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Abstract

Seed shape is an important trait for dehulling and splitting during the milling process of lentil. A
high-throughput image-based phenotyping system was previously developed to provide direct
metrics from single seeds. This study aimed to take this new, and more precise system, to
phenotype and dissect lentil seed shape and identify new genetic markers for the lentil breeding
program. To accomplish this, seed from 324 diverse genotypes that had been grown at six site-
years in two major lentil growing environments (temperate and Mediterranean) were imaged.
Significant differences were identified between seeds from temperate and Mediterranean macro-
environments for four seed shape parameters: diameter, circularity (measure of uniformity of the
seed edges), height (seed thickness), and plumpness. Each seed parameter had high heritability,
suggesting a low environmental influence, which is also supported by an absence of significant
correlations with phenological parameters or temperature. A stability analysis of the seed shape
traits across the six site-years revealed that seed height has fewer stable lines when compared
with circularity, diameter, and plumpness and that for each of these traits there is a range of
stability, making some genotypes more stable than others across site-years. Genome-wide
association studies were used to identify QTL for most seed shape traits, with diameter having
the most consistent identification of significant QTL. The new phenotyping system used in this
study coupled with multi-locus GWAS models achieved similar results when compared with
previous studies, although it can help breeding programs identify new candidate genes with

improved precision by extracting multiple traits like seed shape and seed color simultaneously.
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1 Introduction

Lentil (Lens culinaris spp. culinaris Medik.) is a crop consumed for its high levels of protein,
fiber, complex carbohydrates, vitamins, and minerals. For almost 40 years lentil has been the
second most produced pulse crop in Canada after dry peas, reaching more than 2.8 million tonnes
of production in 2020 (FAOSTAT 2023). Quality of seeds is a key aspect to lentil marketing and
seed shape is among the pivotal parameters of quality in lentil markets. Seed shape is understood
to include seed diameter, mass, thickness, plumpness, and roundness, and has been proved to be
important in cooking, and dehulling, and splitting during milling processes (Shahin et al. 2012;
Subedi et al. 2018). Environment plays an important role in seed shape control; although it is
important to assess these parameters in conjunction with phenology which provides useful data of
plants adaptation to climatic variables (Alghamdi et al. 2013; Fedoruk et al. 2013; Wright et al.
2020).

Diverse genetic resources are needed to enhance genetic variability in size and shape to release
new varieties of importance to the lentil market (Khazaei et al. 2016; Al-Khayri et al. 2019). To
capture new genes and/or alleles, diversity panels can be used to represent a range of genetic
diversity in crops and have been a useful tool for plant breeders to manage and use germplasm for
crop improvement (Wang et al. 2014). A diverse selection of seeds from 324 accessions (AGILE
LDP) grown in Saskatchewan, Italy, Spain, and Morocco in 2017-2019 and then returned to
Saskatoon were available for seed quality analyses. The diversity captured with this set of
germplasm and from different macro-environments makes the scope of research bigger and offers
the opportunity for more robust results. The differences between the macro-environments come
from daylength, daily temperatures and the season in which plants were growing - there are some
winter-growing macro-environments, like locations from the Mediterranean, and the others are
summer-grown temperate environments (Wright et al. 2020). There are changes in the
phenological events such as flowering and maturity across these locations due to the changes in
daylength and temperature. These events have been linked to seed growth that impacts directly

seed size and shape, especially during early growth (Li et al. 2019).

A genome-wide association study (GWAS) is an association mapping (AM) technique that uses
single or multiple loci tests to associate target traits with markers (Singh and Singh 2015a). The

diversity panel has been previously used in a genome-wide association study (GWAS) for



phenological parameters and is available to help interpret results. Accurate seed phenotyping is a
prerequisite to a valid genetic conclusion. High-throughput genotyping and phenotyping have
enabled genomics-assisted breeding to help accelerate generation of new varieties (e.g., Leng et
al. 2017). A high-throughput image-based phenotyping system was developed by Halcro et al.
(2020), which includes an imaging system, BELT, and the image processing software,
phenoSEED. This combination can be used to phenotype seed shape based on top and side views
of single seeds and provides metrics describing the sample based on the averages of the single

seed data.

The main objective of this project was to use this new method of phenotyping seed shape to
better understand the genetics of seed shape and how it interacts with the growing environment

using the AGILE LDP seeds from different growing regions.

1.1 Hypotheses
1. There will be insignificant variance in seed shape phenotypes across replications within a site-

year.

2. Significant correlations will exist among seed shape traits, and between seed shape traits and

phenological and environmental parameters.
3. Most of the accessions will be stable across all site-years for each seed shape trait.

4. New genomic regions, significantly associated with seed shape, will be detected via GWAS.

1.2 Objectives
1. Phenotype seed shape of the AGILE LDP using BELT and phenoSEED.

2. Evaluate variation in seed shape in the lentil diversity panel (AGILE LDP) across replications,
genotypes, and site-years to establish if it is possible to use only a single replication to represent

each site-year.

3. Identify the main environmental and phenological parameters that are correlated with seed

shape parameters.



4. Determine the stability of the genotypes across macro-environments and the heritability of
seed shape traits.

5. Identify clusters based on seed shape traits from each site-year and determine what seed

characteristics determine each cluster.

6. Identify genomic regions involved in seed shape control via a GWAS.



2 Literature review

2.1 Lentil Origin and Domestication

Lentil was among the first domesticated grain legumes; originating in the Middle East
(Ladizinsky, 1993; Zohary, 1999). Archaeological studies have suggested that lentils were first
domesticated in the agricultural communities of the Fertile Crescent within the Middle East (from
today’s southeast Turkey and northeast Iran to northeast Jordan and northwest Egypt) around
5000 B.C. and then lentils spread west to Greece and east to India (Ferguson et al. 1998; Erskine
and Sarker, 2004; Erskine et al. 2009). Then lentils spread to Central Asia and Mediterranean
regions and finally arrived in North America to the northwest USA in 1930s and to Canada in the
Richlea, Saskatchewan area in 1969 (Muehlbauer et al. 1992; Slinkard and VVandenberg 1995).
Lentil has been classified into two major groups: microsperma and macrosperma. The
microsperma seed type was characterized with a diameter of 2 to 6 mm. The macrosperma seed
type was characterized by a diameter of 6 to 9 mm (Barulina 1930; Sandhu and Singh, 2007).
Today, lentil is grown in three main climatic regions or macro-environments around the world:
Mediterranean, sub-tropical, and temperate, with contrasting daylength and temperature regimes
during the crop life cycle (Tullu et al. 2011; Khazaei et al. 2016).

2.2 Lentil Seed Quality

Seed quality improvement is a pivotal objective for lentil breeders. Seed quality can be
determined through the assessment of characteristics such as cooking time, colour, shape, taste,
and absence of defective seeds (Tiwari et al. 2021). Seed shape comprises diameter, mass,

thickness, plumpness, and roundness of the seeds.

Seed diameter has a direct and positive correlation with cooking time (Erskine et al. 1985; Hamdi
et al. 1991). Seed quality traits including seed size and shape have been reported to be among the
main influences in milling yield in pulse crops (Wood and Malcolmson, 2011). The milling
process in pulses usually consists of dehulling, or removal of seed coat, and splitting of
cotyledons. After the milling process, there could be two cotyledons (splits) or unsplit cotyledons
(footballs); both products are also referred to as Dhal (Wood and Malcolmson, 2011,
Vishwakarma et al. 2018; Subedi et al. 2018). Uniformity in size and rounder seeds are the ideal
traits for the milling process (Wood et al. 2008). Milling quality of lentil is important to the lentil

industry due to the importance of milled red lentil (Dhal) in the eastern Mediterranean regions



(Egypt, Syria, and Turkey) and, in one of the main markets for Canadian lentil producers, India
(Vandenberg, 2009; Subedi et al. 2018; FAOSTAT, 2023).

2.3 Environmental and Phenological Factors Involved in Seed Quality

For grain crops, seed size has been linked to photoperiod, precipitation, and temperature during
the growing season, among other environmental factors. In general, these environmental factors
directly impact morphological traits from the vegetative or reproductive organs and indirectly
seed traits. Environmental factors play a pivotal role in triggering the molecular signals for the
transition from vegetative period (VEG) to reproductive period (REP), these developmental
phases have an impact in seed size, maturity, filling, and yield (Roberts et al. 1986; Gupta et al.
2006).

Understanding seed development is key to dissect seed shape genetically and elucidate how
environment modifies development. Seed development in legumes starts with tissue-specific
differentiation during early seed growth when the maternal seed coat regulates the cell division
phase by modification of control and supply of nutrients to the embryo (Li et al. 2019). After the
cell division phase, the embryo enters a transition phase (from cell division into cell expansion)
in which the embryo transitions from a non-differentiated tissue into a storage organ, during this
phase embryos become photosynthetically active, and the metabolism of sugars plays a huge role
in the initiation of the storage process. Finally, during cell expansion environment controls
carbohydrate partitioning allowing seed filling (seed thickness) (Weber et al. 2005; Domoney et
al. 2006).

Lentils are categorized according to their geographic origin. Khazaei et al. (2016) used genome-
wide single nucleotide polymorphisms (SNPs) to categorize lentil environments into three major
macro-environments: subtropical savannah (South Asia), Mediterranean, and temperate. Wright
et al. (2020) described the macro-environments used for the present study: Temperate macro-
environment is characterized by warm temperatures (mean daily temperatures of 15°C to 25°C)
and long days (12.7 to 16.6 hr) during summer; mediterranean macro-environment lentils are
seeded during winter, with emergence happening with cool temperatures (under 15°C) and short
daylengths (9.1 to 14.9 hr), with increasing temperatures and daylength after spring equinox; and
south Asian environments seed lentils during winter too, although emergence happens with warm

temperatures (exceeding 25°C) and short days (10.2 to 12.9 hr).



Environment impacts seed shape parameters in legumes. Increased temperatures and drought
stress have been reported to alter the filling process from grain seeds depending on the stage of
development in which the stress is made and the amount of time it persists (Coventry et al. 2003).
Heat stress can alter starch accumulation and sucrose synthesis (particularly important during cell
expansion), although the major impact on reduced seed size is attributed to a low photosynthetic
rate during the seed filling on heat stress conditions (Sita et al. 2017; Sita et al. 2018). Low
temperatures decrease the rate and duration of seed filling, increasing seed and pod abortion to
finally have smaller seeds for legumes (Nayyar et al. 2007; Kaur et al. 2008). Both precipitation
and temperature have been reported to influence traits like dehulling, mainly due to the influence
of variation in canopy humidity at key stages of seed production in a context of a Temperate
environment (Subedi et al. 2018). Fedoruk et al. 2013 reported that a higher rates of precipitation,
particularly after flowering, can increase seed thickness in lentil. Fedoruk et al. (2013) reported
high broad sense heritability estimates for seed diameter and plumpness (H?=0.92 and H?=0.94,
respectively) and moderate heritability estimates for seed thickness (H?=0.60) in lentil grown in
SK. These heritability estimates indicate that environmental factors do not play a large role in
seed size and shape within temperate environments, suggesting that lentil has a higher heritability

for seed shape and size in comparison to other legumes.

Phenology is the study of life cycle stages, especially with their timing and relationships with
biotic and abiotic causes (Schwartz 2013). Flowering time is a phenological event, a complex
trait in plant development governed by multiple genes. Previous studies in legumes and other
species, have shown that flowering time molecular pathways are responsive to environmental
factors (Weller and Ortega, 2015; Xu et al. 2016; Jeyakumar et al. 2020). Temperature and
photoperiod play an important role in lentil developmental stages. Warmer temperatures promote
early start of flowering and end of VEG, moreover longer photoperiods promote an earlier start to
flowering and the end of VEG (Summerfield et al. 1985). Wright et al. (2020) described days to
flowering (DTF) in lentil to be highly influenced by the environment and to be a good
phenological parameter to explain adaptation, but their results also suggest that there may be
other environmental factors at play. Previous studies have linked seed size with DTF and seed
weight (Hovav et al. 2003). Particularly during flowering, changes pre-anthesis can alter the
assimilates that are partitioned to the seed during development, processes post-anthesis can affect

seed maturation or filling, both processes can, therefore, change seed size (Gupta et al. 2006).
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2.4 Genetic Diversity and Quality Traits in the Lentil Breeding Program

There are 43,214 lentil accessions in genebanks worldwide. The International Centre for
Agricultural Research in the Dry Areas (ICARDA) has the biggest collection of germplasm
accessions with nearly 29 % of accessions both available and not available to the public (Crop
Trust, 2020). A successful breeding program depends on genetic biodiversity coming from
genebanks, with the purpose of finding useful genes or alleles (Mascher et al. 2019).

The lentil breeding program in Canada has used a Systematic Introduction of New Germplasm
(SINGing) system for more than 20 years, to introduce non-adapted germplasm with the purpose
of identifying lines with traits of interest and to overcome the adaptation barrier between macro-
environments. The non-adapted lines are crossed with adapted breeding lines, and their progeny
are crossed again to get a representation of no more than 12.5 % of the pedigree, and then the

germplasm is introduced in the breeding program for evaluation (Tullu et al. 2011).

Lentil germplasm movement for introduction from one macro-environment to another is difficult
due to photoperiod and temperature adaptation (Tullu et al. 2011; Wright et al. 2020). There are
some discrepancies regarding the relationship between the macro-environment of origin and the
diversity of lentil accessions. Dissanayake et al. (2020) and Khazaei et al. (2016), reported a
relationship between geographical origin and diversity of lentil accessions. Lombardi et al.
(2014), to the contrary, reported a weak relationship among geographical zones and genetic
diversity of lentil. A wide diversity of traits has been reported from the diversity of accessions
available, including responses and tolerance to biotic and abiotic stresses (Furman et al. 2009).

Seed quality traits have become an important objective for lentil breeders due to their importance
in the market and having genetic markers would help to save time in the breeding process. In the
past, lentil has been genotyped with simple sequence repeats (SSR) and these have been
associated with seed size and weight (Verma et al. 2015). Now with the development of high-
throughput genotyping, SNPs associated with shape and color have been identified opening doors
for high-throughput genotyping (Fedoruk et al. 2013; Sharpe et al. 2013). QTL have been
identified and mapped for seed size and flowering time in single regions (Fedoruk et al. 2013 in
SK; Polanco et al. 2019 in Spain). Seed size and shape QTL have also been associated with
milling quality in SK (Subedi et al. 2018).



2.5 Phenotyping

The first step in the analysis of a trait in a genetics study is robust phenotyping, which helps to
identify and understand the interaction between plant genotype, environment, and crop
management (Lobos et al. 2017). Phenotyping involves measuring plant growth, architecture, and
composition at different biological scales - from organs to canopy (Fiorani and Schurr, 2013).
Accurate phenotyping of plant populations is a bottleneck and a demanding activity for plant
breeding programs to accelerate the development of new and improved cultivars. In this scenario,
a twenty-first century approach comes to the game as a systematic genome-wide study of
phenotypes, known as phenomics (Singh and Singh, 2015b). Phenomics lets the phenotyping
process operate at multiple levels of organization to get a more complete picture of the
phenotype. This approach generates big quantities of data, making the process of phenotyping
more robust (Lobos et al. 2017). The main advantages of phenomics are accurate, fast, precise,

and large-scale data collection.

Seed shape measurements have traditionally been estimated by passing a set weight of seed
sample through round-hole and slotted-hole sieves and then seed shape parameters such as
diameter, thickness and plumpness are estimated based on equations (Hossain et al. 2010;
Fedoruk et al. 2013) Even though this approach is helpful, it is not close to being accurate in

terms of the actual size and shape of the seed (Hossain et al. 2010).

Visible light imaging technology uses digital cameras and an automatic imaging system to
provide phenotypic information (Awada et al. 2018). Digital imaging offers the advantages of
being a non-invasive and non-destructive procedure, relatively easy to perform, and different
kinds of data can be captured within a single image. The digital images can be stored so that the
actual raw data can be analyzed with different tools as they become available (Singh and Singh,
2015b). Tanabata et al. (2012) developed a system to take top view images using rice as a first
subject of study, however, because the camera takes a picture of multiple seeds at a time, some
precision is lost in the process. Shahin et al. (2012) developed a system using two cameras to
capture both top and side views in lentil, however the seeds need to be placed manually which
takes a lot of time especially when working with large number of samples and with dirty samples.
The development of BELT and phenoSEED, a high-throughput imaging system (Halcro et al.

2020), allows one to directly measure seed shape parameters through digital imaging. This



system is designed to take high-resolution images of single seeds, including their side profile
view, as they travel along a conveyor belt. Then from these high-quality images the software

phenoSEED extracts the shape metrics and provides the data to be analyzed.

2.6 Association Mapping

Association mapping (AM) is an approach widely used to identify the relevance of genetic loci
on the expression of one or multiple traits (Alvarez et al. 2014). AM exploits the linkage
disequilibrium (LD) that comes from hybridization between parental and progeny lines and the
historical LD between those populations which leads to a higher QTL resolution (Singh and
Singh, 2015a). AM allows high-resolution mapping of traits depending on the LD of the genomic
region, the crop used for the study, the type of trait and marker density. AM is an important tool
that allows one to discover associations between molecular markers and traits of interest

promoting the acceleration of breeding programs as a pre-breeding activity (Alvarez et al. 2014).

A genome-wide association study (GWAS) is a statistical genetics method that is useful to
identify candidate genes controlling target traits through scanning of the whole genome, in other
words, it helps to understand the association between genetic markers (genotype) and traits of
interest (phenotype) and supports the assessment of genes involved in complex traits (Rafalski,
2010; Algudah et al. 2020). Historical recombinations over generations are key to understand LD
decay and to elucidate the number of markers required to saturate the genome for GWAS (Earp
and Goode, 2017; Algudah et al. 2020). The most important steps for a successful GWAS are
phenotyping, genotyping and then performing the actual association analysis. Before performing
the GWAS it is important to use a diverse collection of accessions and check population
structure, and after performing the GWAS, the statistical model and the marker-trait association
tests will define QTL. Candidate gene identification can be done if a genome assembly is
available (Alqudah et al. 2020). GWAS have been used to identify markers and genes associated
with seed shape in pulses (e.g., Glycine max — Shao et al. 2022; Phaseolus vulgaris — Giordani et
al. 2022; Pisum sativum — Gali et al. 2019) and other species (e.g., Oryza sativa — Ponce et al.
2020; Sorghum bicolor — Sakamoto et al. 2019; Zea mays — Qu et al. 2022). There are different
statistical methods of GWAS, each method is different and could potentially identify loci

associated with a trait.



The first methods developed for GWAS, attempted to account for population structure to mitigate
false positives. The general linear model (GLM) assigns individuals to subpopulations, and this
subpopulation memberships are added as cofactors to account for population structure (Pritchard
et al. 2000). Then a huge improvement came with the mixed linear model (MLM), this model
takes population structure and kinship into account (Yu et al. 2006). By increasing the power to
account for false positives, false negatives increased the decay of the statistical power of GWAS,
so after the development of MLM, improvements came to improve the model, these
improvements helped to build the next generation of GWAS, the multi-locus methods (Klasen et
al. 2016; Tibbs Cortes et al. 2021).

Multi-locus GWAS methods were developed to improve the statistical power over single-locus
methods by simultaneously incorporating multiple markers as covariates. This improvement was
first achieved with the multi-locus mixed model (MLMM) (Segura et al. 2012), then two GWAS
methods were build upon MLMM, these are the fixed and random model circulating probability
unification (FarmCPU) (Liu et al. 2016) and Bayesian information and LD iteratively nested
keyway (BLINK) (Huang et al. 2019). Single-locus statistical methods for GWAS (GLM and
MLM) are simple and work fast but, they assume that only one QTL and a single gene has an
effect. The multi-locus GWAS approaches (MLMM, FarmCPU and BLINK) are more powerful
for complex traits controlled by several large-effect loci (Tibbs Cortes et al. 2021). However,
some studies suggest that employing integrated single-locus and multi-locus models aids with
verification of the significance of the markers (Chang et al. 2018; Xu et al. 2018; Li et al. 2018;
Soto-Cerda et al. 2021; Muhammad et al. 2021).

Genetic studies for seed shape and size in lentil have struggled throughout time with the diversity
of populations, phenotyping, and the restraints of statistical methods. The first QTL identified for
seed size was described by Fratini et al. (2007) by using various older type molecular markers to
map QTL in a bi-parental population in which seed size was variable but the QTL only explained
a relatively low amount of the phenotypic variance. Fedoruk et al. (2013) improved the
genotyping by using SNPs and a recombinant inbred line (RIL) population for QTL mapping of
seed shape parameters in a population grown in SK. They identified three markers associated
with seed diameter and plumpness and seven markers associated with seed thickness. They found

that all QTL for seed diameter and plumpness were significant across all site-years, however seed
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thickness had only three that were significant in multiple site-years. These results allowed them
to link seed shape and size genetics with seed development and how environment would be more
linked to seed thickness than seed diameter. Verma et al. (2015) used SSRs to construct a QTL
map of a RIL population, which helped identify one QTL for seed size. Polanco et al. (2019)
described three QTL for seed size using SNP QTL mapping in a bi-parental RIL population.
Khazaei et al. (2018) used GWAS and linkage mapping to find two markers for seed diameter,
three markers for seed thickness and two markers for seed plumpness in a panel of diverse lentil
germplasm grown in SK. The use of a different and more diverse population for analysis helped
in the discovery of three new SNP markers. These previous studies identified QTL using the
above-mentioned traditional seed size and shape phenotyping in SK.

The following study will have more accurate results through high-throughput phenotyping by
taking measurements of single seeds from samples with nearly 200 seed samples per genotype.
Also, it will be possible to evaluate additional site-years representing different macro-
environments with an increased number of markers available with the purpose of better defining

the loci involved in seed shape in lentil.
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3 Materials and Methods

3.1 Seed sources

A lentil diversity panel (AGILE LDP) consisting of of 324 lentil accessions from around the
world was used for this study (https://knowpulse.usask.ca/Lentil-Diversity-Panel).The accessions
represent breeding materials from the genebanks of the Crop Development Center (CDC) of the
University of Saskatchewan, International Center for Agricultural Research in the Dry Areas
(ICARDA), United States Department of Agriculture (USDA) and Plant Gene Resources Canada
(PGRC). The AGILE LDP was grown in a randomized lattice square design with 3 replications in
site-years in Italy, Morocco and Spain representing the Mediterranean macro-environment, and in
Rosthern and Sutherland representing the temperate macro-environment over 2017-2019 (Wright
et al. 2020). Seed harvested from these site-years were made available for this project.

A subset of 20 accessions (representing different origins and sizes) was selected from the
Morocco 2017 site-year (Mediterranean macro-environment), and the Rosthern and Sutherland
2017 site-years (temperate macro-environment) and were phenotyped across all three replications
at each site-year and analyzed to determine if replications within site-years were needed for

further experiments.

3.2 Phenotyping

Seed shape was measured using a high-throughput image-based phenotyping system developed
by Halcro et al. (2020), which includes the imaging system BELT, and the image processing
software, phenoSEED. Approximately 200 seeds per sample were loaded into the BELT system
through a feeder and then a conveyor moved the samples into an imaging chamber to be
automatically imaged with top and side views. After this process, images were manually checked
and filtered to be sure there is only one seed per image. Finally, the phenoSEED software was
used to extract quantifiable traits related to seed shape such as height (i.e., thickness), diameter,
and circularity. The seed shape descriptor circularity, which can be used to quantify how smooth
are the edges of the seed, was calculated from the directly measured traits area and perimeter
(Equation 3.1). Seed plumpness was calculated using equation 3.2 by taking the ratio of seed

height to seed diameter.
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4** Area

3 [Equation 3. 1]

Circularity= —
Perimeter

Seed Height

Seed Diameter

Plumpness= [Equation 3. 2]

Seed shape phenotypic data were combined with phenological data for the respective site-years.
These datasets were accessed from the Knowpulse web portal
(https://knowpulse.usask.ca/phenotypes/trait-search/Lens). Days to emergence (DTE) and days to
flowering (DTF) had been recorded on a plot basis when 10 % of the plants had the first visible
seedling stem or leaves and the first open flower respectively. Days to maturity (DTM) had been
recorded as the day when 10 % of the plants had 50 % pod maturity. Days to swollen pods (DTS)
had been recorded on a plot basis when 10 % of the plants had one swollen pod. Thermal
flowering time (TFT) was calculated by using daily mean temperature from seeding to flowering
and thermal reroductive time (TRT) is calculated using the daily mean temperature during REP
(Wright et al. 2020).

3.3 Data Analyses

The analyses for the preliminary study and the full study were done using R Studio version
1.2.5033 (RStudio Team 2020). For the preliminary study with a subset of 20 genotypes, a
Kruskal-Wallis analysis was done on the means from the approximately 200 seeds per genotype
to determine if there were significant differences between replications within each of the 3 site-
years sampled. The full dataset, from one replication per site-year, was analyzed to evaluate
range, mean, standard deviation and broad-sense heritability from six site-years. All data was
checked for normality statistically with Shapiro-Wilk test, and visually with Q-Q plots and
histograms. Logarithmic and square-root transformations were performed on all data before using
non-parametric analyses. The data visualization tools used to check distribution, normality and
outliers were performed with the ‘ggplot2’ package in R (Wickham 2016) and ‘rcompanion’
package in R (Mangiafico 2023) for the preliminary and full study. Heritability of each trait
between macro-environments was calculated using the ‘variability’ package in R (Popat et al.
2020) for the full study.

3.3.1 Non-parametric stability analysis
Three sets of non-parametric statistics were used to estimate stability in this study. One of them
(Huehn, 1990; Nassar and Hiihn, 1987) consisted of four parameters (Si?, Si®, Si® and Si®)
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combining the mean of the trait to analyze stability. The Si!) parameter measures the mean
absolute rank difference of a genotype over n environments, with Si® equals zero for the most
stable genotype. Si® gives the variance between the ranks over n environments, with values of
zero indicating the most stable genotypes. Si® and Si® are the sum of the absolute deviations and

sum of square of ranks, respectively.

Another measurement of stability is Kang’s rank-sum (RS), where both target trait and stability
parameter have an equal weight of one, then ranks of target trait and stability parameter are added

for each genotype. The genotype with the lowest rank-sum is the most stable.

Finally, Thennarasu (1995) proposed four parameters (NP®, NP@, NP® and NP™), which are
based on the ranks of adjusted means genotypes in n environments. Low values of this statistic
indicate high stability.

All non-parametric statistics were calculated with STABILITYSOFT (Pour-Aboughadareh et al.
2019). Spearman’s correlation was calculated and plotted to statistically and visually correlate the
stability parameters analyzed with seed shape traits (circularity, diameter, height, and plumpness)
to select the stability parameter most correlated to every seed shape trait, the selected stability

parameter was visualized with the ‘ggridges’ (Wilke 2022) package in R.

3.3.2 Correlations of seed shape traits with phenological and environmental parameters
Correlations calculated with the Spearman’s method between the phenological and environmental
parameters and lentil seed shape traits because the parameters and seed traits are quantitative
variables, the calculations were performed using R studio version 1.2.5033 (RStudio Team 2020).
Data visualization was performed using the ‘corrplot’ (Wei and Simko 2021) and ‘psych’
(Revelle 2023) packages in R.

3.3.3 Hierarchical clustering

To prepare data for clustering, the data from all seed shape parameters: circularity, diameter,
height, and plumpness were scaled with the scale function from R software to standardize data,
then the missing data were imputed with mean values. Clustering method was evaluated with
‘clValid’ R package (Brock et al. 2008). Number of clusters was assessed with ‘NbClust’ R
package (Charrad et al. 2014). Principal component analysis (PCA) and hierarchical k-means

clustering were performed using the ‘FactoMineR’ R package (Lé et al. 2008) for each trait and
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site-year. Appropriate number of clusters was assessed with ‘FactoMineR’ R package (L¢ et al.
2008) and ‘dendextend’ R package (Galili 2015).

3.3.4 Genome-wide association study
Genotypic data for the 324 accessions (Haile et al. 2020), derived using an exome capture array
(Ogutcen et al. 2018), was accessed from KnowPulse as the AGILE LDP Exome Capture SNP

Set (https://knowpulse.usask.ca/filter_vcf) and used for association analyses.

Analyses were conducted using four different models: MLM, MLMM, farmCPU and BLINK, all
integrated in the R package GAPIT (Lipka et al. 2012). In addition to the general run of target
traits, seed shape traits were used as covariates to help highlight peaks or to discover new ones.
Then a comparison of the results of all the models was carried out to find common peaks and to
have more robust results. Visualization was carried out with the R package ‘gwaspr’ (Wright
2022) GWAS models were filtered out of the visualization of significant QTL when they showed
high number of false positive or negative data in GWAS Q-Q plots.
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4 Results

4.1 Distribution of seed shape phenotypes

There were differences in seed shape trait distributions across macro-environments (Figure 4.1;
Appendix Table B). Diameter and height had the highest mean values in temperate site-years, and
plumpness had slightly higher values in these site-years too, while circularity remained uniform
across all site-years. Temperate site-years had the maximum values for height and diameter and
Mediterranean site-years had the minimum values for height. Sutherland 2018 had the highest
mean values and maximum values for height and diameter in comparison to the other site-years.
For plumpness, Sutherland 2017 had both the minimum value and the maximum value out of all

the site-years.

a) Seed Circularity b) Seed diameter
| Cordoba 2017 || 2017 2017 2017 2017 2018 Cordoba 2017 2017 2017 2017 2017 Sutherland 2018

1.0

e
©
5

Ll

Circularity

o
4

m

n

I}

[ 1}

o

Diameter (mm)
@

e
~
b

Site-year Site-year
c) Seed Height d) Seed Plumpness
Cordoba 2017 |Marchouch 2017 | Metaponto 2017 | Rosthern 2017 | Sutherland 2017 | Sutherland 2018 Cordoba 2017 | 20171 P 2017 2017 2017 2018
7 <

el

| i

b
|

@
Plumpness
-

L]

Height (mm)

o
L-2]
2
rd .
s
-
(1]
LN
1

-
e
[

Site-year Site-year

Figure 4.1. Variation in average shape parameters per accession - a) Seed circularity, b) seed
diameter, c) seed height d) seed plumpness, for 324 lentil genotypes grown at 6 site-years
(Mediterranean: Cordoba 2017, Marchouch 2017 and Metaponto 2017; Temperate: Rosthern
2017, Sutherland 2017 and Sutherland 2018). Blue color represents the Mediterranean site-years
and green the temperate site-years. The width of the plots shows the density of the distributions.
Individuals falling outside the range of the whiskers are represented as dots.

Broad sense heritability estimates between macro-environments (Appendix Table B) showed that
diameter was the most heritable trait at 0.95, circularity and plumpness were also fairly high -
0.83 and 0.86, respectively, and height had the lowest heritability at 0.73.

4.2 The role of phenology and environment in final seed shape

Daylength, temperature and precipitation were substantially different across the macro-
environments (Fig. 4.2). Reproductive period (REP) started earlier for temperate site-years than
in Mediterranean site-years. Mediterranean site-years are characterized by short days, with a

gradual increase in day length and temperatures throughout the REP. In the temperate site-years,
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day lengths were long, and the mean temperatures oscillated in a uniform fashion throughout the
REP. REP was shorter in temperate site-years and started earlier than in Mediterranean site-years.
Marchouch 2017 was the driest site-year during the REP and Cordoba had the most precipitation
during the REP of all the site-years. Sutherland 2018 had higher precipitation in some days than
the other temperate site-years in the first half of the REP.

Among seed shape parameters, diameter and height have a positive significant correlation.
Plumpness is slightly positively correlated to height in most site-years and negatively correlated
to diameter across all site-years. (Fig. 4.3). Sutherland 2018, however, had higher correlation
coefficients between diameter and phenological parameters in comparison to all the other site-
years — a positive correlation of 0.53 with DTS and a moderately positive correlation of 0.44 and
0.41 with DTM and REP_P, respectively. DTE, on the contrary, had a moderately negative
correlation ( -0.46) with diameter. Plumpness had a negative correlation (-0.52) with DTS.
Plumpness in Marchouch 2017 had a moderately negative correlation of -0.40 and -0.49 with
DTS and DTM, respectively, and the highest negative correlation coefficient among the

Mediterranean macro-environment.
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Figure 4.2 Environmental factors and reproductive period from each site-year. Daily mean
temperature (orange line), day length (black line) and precipitation (blue bars) from seeding to
maturity across six site-years. The shaded orange ribbon represents the daily minimum to
maximum temperatures. The grey shaded areas correspond to the reproductive period.
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Figure 4.3. Correlations among environmental and phenological factors and seed shape
traits from 324 genotypes grown in six site-years: Cordoba 2017, Marchouch 2017, Metaponto
2017, Rosthern 2017, Sutherland 2017, Sutherland 2018. DTE: days to emergence, DTF: days to
flowering, DTS: days to swollen pods, DTM: days to maturity, VEG_P: vegetative period,
REP_P: reproductive period, TFT: thermal flowering time and TRT: thermal reproductive time.
The numbers inside the squares show the Spearman’s coefficient of correlation. Where the
correlation is not significant, squares are crossed out. Blue indicates a positive correlation, red a
negative correlation and white no correlation. Correlations are considered significant when p
>0.05.

Stability analyses help measure the stability of accessions across multiple environments. The
Spearman correlations showed that S®, NP@® NP® and NP® have a significant negative
correlation with the seed shape parameters (Appendix Fig. C.1), meaning that genotypes with
larger dimensions of these traits are more stable. Furthermore, S® had a positive significant
correlation with S®, S@, S® NP®@ NP® and NP® for all traits, which indicates that each of
these stability measures can be helpful to evaluate the stability of circularity, diameter, height and

plumpness. The stability measures calculated as in Pour-Aboughadareh et al. (2019), revealed
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that height and plumpness had a wider distribution of stability scores in comparison with those
for DTF and DTS (Fig. 4.4; Appendix C). Diameter and circularity had a narrower distribution,
that was skewed towards higher stability. Diameter had more genotypes closer to zero than the

other traits.

Diameter-

Plumpness-

Circularity- J\\
Height:

DTF

DTM:
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Stability measure (S1)

Figure 4.4. Variations in stability across 324 genotypes grown at six different site-years.
Based on S stability measure, for - circularity, diameter, height, plumpness, days to flowering
time (DTF) and days to swollen pods (DTS). Seed shape traits with genotypes with the lowest
stability values (blue), seed shape trait with genotypes with higher stability values (orange) and
phenological traits as a representative control (green).

The PCA done using seed shape traits (circularity, diameter, height, and plumpness) across the
six site-years (Fig. 4.5 A) resulted in three main clusters. Cluster 1 is mainly composed of red
cotyledon genotypes with the smallest diameter, and cluster 3 is mostly yellow cotyledon
genotypes with the largest diameter. Cluster 2 is a mix of genotypes with red or yellow
cotyledons with a range of diameters. PC1 trends with seed diameter and represents 41% of the
variability seed in shape (Fig. 4.5 B). PC2 trends with height and plumpness and represent 17.3%
of the variability in seed shape. (Fig. 4.5 C). When the other combinations of PCs are plotted
(PC2 with PC3 and PC1 with PC3), no new patterns are identified.
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Figure 4.5. Hierarchical clustering using principal components of scaled seed shape
parameters. A) Clustering plot for seed circularity, diameter, height, and plumpness from six
site-years: Cordoba 2017, Marchouch 2017, Metaponto 2017, Rosthern 2017, Sutherland 2017,
and Sutherland 2018. Shapes represent the three clusters. Point size represents seed diameter.
Color represents cotyledon color. B) Contribution of seed shape traits to PC1, the red dashed line
on the graph above indicates the expected average contribution of variables. C) Contribution of
seed shape traits to PC2, the red dashed line on the graph above indicates the expected average
contribution of variables.

The distribution of seed shape parameters (circularity, diameter, height, and plumpness)
separated by cluster group for each site-year (Fig. 4.6) showed that in general cluster 1 had
accessions with smaller height and diameter and higher circularity scores than the other clusters.

Cluster 3 was composed of large and less plump seeds than the other 2 clusters. Cluster 2 was an
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intermediate between the other 2 clusters and has accessions with less circularity like cluster 3
and higher plumpness like cluster 1.
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Figure 4.6. Mean scaled seed shape parameters - a) Seed circularity, b) seed diameter, c¢) seed
height d) seed plumpness, for each of the three cluster groups across all field trials: Rosthern,
Canada 2017 (Ro17), Sutherland, Canada 207, and 2018 (Sul7, Sul8), Metaponto, Italy 2017
(Mel7), Marchouch, Morocco 2017 (Mal7), Cordoba, Spain 2017 (Col17). Shapes represent
macro-environments: Mediterranean (circles) and temperate (triangles).

4.3 Genomic regions associated with seed shape parameters.
Based on the Manhattan plots and their associated Q-Q plots (Appendices D-K) the GWAS

models had a good fit for analyses with a few exceptions where FarmCPU and BLINK did not fit
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and had a lot of false positives (Q-Q plots Figures K.3 and K.6), so those cases were filtered out.
Significant QTL were identified for all traits and results by site-years are plotted in Fig. 4.7.
Strong patterns based on when several site-years identified the same QTL are marked with black
vertical lines. Three sets of QTL were found to be associated with diameter, the first is the
strongest pattern and is on chromosome 1. The other two sets of QTL had less prominent
patterns, the second set was identified in chromosome 2 in all Mediterranean site-years plus
Sutherland 2017, and the third set of QTL were identified in chromosome 4. For circularity, QTL
were identified on chromosome 2 for all Mediterranean site-years. Finally, for plumpness, QTL

were identified on chromosome 4 for all Mediterranean site-years.
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Figure 4.7. Summary plots of significant QTL for diameter, circularity, height, and
plumpness, based on data from 324 genotypes grown in the field in Metaponto 2017, Morocco
2017, Spain 2017, Rosthern 2017, Sutherland 2017 and Sutherland 2018. The x-axis represents
lentil chromosomes, and the Y axis the site-years and seed shape traits. Boxes along the y-axis
separate the traits. Horizontal lines within the trait boxes split site-years into the two macro-
environments: Temperate (top site-years) and Mediterranean (bottom site-years). The shapes
within the plot show markers detected above a significance threshold [-log10(P)>6.7] for larger
shapes and a significance threshold [-log10(P)>6.3] for smaller shapes.
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Adding covariates helped clarify several QTL and revealed additional ones. For seed circularity,
the QTL previously found in chromosome 2 only for Mediterranean site-years (Fig. 4.7) was also
identified when diameter, height or plumpness were added as covariates to the GWAS (Fig. 4.8
B-D). Two new sets of QTL were found on chromosome 6 for circularity when diameter and
plumpness were added as covariates (Fig. 4.8 B and D), these QTL were not present in the
GWAS without covariates (Fig.4.7). In addition, QTL were identified for 2 Mediterranean site-
years (Cordoba 2017 and Marchouch 2017) and a temperate site-year (Sutherland 2018) when
diameter was added as covariate. Moreover, when plumpness was added as covariate, two sets of
QTL were identified, the first one had all Mediterranean site-years plus Sutherland 2018 from the
temperate site-years, the second set was only identified in all Mediterranean site-years.

The QTL found for diameter on chromosome (Fig. 4.7) was also identified when circularity,
height or plumpness were added as covariates to the GWAS (Fig. 4.8 A, C and D). In addition,
the QTL found on chromosome 2 was also identified when circularity, height and plumpness
were added as covariates, with circularity having the strongest pattern by having QTL in all
Mediterranean site-years plus Sutherland 2018, whereas when height or plumpness were used as

covariates only the Mediterranean site-years had QTL detected.

For plumpness, 2 sets of QTL were identified, the first on chromosome 1 and the second on
chromosome 2 when circularity, diameter or height were added as covariates (Fig. 4.8 A, B and
C), except when diameter was added as covariate in which case only the set from chromosome 2

Is present and with fewer site-years showing QTL (Fig. 4.8 B).

No QTL were identified for height when circularity, diameter and height were used as covariates
for the GWAS (Fig. 4.8 A-C), however when plumpness was added, new QTL were found for
height (Fig. 4.8 C) in similar position to those found for plumpness on chromosome 2 for the
other seed shape traits. The QTL found on chromosome 4 identified in Fig. 4.7 disappeared for
diameter when circularity, height or plumpness were added as covariates (Fig. 4.8 A, C and D)
and disappeared for plumpness when circularity, diameter or height were added as covariates
(Fig. 4.8 A-C).

The QTL found for circularity on chromosome 2 (Fig. 4.7 and Fig. 4.8 B-C) was also identified
when DTF, TFT and TRT were added as covariates (Fig. 4.9 A, C and D), however when DTS
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was added as covariate, the QTL for Metaponto 2017 disappeared, and a QTL appeared for
Sutherland 2018. New QTL were found on chromosome 5 for circularity when TFT was added as
covariate (Fig. 4.9 C). Another QTL was found on chromosome 6 for circularity when DTF, DTS
or TFT were added as covariates, with all the Mediterranean site-years, however when DTS or
TFT were added as covariates Sutherland 2018 was also included in the set. In addition, using
TFT as a covariate resulted in the strongest set of significant QTL with all peaks above a
significant threshold of LOD 6.7.

For diameter, the sets of QTL found on chromosomes 1 and 2 were similarly identified across all
phenological and environmental traits (Fig. 4.9). The set identified on chromosome 1 remained
the strongest, as in Fig.4.7, and independent of the covariates added, as in Fig. 4.8, where the
seed shape traits are added as covariates. In the case of the set identified on chromosome 2 with
all phenological and environmental traits used as covariates (Fig. 4.9), DTS had the strongest
pattern showing QTL across all site-years (Fig. 4.9 B). The set of QTL found for diameter on
chromosome 4 (Fig. 4.7) were lost when any of the phenological traits were used as covariate
(Fig. 4.9 A-D).

A set of QTL was found on chromosome 2 for plumpness when any of the phenological traits are
added as covariates (4.9 A-D), with more QTL identified for Mediterranean site-years. No sets of

QTL were identified for height when seed shape traits were used as covariates for the GWAS.
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Figure 4.8. Summary plots of significant QTL for diameter, circularity, height, and
plumpness with seed shape traits added as covariates. Based on data from 324 genotypes
grown in the field in Metaponto 2017, Morocco 2017, Spain 2017, Rosthern 2017, Sutherland
2017 and Sutherland 2018. A) Circularity, B) diameter, C) height, D) plumpness, were added as
covariates to the GWAS model. The x-axis represents lentil chromosomes, and the Y axis the
site-years and seed shape traits. Boxes in the Y axis separate the traits. Horizontal lines split site-
years into the two macro-environments: Temperate (top site-years) and Mediterranean (bottom
site-years. The shapes within the plot show markers detected above a significance threshold [-
log10(P)>6.7] for larger shapes and a significance threshold [-log10(P)>6.3] for smaller shapes.
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Figure 4.9. Summary plots of significant QTL for diameter, circularity, height, and
plumpness with phenological and environmental parameters added as covariates. Based on
data from 324 genotypes grown in the field in Metaponto 2017, Morocco 2017, Spain 2017,
Rosthern 2017, Sutherland 2017 and Sutherland 2018. A) days to flowering, B) days to swollen
pods, C) thermal flowering time and D) thermal reproductive time were added as covariates to
the GWAS model. The x-axis represents lentil chromosomes, and the Y axis the site-years and
seed shape traits. Boxes in the Y axis separate the traits. Horizontal lines split site-years into the
two macro-environments: Temperate (top site-years) and Mediterranean (bottom site-years. The
shapes within the plot show markers detected above a significance threshold [-log10(P)>6.7] for
larger shapes and a significance threshold [-log10(P)>6.3] for smaller shapes.

The summary plots in Fig. 4.7, 4.8 and 4.9 show QTL for diameter across all site-years detected
by most GWAS models. One of them, present in most site-years has a peak marker at
Lcu.2RBY.Chr1p320538401 and was highly relevant in all site-years (Fig. 4.7, 4.8 and 4.9).
Comparing the diameter of lines carrying the different alleles at this locus shows a similar large

effect pattern across all site-years (Fig.4.9).

27



Cordoba 2017 | Marchouch 2017 || Metaponto 2017 | Rosthern 2017 || Sutherland 2017 | Sutherland 2018

~

Alleles

(1A
[Jc

-]

Diameter(mm)

o
T

Lcu.2RBY.Chr1p320538401 - (C | A)

Figure 4.10. Allelic effects of marker Lcu.2RBY.Chr1p320538401 on seed diameter of 324
genotypes grown in the field in Metaponto 2017, Morocco 2017, Spain 2017, Rosthern 2017,
Sutherland 2017 and Sutherland 2018. The x axis represents the alleles from marker
Lcu.2RBY.Chr1p320538401 and the Y axis is seed diameter.
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5 Discussion

A lentil diversity panel (AGILE LDP) had been grown under contrasting environments,
temperate and Mediterranean (Wright et al. 2020), and seed was available to explore the effect of
genetics, environment, and phenology on phenotype. A new high-throughput phenotyping
platform was tested with the hope that it would increase the accuracy of QTL discovery. There
was insignificant variance in seed shape phenotypes across replications within site-years in the
pre-analysis of the present study (Appendix Fig. A. 1-4 and Table A), which allowed an increase

in the scope of the research to more site-years from the two different macro-environments.

Significant correlations were identified between seed shape traits, and seed shape traits and
phenological and environmental parameters. Seed shape traits had high correlations amongst
themselves; especially in the case of diameter and plumpness in which case a strong negative
correlation was found. However, when correlating seed shape traits and phenological and
environmental parameters, only low and insignificant correlations were identified. The stability
of genotypes for each trait (circularity, diameter, height, and plumpness) across multiple site-
years was dynamic, and genotypes had a wide range of distribution for stability in each trait.

Clustering of lentil seed grouped genotypes into 3 clusters, one with mainly larger seed, another
with mainly smaller seeds and a cluster with mixed seed diameters, showing that in terms of seed
size there is a spectrum. Finally new genomic regions were significantly associated with seed
shape some QTL were more likely the same as reported in previous studies and some QTL were
newly introduced in this study. These identified QTL may be of used for marker identification,
which are of great importance in breeding programs to skip steps of the breeding process, which
helps reducing the amount of time and money spent for selection of traits.

Lentil is currently grown in mostly Temperate, Mediterranean, and South Asian environments
(Tullu et al. 2011; Khazaei et al. 2016). However, the exhaustive breeding of domesticated lentil
within each of these regions based on a relatively narrow genetic base, has limited the options for
selection in plant breeding programs (Govindaraj et al. 2015; Khazaei et al. 2016). Genetic
diversity can be improved using diverse germplasm (Guerra-Garcia et al. 2021), and use of high-
throughput phenotyping (Nielsen et al. 2022) to test adaptation and stability of traits across
different site-years, these tools will facilitate the use of exotic germplasm. The BELT platform

could be used to directly measure seed diameter and height (seed thickness) and calculate seed
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plumpness (the ratio of seed height to seed diameter) and seed circularity with the phenoSEED
software (Halcro et al. 2020). Seed circularity is among the shape descriptors introduced with the
new phenotyping platform and quantifies how smooth the edges of the seed are which can be
useful to describe how uniform the seeds are. This could be an important trait to improve

dehulling yield.

Environmental factors were different between macro-environments (Fig. 4.2), mainly because
lentils are seeded at different times of the year, and this means the Mediterranean site-years have
longer and cooler growing seasons when compared with temperate site-years. Mediterranean site-
years lentils are seeded during winter with cold and short days at the beginning and longer and
warmer days as the season progresses (Fig. 4.2). Precipitation was prominent in Cordoba and
Metaponto in the Mediterranean macro-environment with Marchouch having a dry year, with
almost no precipitation (Fig. 4.2). Temperate Sutherland site-years have similar precipitation
patterns and more days of rain in comparison with Rosthern (Fig. 4.2). The reproductive window

(first day of DTF and last day of DTS) was wider in the Mediterranean site-years (Fig. 4.2).

The results for heritability show that diameter had the highest heritability (0.95), circularity and
plumpness had a similar heritability (0.83 and 0.86 respectively), and height (0.73) had the lowest
heritability. These results are comparable to those from Fedoruk et al. (2013), although their
plumpness heritability estimate was higher (0.94) than the one from the present study, this
difference my be due to the increase in environments tested in this study. The difference in
heritability between seed height and all the other seed shape traits may originate from the
difference in environments from site to site during seed developmental stages in which seed
diameter and seed height happen. Diameter expansion happens during seed cell division and seed
height increases during cell expansion. Cell division has been described to happen faster than cell
expansion, suggesting that cell expansion is more exposed to the environment. Thus, making cell
division largely insensitive to environment and cell expansion sensitive to environmental factors
(Weber et al. 2005; Domoney et al. 2006).

Significant correlations were identified between seed shape traits, significant low to moderate
correlations between seed shape traits and phenological parameters (DTE, DTF, DTS, DTM,
VEG and REP) and an no correlations were observed between seed shape traits and

environmental factors (TFT and TRT). All seed shape traits: circularity, diameter, height, and
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plumpness, across two different macro-environments, showed significant differences among site-
years (Figure 4.1; Table B), but the differences were most noticeable when comparing the two
macro-environments. Average seed height had a larger difference between macro-environments
when compared with all the other traits (Appendix Table B). Khazaei et al. (2018), previously
reported similar ranges for seed diameter, height, and plumpness for lentil seeds grown in SK,
although the averages presented in this study (Appendix Table B), show a slightly wider range in
all seed shape traits. This could be because this study used a wider range of genotypes and
Mediterranean site-years as well as temperate site-years. The correlations between seed diameter
and seed plumpness (Fig. 4.3) had a strong negative correlation supporting previous reports
(Shahin et al. 2012; Fedoruk et al. 2013; Khazaei et al. 2018), demonstrating that smaller lentil

seeds are typically plumper than large seeds.

Environmental factors like temperature, day length and precipitation do not show a clear pattern
that may explain the small but significant differences in seed shape across site-years (Fig. 4.2).
This observation is reinforced by the absence of a significant correlation between seed shape
parameters and TFT and TRT. Choukri et al. (2022), exposed lentil plants to heat stress and seeds
had a slight increase in seed diameter but no differences in seed circularity and height when
compared with control. These differences in results may be because of the differences in the
experiments. Choukri et al. (2022) used a narrower number of genotypes and plant were seeded
under greenhouse conditions. Studies in other pulses have similar outcomes as this study, in
chickpea for instance, seed shape showed high heritability and low genotype-by-environment
interaction, suggesting high stability (Gan et al. 2006, Hossain et al. 2010). Conversely, a study
in common bean showed that different site-years highly affected seed size, however, factors like
sample size and phenotyping platform may play a role in this observed difference (Lei et al.
2020).

Phenological parameters yielded some low to moderate correlations with seed shape parameters.
REP was significantly different between macro-environments (Fig. 4.3); however, differences in
seed shape did not correlate significantly with either VEG or REP (Fig. 4.1 and 4.3). Fedoruk et
al. (2013), working with a bi-parental population, showed that DTF had a low significant
correlation (~ R?= 0.20) with all seed shape parameters (diameter, height, and plumpness) among

different site-years in most SK site-years. In addition, Fedoruk et al (2013) identified a QTL for
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DTF at the same locus as QTL for seed diameter and plumpness. The results from the current
study show no significant correlation between DTF and diameter, except for Sutherland 2018
(Fig. 4.3). Fedoruk et al. (2013) found that seed height was negatively correlated with DTF in all
their SK site-years, but these current AGILE LDP results show that this trend was only detected
for Mediterranean site-years. Changes in the patterns observed by Fedoruk et al. (2013) and the
present study may have come from the different number and diversity of germplasm tested and
the number of site-years evaluated. In other legumes, like common bean, phenological parameters
like DTF also had low or no correlation with seed shape parameters (Gonzalez et al. 2016), and

chickpea seed shape parameters had low correlations with DTF and DTM (Sundaram et al. 2019).

Stability measures how stably genotypes or accessions perform across different environments; in
other words, the measure of the constancy of features, over periods of time or across various
spatial environments (Urruty et al. 2016; Reckling et al. 2021). Stability analyses (Fig. 4.4)
showed the overall distribution of stability from each of the 324 accessions for each trait and
evaluate which traits have more accessions closer to more stable values. In this study, the S* non-
parametric statistic was calculated as the mean of the absolute rank differences of an accession
over all site-years. The data for the AGILE LDP had a non-normal distribution even after
transformation, so non-parametric methods for determining stability were considered more
appropriate. The results demonstrated that there is a range of stability values of genotypes for
each trait across site-years. Diameter and circularity had similar patterns in their stability scores,
showing slightly more stable accessions (lower stability scores) and fewer accession with
unstable ones. Height, on the other hand, had fewer stable accessions. Usually, parametric, and
non-parametric stability analyses are used to estimate yield and yield related traits, and to a lesser
extent to estimate other quantitative traits, related to quality for instance (Huehn 1990; van
Eeuwijk et al. 2016; Kyratzis et al. 2022). Non-parametric stability analyses have been used in
lentil to assess stability of yield (Sabaghnia et al. 2006; Sabaghnia et al. 2014) but this is the first

time to my knowledge that it has been used to look at a quality trait.

Genotypes that are less influenced by the environment can be selected when looking at stability
scores, however there were no genotypes that were consistently among the most stable for all
traits. Fig. 4.4 shows a more general picture of what is happening with accessions, and it shows

that some of them (less stable, i.e., with larger stability scores) should be discounted when
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selecting for that particular trait. Stability results were visualized as distributions (Fig. 4.4) to
demonstrate the magnitude of differences among individuals within the AGILE LDP for each
trait, other studies, mainly looking at yield stability in different plant models including lentil have
used fewer genotypes for evaluation (Abera et al. 2006; Karimizadeh et al. 2008; Ahmadi et al.
2015; Abdipour et al. 2017). By using fewer genotypes to analyze stability, stability results are
typically shown in a table (Sabaghnia et al. 2006), however, since the AGILE LDP consists of
many genotypes, results had to be visualized in a new way to be able to extract information about

the general pattern of the stability of all genotypes for each trait.

Hierarchical clustering and PCA have been used together in phenotypic studies to cluster
different types of data and to visualize data globally (e.g., Chen et al. 2014; Wright et al. 2020).
PCA is useful for dimensionality reduction of data and hierarchical clustering groups data into
clusters by categorizing data into hierarchical tree structures (dendrograms) (Jafarzadegan et al.
2019). Hierarchical clustering has become popular mainly because, unlike other types of
clustering methods like k-means, the number of clusters arises from the clustering process itself
by assessment of dendrograms (Jain et al. 1999; Karna and Gibert, 2022). Kumar et al. (2018)
used hierarchical clustering to partition different Lens species into clusters to select for accessions
enriched in minerals. Two studies identified clusters based on hierarchical clustering in seed
weight (associated with seed shape) (Choukri et al. 2022; Tripathi et al. 2022), even though this
can be an approximation to cluster seed shape, seed shape only differentiates large versus small
seeds but does not indicate actual seed shape, this was showed when Fratini et al. 2007 found a
significant but low correlations (r = 0.34) between the two traits. Other traits like plant height,
grain yield or phenological traits such as early or late maturity and flowering (Dehghani et al.
2008; Wright et al. 2020; Tripathi et al. 2022) have also been studied using this method.

Hierarchical clustering (Fig. 4.5) helped visualize some of the relevant characteristics of the 3
clusters that were identified in the AGILE LDP based on circularity, diameter, height, and
plumpness. Cluster 1 consisted of mainly small seeds with red cotyledons, however some small,
yellow cotyledon lentils were also found in cluster 1. Cluster 3 consisted mainly of large, yellow
cotyledon seeds. Cluster 2 contained a mixture of cotyledon color and diameter of seeds. Even
though only two marked clusters were expected, the clustering plot (Fig. 4.5) showed that there is

a spectrum and that lentil seeds have more than the two size and shape groups suggested by the
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categories macro- and microsperma. Tripathi et al. (2022) used hierarchical clustering analysis
with a diverse set of lentil germplasm also, however they only investigated seed diameter and did
not look at the role of cotyledon color. They identified 12 clusters with some of them having the
largest and smallest seeded lines and all the rest having a range of seed diameters. They probably
yielded more clusters because they used a larger number of genotypes comprising indigenous and

exotic collections.

The average of the stability scores of all seed shape traits for each cluster were calculated to learn
which clusters would have more stable scores for each of the seed shape traits (Appendix Table
C). The stability scores found for cluster 1 were the most stable for all traits except for
plumpness, however, when plotting the distribution of the stability values of seed shape traits
separately for each cluster (Appendix Fig. B.1) a wide distribution was found, which follows the
same pattern as the distribution plots for stability (Fig. 4.4). Although there are some exceptions,
seed diameter in cluster 1 (Appendix Fig. B.1 B) and seed plumpness in cluster 3 (Appendix Fig.
B.1 D) had more stable accessions with a narrower distribution of stability scores, suggesting that
when selecting for diameter or plumpness, genotypes from cluster 1 or 3 can be selected for more
stability. Other studies in pulses like bean, chickpea and faba bean have studied the concepts of
stability and clustering together, and have identified clusters with the most stable genotypes,
although in all cases they use parametric stability analyses (Atta and Shah, 2009; Burbano-Erazo
et al. 2021; Gela et al. 2023).

The GWAS approach has been widely used to detect associations between genotype (alleles) and
phenotypic traits. It is a powerful tool that in the last 16 years has been useful in dissecting the
genotype for variation of complex phenotypes including agronomic traits in plants (e.g., Huang et
al. 2010, Tian et al. 2011, Horton et al. 2012, Tian et al. 2020). QTL were identified with the
GWAS for all seed shape parameters. In the GWAS without any covariates, the most significant
set of QTL detected was for diameter, on chromosome 1, that was consistent across all site-years
and held up even when covariates were added (Fig.4.7, 4.8 and 4.9). In other cases, like with the
set of QTL detected in chromosome 2 and 4 for diameter, QTL are detected only in some site-
years (Fig.4.7, 4.8 and 4.9). Fedoruk et al. (2013) and Khazaei et al. (2018) also identified QTL
for lentil seed diameter on chromosome 1. Fedoruk et al. (2013) also found QTL on chromosome

2 for different temperate site-years. These previously described QTL are most likely found within
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the set of QTL identified in this study for diameter in those chromosomes (Fig. 4.7). However,
both of these previous studies also identified QTL for diameter on chromosome 7, unlike the
present study. Conversely, in this study a new set of QTL was identified on chromosome 4 for

diameter for 4 site-years from different macro-environments.

In the case of the other seed shape traits, both Fedoruk et al. (2013) and Khazaei et al. (2018)
found QTL for seed height and plumpness on different chromosomes when comparing both
studies, Fedoruk et al. (2013) found more markers in chromosomes not found by Khazaei et al.
(2018), in the present study the findings match for plumpness but only when covariates are
added, whereas height is only matches the results from Fedoruk et al. (2013) for chromosome 2,
however this study identified new QTL found on chromosome 4 in several site-years. Shahin et
al. (2012) and Fedoruk et al. (2013) found a very strong negative correlation between seed
diameter and seed plumpness, this translates to seeds having more plumpness when they are
smaller. Khazaei et al. 2018 suggested that there are genomic regions associated with plumpness
that are independent of diameter, however in this study, no QTL for plumpness were identified
that were independent from diameter because when diameter is taken out of the equation (used as
covariate) the only QTL that were identified (in chromosome 1) for plumpness, had QTL
identified in less site-years when compared with other experiments using seed shape traits or
phenological and environmental parameters. Circularity is a new shape descriptor that was not
described when previous studies identifying QTL for seed shape were published, so the results

presented here are new.

The previous studies identifying QTL for seed shape in lentil (Fedoruk et al. 2013; Khazaei et al.
2018) reaffirm some of the QTL identified in the present study. The differences in the results
from this study and Fedoruk et al. 2013 and Khazaei et al. 2018 may come from the germplasm
used, the site-years, as well as the method used to genotype and phenotype. Fedoruk et al. (2013)
used QTL mapping on one RIL population as germplasm and only temperate site-years over two
years, and Khazaei et al. (2018) used AM on 138 diverse lines as germplasm and only temperate
site-years over two years. This study used the AGILE LDP with 324 lines and increased the
environmental scope with 6 site-years from two different macro-environments. Genotyping and
phenotyping were also different. The present study had more SNP coverage of the genome when

compared with the previous studies, allowing access to the entire set of exons in the lentil
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genome, which are the main target for marker assisted selection in breeding programs (Ogutcen
et al. 2018). Both previous studies used traditional phenotyping with sieves with 1/16”
increments, whereas the BELT platform directly measure seeds with more precision. Moreover,
in the present study seed shape, phenological and environmental covariates were added to explore

the effect of these traits on the others.

Significant QTL were also identified for other seed shape parameters but for only one macro-
environment or when covariates like other seed shape traits, phenological or environmental
parameters were added to the model. The addition of covariates is vital for GWAS experiments
because it helps with the filtering of false positives arising from other variables coming from
other phenotypic traits, e.g., phenological, or environmental traits, they can be understood as
noise that is taken away from the analysis to evaluate if QTL are appearing or disappearing when
compared with the GWAS experiment without covariates (Listgarten et al. 2013; Llinares-Lopez
et al. 2017). For instance, a shape QTL that is caused by a flowering time gene will disappear

when a flowering parameter is added as a covariate.

Covariates added helped identifying new sets of QTL (Fig. 4.8 and 4.9) in comparison with the
GWAS without any covariates (Fig. 4.7) as they account for variability due to the covariate,
letting the true variability in the trait of interest be revealed independently. The QTL found for
circularity on chromosome 2 was present in most GWAS experiments in Mediterranean site-
years. When diameter, plumpness, DTF, DTS or TRT, were added as covariates, QTL were also
found on chromosome 6 for Mediterranean site-years (Fig. 4.8 and 4.9).

The QTL found for diameter on chromosome 1 was present in all GWAS experiments and it was
detected by most GWAS models, it was the most robust QTL detected, suggesting that none of
the seed shape traits, phenological or environmental parameters caused difficulties in the
identification of these QTL. Moreover, Fig. 4.10 shows one of the diameter QTL identified on
chromosome 1 had a large effect in all site-years. The QTL found on chromosome 2 for diameter
were found in all experiments however when the environmental covariates are added (TFT and
TRT) in Fig. 4.9, the number of site-years were less than in any other experiment, suggesting that
temperature may have an influence on these QTL for diameter. This may be in line with the
results from Choukri et al. (2022) in which they found that higher temperatures yielded more
seed diameter, although this does not match with the correlation results from the present study
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(Fig. 4.3), because the correlations between diameter and temperature were not existent or
significantly weak with Spearman correlation coefficients around 0.20.

When seed shape traits and environmental and phenological parameters were used as covariates,
new QTL were found on chromosomes 1 and 2 for plumpness. The QTL on chromosome 2 were
identified across all GWAS experiments, and the QTL on chromosome 1 was only identified
when circularity or height were added as covariates (Fig. 4.8 A and C). In most site-years there
were low but significant positive or non-significant correlations between plumpness and
circularity and height, however in Rosthern 2017 and especially in Sutherland 2017 the
correlations were stronger. Other QTL were found for plumpness on chromosome 2 but only
when height or TFT were used as covariates (Fig. 4.8 C and Fig. 4.9 C, respectively). This may
suggest that both height and TFT are interfering with the identification of this QTL.

For height, only when diameter and plumpness were added as covariates were QTL identified on
chromosome 2. This may suggest that this set of QTL are associated with height but diameter
may be interfering with their detection. This could be happening because both diameter and
height are used to calculate plumpness, moreover, diameter and height had significant, moderate,
and positive correlations across all site-years (Fig. 4.3). New QTL were identified when
compared with previous results from Khazaei et al. (2018) and Fedoruk et al. (2013) who found
QTL for height on chromosome 2. The weak association of QTL with height, probably comes
from the lower heritability in comparison with the other seed shape traits. Diameter, on the other

hand, had the highest heritability and yielded several QTL across all site-years on chromosome 1.

In many cases, QTL were identified more consistently in Mediterranean site-years, for instance,
the QTL found for plumpness on chromosome 2 were detected mainly in Mediterranean site-
years when diameter, height or TFT were added as covariates. This difference between macro-
environments may arise from environmental factors not measured in this study such as radiation,
which is an important factor of the transition of plants into flowering time, and which is crucial
for seed development (Dotto et al. 2018; Osnato et al. 2022).

With the addition of BELT as a phenotyping method, it was possible to assess seed shape in a
new way with new shape traits and improved accuracy. The BELT platform has allowed lentil
seed shape to be phenotype and the trait to be dissected into several seed shape traits such as seed

circularity, diameter, height, and plumpness. The most common approach to digitally phenotype
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seeds is to take one single picture of multiple seeds in it to directly measure traits like diameter,
height, or area. Narendra and Abdorrazzaghi (2013) used a computer camera and took pictures of
multiple seeds per image. LeMasurier et al. (2014) used a commercial platform that takes the
picture of multiple seeds and then cuts the image into single seed images. More recently Choukri
et al. (2022) used another commercial platform that uses a camera, and it also takes a picture of
multiple seeds. However, when multiple seeds are phenotyped together, the spatial resolution can
be lower when compared to single seed imaging (Halcro et al. 2020). When comparing this
phenotyping platform with other methods previously used to phenotype seed shape in lentil
(Fedoruk et al. 2013; Khazaei et al. 2018), there was an improvement in precision of
measurements. It also increased the scope of the phenotyping process by not only extracting seed

shape traits but also color which is being investigated separately.
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6 Conclusions and Future Work

The first objective of this study was to phenotype lentil seed shape using the new high-
throughput phenotyping platform BELT and the second objective was to identify variations in
seed shape parameters across different macro-environments. The results confirmed the first
hypothesis, there was insignificant variance of seed shape across replication within a site-year.
The third objective was to identify the possible environmental and phenological correlations with
seed shape variation. The fourth objective was to determine the stability of the genotypes across
macro-environments and the heritability of seed shape traits. The fifth objective was to identify
clusters based on seed shape traits from each site-year and determine what seed characteristics
determine each cluster. The second hypothesis was refuted, because not all correlations were
significant. In addition, the third hypothesis, was also refuted because the results showed a
spectrum of stability scores of accessions for all seed shape traits. The sixth objective was to
identify new QTL which could be used to develop genetic markers as important tools for lentil
seed shape selection in breeding programs. The results confirmed the fifth hypothesis, new

genomic regions, significantly associated with seed shape, were detected via GWAS.

The overall high heritability of lentil seed shape parameters for each macro-environment and the
absence of major correlations between shape parameters with both environmental and
phenological factors suggests that lentil seed shape is stable across different macro-environments
and site-years, this is supported by the results in stability and clustering. The clustering analysis
coupled with the results from the stability analysis showed that cluster 1, composed mainly of red
lentils, is the most stable cluster and could be the most appropriate set of accessions to use in
breeding programs. The BELT platform helped to identify new QTL for the four lentil seed shape
parameters evaluated in this study with seed diameter having the strongest association with QTL

across all site-years.

The BELT phenotyping platform can provide information about seed color at the same time as it
extracts information from seed shape. In the future, this phenotyping platform could be used to
extract new seed shape traits that may be of economic importance, like circularity for instance. It

could also be possible to map the testa patterns present in some genotypes.

Future work would involve improving the BELT platform to make the process of phenotyping

even faster and the addition of new technologies that could extract other seed traits such as seed
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coat thickness. In addition, further work is needed to validate the QTL identified in this study
with the purpose of their application in lentil breeding programs.
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8 Appendices
Appendix A

A pre-analysis to increase the scope of the research into six locations and two macro-
environments was performed by assessing whether accessions had similar results when

comparing replications. 20 accessions were used from 3 replicates and from three locations.
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Figure A. 1. Mean seed circularity of a subset of 20 accessions selected from the AGILE LDP
grown at Sutherland, Rosthern, and Morocco for 2017, by replication.
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Figure A. 2. Mean seed diameter of a subset of 20 accessions selected from the AGILE LDP
grown at Sutherland, Rosthern, and Morocco for 2017, by replication.
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Seed Height
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Figure A. 3. Mean seed height of a subset of 20 accessions selected from the AGILE LDP grown
at Sutherland, Rosthern, and Morocco for 2017, by replication.
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Figure A. 4. Mean seed plumpness of a subset of 20 genotypes selected from the AGILE LDP
grown at Sutherland, Rosthern, and Morocco for 2017, by replication.
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Table A. P-values from Kruskal-Wallis test for three replications within each location of seed

shape parameters.

Seed size Degrees of Sutherland Degrees of Rosthern Degrees of Morocco
and shape  freedom freedom freedom
parameter

P-value P-value P-value
Height 2 0.762 2 0.522 2 0.927
Plumpness 2 0.970 2 0.852 2 0.953
Diameter 2 0.807 2 0.760 2 0.874
Circularity 2 0.764 2 0.649 2 0.870
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Appendix B

Table B. Range, Mean (SD) and broad sense heritability of seed shape (circularity, diameter,

height, and plumpness) from 324 lentil germplasm over locations and years.

Year Location Circularity Diameter Height Plumpness
Range Mean Range Mean Range Mean Range Mean
(SD) (SD) (SD) (SD)
2017 Sutherland 0.76- 0.85 3.87- 5.49 1.90- 2.69 0.27- 0.49
0.88 (0.02) 811 (0.92) 4.08 (0.23) 0.90 (0.07)
Rosthern 0.77- 0.84 3.63- 5.42 1.66- 2.67 0.30- 0.50
0.88 (0.02) 857 (0.98) 4.17 (0.35) 0.70 (0.07)
Metaponto 0.76- 0.84 3.66- 5.13 1.52- 241 0.33- 0.47
0.88 (0.01) 753 (0.79)  3.37 (0.23) 0.63 (0.06)
Cordoba 0.76- 0.84 3.84- 5.20 1.11- 2.28 0.28- 0.45
0.88 (0.01) 7.85 (0.90) 2.83 (0.22) 0.60 (0.06)
Marchouch 0.82- 0.85 3.50- 4.99 1.61- 2.34 0.32- 0.47
0.88 (0.01) 7.37 (0.78)  3.06 (0.23) 0.62 (0.06)
2018 Sutherland 0.79- 0.84 3.82- 5.69 2.21- 2.80 0.35- 0.50
0.88 (0.01) 8.29 (0.90) 3.64 (0.27)  0.68 (0.06)

Heritability 0.7500 0.9022 0.4482 0.7714

(Broad sense)
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Figure B. 1. Distribution of stability values (S*) of lentil seed shape traits per cluster. Color red

and yellow represent cotyledon color and white represents the mixture of both.

Appendix C
Table C Mean of stability statistic (S*) for seed shape traits and clusters.

Cluster  Circularity Diameter Height Plumpness (SY)
(Y (SY (Y

1 75.17 62.76 83.83 80.75

2 87.52 79.11 108.27 93.66

3 92.85 75.16 102.63 62.55
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Appendix D

Tables showing stability parameters of 324 lentil genotypes for each seed shape trait: circularity,
diameter, height, and plumpness can be found in
https://knowpulse.usask.ca/experiment/phenomics/High-throughput-phenotyping-of-LDP-with-
BELT.

Appendix E - L

Manhattan plots from GWAS with covariates (circularity, diameter, height, plumpness, DTF,
DTS, TFT and TRT) and without covariates for each seed trait in 6 site-years can be found in
https://knowpulse.usask.ca/experiment/phenomics/High-throughput-phenotyping-of-LDP-with-
BELT.

Appendix M

Summary plot of significant GWAS results of diameter, circularity, height, plumpness, and seed
mass can be found in https://knowpulse.usask.ca/experiment/phenomics/High-throughput-
phenotyping-of-LDP-with-BELT.
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