot fresh weight and shoot dry weight showed strong positive associations,
indicating that these traits can be improved simultaneously through indirect selection
breeding. GWAS also identified a total of 215 significant MTAs from the scanned
population of tef accessions collected from different regions of Ethiopia for shoot length,
shoot fresh weight, root dry weight and root fresh weight under water stress condition. The
physical distribution of significant SNP markers found across the 20 chromosomes was
uneven; resulting in different densities on each chromosome. Current study's significant
MTASs may be included into genomic prediction models to assess their selection potential
under drought stress circumstances. We suggest the effect of detected QTLs needs to be
validated before being deployed in genome assisted breeding of tef for drought tolerance.
Overall, the identified drought tolerant tef accessions and the identified QTLs could be
deployed in the tef breeding program for the development of drought stress tolerant tef

varieties.
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7. RECOMMENDATIONS

Up on the present results, the following recommendations have been forwarded.

1. Significant markers identified in the present study shall be validated for use in
future tef breeding program.

2. The markers developed in this work could be highly beneficial for marker assisted
breeding of tef under water-stressed environments.

3. More study should be conducted with large sample size across locations to identify

large effect and stable QTLs useful in tef breeding for drought tolerance.
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9. APPENDICES

Appendixl. List of Eragrostis tef accessions, Regions, Zone, District, Latitude, longitude

and altitude.
Serial | Accessio | Region/state/ | Zone Woreda/distric | Latitude Longitude Altitude
no n province t
1 55183 Amhara Mirab gojam Bure 10-47-00N 37-0300E 2550
wemberma
2 212933 SNNP Semen omo Gofa zuria 36-54-00-N | 06-19-00-E | 1360
3 243522 Tigray mehakelegnaw | Adwa 14-10-00N 38-51-00E 2050
4 243499 Ambhara Debub wallo Tenta 11-20-00N 39-15-00E 2550
5 55186 Ambhara Agew Awi Banja 11-06-00N 36-53-00E 2420
6 230771 Oromia Borena Moyale 05-03-00N 39-28-00E 1200
7 243494 Amhara Debub Wallo Tenta 11-20-00N 39-15-00E 2400
8 243496 Amhara Debub Wallo Tenta 11-20-00N 39-15-00E 2400
9 234726 Benishangul | Metekel Dibate 10-41-00N 36-23-00N 1450
andGumuz
10 243521 Tigray Mehakelegnaw | Kola Temben | 13-37-00N 39-59-00E 2010
11 243506 Amhara Semen Wallo Guba Lafto 11-51-00N 39-32-00E 2600
12 243507 Amhara Semen Wallo Habru 11-45-00N 39-41-00E 2020
13 243533 Amhara Semen Gondor | Dabat 13-38-00N 37-55-00E 2390
14 225761 SNNP Semen omo Kucha 06-28-00N 37-30-00E 1290
15 55102 Amhara Debub Wallo Kutaber 11-18-00N 39-29-00E 2100
16 243489 Amhara Debub Wallo Dessie Zuria 10-57-00N 39-34-00E 2920
17 243495 Ambhara Debub Wallo Tenta 11-20-00N 39-15-00E 2350
18 230773 Oromia Borena Moyale 05-04-00N 39-29-00E 1220
19 55184 Ambhara Mirab Gojam Burewamberm | 10-52-00N 36-57-00E 2590
a
20 243498 Amhara Debub Wallo Tenta 11-20-00N 39-15-00E 2400
21 234435 Tigray Mirabawi Tahtay koraro | 14-33-00N 38-04-00E 1500
22 234371 Tigray Mehakelegnaw | Adwa 14-12-00N 38-50-00E 2120
23 55334 Amhara Agew awi Dangela 11-07-00N 36-54-00E 2570
24 55068 Ambhara Misrak Gojam Enarjenawga 10-35-00N 38-16-00E 2400
25 243531 Amhara Semen Gonder Dabat 13-59-00N 37-47-00E 2605
26 243511 Tigray Debubawi Endmahoni 12-45-00N 39-27-00E 2320
27 55100 Oromia Mirab hararge ciro 09-04-00N 40-46-00E 2030
28 55096 Ambhara Semen gonder Gonder zuria 12-40-00N 37-30-00E 2350
29 212834 Oromia Bale Buluk 06-15-00N 39-47-00E 1250
30 225760 SNNP Semen omo Kucha 06-28-00N 37-30-00E 1290
31 230580 Oromia Bale Buluk 06-25-00N 39-52-00N 1150
32 55049 Ambhara Agew awi Banja 10-58-00N 36-46-00E 2250
33 243500 Ambhara Semen wallo DawuntnaDela | 11-32-00N 39-15-00E 2230
nt
34 55123 Oromia Mirab hararge ciro 09-09-00N 41-02-00E 2190
35 55034 Ambhara Debub gonder este 11-38-00N 38-04-00E 2620
36 225759 SNNP Semen omo Kucha 06-28-00N 37-30-00E 1290
37 237205 Tigray Mahakelegnaw | Meherab lehe | 14-19-00N 38-49-00E 1350
38 243512 Tigray Debubawi endamehoni 12-45-00N 39-27-00E 2320
39 212835 | Oromia Bale buluk 06-24-00N 39-50-00E 1340
40 243497 Ambhara Debu wallo tenta 11-20-00N 39-15-00E 2400
41 212616 Ambhara Debub wallo ambasel 11-25-00N 39-37-00E 1460
42 243530 Ambhara Semen gondor dabat 13-59-00N 37-47-00E 2605
43 243539 Ambhara Semen gondor gonder zuria 12-19-00N 37-33-00E 2050
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44 243524 Tigray mahakelegnaw | adw 14-13-00N 38-54-00E 2030
45 55188 Ambhara Agaw awi dangela 11-21-00N 36-58-00E 2040
46 243501 Amhara Semen wallo Dawuntna 11-34-00N 39-14-00E 2950
Delant
47 55187 Amhara Agew awi dangela 11-17-00N 36-54-00E 2160
48 243540 Amhara Semen gondar Gondar zuria 12-19-00N 37-33-00E 2050
49 212931 SNNP Semen omo Gofa zuria 36-59-00N 06-21-00E 1400
50 243532 Amhara Semen godar dabat 13-38-00N 37-55-00E 2390
51 243523 Tigray mehakelegnaw | adwa 14-1000-N 38-51-00-E | 2075
52 243492 Amhara Debub wallo tenta 11-14-00N 39-15-00-E | 2935
53 55125 Oromia Misirak harerge | deder 09-18-00-N | 41-26-00-E | 2320
54 243503 Amhara Debub wallo ambasel 11-28-00-N | 39-00-00-E | 2825
55 55031 Amhara Agew awi dangela 11-21-00-N | 36-53-00-E | 2150
56 243515 Tigray mehakelegnaw Degua temben | 13-38-00-N | 39-07-00-E 2580
57 225751 SNNP Semen omo Arbaminch 05-45-00-N | 37-22-00-E 1100
zuria
58 55132 Oromia Misirak wallaga | Guto wayu 09-01-00-N | 36-30-00-E 2400
59 55062 Ambhara Misirak gojam enemay 10-29-00-N | 33-11-00-E 2560
60 55135 Oromia Misirak shewa Ada’a chukala | 08-44-00-N | 39-00-00-E | 2100
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Appendix2. Significant marker trait associations at FDR corrected p value for four traits.

Trait Marker Chr Pos -Log10pvalue pvalue R2

SHL SLCLIJ5A 7354688 LCL|5A | 7354688 4.676 2.11E-05 | 47.58%
SLCLI|5A 7354685 LCL|5A | 7354685 4.658 2.20E-05 | 47.58%
SLCL|9A 6324708 LCL|9A | 6324708 4.344 453E-05 | 45%
SLCL|7A 19475156 LCL|7TA | 19475156 | 4.264 5.44E-05 | 43%
SLCL|9B_1756788 LCL|9B | 1756788 4.203 6.27E-05 | 38.7%
SLCL|7A_3857099 LCL|7A | 3857099 4.102 7.90E-05 | 40%
SLCL|3A 23582412 LCL|3A | 23582412 | 4.093 8.06E-05 | 45%

RDWt SLCLJ2A 3132115 LCL]2A | 3132115 4.033 9.271E-05 | 33%
SLCL|2A 963939 LCL]2A | 963939 4.011 9.74E-05 | 35%
SLCL|2A 963940 LCL]2A | 963940 4.011 9.74E-05 | 35%

SHFWt | SLCL[3B_12006767 LCLI|3B | 12006767 | 4.048 8.96E-05 | 34.9%

RFWt SLCL[3B_32561289 LCL|3B | 32561289 | 6.223 5.981E-07 | 62%
SLCL[3B_32162476 LCL|3B | 32162476 | 6.131 7.396E-07 | 56.58%
SLCL|6A 26366995 LCL|BA | 26366995 | 6.108 7.795E-07 | 57.4%
SLCLI|6A 26367664 LCL|BA | 26367664 | 6.076 8.404E-07 | 57.59%
SLCL[3B_32561392 LCL|3B | 32561392 | 5.941 1.145E-06 | 54.36%
SLCL|6A_ 26681681 LCL|BA | 26681681 | 5.805 1.568E-06 | 50.54%
SLCL|3B_32162717 LCL|3B | 32162717 | 5.803 1.573E-06 | 50.55%
SLCL|BA 26222292 LCLIBA | 26222292 | 5.775 1.68E-06 | 55.53%
SLCLI|BA 26222296 LCL|BA | 26222296 | 5.775 1.68E-06 | 0.55532
SLCL|6A 26223268 LCL|BA | 26223268 | 5.774 1.682E-06 | 58.69%
SLCL[3B_31740835 LCL|3B | 31740835 | 5.763 1.726E-06 | 50%
SLCL|3B_31741200 LCL|3B | 31741200 | 5.762 1.73E-06 | 53.75%
SLCL|7B_20080883 LCL|7B | 20080883 | 5.646 2.262E-06 | 47.3%
SLCLI|6A 26351564 LCL|BA | 26351564 | 5.622 2.387E-06 | 51.1%
SLCL|2B_20312365 LCL|2B | 20312365 | 5.621 2.391E-06 | 64.37%
SLCL|6A 26223193 LCL|BA | 26223193 | 5.607 2.469E-06 | 49.46%
SLCL|6A 26373787 LCL|6A | 26373787 | 5.604 2.489E-06 | 49.47%
SLCL|6A 26222471 LCL|6A | 26222471 | 5.574 2.667E-06 | 50.74%
SLCLI|BA 26222473 LCL|BA | 26222473 | 5.574 2.667E-06 | 50.74%
SLCL|6A 26367487 LCL|BA | 26367487 | 5.555 2.788E-06 | 51.88%
SLCL|6A 26252205 LCL|BA | 26252205 | 5.544 2.859E-06 | 52.64%
SLCL|6A 26252237 LCL|6A | 26252237 | 5.536 2.912E-06 | 49.52%
SLCL|6A 26473259 LCL|BA | 26473259 | 5.522 3.009E-06 | 51.46%
SLCL|6A 26400693 LCL|BA | 26400693 | 5.485 3.271E-06 | 62.94%
SLCL|BA 26252212 LCL|BA | 26252212 | 5.476 3.345E-06 | 47.75%
SLCL|6A 26252219 LCL|BA | 26252219 | 5.433 3.689E-06 | 48.48%
SLCLIBA 26252210 LCL|BA | 26252210 | 5.422 3.786E-06 | 47.44%
SLCLI|6A_26400927 LCL|BA | 26400927 | 5.412 3.876E-06 | 61.75%
SLCL|6A 26114037 LCL|BA | 26114037 | 5.397 4.005E-06 | 49.71%
SLCL|6A 26373811 LCL|BA | 26373811 | 5.372 4.248E-06 | 48.3%
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SLCL[3B_31617404 | LCL|3B | 31617404 | 5.363 4.331E-06 | 56.67%
SLCL[3B_31617405 | LCL|3B | 31617405 | 5.363 4.331E-06 | 56.67%
SLCL|6A 26367695 | LCL|GA | 26367695 | 5.363 4.333E-06 | 47.65%
SLCL|6A 26363799 | LCL|A | 26363799 | 5.348 4.485E-06 | 58.12%
SLCL|6A 26351698 | LCL|A | 26351698 | 5.336 4.616E-06 | 58.12%
SLCL[A 26400942 | LCL|BA | 26400942 | 5.314 4.855E-06 | 60.26%
SLCL|2B_26373086 | LCL|2B | 26373086 | 5.313 4.863E-06 | 59.08%
SLCL[7B_746835 LCL[7B | 746835 | 5.309 4.904E-06 | 55.99%
SLCL|6A 26363801 | LCL|GA | 26363801 | 5.268 5.394E-06 | 57.51%
SLCL[6A 26205849 | LCL|pA | 26205849 | 5.254 557E-06 | 58.54%
SLCL[6A 26367675 | LCLIBA | 26367675 | 5.200 6.305E-06 | 43.85%
SLCL|2B_5445420 LCL]2B | 5445420 | 5.185 6.528E-06 | 52.86%
SLCL[6A 26367670 | LCL|GA | 26367670 | 5.177 6.649E-06 | 45.96%
SLCL[6A 26351937 | LCL|GA | 26351937 | 5.115 7.674E-06 | 46.05%
SLCL|6A 26365347 | LCL|GA | 26365347 | 5.087 8.184E-06 | 55.27%
SLCL[6A 26223601 | LCL|GA | 26223601 | 5.083 8.256E-06 | 54.73%
SLCL[6A 26363564 | LCL|GA | 26363564 | 5.082 8.283E-06 | 50.08%
SLCL|6A 26363565 | LCL|GA | 26363565 | 5.082 8.283E-06 | 50.08%
SLCL|6A 26365302 | LCL|A | 26365302 | 5.069 8.522E-06 | 53.33%
SLCL|6A 26367706 | LCL|GA | 26367706 | 5.061 8.686E-06 | 42.59%
SLCL[1B_5743960 LCL[IB | 5743960 | 5.043 9.048E-06 | 44.12%
SLCL[6A 26223587 | LCL|pA | 26223587 | 5.034 9.239E-06 | 55.77%
SLCL|2B_5445454 LCL]2B | 5445454 | 5.022 9.514E-06 | 56.51%
SLCL]2B_25701012 | LCL|2B | 25701012 | 5.005 9.886E-06 | 44.08%
SLCL|6B_18553573 | LCL|6B | 18553573 | 5.002 9.945E-06 | 41.21%
SLCL|6A 26365351 | LCL|A | 26365351 | 4.981 1.045E-05 | 53.76%
SLCL[6A 26363541 | LCL|GA | 26363541 | 4.976 1.058E-05 | 50.5%
SLCL[6A 26363542 | LCL|GA | 26363542 | 4.976 1.058E-05 | 50.5%
SLCL|6A 26363543 | LCL|A | 26363543 | 4.976 1.058E-05 | 50.5%
SLCL[6A 26167041 | LCL|GA | 26167041 | 4.953 1.114E-05 | 50.5%
SLCL|6A 26363486 | LCL|GA | 26363486 | 4.927 1.183E-05 | 49.1%
SLCL[6A 26419578 | LCL|pA | 26419578 | 4.893 1.278E-05 | 52.78%
SLCL[6A 26425332 | LCL|GA | 26425332 | 4.883 1.311E-05 | 55.58%
SLCL|6A 26357954 | LCL|BA | 26357954 | 4.874 1.336E-05 | 52.29%
SLCL[6A 26161278 | LCL|GA | 26161278 | 4.869 1.353E-05 | 53.72%
SLCL|1B_5830583 LCL|1B | 5830583 | 4.849 1.416E-05 | 40.06%
SLCL|6A 26363603 | LCL|GA | 26363603 | 4.844 1.433E-05 | 47.69%
SLCL|6B_18553614 | LCL|6B | 18553614 | 4.832 1.472E-05 | 39.42%
SLCL[6A 26357942 | LCL|pA | 26357942 | 4.817 1.523E-05 | 51.30%
SLCL|6B_18553594 | LCL|6B | 18553594 | 4.811 1.545E-05 | 39.60%
SLCL|6A 26166898 | LCL|GA | 26166898 | 4.792 1.616E-05 | 50.39%
SLCL|6A 26357860 | LCL|GA | 26357860 | 4.741 1.817E-05 | 48.39%
SLCL[6A 26346643 | LCLIGA | 26346643 | 4.736 1.835E-05 | 50.25%
SLCL[6A 26114624 | LCL|GA | 26114624 | 4.691 2.039E-05 | 46.33%
SLCL[6A 26114626 | LCL|GA | 26114626 | 4.691 2.039E-05 | 46.33%
SLCL[6A 26166916 | LCL|GA | 26166916 | 4.682 2.082E-05 | 48%
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SLCLI6A 26357918 | LCL[6A | 26357918 | 4.680 0.0000209 | 49.5%
SLCLJ4A 20739616 | LCL|4A | 20739616 | 4.665 2.161E-05 | 63.51%
SLCL|3A_6991749 LCL|3A | 6991749 | 4.663 2.174E-05 | 47.86%
SLCL[6A 26223559 | LCL|GA | 26223559 | 4.658 22E-05 | 51.98%
SLCL[6A 26223560 | LCL|GA | 26223560 | 4.658 22E-05 | 51.98%
SLCLI6A 26223563 | LCL[6A | 26223563 | 4.658 2.2E-05 | 51.98%
SLCL[6A 26367307 | LCL|GA | 26367307 | 4.648 2.25E-05 | 39.83%
SLCL[1A 37457788 | LCL|LA | 37457788 | 4.646 2.259E-05 | 38.27%
SLCL[6A 26234902 | LCL|GA | 26234902 | 4.645 2.264E-05 | 37.39%
SLCL[6A 26367575 | LCL|BA | 26367575 | 4.644 2.268E-05 | 40.75%
SLCL|LA 34153852 | LCL|IA | 34153852 | 4.624 2.374E-05 | 39.15%
SLCLJ4B_18368841 | LCL|4B | 18368841 | 4.581 2.625E-05 | 38.16%
SLCL[7B_19418910 | LCL|7B | 19418910 | 4.576 2.656E-05 | 39.43%
SLCL[9B_17129765 | LCL|9B | 17129765 | 4.575 2.663E-05 | 40.65%
SLCL[6A 26363762 | LCL|GA | 26363762 | 4.565 2.724E-05 | 45.55%
SLCL[1A 34021621 | LCL|IA | 34021621 | 4.562 2.74E-05 | 37.32%
SLCLI6A 26367678 | LCL|6A | 26367678 | 4.550 2.821E-05 | 44.72%
SLCL[6A 26205526 | LCL|GA | 26205526 | 4.547 2.839E-05 | 44.36%
SLCL|2B_5432473 LCL]2B | 5432473 | 4542 2.87E-05 | 38.18
SLCL[IA 34101912 | LCL|IA | 34101912 | 4.538 2.898E-05 | 35.76%
SLCL[2B_20312336 | LCL|2B | 20312336 | 4.534 2.927E-05 | 39.52%
SLCL|2B_20312337 | LCL|]2B | 20312337 | 4.534 2.927E-05 | 39.52%
SLCL|LA 37425661 | LCL[IA | 37425661 | 4.533 2.929E-05 | 37.32%
SLCL[6A 26362923 | LCL|GA | 26362923 | 4.521 3.015E-05 | 36.79%
SLCL[1A 37566926 | LCL|LA | 37566926 | 4.497 3.182E-05 | 36.51%
SLCL|6A 26366445 | LCL|GA | 26366445 | 4.496 3.192E-05 | 38.16%
SLCL[6B_18654716 | LCL|6B | 18654716 | 4.491 3.229E-05 | 35.93%
SLCL[1A_7292023 LCLIIA | 7292023 | 4.489 3.242E-05 | 43.48%
SLCL|3A 12394580 | LCL[3A | 12394580 | 4.486 3.267E-05 | 39.67%
SLCL|3B_31748526 | LCL|3B | 31748526 | 4.480 3.308E-05 | 36.86%
SLCL[6A 26166942 | LCL|GA | 26166942 | 4.480 3.300E-05 | 45.44%
SLCL[6A 26251870 | LCL|GA | 26251870 | 4.460 3.471E-05 | 38.9%
SLCL[6A 26682381 | LCL|GA | 26682381 | 4.445 3.593E-05 | 36.55%
SLCLI6A 26373794 | LCL[6A | 26373794 | 4.443 3.603E-05 | 46.71%
SLCL|LA 33980358 | LCL[IA | 33980358 | 4.441 3.625E-05 | 37.96%
SLCL[LIA 32747669 | LCL|LA | 32747669 | 4.428 3.736E-05 | 34.63%
SLCLI6A 26219125 | LCL[6A | 26219125 | 4.425 3.756E-05 | 36.27%
SLCL|2B_5432446 LCL]2B | 5432446 | 4.425 3.761E-05 | 37.98%
SLCL|3B_31743195 | LCL[3B | 31743195 | 4.420 3.799E-05 | 36.31%
SLCL|6A 26362855 | LCL|6A | 26362855 | 4.409 3.896E-05 | 36.08%
SLCL|LA 37445691 | LCL[IA | 37445691 | 4.407 3.915E-05 | 38.06%
SLCL|2B_5439319 LCL]2B | 5439319 | 4.406 3.925E-05 | 36.35%
SLCLI6A 25382694 | LCL[6A | 25382694 | 4.405 3.932E-05 | 38.14%
SLCLI6A 26234967 | LCLI6A | 26234967 | 4.402 3.966E-05 | 35.02%
SLCL|3B_32160921 | LCL[3B | 32160921 | 4.398 3.999E-05 | 37.24%
SLCL|3B_31743205 | LCL[3B | 31743205 | 4.389 4.086E-05 | 36.32%
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SLCL|GA 26366464 | LCL|A | 26366464 | 4.388 4.092E-05 | 37.43%
SLCL|6A 25433046 | LCL|A | 25433046 | 4.387 4.099E-05 | 37.69%
SLCL|6A 26358434 | LCL|GA | 26358434 | 4.384 4.131E-05 | 44.46%
SLCL|9A 1848686 LCL|9A | 1848686 | 4.373 4.236E-05 | 0.9%

SLCL|6B_18654759 | LCL|6B | 18654759 | 4.355 4.419E-05 | 34.4%
SLCL[7B_20653376 | LCL|7B | 20653376 | 4.338 4.592E-05 | 50.93%
SLCL[2B_13971760 | LCL|2B | 13971760 | 4.331 4.67E-05 | 44.42%
SLCL[6A 26252272 | LCL|BA | 26252272 | 4.325 4.737E-05 | 48.69%
SLCL[6A 26234957 | LCL|GA | 26234957 | 4.323 4.748E-05 | 33.9%
SLCL|6A 26365097 | LCL|A | 26365097 | 4.323 4.751E-05 | 33.71%
SLCL|6B_18651946 | LCL|6B | 18651946 | 4.322 4.769E-05 | 44.6%
SLCL[6A 26407818 | LCL|GA | 26407818 | 4.320 4.785E-05 | 32.81%
SLCL[6A 26114606 | LCL|GA | 26114606 | 4.320 4.788E-05 | 41.78%
SLCL|10A 8324689 | LCL|10A | 8324689 | 4.317 4.82E-05 | 34.17%
SLCL[6A 26252034 | LCL|GA | 26252034 | 4.306 4.946E-05 | 36.28%
SLCL|6A 26367403 | LCL|A | 26367403 | 4.305 4.958E-05 | 34.57%
SLCL|6A 26167352 | LCL|A | 26167352 | 4.300 501E-05 | 32.3%
SLCL[6A 26167284 | LCL|GA | 26167284 | 4.300 5.015E-05 | 35%

SLCL[2B_20312305 | LCL|2B | 20312305 | 4.293 5.098E-05 | 34.83%
SLCL[6A 26367415 | LCL|GA | 26367415 | 4.286 5.177E-05 | 34.85%
SLCL|6A 26399887 | LCL|6A | 26399887 | 4.252 5.594E-05 | 35.59%
SLCL|6A 26167552 | LCL|A | 26167552 | 4.251 5.613E-05 | 34.9%
SLCL|2B_20312316 | LCL|2B | 20312316 | 4.250 5.623E-05 | 35.5%
SLCL|2B_5432427 LCL]2B | 5432427 | 4.247 5.666E-05 | 33.46%
SLCL|6A 26367392 | LCL|GA | 26367392 | 4.246 5.681E-05 | 33.8%
SLCL[6B_18554372 | LCL|6B | 18554372 | 4.233 5.846E-05 | 38.18%
SLCL[A 26114814 | LCL|A | 26114814 | 4.226 5.949E-05 | 34.86
SLCL[7A_7459770 LCL[7TA | 7459770 | 4.223 5.984E-05 | 32.28%
SLCL|6B_18652386 | LCL|6B | 18652386 | 4.212 6.137E-05 | 32.82%
SLCL|6B_18652390 | LCL|6B | 18652390 | 4.212 6.137E-05 | 32.82%
SLCL[6A 26151834 | LCL|GA | 26151834 | 4.208 6.193E-05 | 34.53%
SLCL[7B_20530393 | LCL|7B | 20530393 | 4.203 6.271E-05 | 41.74%
SLCL[3B_31678920 | LCL|3B | 31678920 | 4.198 6.333E-05 | 49.4%
SLCL|GA 26374711 | LCL|A | 26374711 | 4.195 6.38E-05 | 32.91%
SLCL|9A_9839695 LCL|9A | 9839695 | 4.194 6.392E-05 | 33.31%
SLCL[A 26219510 | LCL|GA | 26219510 | 4.191 6.434E-05 | 33.52%
SLCL|GA 26219511 | LCL|GA | 26219511 | 4.191 6.434E-05 | 33.52%
SLCL|6A 26878846 | LCL|GA | 26878846 | 4.191 6.443E-05 | 35.12%
SLCL|GA 26219582 | LCL|GA | 26219582 | 4.187 6.496E-05 | 33.82%
SLCL[5B_7338275 LCL|5B | 7338275 | 4.187 6.504E-05 | 35.4%
SLCL|6A 26234970 | LCL|GA | 26234970 | 4.186 6.512E-05 | 33.83%
SLCL|6A 26409334 | LCL|GA | 26409334 | 4.184 6.55E-05 | 32.37%
SLCL|6A 26219535 | LCL|6A | 26219535 | 4.176 6.662E-05 | 34.53%
SLCL|6A 26113865 | LCL|GA | 26113865 | 4.174 6.696E-05 | 35.42%
SLCL|6A 26113868 | LCL|GA | 26113868 | 4.174 6.696E-05 | 35.42%
SLCL|6A 26366934 | LCL|A | 26366934 | 4.169 6.779E-05 | 31.97%
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SLCL|2B_13971537 | LCL[]2B | 13971537 | 4.167 6.806E-05 | 41.72%
SLCL|6A_5589048 LCL|A | 5589048 | 4.155 7.002E-05 | 44.7%
SLCL|GA 26410540 | LCL[6A | 26410540 | 4.153 7.025E-05 | 33.04%
SLCLIGA 26438939 | LCL|GA | 26438939 | 4.152 7.042E-05 | 33.27%
SLCL|GA 26366936 | LCL|GA | 26366936 | 4.148 7.109E-05 | 32.14%
SLCL|6A 26366937 | LCL|6A | 26366937 | 4.148 7.109E-05 | 32.14%
SLCL|9A_2225591 LCLI9A | 2225591 | 4.147 7.126E-05 | 36.21%
SLCL|2B_5521509 LCL2B | 5521509 | 4.144 7.173E-05 | 31.52%
SLCL|6B_18654756 | LCL|6B | 18654756 | 4.144 7.182E-05 | 32.34%
SLCL|2B_5427234 LCL2B | 5427234 | 4.137 7.288E-05 | 34.34%
SLCL|GA 26358485 | LCLIGA | 26358485 | 4.133 7.36E-05 | 32.66%
SLCL|2B_5495348 LCL]2B | 5495348 | 4.118 7.624E-05 | 32.56%
SLCL|BA 26358503 | LCL|GA | 26358503 | 4.113 7.716E-05 | 32.62%
SLCLIGA 26219446 | LCL|6A | 26219446 | 4.112 7.729E-05 | 33%

SLCL|6A 26370572 | LCL|6A | 26370572 | 4.108 7.805E-05 | 32.82%
SLCL|GA 26424694 | LCL|GA | 26424694 | 4.106 7.841E-05 | 32.88%
SLCLIBA 26167271 | LCLI6A | 26167271 | 4.091 8.114E-05 | 33.24%
SLCLJ4A_16672589 | LCLJ4A | 16672589 | 4.090 8.124E-05 | 31.27%
SLCL|GA 26410483 | LCL|6A | 26410483 | 4.082 8.284E-05 | 32.46%
SLCL|GA 26357038 | LCL|GA | 26357038 | 4.078 8.357E-05 | 31.31%
SLCL|2B_5494649 LCL2B | 5494649 | 4.076 8.401E-05 | 34.32%
SLCL|6B_18562520 | LCL[6B | 18562520 | 4.067 8.579E-05 | 30.91%
SLCL|BA 26370785 | LCL|6A | 26370785 | 4.059 8.737E-05 | 31.25%
SLCL|3B 31742648 | LCL[3B | 31742648 | 4.046 8.988E-05 | 46.4%
SLCL|BA 26367739 | LCL|GA | 26367739 | 4.038 9.161E-05 | 50.82%
SLCL|BA 26365174 | LCL|GA | 26365174 | 4.036 9.196E-05 | 48.18%
SLCL|2B_5486670 LCL|2B | 5486670 | 4.036 9.205E-05 | 30.08%
SLCL|GA 26161269 | LCL|6A | 26161269 | 4.035 9.223E-05 | 40.43%
SLCL|GA 26367692 | LCL|GA | 26367692 | 4.034 9.244E-05 | 40.31%
SLCL|GA 26167773 | LCLI6A | 26167773 | 4.029 9.361E-05 | 31.38%
SLCL|BA 26363755 | LCL|GA | 26363755 | 4.028 9.366E-05 | 45.9%
SLCL|GA 26161255 | LCL|6A | 26161255 | 4.026 9.409E-05 | 39.46%
SLCL|2B_5432363 LCL|2B | 5432363 | 4.024 9.458E-05 | 33.54%
SLCL|2B_5432366 LCL2B | 5432366 | 4.024 9.458E-05 | 33.54%
SLCL|2B_5522094 LCL2B | 5522094 | 4.011 9.753E-05 | 32.77%
SLCL|BA 26167556 | LCL|6A | 26167556 | 4.007 9.84E-05 | 32.97%

Chr=chromosome; pos=position; SHL=shoot length; RDWt=root dry weight;
SHFW!t=shoot fresh weight and RFWt=root fresh weight.
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