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Legume crops are grown in the world primarily for their grain seeds that are widely
used for human and animal consumption or for the production of oils for industrial
uses. Broadly, legumes include well-known crops: soybean, common bean or dry bean,
peanut, peas, chickpeas, cowpea, lentils, alfalfa, clover, etc. From a nutritional standpoint,
legume crops are a significant source of protein, oil, dietary fiber, carbohydrates and
dietary minerals. Economically, they also play an important role in international trade.
Genetic improvement has been key to the growth of crop production and will continuously
contribute to sustainable agriculture and food security. For the present, plant genetic
improvement is in the middle of its evolution from field-based traditional breeding to
a new era of application of multiple novel techniques such as marker-assisted selection,
genomic prediction and gene-editing, which will be integrated with conventional methods
in practical breeding. Research has involved all the traits of importance, including yield,
quality, resistance to pests/diseases and abiotic stresses. In this Special Issue, fifteen articles
are included, addressing a wide range of research topics in legume crops.

Abiotic stress like drought and salinity is a major limiting factor in crop productivity
worldwide. Evaluation and genetic understanding of stress tolerance is essential for devel-
opment of varieties adapted to the abiotic stresses. In light of insufficient studies of drought
response in large, seeded genotypes of Andean origin, Sedlar et al. (2020) constructed
a novel Andean intra-gene pool genetic linkage map for quantitative trait locus (QTL)
mapping of drought-responsive traits using a recombinant inbred line population derived
from a cross of two cultivars differing in their response to drought [1]. They detected 49
QTLs for physiology, phenology, and yield-associated traits under control and/or drought
conditions, and validated the QTLs by projection on common bean consensus linkage
map. These results confirmed the potential of Andean germplasm in improving drought
tolerance in common bean. Tani et al. (2018) evaluated the seedling response of Medicago.
sativa, M. arborea, and their hybrid (Alborea) to salt shock and salt stress treatments [2].
They concluded that different components of salt tolerance mechanisms were regulated
in the populations of M. sativa and M. arborea. It appears that the knowledge of different
parental mechanisms of salt tolerance could be helpful for incorporating both mechanisms
in Alborea populations.

In soybean, seed composition or nutritional quality is of importance to uses and
market values. Bulatova et al. (2019) studied a soybean germplasm collection to identify
accessions with low trypsin inhibitor content in seeds [3]. They selected and analyzed
twenty-nine accessions, parental plants, and two hybrid populations using genetic markers
for alleles of the Ti3 locus, encoding Kunitz trypsin inhibitor (KTI). By marker-assisted
selection with Satt228, they obtained some prospective homozygous ti3/¢i3 lines which
might be further used in the breeding program for soybean quality improvement. To
investigate the variation in seed fatty acid composition of soybeans of different origins,
Abdelghany et al. (2020) evaluated a diverse germplasm set of 633 soybean accessions
originated from China, United States of America (USA), Japan, and Russia [4]. Their results
indicated that the unique accessions identified could be used in the soybean breeding
programs to fit various human nutrition patterns across the world.
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Short petiole is a valuable trait for the improvement of plant canopy of ideotypes with
high yield [5]. Liu et al. (2019) identified a unique soybean mutant line called derived
short petiole (dsp) with an extremely short petiole, which is also obviously different from
most short-petiole lines identified previously. Genetic analysis with 941 F, individuals
and subsequent segregation analysis of 184 F,.3 and 172 F3.4 families revealed that the dsp
mutant was controlled by two recessive genes, named as dsp1 and dsp2. These two recessive
genes were located on two nonhomologous regions of chromosome 07 and chromosome 11.
A total of 36 and 33 gene models were located within the physical genomic interval of dsp1
and dsp2 loci, respectively. They concluded that the identified markers linked with genomic
regions responsible for the short-petiole phenotype of soybean could be effectively used in
developing ideal soybean cultivars through marker-assisted breeding [5].

Pleiotropy is considered to have a significant impact on multi-trait evolution, but its
roles in the evolution of domestication-related traits in crop species remain unclear [6].
In soybean, several maturity loci or quantitative trait loci (QTL) controlling maturity
are known to have major effects on both flowering and maturity in a highly correlated
pleiotropic manner. Sedivy et al. (2020) conducted a QTL mapping experiment by creating
a population derived from a cross between domesticated soybean G. max and its wild
ancestor G. soja that underwent stringent selection for non-pleiotropy in flowering and
maturity [6]. Their results suggested that pleiotropy in flowering and maturity could be
genetically separated, although pleiotropic loci such as E loci that control both flowering
and maturity have been preferred by artificial selection during soybean domestication and
diversification. The non-pleiotropic loci identified in the study may be helpful to improve
soybean yield potential against diverse environments and cultivation systems.

Large seed size in the kabuli chickpea (Cicer arietinum L.) is preferred in the market
for its high price and superior seedling vigor as well [7]. Comparatively, the double-
podded chickpea has advantages in yield and stability over the single-podded chickpea.
Kivrak et al. (2020) presented a study with the aim of integrating extra-large-seeded and
double-podded traits in the kabuli chickpea, and increasing variation by transgressive
segregations [7]. Heritability of important agro-morphological traits were also estimated in
their study using F» and F3; populations.

Cooking characteristics in food legume crops have been rarely investigated, although
they are a central factor for consumer’s choice. Interestingly, Harouna et al. (2019) explored
the cooking time and the water absorption capacity upon soaking using 84 accessions of
wild Vigna legumes [8]. For the first time, they elucidated the relationships between the
cooking time and water absorbed during soaking.

Peanut is widely grown around the world, predominantly in China followed by India,
Nigeria, the USA and Sudan in terms of total production. Konate et al. (2020) presented a
review of the progress in the peanut breeding in Burkina Faso, a relatively small peanut
producer with unique climate conditions and cropping systems [9]. They also provided
crucial information about opportunities and challenges for peanut research in Burkina Faso,
and particularly emphasized the need for institutional attention to genetic improvement of
the crop.

Lupinus mutabilis (tarwi) is a species of Andean origin with high protein and oil content,
and regarded as a potential crop in Europe [10]. The knowledge of intra-specific genetic
variability of the collections helps successful introduction of this crop and establishment of
breeding and conservation programs. Guilengue et al. (2020) assessed genetic and genomic
diversity of tarwi accessions under Mediterranean conditions using morphological traits,
inter-simple sequence repeat (ISSR) markers and genome size [10]. Their results revealed
important levels of diversity, which is unrelated to phenotypic diversity, and reflected the
recent domestication of the crop.

A unique nature of legume crops is the nitrogen-fixing function. Most legume crops
have symbiotic nitrogen-fixing bacteria in structures called root nodules. Therefore, in
addition to use of grains for human food and animal feeds, some legume species are grown
for cover crop or livestock forage. Crimson clover (Trifolium incarnatum L.) is the most
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common legume cover crop in the United States [11]. However, limited genetic variation
for crimson clover was previously found within the National Plant Germplasm System
(NPGS) collection. Focusing on traits important for cover crop performance, Moore et al.
(2020) assessed the phenotypic and nodule microbial diversity within the NPGS crimson
clover collection [11]. They discovered that accession effect was significant for the traits of
fall emergence, winter survival, flowering time, biomass per plant, nitrogen (N) content in
aboveground biomass, and proportion of plant N from biological nitrogen fixation (BNF).
The information generated should be useful for cover crop breeding and production.

Mutation is a powerful tool in creating genetic variability, and mutation breeding
has been successfully used in the development of new varieties with unique traits in
plants. Based on phenotypic traits, Kim et al. (2020) chose 208 soybean mutants as
a mutant diversity pool (MDP), and then investigated the genetic diversity and inter-
relationships of these MDP lines using target region amplification polymorphism (TRAP)
markers [12]. They suggested that the MDP would have great potential for soybean
germplasm enhancement and that TRAP markers are useful for the selection of mutants
in soybean mutation breeding. In order to enhance peanut genetic variability, Chen et al.
(2020) treated two widely cultivated peanut genotypes, using different concentrations of
the mutagen ethyl methyl sulfonate (EMS) for different durations [13]. They found that
mutants induced by EMS differed in various phenotypic traits, such as plant height, number
of branches, leaf characteristics, and yield and quality in plants of the M, generation. They
also identified some potentially useful mutants among individuals of the M, generation,
which were associated with dwarfism, leaf color and shape, high oil or protein content,
seed size and coat color. Mutations were stably inherited in M3-generation individuals.

As a new powerful tool, genomic selection (GS) has attracted increasing attention
since it was proposed. An aim of GS is to incorporate molecular information directly into
the prediction of individual genetic merit by predicting genomic estimated breeding value
(GEBV). Using regularized quantile regression (RQR), Nascimento et al. (2019) predicted
the individual genetic merits of the traits associated with flowering time (DFF—days to
first flower; DTF—days to flower) in the common bean [14]. They also compared the
predictive abilities in predicting the genetic merit between RQR and other methods such as
random regression best linear unbiased predictor (RR-BLUP), Bayesian LASSO (BLASSO)
and BayesB.

A trend of the present and future plant breeding is the application of integrated multi-
ple methods including state-of-the-art technologies and extensive collaboration. Saxena
et al. (2020) reported such an attempt. In order to overcome the productivity barrier
for pigeonpea production, a translational pigeonpea genomics consortium (TPGC) was
established across multiple states in India [15]. The team has been engaged in deploying
modern genomics approaches in breeding and popularizing modern varieties in farmers’
fields to augment pigeonpea productivity and production. Through the collaborative effort
including farmer’s participation, new genetic stock has been developed for trait mapping
and molecular breeding initiated for improving resistance to fusarium wilt and sterility
mosaic disease [15]. Meanwhile, genomic segments associated with various traits have
been identified and participatory varietal selection trials involving a total of 303 farmers
have been conducted. It is expected that further progress can be achieved in the near future.
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Abstract: Crimson clover (Trifolium incarnatum L.) is the most common legume cover crop in the
United States. Previous research found limited genetic variation for crimson clover within the National
Plant Germplasm System (NPGS) collection. The aim of this study was to assess the phenotypic and
nodule microbial diversity within the NPGS crimson clover collection, focusing on traits important
for cover crop performance. Experiments were conducted at the Beltsville Agricultural Research
Center (Maryland, USA) across three growing seasons (2012-2013, 2013-2014, 2014-2015) to evaluate
37 crimson clover accessions for six phenotypic traits: fall emergence, winter survival, flowering time,
biomass per plant, nitrogen (N) content in aboveground biomass, and proportion of plant N from
biological nitrogen fixation (BNF). Accession effect was significant across all six traits. Fall emergence
of plant introductions (PIs) ranged from 16.0% to 70.5%, winter survival ranged from 52.8% to 82.0%,
and growing degree days (GDD) to 25% maturity ranged from 1470 GDD to 1910 GDD. Biomass
per plant ranged from 1.52 to 6.51 g, N content ranged from 1.87% to 2.24%, and proportion of
plant N from BNF ranged from 50.2% to 85.6%. Accessions showed particularly clear differences for
fall emergence and flowering time, indicating greater diversity and potential for selection in cover
crop breeding programs. Fall emergence and winter survival were positively correlated, and both
were negatively correlated with biomass per plant and plant N from BNE. A few promising lines
performed well across multiple key traits, and are of particular interest as parents in future breeding
efforts, including PIs 369045, 418900, 561943, 561944, and 655006. In 2014-2015, accessions were also
assessed for nodule microbiome diversity, and 11 genera were identified across the sampled nodules.
There was large variation among accessions in terms of species diversity, but this diversity was not
associated with observed plant traits, and the functional implications of nodule microbiome diversity
remain unclear.

Keywords: cover crop; crimson clover; germplasm diversity; legume

1. Introduction

Cover crops provide a wide range of ecosystem services including nutrient retention, nitrogen
fixation, erosion control, weed suppression, improved soil structure and ecology, improved water
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quality, and beneficial insect conservation [1-7]. Despite these widely acknowledged benefits, adoption
has remained limited [8-10]. This is in part due to limited improvements in cover crop genetics.

To increase farmer adoption, there is a need for germplasm improvement in cover crops. A lack of
adapted cover crop cultivars (e.g., with enhanced biomass and winter hardiness for various climates)
presents a significant barrier to cover crop adoption [11,12]. Historically, plant breeding has focused
resources and effort on breeding for increased productivity in cash crops, with remarkable success [13-19].
By comparison, relatively little breeding has focused on ecosystem services (e.g., improving crops for use as
cover crops) [20]. Shifting resources towards cover crop breeding could result in significant improvement
in cover crop germplasm and ultimately in increased adoption on the landscape. Many species used as
cover crops have been bred as cash crops (e.g., for forage production). However, to initiate breeding
for use as cover crops, it is necessary to evaluate existing variation for traits of interest specific to
cover crop production. Previous studies have assessed the genetic and phenotypic variation available
through the National Plant Germplasm System (NPGS) for cover crop species, notably hairy vetch
(Vicia villosa L.) [21,22].

Crimson clover (Trifolium incarnatum L.) is the most common legume cover crop in the
United States [10]. Valued for its biomass production and nitrogen contribution, crimson clover
is used across many regions; it is commonly used as a forage in the Southeast US and can be grown
as a winter or summer annually depending on the climate [23]. A previous screening of the genetic
variation in the NPGS crimson clover collection found limited genetic diversity and a substantial
overlap in pedigrees [24]. Modern US cultivars show especially low genetic variation, with nearly all
cultivars derived from ‘Dixie.” However, an assessment of phenotypic variation in the NPGS crimson
clover collection has not been conducted for cover crop traits of importance to farmers: nitrogen
fixation, biomass production, winter hardiness, and flowering time [12]. Further, identifying which
microbes colonize nodules may provide insights into variation in biological nitrogen fixation among
crimson clover genotypes. In other legume species, nodule occupancy has been observed to differ both
diversity and richness in rhizobia species [25,26]. To improve crimson clover germplasm for cover
cropping, the phenotypic variations in existing collections needs to be assessed for traits of interest.

In this study, we assessed phenotypic variation within the NPGS crimson clover collection,
and also explored the genetic diversity of nodule microbial populations regulating biological nitrogen
fixation (BNF). We evaluated the NPGS crimson clover collection for emergence, winter survival,
flowering time, biomass per plant, nitrogen (N) content, and proportion of plant N from BNFE. We also
evaluated the diversity of nodule microbial populations among accessions, with the understanding that
ultimately BNF will be a result of interactions between traits of the resident soil/inoculum population
and plant traits that affect nodule entry selectivity, nodule number, and activity.

2. Materials and Methods

2.1. Plant Material

Germplasm consisted of 37 accessions of crimson clover, representing all plant introduction (PI)
lines of crimson clover in the NPGS with seed available for distribution. However, seven of these
accessions were not available from NPGS after the 2012-2013 season, so the remaining 30 accessions
were evaluated in 2013-2014 and 2014-2015 (Table S1).

2.2. Field Evaluation

Phenotypic evaluation of crimson clover accessions was conducted over three growing seasons,
with crimson clover direct-seeded by hand in late September 2012, 2013, and 2014 in field plots in
Beltsville, MD, USA (39°02’ N, 76°56" W) on sandy loam soils (Russett Christiana complex). The field
design was a randomized complete block design (RCBD) with four replications in each year, except
for five accessions planted in 2015, which only had three replications due to limited seed availability.



Agronomy 2020, 10, 1434

Each plot was a single row of 0.6 m in length with 1.5 m between plots. Between 37 and 45 seeds were
planted per plot, depending on seed availability in each year.

Fall emergence was evaluated in late October of each year by counting the total number of plants
in each plot. Winter survival was determined by counting the total number of plants per plot in late
April divided by the total number of plants counted in the fall. Flowering time was evaluated by
recording percent flowering on a per-plot basis on a scale from 0% (no flower buds present) to 100%
(all flowers dried up entire length of head). Flowering evaluations took place periodically between late
April and early June. In 2013, evaluation took place on six dates: 23 April, 9 May, 15 May, 24 May,
30 May, and 4 June. In 2014, evaluation took place on five dates: 28 April, 6 May, 13 May, 19 May,
and 27 May. In 2015, evaluation took place on eight dates: 25 April, 29 April, 4 May, 7 May, 11 May,
14 May, 18 May, and 21 May. The frequency of evaluations and total duration of evaluation period
varied from year-to-year primarily due to the effects of year-to-year weather variation (Table 1) on the
rate of growth and development.

Table 1. Total accumulated growing-degree days (GDD), freezing-degree days (FDD), days below
freezing without snow cover, total precipitation (mm), and minimum low temperature (°C) in Beltsville,
MD, from crimson clover planting to final data collection. Weather data were acquired from an on-site
weather station at the Beltsville Agricultural Research Center (BARC).

Growing Season

Measurement 2012-2013 2013-2014 2014-2015
Growing degree days (GDD) 2208.9 2102.8 2198.2
Freezing degree days (FDD) 84 115 102
Days below freezing without snow cover 80 86 72
Total precipitation (mm) 596.0 802.8 616.2
Minimum low temperature (°C) -11.0 -16.5 -17.0

Once an accession was rated at 50% or greater for flowering, biomass was collected. All plants in
the plot were pulled up with roots attached. Plants were counted and the roots were clipped. All plants
within a plot were placed in the same brown paper bag and dried. Dry weight was recorded and
plants were ground for laboratory evaluation of nitrogen content, proportion of nitrogen from BNF,
and metagenomic analysis.

2.3. Laboratory Evaluation

The crimson clover biomass samples were separated into shoots and roots. Shoots were oven-dried
(60 °C) for approximately 72 h, weighed, and ground to pass a 1.0-mm screen. Tissue C and N
concentrations and '°N natural abundance were determined for the shoot material of each accession
using a Thermo Delta V Isotope Ratio Mass Spectrometer (Thermo Scientific, Waltham, MA, USA)
and Carlo Erba NC2500 Elemental Analyzer (Carlo Erba, Milan, Italy). Isotopic abundance data were
expressed as §'°N in parts per thousand (%), representing the abundance of plant tissue °N relative
to that of atmospheric N2.

For 2015 samples, fresh roots were prepared for nodule collection by carefully removing soil from
the root system, breaking as few roots as possible. Nodules were washed in a beaker of deionized
water, placed onto a 53-um sieve, and washed with deionized water until clean of soil and organic
matter. The nodules were surface-sterilized by transferring to Falcon tubes containing 10% (v/v) bleach,
gently inverting the tubes over a five-minute period, and washing again with deionized water until
bleach odor was gone.

For each crimson clover accession, 500 mg of surface sterilized nodules were placed in a 1.5 mL
Eppendorf tube and submerged in 1x phosphate buffered solution (PBS). Three to four sterilized
nodules from each preparation were reserved before mashing and plated on yeast mannitol broth
(YMB) to serve as controls for the surface sterilization procedure (no growth observed). The remaining
nodules were mashed using an Eppendorf micropestle. The mashed nodules were centrifuged for
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two minutes at 14,000 rpm to pellet the residual plant biomass. A total of 100 pL of mashed nodules
were added to two mL of yeast mannitol broth YMB in sterile, 4.5 mL culture tubes and incubated in
the dark on a shaker at 28 °C and 225 rpm for four d. Then, 100 uL of this culture was plated onto
YMB plates and incubated at 28 °C for four d. After four days, a bacterial lawn developed on all plates.
To collect the cells for analysis, 300 puL of 1x PBS buffer was added to the surface of each plate using a
cell scraper, and the bacterial biomass from the surface of the plate was scraped and transferred into a
single Eppendorf tube. The bacterial biomass was pelleted and divided into two aliquots; one was
immediately prepared for storage as a glycerol stock. The other half was frozen at —20 °C until it was
used for genomic DNA extraction and downstream molecular analysis.

The nodule rhizobacteria from 19 accessions were individually processed for genomic DNA
extraction using Qiagen power plant genomic DNA (Qiagen Inc., Germantown, MD, USA).
Each metagenomic extraction was individually barcoded using the Illumina 30 barcodes of a 96-index
bar code kit following manufacturer’s instructions (Illumina, Inc., San Diego, CA, USA). The indexed
metagenomic libraries were then sequenced on an Illumina nextSeq 500 following manufacturer’s
instructions using all channels of a flow cell.

2.4. Data Analysis

Six phenotypic performance metrics were assessed: fall emergence, winter survival, flowering
time, biomass per plant, nitrogen content, and proportion of plant nitrogen from BNF. For each response
variable, a linear mixed model was fit, with accession, year, and year X accession as fixed effects and
replicate within year as random effects. Where appropriate, log-transformation was applied to the
response variable to achieve homogeneity of variances. For each model, means and least-significant
difference (LSD) estimates were extracted.

Fall emergence was calculated as the count of living plants as a proportion of seeds planted.
Winter survival was calculated as the count of living plants in the spring as a percent of fall-emerged
plants. When more plants were present in the spring than in the fall (e.g., due to spring emergence),
winter survival was set to 100%.

Flowering time was evaluated as the growing-degree days (GDD) required to reach 25% flowering
on a per-plot basis. GDD was calculated using a base temperature of 0 °C [27]. For plots that reached
25% flowering before the first rating (17 of 323 plots), GDD to 25% was set to the GDD of the first
observation date. Likewise, for plots that never reached 25% flowering (5 of 323 plots), GDD to 25%
was set to that of the last observation date. For plots that reached 25% flowering between observation
dates, a linear interpolation function was used to estimate the GDD at which 25% flowering occurred.

Biomass for each plot was calculated on a per-plant basis by dividing the total plot biomass by the
number of plants present in the plot at biomass harvest. The biomass and plant-tissue %N content data
showed a non-normal distribution, so a log-transformation was applied. The proportion of tissue-N
derived from BNF was estimated using the 1’N natural abundance method [28] and statistically analyzed
asabove. All analyses were conducted in R version 3.6.1 (R Foundation for Statistical Computing, Vienna,
Austria) and used package {nlme} (3.1-143) for model fitting [29]. Scripts for data analysis and raw data
for the plant phenotypic analysis are available at https://data.nal.usda.gov/dataset/data-phenotypic-
and-nodule-microbial-diversity-among-crimson-clover-trifolium-incarnatum-Il-accessions.

All metagenomic analyses were conducted with the free on-line bioinformatics suite Kbase (https:
//kbase.us/). Paired-end reads were uploaded to the Kbase cloud then joined using the join-paired-ends
import tool, adapters and indices were trimmed, and joined reads with a Phred quality score over
30 were kept for further analysis and processed separately from this point forward. Paired end
libraries were assembled using KBaseGenomeAnnotations.Assembly-5.0, which employs Megahit
1.1 [30] with customized parameter setting. Parameters were set to min-count multiplicity for filtering
(k_min+1)-mers, default 2, k-min kmer size (<127), default 21, k-max kmer size (<255), default
141, k-step increment of kmer size of each iteration (<28), default 12, k-list list of kmer size (range
15-255, increment <28), min-contig-len minimum length of contigs to output (>300), default 300.
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Assembled contigs were then annotated using Rapid Annotations and the Subsystems Technology
toolkit (RASTtk) [31-33]. Default search and alignment parameters are defined at http://rast nmpdr.org/.
Annotated metagenomic libraries were compared to each other using GenomeComparisonSDK v.0.0.4
(https://kbase.us/), which uses a k-mer approach to compute a protein pangenome. This approach
builds on the sequence-based homologous protein families identified in the input Pangenome object by
adding to the accumulated protein family annotation by identifying putatively similar functions within
or among family groups. In addition, we identified the genes for tRNAs, rRNAs, and transposons. This
database was then used to identify all the co-occurring protein families, tRNAs, rRNAs, and transposons
among all nodule metagenomes. Scripts for data analysis and raw data for the metagenomic analysis
are available at https://narrative.kbase.us/narrative/26966.

3. Results

3.1. Fall Emergence

The effects of accession, year, and accession x year were all significant to at least the 0.05
level. Replicate explained a small amount of variance in the model compared with accession, year,
and accession x year interaction (Table 2). Fall emergence averaged across years varied from 16.0%
(PI233812) to 70.5% (PI 556990) of seeds planted (Figure 1), with a grand mean of 48.6% of plants
emerged across all genotypes. Emergence differences were likely caused by a combination of genetic
and seed source effects on seed coat impermeability and seed viability [34,35]. The effect of year on
emergence was inconsistent across genotypes (indicated by the significant interaction effect), but there
were several genotypes with consistently high or low emergence. The following nine accessions had
a mean fall emergence of 60% or greater, and merit consideration as breeding parents: PIs 369045,
556990, 561942, 561943, 561944, 613042, 613043, 613047, and 655006. If low emergence was due to
seed coat impermeability rather than non-viable seed, accessions with low fall emergence may also
be valuable in a breeding context, as some producers prefer to use hard-seeded crimson clover as
a self-seeding forage in pastures. Conversely, other producers prefer lines with low hard-seed for
consistent emergence as a cover crop in rotations with annual cash crops [24,34]. Further investigation
is needed to determine the effect of genetic and environmental variance on hard seed and seed viability:
accessions that exhibited high and low emergence in this study (Figure 1) could be grown in diverging
environments, then harvested seed could be assayed for impermeability. As previous research has
found hard seed to be heritable [36], divergent selection for hard seed could be a promising breeding
target for crimson clover.

Table 2. Results of the analysis of variance for each of the six phenotypic performance metrics: fall
emergence, winter survival, flowering time, biomass per plant, nitrogen content, and plant nitrogen

from BNF.
Fall Winter Flowering Biomass Plant N
Term Emergence Survival Time per Plant N Content from BNF
F value
Accession 49.30 ** 30.63 *** 2819.88 *** 22.66 *** 140.30 *** 21.61 ***
Year 4.30 * 144.41 *** 16.58 *** 317.17 *** 92.43 *** 77.34 ***
Accession X Year 1.72 % 1.04 1.81 ** 1.18 2.16 ¥+ 2.32 ***
chi square
Replicate (Year) 0.20 384.86 *** 1.10 357.61 *** 75.77 *** 443.61 ***
Variance decomposition
Fixed effects 0.75 0.33 0.83 0.38 0.43 0.45
Random effects 0.02 0.72 0.03 0.74 0.37 0.87
Coefficient of 0.20 0.23 0.03 0.34 0.13 0.08

Variation (CV)

p value significance is denoted at the following levels: * <0.05, ** <0.01, *** <0.001.
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Figure 1. Effect of crimson clover accession on fall emergence in Beltsville, MD, evaluated as emerged
plants per seeds planted. Grand mean, harvest year means, and least significant difference (LSD)
estimates are displayed.

3.2. Winter Survival

The effects of accession, year, and replicate on winter survival were significant at the 0.001 level.
Replicate explained more variance in the model than accession, year, and accession X year interaction
combined (Table 2). Winter survival averaged across years varied from 52.8% (PI 418900) to 82.0%
(PI 613046) of seeds planted (Figure 2), and a grand mean of 69.6% of emerged plants survived the
winter. The 20132014 season had lower winter survival than other years (few accessions surpassed a
mean of 50% winter survival) but also much greater variability in survival. The reduced winter survival
in 2013-2014 is likely explained by the greater number of FDD and days below freezing without snow
cover (Table 1). The large contribution of replicate, relative to fixed effects, highlights challenges
associated with selection for winter hardiness, especially the complex genetics and physiology of
winter hardiness and its high degree of variability even within a single field and growing season [37,38].
However, the significant accession effect and the lack of significant accession X year interaction suggests
that agronomically important differences in winter hardiness in crimson clover may be observed even
in years with relatively limited winter kill, and that selection can take place even in milder winters.
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Figure 2. Effect of crimson clover accession on winter survival in Beltsville, MD, evaluated as surviving
plants in the spring per plants emerged in the fall. Grand mean, harvest year means, and least significant
difference (LSD) estimates are displayed.

3.3. Flowering Time

Effect of accession, year, and accession X year interaction on crimson clover flowering time
were significant to at least the 0.01 level. As with fall emergence, the replicate explained a small
amount of variance in the model compared with accession, year, and accession X year interaction
(Table 2). GDD to reach 25% maturity varied from 1470 (PIs 561943 and 561944) to 1910 (PI 418901)
(Figure 3), and accessions reached 25% maturity at a grand mean of 1581 GDD. Although the accession
X year interaction was significant, flowering time was relatively consistent across years except for the
accessions with the most extreme values. This consistent performance aligns with previous studies in
other clover species, which found high heritability for flowering time [39,40]. While the majority of
accessions fell within a narrow band of flowering time (around 1600 GDD), three accessions (PIs 561942,
561943, and 561944) originating in the southeast US matured somewhat earlier, with all three reaching
25% maturity prior to 1500 GDD. These accessions represent potential parents for development of an
early-maturing population. One accession, PI 418901, was significantly later-maturing than all other
accessions; it reached 25% maturity at 1910 GDD, and the next-latest accession (PI 418900) reached 25%
at 1690 GDD. This accession, therefore, is an excellent candidate for development of a late-maturing
population. Both early- and late-maturing crimson clover may be of interest to farmers, depending on
region and cropping system.
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Figure 3. Effect of crimson clover accession on flowering time in Beltsville, MD, evaluated as growing
degree days (GDD) to 25% flowering, calculated at a base temperature of 0 °C. Grand mean, harvest
year means, and least significant difference (LSD) estimates are displayed.

3.4. Biomass per Plant

Effects of accession, year, and replicate on biomass per plant were significant to at least the
0.01 level. Replicate explained more variance in the model than accession, year, and accession X year
interaction combined (Table 2). Biomass per plant varied from 1.52 g plant™! (P1233279) to 6.51 g plant ™
(PI 442556) (Figure 4), and accessions produced a grand mean of 2.97 g plant™!. Across accessions,
plants produced less biomass in 2013-2014 than the other years, likely due to the colder winter and/or
wetter year (Table 1). Again, the large contribution of replicates within the year highlights the impact of
field spatial variability on plant biomass and underscores the challenge of phenotyping and selecting
for increased biomass production. While some crimson clover cultivars have been developed with
improved plant vigor and forage yields [34], given the limited variance explained by accession within
the crimson clover collection, progress in biomass production is likely to be slow in a crimson clover
cover crop breeding program as well. However, as for winter survival, accession x year interaction is
not significant, suggesting that agronomically important differences in biomass in crimson clover may
be observed even in years with low biomass per plant overall.
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Figure 4. Effect of crimson clover accession on biomass per plant in Beltsville, MD, evaluated as dry
weight per plant at harvest. Data are presented on a log scale. Grand mean, harvest year means,
and least significant difference (LSD) estimates are displayed.

3.5. Nitrogen Content

The effects of accession, year, accession X year interaction, and replicate on nitrogen content
were all significant at the 0.001 level. Replicates explained comparable variance as accession, year,
and accession X year interaction combined (Table 2). Plant nitrogen content varied from 1.87% (P1I
418901) to 2.24% (PI 233812) (Figure 5), and accessions contained a grand mean of 2.07% nitrogen. In
2013-2014, in which most accessions produced less biomass, many accessions also contained higher
nitrogen content. The relationship between yield and crude protein content within cultivars due to
seasonal variation has not been sufficiently addressed in the literature and merits further research.
However, the range of nitrogen content present in the accessions is relatively narrow, and so in terms
of total N contributed by the cover crop, an accession producing more biomass will likely produce
more N even if its percent N is on the lower end of the observed spectrum. As with winter survival
and biomass, replicate contributed a large portion of the model variance, again indicating that nitrogen
content is highly impacted by spatial variability within the field.
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Figure 5. Effect of crimson clover accession on plant nitrogen content in Beltsville, MD, evaluated as
percent N of dry weight. Data were log-transformed, but reverse-transformed for display purposes.
Grand mean, harvest year means, and least significant difference (LSD) estimates are displayed.

3.6. Proportion of Plant Nitrogen as BNF

Again, the effects of accession, year, accession X year interaction, and replicate on BNF were all
significant at the 0.001 level. Again, the replicate explained more variance in the model than accession,
year, and accession x year interaction combined (Table 2). The proportion of plant nitrogen as BNF
varied from 50.2% (PI 527691) to 85.6% (PI 655006) (Figure 6), and accessions contained a grand mean
of 73.1% BNF as a proportion of plant nitrogen. However, the accessions with the highest mean
proportion of N as BNF were accessions not included in 2013-2014, a year with lower BNF across
all included accessions. Few breeding efforts have focused on nitrogen fixation ability in part due to
challenges in implementing efficient screening systems, although differences between clover cultivars
have been noted [41]. Again, although significant differences between accessions were observed,
the replicate explained a larger portion of the variance than fixed effects, indicating that biological
nitrogen fixation is highly impacted by field spatial variability and selection for this trait in a crimson
clover cover crop breeding program is likely to be slow.
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Figure 6. Effect of crimson clover accession on proportion of plant nitrogen content as biologically
fixed nitrogen (BNF) in Beltsville, MD, evaluated as percent BNF per total N content. Grand mean,
harvest year means, and least significant difference (LSD) estimates are displayed.

3.7. Nodule Metagenome

In total, we constructed nodule metagenomic libraries from 19 of the crimson clover accessions.
Each library contained on average 8-10 million reads, equivalent to about 1.51 x 10? bases with an
average single read length of 147 bp. Sequence assembly and duplicate sequence removal resulted in
metagenomic libraries that ranged in size from 4.6 to 23.7 Mb. The number of contigs generated for
each accession ranged in size among the libraries from 300 bp to 190 kb. The total number of contigs
ranged from 5693 to 18,765, with a mean of 13,090.

The guanine-cytosine (GC) content of the libraries ranged from 50.4 to 62.8 % GC, which is, on
average, lower than the three reference genomes that were used as comparisons (60.6, 60.9, and 61.1
%GC for Rhizobium leguminosarum Rt24.2, Rhizobium leguminosarum WSM1689, Rhizobium
leguminosarum WSM2304, respectively) (Figure S1).

Homology to the rRNA operon was used to determine the diversity of bacterial species within each
nodule metagenomic library at >99%, identity. Other parts of the genome were identified to the genera
or species level by alignment with documented gene fragments in KBASE with a minimum length > 1 kb,
and an insertion or deletion gap size of 25 bp. All species identified had a minimum E-value of <0.001.
These stringent conditions enabled the identification of many taxa at species level or variants contained
within species. Among the nodule metagenomic libraries, the 11 genera identified were Rhizobium,
Mesorhizobium, Xanthomonas, Stenotrophomonas, Aquiflexum, Sinorhizobium, Bradyrhizobium,
Agrobacetrium, Paenibacillus, Sphingomonas, and Pseudomonas. Bacillus dominated the number of
reads that could be identified to a species level with reads specific enough to identify nine distinct
Bacillus species in contigs of genomic regions greater than 10 kilobases. Rhizobium was clearly
represented but is known to be more challenging to grow on media and therefore may have had a
disadvantage on media relative to its importance in the nodule.
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We identified 160,000 protein families, tRNA, ORFs, rRNA, and transposon genes; of these,
42% of the protein families were of unknown function. In the 11 bacterial genera identified in large
reconstructed genomic contigs, all contained whole or partial complements of the nitrogen fixation
complexes (nitrogenase genes, nif, and nod) as well as nitrogen responsive gene operons such as
the nor and nos genes. Searches within the nodule metagenomes for other potential plant growth
promoting rhizobacterial genes yielded numerous antibiotic genes as well as hydrogenases, which
have been associated with increases in efficiency in biological nitrogen fixation.

We used three reference Rhizobium legumunosarum strains in our analysis (WSM1689, WSM2304,
and Rt24.2 which have 6760, 6700, and 7080 annotated genes, respectively). The reference genomes
have about 9500 identified elements that are over 1 kb in size and can be assigned to a specific species.
The crimson clover accessions harbored a wide range of diversity within their nodule phytobiomes,
from PI 369045, which contained 20,729 orthologous metagenome regions, to PI 561944, which contained
72,930 orthologous metagenome regions. The clover nodule microbiome with the lowest diversity
of identifiable genetic regions (PI 369045) has about twice as much genetic diversity as the three
reference genomes (Figure S1). The diversity of taxa identified among the nodules range between 12
and 20 different species of bacteria among the clover accessions. This diversity and the sequencing
depth of our study (average library size) suggests that, for some accessions, we may not have data
covering the full genomes of all genera within the nodule.

Several genes with roles in nitrogen fixation were found across multiple taxa identified within
the crimson clover nodules (Table 3). All of the major taxa identified contained the nifH gene, which
is a primary gene encoding the nitrogenase enzyme that carries out nitrogen fixation [42]. The narG
nitrate reductase gene was found in two of the identified taxa, and has been shown to recycle fixed
nitrogen through the dissimilatory nitrate reduction to ammonium (DNRA) pathway [43]. Anaerobic
ammonium oxidation has been shown to remove significant amounts of nitrite and ammonium from
ecosystems fixing nitrogen [44]. The hlyD gene, which is a multi-drug efflux transporter associated with
antimicrobial resistance and survival in toxic environment, was found in three of the identified taxa.
These types of excretion systems are likely to be involved with infection and nodule morphology [45].
The hesB gene, which is part of the nitrogenase, nitrogen fixation operon, was also found in three of the
identified taxa [46]. Interestingly, the majority of research related to the role of hesB in BNF efficiency
and regulation has occurred in algal systems and platonic freshwater cyanobacteria systems [47—49].
The possible roles of these genes in terrestrial leguminous systems has largely been ignored. There is
potential to use metagenomic analysis of nodules to understand the efficiency of nitrogen fixation,
recycling, and survival of symbionts in the nodule merit.

Table 3. Taxa identified in crimson clover nodules containing genes of interest related to nitrogen fixation.
Genes of interest include nifH nitrogenase, narG- respiratory nitrate reductase, hlyD- multi drug efflux
transporter, and hesB-, a regulatory gene that is only expressed during nitrogen fixation conditions.

Taxa Identified by 16S Operon nifH narG hlyD hesB

Acidovorax
Bacillus/Psychrobacillus/Paenibacillus
Microbacterium
Pelamonas puraquae
Propionibacterium
Pseudomonas (fluorescens,
koreensis)
Rhizobium
Rhizobium leguminosarum
Sphingomonas
Sporosarcina

X X X

XXX X X XXX XX
X
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3.8. Correlation among Traits

Associations among plant traits and nodule metagenome features were assessed using Pearson
correlation. Among the plant phenotypic traits measured, only fall emergence and winter survival
were positively correlated. Negative correlations were observed between fall emergence and biomass
per plant, winter survival and biomass per plant, fall emergence and plant N from BNEF, and winter
survival and plant N from BNE. No correlations with any other traits were observed for flowering time
or N content (Table 4).

Table 4. Correlation among plant phenotypic traits and nodule metagenomic library features.

Fall Wirn?er Biomass Flo‘:vering N Plant N Library Size Contigs GC
Emergence Survival per Plant Time Content  from BNF Content
Winter Survival 0.59 *** 1
Biomass per Plant —0.60 *** —0.48 ** 1
Flowering Time -0.15 -0.23 0.15 1
N Content -0.12 -0.09 0.06 -0.25 1
Plant N from BNF -0.42* 79*'?5 0.24 0.24 -0.27 1
Library Size 0.12 0.09 -0.09 0.05 0.07 0.18 1
Contigs -0.12 -0.05 -0.04 -0.35 -0.26 -0.06 -0.16 1
GC Content -0.10 0.12 —-0.04 0.05 -0.26 0.29 0.46* -0.03 1
Microbial Diversity —-0.14 -0.20 0.17 -0.05 -0.10 0.25 0.60 ** 0.37 0.58 **

p value significance is denoted at the following levels: * <0.05, ** <0.01, *** < 0.001.

Several accessions ranked in the top five accessions for two or three key traits. Of particular
interest, PI 369045 was among the top accessions for emergence, survival, and N content. PI 418900
ranked second for both biomass and late flowering. PIs 561943 and 561944 were the earliest-flowering
accessions and were both also among the top accessions for emergence. PI 613048 had both high winter
survival and biomass per plant, and PI 655006 was among the top accessions for emergence, proportion
of N as BNF, and late flowering (Figures 1-6).

Several positive correlations were observed among the nodule metagenome features. However,
there were no correlations between any plant phenotypes and any nodule metagenome features.

4. Discussion

Plant breeding is a critical tool to increase cover crop use and efficacy on agricultural landscapes [11,12].
Crimson clover is the most widely used legume cover crop in the United States [10], and there is a need to
improve the crimson clover germplasm for important cover cropping traits such as increased biomass and
winter hardiness. Modern US cultivars have significant overlap in pedigrees, as most are derived from
‘Dixie,” and limited genetic diversity found in a previous study of the NPGS crimson clover collection [24],
but this was the first phenotypic assessment of the crimson clover collection for cover crop traits important
to farmers.

Despite the limited genetic diversity previously observed, we did find some meaningful phenotypic
variation for traits of agronomic importance for cover crop usage. Flowering time showed a large
accession effect, and agronomically relevant diversity was observed among accessions. Its lack of
correlation with other traits indicates that selection for flowering time may be possible without
negative impacts on other agronomically important traits (e.g., due to linkage drag). Both early-
and late-maturing populations have utility in different cropping systems. These results suggest
that flowering time would be a relatively straightforward trait for selection in a crimson clover
breeding program.

Fall emergence also showed a large accession effect, but further work is needed to determine
whether this variation is caused by genetics or seed source effects. Low emergence may have been due
to hard seededness, in which case accessions with both low and high emergence will be valuable for
crimson clover breeding programs, depending on cropping system context [24,34].
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Replicate effects explained the most variance in winter survival, biomass per plant, and proportion
of plant N as BNF, highlighting the high degree of spatial variability among these traits and the
challenges of phenotyping and selection [37,38,41,50,51]. However, unlike other traits, winter survival
and biomass per plant did not exhibit accession x year interaction, indicating that despite large annual
variation in these traits, agronomically relevant differences in winter hardiness and biomass per plant
are observable among crimson clover accessions even in years with mild winters or low biomass overall.

Additional challenges come with the negative correlations among key traits—both fall emergence
and winter survival are negatively correlated with both biomass per plant and proportion of plant
N as BNFE. The presence of these correlations may limit breeders’ ability to rapidly integrate all key
agronomic traits in a single population. However, several accessions performed among the top five for
multiple traits, and should be considered as parents for future breeding populations. All of the nodules
contained more genetic diversity than would be expected if a single isolate occupied the nodules;
the reference isolates had, on average, 6900 genetic elements [52], whereas the accessions surveyed
ranged from 20,000 to 72,000 common genetic elements. This indicates that, in all of the accessions
tested, we observed, from 3 to 10 times, the expected diversity of a single bacterial genome (reference
genomes), but the range among accessions was quite broad. In the case of P1561944 (~72,000 elements)
the genetic diversity is what might be observed if analyzing the genetic diversity of 9-12 genera
of bacteria.

Additional analysis of the metagenome data showed that a large proportion of the identified
bacterial taxa contained intact or partial nitrogenase operons [42]. There is evidence that genomes
of nitrogen-fixing bacteria may have higher GC content then their non-fixing relatives [53];
the metagenomic GC content of the nodule microbiome may be an indicator of nodule populations
that harbor a higher or lower proportion of nitrogen-fixing bacteria. Although we did not observe a
significant relationship between GC content and BNF, our assessment was not quantitative in regards
to extraction of total microbial biomass from the nodules.

Our data suggest that crimson clover accessions contain a wide range of bacteria in their nodules,
but transferring these microbes from the nodule to a petri plate likely gave an advantage to the
r-selected linages of bacteria (i.e., those with high growth rates) that had successfully infected the
nodule [54]. In addition, nodule metagenomic analysis was conducted in only one of the three growing
seasons, so we are unable to draw conclusions about the stability of the nodule microbial populations
or their impact on annual variation in agronomic traits. We also cannot yet clearly link the genetic
diversity of nodule microbiomes of field grown clover to traits important in cover crop production
such as biological nitrogen fixation and biomass production.

Although we cannot relate the metagenomic survey to the diversity of phenotypes analyzed
for the field work portion of this study, this nodule microbiome dataset gives us a snapshot of the
surveyed diversity of plant bacterial symbiosis in planta. Recent studies have shown that the nodule
is much more diverse than previously thought; effectively managing the nodule microbiome will
require an understanding of interactions among the diversity within the nodule in the context of the
plant genotype [55-58]. It is not known whether this observed range of nodule metagenomic diversity
is typical among closely related plant varieties, and additional research is needed to determine any
salient relationships between microbial diversity and agronomic performance. The degree of annual
and spatial variation in N content and BNF especially highlight the need to study environmental and
management effects and genotype X environment interactions on crimson clover microbial populations.

5. Conclusions

While the effect of crimson cover accession was significant across all evaluated traits, accessions
showed particularly clear differences for fall emergence and flowering time, indicating greater diversity
and potential for selection in cover crop breeding programs. By contrast, winter survival, biomass
per plant, N content, and plant N from BNF showed greater within- and/or among-year variation.
Fall emergence and winter survival were found to be positively correlated, and both of these traits
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were negatively correlated with both biomass per plant and plant N from BNEFE. Several accessions
were identified as high-performing across several key traits, and are of particular interest as parents
in future breeding efforts: PIs 369045, 418900, 561943, 561944, and 655006. We observed larger than
expected variation among accessions in terms of the diversity within the nodule microbial population,
but did not observe any association between nodule metagenome features and plant phenotypic traits.
Therefore, additional research is needed to determine functional implications of nodule microbiome
diversity, and thus whether to incorporate such data into crimson clover breeding programs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1434/s1.
Figure S1: Metagenomic analysis of nodule endophytes; Table S1: Crimson clover accessions.
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Abstract: Pigeonpea is one of the important pulse crops grown in many states of India and plays
a major role in sustainable food and nutritional security for the smallholder farmers. In order to
overcome the productivity barrier the Translational Pigeonpea Genomics Consortium (TPGC) was
established, representing research institutes from six different states (Andhra Pradesh, Karnataka,
Madhya Pradesh, Maharashtra, Telangana, and Uttar Pradesh) of India. To enhance pigeonpea
productivity and production the team has been engaged in deploying modern genomics approaches
in breeding and popularizing modern varieties in farmers’ fields. For instance, new genetic stock
has been developed for trait mapping and molecular breeding initiated for enhancing resistance to
fusarium wilt and sterility mosaic disease in 11 mega varieties of pigeonpea. In parallel, genomic
segments associated with cleistogamous flower, shriveled seed, pods per plant, seeds per pod,
100 seed weight, and seed protein content have been identified. Furthermore, 100 improved lines
were evaluated for yield and desirable traits in multi-location trials in different states. Furthermore,
a total of 303 farmers’ participatory varietal selection (FPVS) trials have been conducted in 129 villages
from 15 districts of six states with 16 released varieties/hybrids. Additionally, one line (GRG 152
or Bheema) from multi-location trials has been identified by the All India Coordinated Research
Project on Pigeonpea (AICRP-Pigeonpea) and released for cultivation by the Central Variety Release
Committee (CVRC). In summary, the collaborative efforts of several research groups through TPGC is
accelerating genetics gains in breeding plots and is expected to deliver them to pigeonpea farmers to
enhance their income and improve livelihood.
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1. Introduction

Pigeonpea is a pulse crop grown in many countries of the world and plays an important role in
sustainable nutritional food security. India ranks first in pigeonpea cultivation area (5.58 mha) and
production (4.29 mt) in the world [1]. In the last five years, productivity of pigeonpea in India has
shown an increasing trend (11.42%) from 693 (2009-2013) to 774 kg/ha (2014-2018), however, it is lower
by ~10% compared to world productivity (761 kg/ha in 2009-2013 and 850 kg/ha in 2014-2018) [1].
Moreover, disproportionate yield gaps between research plots and in farmers’ fields of a given variety
are also a major concern in India [2]. On the other hand, demand for the pulses is continuously
increasing and it has been estimated that 32 million tons of pulses will be required by the year 2030
and 50 million tons of pulses by year 2050 (Vision 2050: Indian Institute of Pulses Research, 2013,
www.iipr.res.in). To match these requirements, pulse breeders have been engaged in developing
superior varieties but could not achieve the daunting task. In recent times molecular breeding
approaches have been successful in developing superior varieties and enhance the production of cereal
crops, like rice [3-6], wheat [7-11], sorghum [12-14], maize [15-17], and pear] millet [18,19], and also in
legume crops, such as chickpea [20-24] and soybean [25-27]. However, such approaches have not been
used until recently in pigeonpea, primarily due to limited information on genes/markers associated
with traits. In this direction, the International Initiative on Pigeonpea Genomics (IIPG) decoded
and published the genome sequence of pigeonpea in 2012 [28]. As a result of this breakthrough,
a significant amount of genomic information has become available [29,30]. However, the availability
of the genome sequence or the large-scale of molecular markers alone was not enough to improve
crop productivity. These resources can be used as tools to harness the genetic diversity present in
the germplasm collection for enhancing the precision and efficiency of crop improvement programs.
Therefore, just after the decoding of the pigeonpea genome, a series of consultations with a large
number of stakeholders, including the Department of Agriculture Cooperation and Farmers Welfare
(DACFW), Indian Council of Agricultural Research (ICAR), several state agricultural universities
(SAUs), the private sector, and USAID-India, were conducted to use genome sequence information for
translational genomics research for crop improvement. As a continuous effort in translational genomics
research for pigeonpea improvement, with funding support from DACFW, the Translational Pigeonpea
Genomics Consortium (TPGC) of nine research institutions/agricultural universities representing six
different states of India was established in 2017 (Figure 1). During the past three years TPGC has made
significant progress (described in the sections below) including: (a) development of new genetic stock
for trait mapping, (b) deployment of genomics-assisted breeding in 11 popular varieties of pigeonpea,
(c) evaluation of 100 improved lines for their performance in multi-location trials, and (d) demonstration
of improved crop varieties in more than 303 farmers’ fields across 129 villages from 15 districts of six
states (Andhra Pradesh, Karnataka, Madhya Pradesh, Maharashtra, Telangana, and Uttar Pradesh).
Several improved lines have also been put in the varietal identification pipeline of Indian Council of
Agricultural Research. Molecular markers associated with seed protein content, diseases resistance
and yield contributing traits, improved lines with higher yield potential and disease resistance were
also identified. In summary, the TPGC has been established with an aim to deploy modern genomics
information for pigeonpea improvement, develop/identify new and improved varieties, and to enhance
the adoption of superior lines in farmers’ fields. The present article reports the significant research
achievements of the TPGC as international public goods (IPGs) that will be helping and guiding future
pigeonpea improvement programs. Furthermore, this article may also inspire other less-studied crop
communities to take similar consortium-based approaches for crop improvement.
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# ARS-VNM
4

Figure 1. Translational Pigeonpea Genomics Consortium: Marked places on the map shows indicative
locations of experimentation. ICAR-IIPR: ICAR- Indian Institute of Pulses Research (IIPR), Kanpur,
Uttar Pradesh; RAKCA: RAK College of Agriculture (RAKCA), Sehore, Madhya Pradesh; ARS-VNMKYV:
Agricultural Research Station (ARS)-Badnapur, Vasantrao Naik Marathwada Krishi Vidyapeeth
(VNMKYV), Parbhani, Maharashtra; ARS, UAS-R: Agricultural Research Station (ARS)-Kalaburagi,
University of Agricultural Sciences (UAS), Raichur, Karnataka; ICRISAT: International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Telangana; PJTSAU: Professor Jayashankar
Telangana State Agricultural University (PJTSAU), Telangana; RARS Lam: Regional Agricultural
Research Station, Lam Farm, Guntur, Andhra Pradesh.

2. Advances in Genetics and Genomics

2.1. Novel Breeding and Genetic Materials

A range of genetic and breeding material has been developed in pigeonpea during last few years for
their effective use in genomics [30]. This material includes segregating bi-parental populations for target
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traits [31-35], diverse genetic stocks including reference set [36], core and mini-core [37,38], and back-cross
populations [39]. Further, to reap the advantages of family based mapping, the development of multi-parent
mapping populations was initiated in the year 2012. During the last two years these family-based mapping
populations, especially Nested Association Mapping Population (NAM), have reached the recombinant
inbred line (RIL) stage. At present, multi-location evaluation of the NAM population is underway.
Another family-based mapping population i.e., Multi-Parent Advanced Generation Inter-Cross (MAGIC),
has also been advanced during the last two years and it has reached to RIL stage in the year 2019-2020.
The generation of these family-based mapping populations in pigeonpea have provided new genetic
combinations for trait discovery and also for genomics applications for new cultivar development.
The significant features of these NAM and MAGIC populations have been provided below.

2.2. Nested Association Mapping Population (NAM)

The NAM population consisting of 2224 RILs in pigeonpea was developed by crossing 10 pigeonpea
diverse founder lines as female parent to a common pollen parent ICPL 87119 (Table 1, Figure 2).
The seeds of 2224 RILs of the NAM population were sown in an augmented block design with
spacing of 45 x 30 cm in a single row of 1 m length during the 2018-2019 cropping season. The first
set of phenotyping data on the stabilized NAM population (F¢ plants) was collected in cropping
season 2018-2019 at ICRISAT. The year 2018-2019 was also used for seed multiplication of the NAM
population so that planned multi-location trials could be conducted. During the year 2018-2019,
RILs of the NAM population were evaluated for agronomic traits including days to first flower,
days to 50% flowering, days to 75% maturity, number of primary and secondary branches, pods per
plant, pod and grain weight per plant, and 100 seed weight as per the pigeonpea descriptor [40].
Preliminary analysis of phenotyping data collected on NAM population showed significant variations
for the above mentioned traits in RILs. For instance, a range of 60 days to 141 days with a mean
value of 95.14 days has been observed for days to 50% flowering across NAM population (Figure 3).
Similarly, RILs in the NAM population matured in 110-218 days with a mean value of 146.91 days.
In the case of two important yield measuring/contributing traits, i.e., seeds per pod (1.2-6.8) and
100-seed weight (3.37-16.99 g), a wide range of variation has been observed. It is important to mention
that multi-location evaluation of NAM over two or more locations per family in six states for two years
has been planned. The comprehensive data analysis after multi-location evaluation will provide exact
information on the available phenotypic variability in the NAM population and to identify elite lines
suitable for major agroecologies of pigeonpea cultivation in India.

Table 1. Characteristic features of parents used in the development of Nested Association Mapping
(NAM) population in pigeonpea.

Genotypes Features

Nested Parent

Asha (ICPL 87119)  Genome sequence available, leading variety, resistant to FW and SMD

Founder Parents

High protein content, medium duration, compact, susceptible to FW and resistant

HPL 24 to SMD, inter-specific derivative
ICP 7035 Medium duration, SMD resistant, large purple seed, high sugar
ICP 8863 Mid-late, highly resistant to FW and susceptible to SMD, an extensively grown

variety in Northern Karnataka and Maharashtra region of India
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Table 1. Cont.

Genotypes Features
ICPL 87 Early duration, determinate, short, high combiner
ICPL 88039 Extra early maturity, indeterminate, good yield
ICPL 85063 Medium duration, indeterminate, good yield, more branching
MN 1 Super early, small seeded, determinate
ICP 28 Early maturity, local variety
ICPL 85010 Early maturity, local variety
ICP 7263 Determinate, long podded, white seeded
== Il I
founder lines
1 2 3 4 5 6 7 8 9 10
Year 2012

X
Reference line
Asha (ICPL 87119)

)
el LA LTRRLE
Year 2013 Ll

| e | e | ®
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Figure 2. Nested association mapping (NAM) population in pigeonpea. Inbred, Asha (ICPL 87119)
was used for crossing with 10 diverse inbred lines separately. The hybrids from each of 10 crosses were
selfed to develop F,s. From these F; seeds, at least 200 progenies were generated in each of 10 crosses
by single seed decent method to take these lines to Fg generation.
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Figure 3. Frequency distribution for days to 50% flowering in NAM population of pigeonpea. A range
of 60 days to 141 days with a mean value of 95.14 days has been observed for days to 50% flowering
across NAM population.

2.3. Multi-Parent Advanced Generation Inter-Cross (MAGIC)

To bring diversity from landraces and superior varieties, the MAGIC population has been
developed as per the crossing scheme of Cavanagh et al. [41] using eight crossing parents (ICP 7426,
HPL 24, ICP 11605, ICP 14209, ICP 14486, ICP 5529, ICP 7035, and ICP 8863) by 28 two-ways,
14 four-ways, and seven eight-ways crosses (Table 2, Figure 4). These eight parents have significant
variations for agronomic (pod numbers per plant, maturity, days to flowering, grain yield), quality
(sugar and protein content), and disease resistance (fusarium wilt and sterility mosaic disease) traits.
The Fg seeds for this population were harvested from the Fs5 plants in year 2018-2019 and seed
multiplication was undertaken for Fys plants in cropping season 2019-2020. Homozygous lines
(~1300 RILs) obtained from multi-parent crossing approach will be used for high resolution trait
mapping that is otherwise not possible by using conventional bi-parental mapping populations.
This population also offers new breeding material with enhanced diversity and combined desirable
traits (e.g., early maturity, high seed protein content, higher yield, and disease resistance). Some of these
lines can be used as parents in future breeding programs or can be put in the varietal release pipelines.

Table 2. Characteristic features of parents used in the development of Multi-Parent Advanced
Generation Inter-Cross (MAGIC) population of pigeonpea.

Genotypes Features

ICP 7426 High pod numbers, medium duration

High protein content, medium duration, compact, susceptible to FW and resistant to SMD,

HPL 24 inter-specific derivative

ICP 11605 Early flowering, germplasm line

ICP 14209 High number of pods, germplasm line

ICP 14486 Early flowering, germplasm line

ICP 5529 Medium duration, obcordate leaves, compact plant, modified flower

ICP 7035 Medium duration, SMD resistant, large purple seed, high sugar content

Mid-late, highly resistant to FW and susceptible to SMD, an extensively grown variety in

ICP 8863 Northern Karnataka and Maharashtra region of India
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28 Two way crosses

14 Four way crosses

T
Figure 4. Development of a MAGIC population in pigeonpea. Eight genotypes (ICP 7426, HPL 24,
ICP 11605, ICP 14209, ICP 14486, ICP 5529, ICP 7035 and ICP 8863) were used in crossing program
as parents to develop MAGIC population. Crossing scheme included, 28 two-ways, 14 four-ways
and 7 eight-ways crosses. Further, hybrids coming from 7 eight-way crosses were selfed to generate
~1300 Fg lines.

3. Genomics Advances and Genomics-Assisted Breeding

3.1. Marker Assisted Back-Crossing for Fusarium Wilt (FW) and Sterility Mosaic Diseases (SMD) Resistance

Fusarium wilt (FW) and sterility mosaic diseases (SMD) are considered as major yield reducing
biotic stresses in pigeonpea [42-45]. Pathogen variability have further added to the severity of these
diseases [46—48]. Moreover, the known resistant varieties are witnessing the breakdown of resistance.
Therefore, it has been planned to introduce, combine, or reconstruct the resistance for FW and SMD
in leading pigeonpea varieties from different agro-climatic zones of India following marker-assisted
back-crossing (MABC). In this endeavor, backcross populations were developed by crossing 11 mega
varieties (recurrent parent, susceptible to FW and/or SMD) with ICPL 20096 (donor parent, resistant to
FW and SMD) following two cycles of backcrosses (Table 3) during cropping seasons (rainy) 2017-2018
to 2018-2019. These 11 released varieties were crossed with ICPL 20096 as recipient parents to generate
Fis in respective crossing combinations. True Fys from respective crosses were identified using
molecular markers. Subsequently confirmed F;s of respective crosses were used to make backcrosses
with the recipient or recurrent parent. The backcross seeds (BC1F;) from respective crosses were
harvested and tested with markers for foreground selection and second backcrossing (Table 4). It is
important to note that we have developed two different sets of 10 markers each associated with
FW and SMD resistance (unpublished). These markers have been used for foreground selection in
BC;F; plants. Those BC1F; plants carrying the highest heterozygosity for 10-marker panel were used
for second round of backcrossing with respective recurrent parents for maximum genome recovery.
In this way, at present, we have reached the stage of BC;F; seeds. It has been planned to advance
and obtain BC;F; seeds from BC,F; plants in upcoming years. Further selfed BC,F; seeds from each
cross will be sown in sick plot for evaluation of FW and SMD incidences. Most promising lines
identified for FW and SMD resistance will be subjected to yield evaluations in hotspot regions of the
country. The MABC-bred improved lines showing higher disease resistance and similar or better yield
performance as compared to recurrent parent in both stressed and normal conditions will enter varietal
identification and release pipelines.
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Table 3. List of pigeonpea mega varieties targeted for introgression of resistance to fusarium wilt (FW)

and sterility mosaic disease (SMD) resistance.

Varieties # Centre Introgression of the Trait
LRG 41 RARS-Lam FW and SMD
LRG 52 RARS-Lam FW and SMD
ICPL 88039 ICRISAT FW

UPAS 120 ICRISAT FW

ICP 8863 ARS-Kalaburagi SMD

TS 3R ARS-Kalaburagi SMD

TJT 501 RAKCA-Sehore FW

JKM 189 RAKCA-Sehore FW

BDN 711 ARS-Badnapur FW

PRG 176 PJTSAU FW and SMD
Bahar ICAR-IIPR FW

# Centre undertaking marker-assisted backcrossing program in selected preferred varieties in the region.

Table 4. Details and current status of marker assisted backcrossing for improving elite lines for
resistance to fusarium wilt and sterility mosaic disease.

S. No Recurrent Donor Fq Fis No. of BC1Fq¢ No. of BC1F;s
T Parent Parent Plants Confirmed Grown Confirmed

1 BDN 711 ICPL 20096 17 17 92 85

2 ICP 8863 ICPL 20096 30 21 92 78

3 TS 3R ICPL 20096 26 22 92 80

4 TJT 501 ICPL 20096 28 27 19 18

5 JKM 189 ICPL 20096 25 7 60 52

6 Bahar ICPL 20096 30 28 92 89

7 PRG 176 ICPL 20096 11 9 5 4

8 LRG 41 ICPL 20096 11 11 5 5

9 LRG 52 ICPL 20096 4 2 7 6

10 ICPL 88039 ICPL 20096 11 11 132 122

11 UPAS 120 ICPL 20096 28 15 88 65

3.2. Development of Trait-Associated Markers

Availability of molecular markers governing various traits are prerequisites for deploying
genomics-assisted breeding in crop improvement. While the MABC approach is being deployed
for improving resistance to FW and SMD, molecular mapping for several quality- and yield-related
traits was also undertaken by TPGC. These findings have been considered as important milestones
for pigeonpea improvement. A summary on the development of molecular markers has been
presented below:

A bi-parental trait mapping study by Yadav et al. [49] identified 26 quantitative trait loci (QTLs)
on nine CcLGs (except CcLG01 and CcLGO05) for 10 traits viz. cleistogamous flower (Cl), shriveled seed
(ShS), plant height (PH), number of primary branches (PB), number of secondary branches (SB), pods
per plant (PP), seeds per pod (SP), seed count per plant (S5C), seed weight (SW), and seed size (100 seed
weight) (SS) using RILs of ICPL 99010 x ICP 5529. The phenotypic variance explained (PVE) by each
QTL ranged from 9.1% to 50.6% (Table 5, Table S1). Similarly, a total of 17 CAPS/dCAPS markers were
identified for seed protein content (SPC) using high (HPL 24, ICP 5529) and low (ICP 11605, ICPL
87119) seed protein content (SPC) containing pigeonpea genotypes by whole genome re-sequencing
(WGRS) data [50]. Further, these markers were validated using F, population of ICP 5529 x ICP 11605.
Out of 17 CAPS/dCAPS markers, four genic-CAPS/dCAPS markers, spc003 (NADH-GOGAT), spc107
(copper transporter), spc017 (protein kinase), and spc100 (BLISTER) revealed co-segregation with
SPC (Table S1). Using five F, populations, Obala et al. [51] identified 192 QTLs across 10 CcLGs for
five traits, namely, seed protein content (SPC) seed weight (SW), seed yield (SY), growth habit (GH),
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and days to first flowering (DFF) with PVE of 0.7-91.3%. Major effect (PVE > 10%) QTLs included
14 QTLs for SPC, 16 QTLs for SW, 17 QTLs for SY, 19 QTLs for GH, and 24 QTLs for DFF (Table S1).

Table 5. Summary on QTLs/genomic segments identified for target traits in pigeonpea.

Number of
Trait QTLs/Genomic # PVE Range (%) Reference
Segments Identified
Cleistogamy 5 9.10-50.60 Yadav et al. 2019
Seed shape 3 11.80-37.20 Yadav et al. 2019
Seed size 2 29.50-33.90 Yadav et al. 2019
Seed protein content 19 2.20-23.50 Obala et al. 2019; 2020
100 seed weight 18 10.10-46.60 Obala et al. 2020
Seed yield 18 10.20-53.00 Obala et al. 2020
Growth habit 21 10.90-91.30 Obala et al. 2020
Days to first flowering 28 10.90-47.60 Obala et al. 2020

# Phenotypic variation explained.

4. Promising Pigeonpea Lines Identified through Multi-Location Trials

To select high yielding superior lines from multi-location trials, three trials (one each for super-early
(>90 days), early (140-160 days), and medium maturity (>160-180 days) group) were conducted during
cropping seasons of 2017-2018 (year 1) and 2018-2019 (year 2) for grain yield (Figure 5, Table S2).
Thirty genotypes of super-early maturity group were tested in year 1 at five centers, namely, Kalaburagi,
Kanpur, Tandur, Lam, and Patancheru, while in year 2, it was tested at three centers, namely, Tandur,
Lam, and Kanpur. Likewise, 30 genotypes of the early maturity group were tested in year 1 at Kanpur,
Tandur, Lam, Kalaburagi, and Patancheru, while in year 2, these were tested at Kanpur, Tandur, Lam,
and Badnapur. The 40 genotypes of the medium-maturity group were tested at Kalaburagi, Tandur,
and Lam for two consecutive years, while one time these were tested at Patancheru (year 1), Badnapur
(year 2), and Sehore (year 2). In multi-location trials, seeds of each entry were sown in four rows
of 3 m length with spacing of 90 X 30 cm, 45 X 20 cm, and 30 X 10 cm for medium/late duration,
early and super-early maturity groups, respectively, in a randomized complete block design with
three replications. The mean for each genotype in a replication was calculated using the observations
recorded from the whole plot. The overall mean for each genotype was calculated using the values from
each replication. Minimum and maximum means of the genotypes were considered to record the range.
Individual analysis of variance (ANOVA) was carried out in order to partition the variation due to
different sources following the method of Panse and Sukhatme [52]. Combined ANOVA was computed
using a general linear mixed model using the procglm function of SAS version 9.2 [53]. The stability
analysis of selected genotypes for grain yield was done using the data recorded during the rainy season
of 2017-2018 and 2018-2019 across various locations. A GGE biplot (site regression analysis) was used
to illustrate the genotype plus genotype-by-environment variation using principal component (PC)
scores from singular value decomposition (SVD). A GGE biplot with average-environment coordination
(AEC) and polygon view was drawn to examine the performance of all genotypes within a specific
environment and to simultaneously select genotypes based on stability and mean performance [54].
The model for the GGE based on SVD of the first two PCs is given by:

Yij — 1w = Bj = M&anji + Ao&ionpp + €55 — 1 — B = A &iamy + Ma&ipnp + &5

where Yj; is the mean performance of genotype i in environment j, p is the grand mean, f; is the
environment j main effect, A; and A, are the singular values of the first and second PC, &;; and &;
are the eigenvectors for genotype i, nj; and nj, are the eigenvectors for environment j, and ¢j; is the
residual effect.
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Figure 5. An overview of pigeonpea field with super-early pigeonpea lines at flowering stage and

remaining lines at vegetative stage.
4.1. Performance and Stability of Genotype and Environment for Grain Yield

In super-early, early- and medium-maturity groups of multi-location trials, individual (Table S3) as
well as combined analysis of variance (ANOVA) (Table 6) revealed significant differences in genotype,
environments, and genotype X environment interaction (GEI) effects for grain yield. To know the best
test environment and superior genotype (high yield and stable), GGE ((genotype (G) + (genotype
(G) x environment (E) interaction)) biplot analysis was conducted with the phenotyping data recorded
in multi-location trials. A GGE biplot explained 73.58, 66.53, and 67.85% of total variation of the
environment-centered G by E table for grain yield for super-early, early and medium duration trials
respectively. GGE biplot analysis revealed two mega environments in each trial. For instance,
in super-early, Tandur and rest environments (Kalaburagi 2017, Patancheru_2017, Kanpur and Lam),
for early, Patancheru and rest environments (Kanpur, Tandur, Lam, Kalaburagi and Badnapur) and for
medium duration trial, Badnapur, Lam_2018 and rest environments (Tandur, Kalaburagi, Patancheru
and Lam_2017) were observed for the performance of grain yield (Figure 6). In super-early trials,
Lam_2017 and Tandur (2017 and 2018) identified as more discriminating environment while Kalaburagi,
Patancheru, Kanpur, and Lam_2018 identified as least discriminating environment for grain yield
(Figure 6a). Likewise, in early duration trial, Lam_2017 was identified as the most discriminating,
however, Kalaburagi 2017, Kanpur_2017, and Tandur_2017 were identified as average discriminating,
while Kanpur_2018, Lam_2018, Badnapur_2017, and Patancheru_2017 were identified as the least
discriminating environments for grain yield (Figure 6b). In medium-duration trials, Sehore_2018 is
the most discriminating, Tandur is average discriminating, while rest environments Lam, Kalaburagji,
Patancheru, and Badnapur were identified as least discriminating environments for grain yield
(Figure 6c).
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Table 6. Combined analysis of variance for grain yield of super-early, early and medium duration trials
during cropping season 2017-2018 and 2018-2019.

Effects
Trial ; ;
Environment Rep (Env) Genotype Genotype X Environment
Super-early (30 genotypes) 7.0 16.0 28.0 196.0
F 2245.8 ** 10.7 ** 14.2 17.9 **
at 70 14.0 29.0 203.0
Early (30 genotypes) F 1305.0 * 7.9 24.8 15.6 **
. aft 80 15.0 34.0 272.0
Medium (40 genotypes) 1093.2 ** 11.7 2.0 14.1 **

*: Significant at 0.05 probability level, **: Significant at 0.01 probability level.

(a) Super-early duration
Scatter plot (Total - 73.58%)

(b) Early duration
Scatter plot (Total - 66.53%)
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4.2. Promising Lines in Super-Early Duration Trial

Pigeonpea lines, namely, ICPL 20325 at Tandur, ICPL 11300 at Lam and ICPL 11279 at Kanpur
exhibited yield advantage (14.8-154.4%) over MN1 (check) across the years (Table S4). Whereas,
ICPL 20326 at Kalaburagi and ICPL 11301 at Patancheru have also shown yield advantages of 20.2-109%
as compared to check (Table 54). One pigeonpea line, ICPL 20325, has been identified as a superior
line with higher grain yield and high stability over the years and across the locations (Figure 6a) with
24.09% yield advantage over MN1 (Table S4).

4.3. Promising Lines in Early Duration Trial

IPA 15-05 at Lam and Tandur and IPA 15-06 at Kanpur revealed yield advantage (33.3-127.9%) over
ICPL 88039 (check) across the years (Table S5). Whereas, on the other testing locations, IPAM 16-03 at
Kalaburagi, IPA 15-08 at Patancheru and ICPL 92047 at Badnapur exhibited significant yield advantage
(4.3-118.2%) over ICPL 88039 (Table S5). Overall, IPA 15-05 exhibited the highest grain yield and
gained a yield advantage of 52.29% over ICPL 88039 across the locations over the years with high
stability (Table S5, Figure 6b). Importantly, two lines IPA 15-03 and IPA 15-06 had 7.47 and 8.81%
yield advantage, respectively, over the best check when evaluated in initial varietal trial (IVT) of
AICRP-Pigeonpea for the northwestern plain zone (NWPZ) and central zone (CZ). Furthermore, with
an average yield of 1791 kg/ha, IPA 15-06 has shown 11.44% yield advantage over the best check in CZ
in advanced varietal trial 1 (AVT 1) of AICRP-Pigeonpea.

4.4. Promising Lines in Medium Duration Trial

ICPL 99050 at Kalaburagi, LRG 105 at Lam, TDRG 60 at Tandur revealed higher grain yield and
yield advantage up to 285.9% over the checks across the years (Table S6). At Badnapur, TJT 501 and at
Patancheru, AGL 1603-4 revealed a yield advantage (0.6-89.4%) over the checks (Table S6). At Sehore,
ICPL 99050 exhibited a yield advantage of 23.7-397.7% over the checks. GRG 152 followed by LRG 105
and ICPL 99050 exhibited higher yield as compared to different checks and stability (Table S6, Figure 6c).

5. Enhancing Varietal Adoption through Farmer Participatory Varietal Selection (FPVS) Trials

In order to enhance the adoption of available varieties/hybrids, during the last two years a total of
303 FPVS trials have been conducted in 129 villages of 15 districts of six states, namely, Andhra Pradesh,
Karnataka, Madhya Pradesh, Maharashtra, Telangana, and Uttar Pradesh. FPVS trials were conducted
using 4-5 improved cultivars for the evaluation of grain yield during rainy season of 2017-2018 (year 1)
and 2018-2019 (year 2) (Table 7). The seeds of each entry for FPVS trial were sown in 1000 square meter
plots on farmers’ fields. Data analysis for the FPVS trials was conducted following similar methods
mentioned in multi-location trials.

Table 7. List of varieties/hybrids used for farmer participatory varietal selection trial in the six states of
India during cropping season 2017-2018 and 2018-2019.

No. of FPVS Total FPVS
SN State Districts Variety/Hybrids #
2017-2018  2018-2019
1 Andhra Guntur, Prakasam, LRG 52, LRG 105, LRG 160, 30 30 60
Pradesh and Kurnool ICPH 2433, and ICPH 2740
Kalaburagi, Bida, TS 3R, GRG 811, ICPL 332,
2 Kamataka o4 Yadgir BSMR 736 and ICPH 2433 % 30 %
. ICPH 2671, ICPH 2443,
3 11\423251? iﬁg"lgea'. Sﬁapun JKM 189, TJT 501, 25 30 55
18 and ICPL 88039
Aurangabad, Jalna, BDN 711, BDN 716,
4 Maharashtra 4 bo bhani BSMR 853, and BSMR 736 28 28
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Table 7. Cont.

No. of FPVS Total FPVS
SN State Districts Variety/Hybrids *
2017-2018  2018-2019
Telaneana Mahabubnagar, ICPL 161, ICPL 99050,
5 State & Rangareddy, ICPL 332 WR, PRG 176, 30 30 60
and Warangal and RGT 1
6 Uttar Kanpur, Banda, ICPH 2740, IPA 203, 25 20 45
Pradesh and Chitrakoot JKM 189, and ICPL 88039

# Lines in “bold” identified as best performing lines by farmers in respective state.

5.1. Performance and Stability of Genotype and Environment for Grain Yield

The combined analysis of variance (ANOVA) revealed significant differences in genotype but
non-significant genotype X environment interaction (GEI) effects for grain yield at locations in Karnataka
and Maharashtra states over the years (Table 8), while combined ANOVA revealed significant genotype,
environment and GEI effects over the years and locations for grain yield in locations at Telangana, Andhra
Pradesh, and Madhya Pradesh (Table 8). Stability analysis for grain yield was conducted using a GGE
biplot for FPVS where significant GEI was observed at Madhya Pradesh, Andhra Pradesh, and Telangana.
A GGE biplot explained 99.48%, 99.14%, and 98.75% of total variation of the environment-centered G
by E table for Madhya Pradesh, Andhra Pradesh, and Telangana, respectively. Due to non-significant
GE], the environment had no effect on the performance of genotypes and the stable performance of
genotypes was observed at Karnataka (Table S7, Figure 7a) and Maharashtra (Table S8, Figure 7b).
In Madhya Pradesh, Sehore was identified as the most discriminating and representative environment,
and significantly differed with Shajapur and Rajgarh for grain yield (Table S9, Figure 8a). In Andhra
Pradesh, Guntur region is highly discriminating, more representative, and significantly differed with
Prakasam and Kurnool for grain yield (Table S10, Figure 8b). In Telangana, Mahabubnagar was identified
as the most discriminating region, and significantly differed with Warangal and Rangareddy for grain
yield (Table S11, Figure 8c).

Table 8. Combined analysis of variance for grain yield of farmer participatory varietal selection trials
during cropping season 2017-2018 and 2018-2019.

Effects
FPVS Trial N .
Environment Genotype Genotype X Environment
df 2.0 4.0 8.0
Andhra Pradesh F 145.8 ** 23,78 ** 6.6 **
df 2.0 3.0 6.0
Maharashtra F 0.09 NS 63.9 ** 1.36 NS
df 2.0 4.0 8.0
Madhya Pradesh 13.5 ** 109.9 ** 5.1 **
K tak df 2.0 3.0 6.0
arnataka F 13 NS 9.8 ** 14 NS
Telangana df 20 0 8.0
& F 411* 9.56 ** 14.58 **
NS: Non-significant at 0.05 probability level, *: Significant at 0.05 probability level, **: Significant at 0.01
probability level.

5.2. Selection of High-Performing Varieties in Different States

In Karnataka over the years, BSMR 736 revealed significantly higher grain yield at Bidar, Kalaburagi,
and Yadgir, respectively, with yield advantage of 8.6-29.9% over TS 3R (check). Across the location
and over the years, BSMR 736 gained a 22.3% yield advantage over TS 3R (Table S7). In Maharashtra,
BDN 711 exhibited the highest grain yield in Aurangabad, Jalna, and Parbhani districts, over BSMR
736 (check), with yield advantage in the range of 18.7-35.2% (Table S8). Across the locations in
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Maharashtra, BDN 711 followed by BDN 716 revealed significantly higher grain yield over BSMR 736
with a yield advantage of 23.3-27.5%. In Madhya Pradesh over the years, ICPH 2671 significantly
exhibited the highest grain yield at Rajgarh, Shajapur, and Sehore with a yield advantage in the range
of 18.3-35.3% over the check variety, ICPL 88039. In Madhya Pradesh, over the years and across the
locations, ICPH 2671 revealed superior performance in terms of higher yield, stability, and gained yield
advantage of 34.72% over ICPL 88039 (Table S9). In Andhra Pradesh at Guntur, LRG 105 followed by
LRG 160 exhibited significantly higher grain yield over check, LRG 52 with yield advantage in the
range of 5.1-5.2%. Likewise, at Prakasam, LRG 105 followed by LRG 160 revealed significantly higher
grain yield over LRG 52 with yield advantage in the range of 6.9 to 7.2%. At Kurnool, LRG 52 followed
by LRG 160 revealed significantly higher grain yield over LRG 52 with yield advantage in the range
of 7.1-7.5%. Overall, in Andhra Pradesh, LRG 160 followed by LRG 105 exhibited the highest grain
yield with yield advantage in the range of 0.9-4.2% over LRG 52. A GGE biplot indicated LRG 160
was better performing and highly stable across the locations (Table 510). In Telangana, ICPL 332 WR
significantly exhibited the highest grain yield at Mahabubnagar, Warrangal, and Rangareddy over
check, TS 3R with yield advantage in the range of 6.5-17.8%. Across the location in Telangana ICPL
332 WR revealed the highest grain yield over TS 3R with yield advantage of 14.6% (Table S11).

(a) Karnataka

mTS3R
uGRG 811
mICPL 332
BSMR 736
m ICPH 2433

S 4 S o S @ S @S @
STF FFFF FES S
A ‘V(Q \‘p r§¢ AP ‘&
& + +* Rt +? <
2017-18 2018-19 Pooled mean

(b) Maharashtra
1200

Grain yield (kg/ha)

- o =M © - © @ o - © @ o - o @ ©
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Figure 7. Farmers participatory varietal selection trials of pigeonpea in (a) Karnataka: BSMR 736 was
identified as the best performing line in FPVs trials in Karnataka state. (b) Maharashtra: BDN 711 was
identified as the best performing line in FPVs trials in Maharashtra state.
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Figure 8. GGE biplot showing ranking of genotypes and environments in FPVS trial for mean and
stability for grain yield in (a) Madhya Pradesh (b) Andhra Pradesh and (c) Telangana State.

6. Summary and Outlook

By using the TPGC as the multi-institutional team, we established a data-driven crop improvement
program in pigeonpea. The TPGC has been engaged on different fronts starting from upstream research
such as development of traits associated markers to very downstream work such as FPVS trials with
farmers. For instance, significant efforts have been made to establish relationships between observed
phenotype and genomic constitution in pigeonpea. This will enhance the precision and efficiency of
the prediction of phenotypes from genotypes and subsequently in developing superior genotypes and
varieties. The TPGC has been successful in developing new genetic stock, trait-associated molecular
markers, and is currently working on developing new, promising lines through the MABC approach.
Similarly, new genetic stock in the form of MAGIC and NAM populations have been developed.
These multi-parent populations not only overcome the limitations of traditional trait mapping but also
offer new potential to accurately define the genetic basis of complex crop traits [55]. NAM and MAGIC
populations allow intensive genome reshuffling, making them suitable for high-resolution mapping
due to broad genetic diversity created through high numbers of recombination events. Genotypes in the
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NAM population exhibited a normal distribution for the majority of the traits, indicating quantitative
genetic control. The significant variations observed in NAM and MAGIC populations will be harnessed
in coming years for identification of QTLs and candidate genes for important traits, like pod numbers,
growth habit, protein content, flowering, maturity, seed size, seed colour, etc. As success stories of
MABC are available in other legume crops, like chickpea [21] and peanut [56,57], the TPGC has also
initiated the introgression QTLs for diseases (FW and SMD) resistance in 11 mega varieties of pigeonpea.
We anticipate some improved lines through MABC for commercial release in the near future.

Multi-location trials and FPVS trials were used for identification of high-performing varieties in
station plots and farmers’ fields, respectively, in different states. In early maturity group multi-location
trials, IPA 15-05 revealed the highest grain yield at Tandur, Lam and across the locations while, from
medium maturity trials, TDRG 60 followed by TDRG 4 and LRG 105 at Tandur, LRG 105 followed
by LRG 52 and JKM 189 at Lam, ICPL 99050 at Kalaburagi and Sehore, and GRG 152 across the
locations revealed the highest grain yield over check. Likewise, in super-early, ICPL 20325 followed
by ICPL 11245 and ICPL 11292 at Tandur, ICPL 11300 followed by ICPL 20325 and ICPL 20327 at
Lam, ICPL 11301 followed by ICPL 11244 and ICPL 20325 at Patancheru and ICPL 20325 across the
locations revealed the higher grain yield over check with higher grain yield and high stability. The test
environments that are highly discriminating are good for selecting adapted genotypes [58].

FPVS trials offer farmers the ability to adopt high-yielding, improved cultivars within a short time
on a larger scale. Based on these FPVS trials, the cultivars BSMR 736 and BDN 711 showed constant
better performance across the locations in Karnataka and Maharashtra states, respectively, due to the
non-significant genotype X environment interaction (GEI) effect, so these high-yielding and stable
cultivars would be mass multiplied and adopted in the respective regions. FPVS trials from other states
and multi-location trials revealed significant GEI effects, indicating a differential response of genotypes
in different environments. Significant genotype, environment, and GEI in pigeonpea for grain yield
were reported earlier by Muniswamy et al. [59] and Arunkumar et al. [60]. For instance, FPVS trials in
Andhra Pradesh, at Guntur and Prakasam, LRG 105 followed by LRG 160 while at Kurnool, LRG 52
followed by LRG 160 but across the locations, LRG 160 followed by LRG 105 revealed a significantly
higher grain yield. The cultivar ICPH 2671 and ICPL 332 WR exhibited the highest grain yield at test
sites and across the locations of Madhya Pradesh and Telangana, respectively.

In conclusion, advances in genetics and genomics made through TPGC are being utilized for
developing new cultivars with desirable combinations of traits. The advanced backcross lines
resistance to FW and SMD will be evaluated for grain yield for varietal release. The high-yielding
and stably-performing genotypes in multi-location trials may be recommended for varietal release
following AICRP-Pigeonpea guidelines. Similarly, high-performing and farmer-preferred varieties
may be adopted in the respective districts and states by integrated efforts of different agriculture
authorities, including state agricultural universities, and Kisan Vigyan Kendras.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/9/1289/s1.
Table S1: Details on QTLs/genomic segments identified for target traits in pigeonpea. Table S2: List of 100 elite
lines used for evaluation for grain yield in pigeonpea. Table S3: Mean, range and ANOVA for grain yield
of multi-location trial during cropping season 2017-2018 and 2018-2019. Table S4: Mean grain yield data of
super-early duration trial during cropping season 2017-2018 and 2018-2019. Table S5: Mean grain yield data
of early duration trial during cropping season 2017-2018 and 2018-2019. Table S6: Mean grain yield data of
medium duration trial during cropping season 2017-2018 and 2018-2019. Table S7: Mean performance of selected
cultivars of FPVS trial conducted in Karnataka for grain yield during cropping season 2017-2018 and 2018-2019.
Table S8: Mean performance of selected cultivars of FPVS trials conducted in Maharashtra for grain yield during
cropping season 2018-2019. Table S9: Mean performance of selected cultivars of FPVS trials conducted in Madhya
Pradesh for grain yield during cropping season 2017-2018 and 2018-2019. Table 510: Mean performance of
selected cultivars of FPVS trials conducted in Andhra Pradesh for grain yield during cropping season 2018-2019.
Table S11: Mean performance of selected cultivars of FPVS trials conducted in Telangana State for grain yield
during cropping season 2018-2019.
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Abstract: Pleiotropy is considered to have a significant impact on multi-trait evolution, but its roles
in the evolution of domestication-related traits in crop species have been unclear. In soybean, several
known quantitative trait loci (QTL) controlling maturity, called the maturity loci, are known to have
major effects on both flowering and maturity in a highly correlated pleiotropic manner. Aiming at
the identification of non-pleiotropic QTLs that independently control flowering and maturity and
dissecting the effects of pleiotropy in these important agronomic traits, we conducted a QTL mapping
experiment by creating a population from a cross between domesticated soybean G. max and its wild
ancestor G. soja that underwent stringent selection for non-pleiotropy in flowering and maturity.
Our QTL mapping analyses using the experimental population revealed novel loci that acted in a
non-pleiotropic manner: R1-1 controlled primarily flowering and R8-1 and R8-2 controlled maturity,
while R1-1 overlapped with QTL, affecting other agronomic traits. Our results suggest that pleiotropy
in flowering and maturity can be genetically separated, while artificial selection during soybean
domestication and diversification may have favored pleiotropic loci such as E loci that control both
flowering and maturity. The non-pleiotropic loci identified in this study will help to identify valuable
novel genes to optimize soybean’s life history traits and to improve soybean’s yield potential under
diverse environments and cultivation schemes.

Keywords: QTL mapping; Glycine max; Glycine soja; flowering; Maturation; domestication; pleiotropy

1. Introduction

Genetic pleiotropy, correlation among traits due to genes that possess pleiotropic roles or the
linkage of multiple genes, is known to have a major impact on the multi-trait evolution of organisms.
Neutral theories and evolutionary models suggest that pleiotropy is a cause of evolutionary constraints,
preventing organisms from evolutionary progress [1,2]. In contrast, recent genome-wide observations
indicate that pleiotropy promotes the evolution of complexity [3,4]. Crop domestication provides
a unique opportunity to dissect the effects of pleiotropy on multi-trait evolution. Intense selection
by humans during crop domestication and diversification processes causes rapid and directional
changes in a set of traits, typically including non-seed shattering, reduced branching, apical dominance,
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large fruit or grain size, and synchronized flowering, which is known as the domestication syndrome [5].
However, much remains unknown about the extent of pleiotropy among domestication-related traits
and its consequences in the evolution of crop species.

Cultivated soybean (Glycine max) is considered to be domesticated from its wild ancestor Glycine
soja approximately 6000 to 9000 years ago [6,7]. Preceding the domestication event, recent discoveries
suggest a prolonged period of low intensity management or semi-domestication of wild soybeans at
multiple locations in East Asia [8]. Compared with its ancestor, G. max shows reduced pod dehiscence,
branching and lodging, larger seeds, and more synchronized flowering and maturation. A handful of
genes that are implicated in soybean domestication, diversification, and improvement processes have
been identified. Among them, three genes are thought to have played central roles at the early
stage of soybean domestication: SHAT1-5 controlling pod dehiscence [9,10], GmHs1-1 controlling
seed hardness [11], and GmFT2c controlling photoperiodic flowering [12].

An emphasis of soybean domestication and diversification was selection for plants adapted to
regional photoperiods that confines soybean varieties carrying differing photoperiod sensitivities for
flowering and maturity to specific latitudinal boundaries [13,14]. Several QTL controlling diversity in
flowering and maturity among cultivated soybean varieties have been identified: the maturity loci
E1-E10 and | [15,16]. The E1 locus encodes a transcription factor carrying a B3 domain [17], E2 is
an ortholog of the Arabidopsis flowering regulator GIGANTEA [18], and E3 and E4 are homologs
of the photoreceptor PHYTOCHROME A (PHYA) [19,20]. Recently, additional maturity loci E9 and
J are identified as the FLOWERING LOCUS T homolog GmFT2a [21] and the circadian clock gene
EARLY FLOWERING 3 [22], respectively. Major maturity loci are observed to affect both flowering and
maturity in a highly correlated manner [23,24]: early flowering is associated with early maturity, while
late flowering is associated with late maturity, suggesting that the pleiotropy of these loci controlling
both flowering and maturity may have been a limiting factor for the diversification of soybean’s life
cycle in breeding programs.

In order to dissect the effects of pleiotropy in the evolution of flowering and maturity control in
soybean, in this study, we conducted a selection experiment by creating a population from a cross
between G. max and G. soja that underwent stringent selection for non-pleiotropy in flowering and
maturity, and carried out QTL mapping analysis to identify novel loci that independently control
flowering or maturity in a non-pleiotropic manner.

2. Materials and Methods

2.1. Mapping Population

The initial cross between the G. max reference variety Williams 82 (Maturity group III) and the
G. soja accession PI 549046 (Maturity group III) was made in 1996 (Figure 1). The F1 plants were
backcrossed to Williams 82 in 1997, and the BC1F1 plants were grown in 1998. From the 3000 BC1F2
plants, approximately 60 plants were selected based on agronomic appearance similar to Williams 82.
From the 60 BC1F3 lines, 87 plants out of 17 BC1F3 lines with the best agronomic appearance similar
to Williams 82 were selected in 2000. In the BC1F4 generation, nine lines that showed agronomic
appearance similar to Williams 82 were selected and bulk harvested. These lines were grown in the
field, and phenotypes were observed in 2001 and 2002. In order to identify non-pleiotropic loci that
control either flowering or maturity independently unlike the known major maturity loci that control
both flowering and maturity in a highly pleiotropic manner, our selection scheme in this study targeted
a type of non-pleiotropy affecting flowering but not maturity. We selected the lines LG01-7909 and
LG01-7919 that flowered 10 to 12 days later and matured 7 to 13 days earlier than Williams 82 in 2001,
and flowered 9 to 11 days later and matured 11 to 12 days earlier than Williams 82 in 2002. In 2003,
these two BC1F5 lines were backcrossed again to Williams 82, and the BC2F1 plants were grown in the
following winter in Puerto Rico. These populations were advanced through single-seed descent from
the F2 to the F4 generation. In the BC2F4 generation, 109 plants were harvested from the population
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derived from the LG01-7909 parent, and 79 plants were harvested from the population derived from
the LG01-7919 parent, and a single plant was harvested from each row in 2007. From the 166 BC2F5
rows planted in 2008, a total of 115 inbred lines in the maturity date range of 12 days (18-30 September)
were selected for the mapping population, consisting of 68 recombinant inbred lines (RILs) from the
LG01-7909 pedigree and 47 RILs from the LG01-7919 pedigree.

Glycine soja
(P1 549046)

Glycine max
(Williams 82)

F1 X Glycine max

l (Williams 82)
BC1F1
77777777777777777777777777777777 I
agronomic appearance | *
__similar to Wiliams 82 | |
I
v
Glycine max X BC1F5 BC1F5 X Glycine max
(Williams 82) (LG01-7909) (LG01-7919) (Williams 82)
l [ significant late flowering & | l
,,,,,, slight early maturity ___:
BC2F1 BC2F1
I I
I I
I S ‘ I
v i maturity similar to | v
+ Williams 82 }
68 BC2F5RILs 47 BC2F5 RILs
Subpopulation 1 Subpopulation 2

Figure 1. The scheme for mapping population development and selection experiment.
2.2. Field Evaluation

The BC2F6 RILs, the parent line Williams 82, and maturity checks (IA2023 and LD00-3309) were
evaluated at Urbana and Stonington, Illinois in 2009 and at Urbana, Villa Grove, Bellflower, and
Stonington, Illinois in 2010. All field plots were four rows wide with 0.76 m spacing and 3.1 m long and
were planted at a rate of 30 seeds per meter. At all locations and in both years, the lines were planted
in a randomized complete block design with two replications. The phenotype data collected include
flowering date (R1), which was recorded when approximately 50% of the plants had at least one
flower [25], plant maturity date (R8), which was recorded when approximately 95% of the pods had
reached mature pod color [25], plant lodging scored at maturity based on a 1 to 10 scale (1 = all plants
are erect, 10 = all plants are prostrate), plant height (cm) measured from the soil surface to the top node
of the main stem and seed yield (kg ha™!) recorded at 13% moisture, and a stem vininess score between
1 (typical indeterminate cultivar) and 5 (viney stem termination). The 115 BC2F6 RIL population
was divided by maturity based on the data collected in 2008. Lines that matured between 18 and 24
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September were blocked together (Maturity set 1) and those that matured between 25 and 30 September
were blocked together (Maturity set 2) for further analysis.

2.3. Statistical Analysis of Phenotypic Data

Statistical analysis of phenotypic distribution and multiple factor analysis (MFA) were carried
out using R scripts. Box plots were created using the Psych package [26] and multiple factor analysis
(MFA) was conducted using the FactominR package [27]. Correlation analysis was conducted in R.

2.4. Genotyping

A total of 1536 single nucleotide polymorphisms (SNPs) from the 1536 Universal Soy Linkage
Panel (USLP 1.0) [28] was used for genotyping assay. A single leaf from a single plant was collected for
each line between 30 and 40 days after sowing. DNA samples from 115 BC2F6 RILs and Williams 82
were obtained using the DNeasy Plant Mini kit (QIAGEN), and genotyping was carried out using the
Tlumina GoldenGate® Assay [29] by Perry Cregan at USDA-ARS, Maryland.

The E1 alleles were genotyped as described previously [30], and the SNP marker BARC-056323-14257
was genotyped via the direct sequencing of fragments amplified by polymerase chain reaction using the
primers 5'-ACCATCATTGTTGTGAACCCTAC-3" and 5'-AACGTCATCCACTTGAAACTTGG-3'.

2.5. SNP Selection

SNPs of interest were selected using Illumina’s Genome Studio® 1.0. SNPs with low call numbers
(below 5%) or no segregation in our mapping population were excluded. In addition, SNPs for which
both parents shared the same allele type were removed. Of the 1536 SNPs genotyped, 545 were selected
for quantitative trait loci (QTL) mapping (Table S1).

2.6. QTL Mapping

Marker distances and linkages were calculated using the Kosambi function in JoinMap® 4.0 with a
minimum logarithm of the odds (LOD) threshold of 3.0. QTL analysis was conducted using composite
interval mapping (CIM) in the software Windows QTL Cartographer 2.5 [31]. Stepwise selection was
used to identify background co-factors in the model. For CIM, a 1000-iteration permutation test was
performed for all traits to generate a genome-wide critical alpha of 0.05. To control the background
marker effect, a window size of 1cM was employed.

2.7. Candidate Gene ldentification

The physical locations of significant flowering and maturity SNPs were compared with a list of
flowering-related genes and previously identified flowering and maturity QTL (http://soybase.org/).
Candidate genes were called if they were located within 500 kb of QTL-associated SNPs.

2.8. Plant Growth Condition

The flowering time and maturation time measurement of the BC3F2 population was conducted in
the greenhouse during November through February under a moderate short-day photoperiod (12 h
light) with supplementary white fluorescence light. Highest temperatures during the day ranged
between 24.0 and 26.5 °C, and lowest temperatures in the evening ranged between 20.0 and 22.5 °C.

3. Results

3.1. Selection for Non-Pleiotropy

The G. max reference variety Williams 82 and the G. soja accession PI 549046 were used as the
parents to create the mapping population evaluated in this study (Figure 1). PI 549046 was one of
the lines selected from four Chinese provinces that were genetically the most distinct from cultivated
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soybean [32]. Mimicking the domestication and diversification processes of soybean, two backcrosses
to Williams 82 were performed after the initial cross between Williams 82 and PI 549046, and plants
that showed agronomic appearance similar to Williams 82 in traits such as lodging, height, and stem
vininess were selected through multiple generations. As an attempt to identify non-pleiotropic loci, we
implemented a selection scheme for a type of non-pleiotropy that affects flowering but not maturity; in
the BC1F5 generation, we selected the lines LG01-7909 and LG01-7919 that flowered significantly later
but matured moderately earlier than Williams 82 in both 2001 and 2002. These lines were backcrossed
again to Williams 82 (BC2) and advanced to the F5 generation. Then, we further selected lines that
showed a maturity time similar to Williams 82, resulting in a total of 115 BC2F5 RILs with a narrow
maturity range of 12 days. Strong positive correlation was observed in all comparisons between
different locations for each trait, Maturity set, and year (Figure S1), except for height in Urbana and
Stonington in Maturity set 2 in 2009, which appeared marginal (p = 0.088).

3.2. Phenotypic Distribution

The 115 BC2F6 RIL population was used for phenotyping at multiple field locations: Urbana
and Stonington, Illinois in 2009 and Urbana, Villa Grove, Bellflower, and Stonington, Illinois in 2010.
All traits displayed a strong yearly and/or location effect in the distribution (Figure 2a,b). The values of
flowering time (R1) were distributed in a wider range than that of maturity (R8). Flowering ranged
from 39.8 to 68.5 days with a mean of 55.6 days in 2009, and from 18.0 to 41.3 days with a mean of
31.8 days in 2010. Maturity ranged from 118.8 to 133.5 days with the mean of 126.0 days in 2009, and
from 102.5 to 120.0 days with the mean of 111.9 days in 2010. The interquartile ranges of R1 and stem
vining were above the mean value of Williams 82 in each year, whereas the interquartile ranges of R8
and yield were below Williams 82.

Aiming at identifying loci that affect flowering in a non-pleiotropic manner, the 115 RILs were
divided into two sets for further analysis based on their maturity: early maturity (Maturity set 1;
n = 64) and late maturity (Maturity set 2; n = 51). The phenotypic distribution differed significantly
between maturity sets 1 and 2 in flowering, maturity, and height (Figure 2c); a difference of 4.6 days in
flowering (p = 2.12 X 1077), 4.8 days in maturity (p = 8.19 x 107%’), and 9.2 cm in height (p = 1.48 x 1073).
In contrast, lodging, stem vining, or yield did not differ between maturity sets 1 and 2. No significant
difference in phenotypic distribution was observed between the LG01-7909 progenies (Subpopulation
1; n = 68) and the LG01-7919 progenies (Subpopulation 2; n = 47) in any traits.

3.3. Multiple Factor Analysis (MFA)

Multiple factor analysis (MFA) further demonstrated the different relationship among the traits
(Figure 3). Dimensions 1 and 2 explain 45.3% and 23.1% of the total variation, respectively, and
Dimension 3 makes up 16.7%. The traits are observed to cluster into three groups. Height, stem
vining, and lodging cluster together and make up major components in Dimension 1 (0.84, 0.80, and
0.86, respectively) (Figure 3; Table 1), while flowering and maturity times are represented together
in Dimension 2 (0.82 and 0.56, respectively), consistently with the previous implication regarding
the highly correlated behavior of maturity loci in flowering and maturity [23,24,33,34]. Finally, yield is
the primary component in Dimension 3 (0.83).
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Figure 2. Phenotypic distribution in the 115 BC2F6 RIL population by year and by maturity set.
(A) Phenotypic distribution in 2009 and 2010 (n = 115). Yield was measured only in 2009. (B) Phenotypic
distribution at Bellflower, Stone, Urbana, and Villa Grove field locations. (C) Phenotypic distribution
in the early maturity group (Matsetl; n = 64) and the late maturity group (Matset2; n = 51). The box
indicates the interquartile range, and black circles represent outliers. The black horizontal line indicates
the distribution median and the cross indicates the distribution mean. The red horizontal line represents
the mean of Williams 82. P-values were obtained using a Student’s T-test. Flowering shows the time
when 50% of the plants have at least one flower on any node (R1), and maturity shows when 95% of the
seed pods reach full mature color (R8). Lodging is shown in 1-10 scales where 1 represents Williams 82
and 10 reflects lodging in the G. soja parent. Vining is shown in 1-5 scales where 1 is no vining as in
Williams 82 and 5 is vining represented by the G. soja parent.
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Multiple Factor Analysis (MFA)

1.0
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Figure 3. Multiple factor analysis (MFA) of phenotypic variation and correlation. The two-dimensional
correlation structure among the 115 BC2F6 RILs is demonstrated by MFA. Dimension 1 is represented
by the horizontal axis and Dimension 2 is represented by the vertical axis. The blue arrows represent
the strength of trait association within a dimension. Dimension 1 accounts for 45.26% of the total
variation, and Dimension 2 accounts for 23.13% of the total variation.

Table 1. Eigen vectors of the first three dimensions of variance for each trait identified in multiple
factor analysis (MFA) of phenotypic variation and correlation (Figure 3).

Trait Dimension 1 Dimension 2 Dimension 3
(45.3%) (23.1%) (16.7%)
Flowering 0.414 0.822 0.019
Maturity 0.541 0.555 0.500
Height 0.842 -0.302 0.167
Lodging 0.806 —0.423 0.018
Yield —-0.372 -0.312 0.838
Stem Vining 0.866 —0.186 -0.141

3.4. Construction of Linkage Map

Genetic linkage maps were constructed for this mapping population, resulting in 30 linkage
groups with 335 SNP markers spanning 846 cM (Figure S2). Marker locations were generally consistent
with the Universal Soy Linkage Panel 1.0 [29]; however, we found that chromosomes 1, 5, 6, 7, 12, 13,
14, and 16 were divided into two or three linkage groups in our maps. This is likely caused by the two
backcrosses to Williams 82 and intense selection, limiting the number of SNP markers segregating in
the population. On average, each linkage group contained 12 markers with a mean distance of 3.6
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cM between the nearest markers. Extensive segregation distortion was observed, resulting in G. soja
alleles being substantially underrepresented for many markers in our population. Each RIL possessed
approximately 3-20% of SNP markers homozygous for G. soja alleles (Table S1). Linkage group 7a
contained the highest percentage of markers homozygous for G. soja alleles at 64%, and linkage group
12a contained the least at 1.3%.

3.5. QTL Mapping

Composite interval mapping (CIM) analysis was carried out on both the data in its entirety
and separately for each year (2009 and 2010), location (Urbana 2009, Stonington 2009, Urbana 2010,
Bellflower 2010 and Villa Grove 2010), subpopulation, (Subpopulation 1 and Subpopulation 2) and
maturity set (Maturity set 1 and Maturity set 2). In total, our analysis has uncovered 19 QTL distributed
throughout 6 traits (Figure 4; Table 2). One QTL was found for flowering, two were found for maturity,
two were found for height, two were found for yield, seven were found for lodging, and five were
found for stem vining. Most of these QTL were found in specific locations or subpopulations.
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Figure 4. Quantitative trait loci (QTL) identified in this study. Nine linkage groups harbor QTL for
flowering (R1), maturity (R8), height (HT), yield (YD), lodging (LD), and stem vining (SV). QTL for
R1 are shown in red, while R8 are in gray, HT are in purple, YD are in light blue, LD are in yellow,
and SV are in green. Previously reported QTL that overlap with the QTL identified in this study are
represented by white boxes with diagonal lines, and the locations of candidate flowering genes are
displayed as horizontal hashed lines. The QTL box represents a one-LOD support interval.

The QTL R1-1 on chromosome 9 was significantly associated with flowering (R1). This QTL
explains 26% of the flowering variation observed and is centered on the SNP marker BARC-056323-14257
with an LOD score of 4.10 and an additive effect of 6.41. Despite the late flowering parent lines BC1F5
LGO01-7909 and LG01-7919 that were selected for the second backcrossing, this result indicates that
the G. soja allele confers earlier flowering than the G. max allele, which is potentially due to epistatic
interactions with other loci in the genome.
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Two QTL, R8-1 and R8-2, were associated with maturity (R8) and located near the markers
BARC-041649-08056 and BARC-015067-02556 on chromosomes 13 and 18, respectively. R8-1 explains
32% of the variation observed with an LOD score of 5.88. R8-2 explains 17% of the variation observed
with an LOD score of 3.14. The additive effects of R8-1 and R8-2 are —1.31 and —1.18, respectively, with
the G. soja allele conferring faintly later maturation than the G. max allele.

Two QTL, HT-1 and HT-2, were associated with height and located near the markers
BARC-056323-14257 and BARC-040851-07854 on chromosomes 9 and 11, respectively. HT-1 explains
10% of the variation observed with an LOD score of 3.15. HT-2 explains between 15% and 26% of the
variation observed with a LOD score between 4.92 and 5.48. The additive effects of HT-1 and HI-2 are
above 8.29 with both G. soja alleles conferring a large reduction in height.

Two QTL, YD-1 and YD-2, were associated with yield and located near BARC-014395-01348
and BARC-060195-16470, respectively, both on chromosome 18. YD-1 explains 15% of the variation
observed with an LOD score of 4.71. YD-2 explains 13% of the variation observed with an LOD score
of 3.77. The additive effects for YD-1 and YD-2 are 3.83 and 3.60, respectively, with the G. soja allele
conferring a reduction in yield.

Seven QTL were associated with lodging, locating on chromosomes 9, 11, 13, 14, and 16. R2
values ranged from 13% to 20%, with LD-7 explaining the highest percentage of the variation at 20%.
LOD scores spanned between 3.18 and 5.36, with LD-3 showing the strongest peak. The additive
effects of QTL associated with lodging range between —0.52 and 1.39, with the majority of G. soja allele
conferring a decline in lodging. LD-4 and LD-6 are the exceptions to this trend.

Five QTL were associated with stem vining, locating on chromosomes 2, 6, 9, 11, and 14. R?
values ranged from 9% to 24% variation explained, with SV-1 showing the highest value. LOD scores
were spread between 2.90 and 4.96, with SV-5 showing the strongest peak. The additive effects of QTL
affecting stem vining ranged from —0.42 to 1.36. With the exception of SV-5, all G. soja alleles confer a
reduction in stem vining.

3.6. Pleiotropic QTL and Verification

Unlike the pleiotropic E loci, the flowering QTL R1-1 identified in this study did not overlap
with the maturity QTL R8-1 and R8-2, nor with previously reported maturity QTL (Figure 4; Table 2).
However, the R1-1 locus overlapped with the QTL controlling other agronomic traits: HT-1 and LD-2,
co-localizing on chromosome 9. We found another cluster of QTL controlling multiple traits: HT-2,
LD-3, and SV-4 on chromosome 11.

To verify the QTL identified in this study, previously reported QTL listed in SoyBase (http://soybase.
org/) were compared with the locations of our QTL. QTL for flowering (R1-1), height (HT-1 and HT-2),
and yield (YD-1 and YD-2) identified in this study, as well as one of maturity QTL (R8-2) and 3 of lodging
QTL (LD-1, LD-3 and LD-6), overlapped with previously reported QTL (Figure 4; Table 3). The stem
vining QTL SV-1 overlaps with the QTL TH-C for twinning habit [35], but none of the other stem vining
QTL has been previously reported. To verify our QTL controlling flowering or maturity, we compared
their locations with those of known flowering gene homologs [8]. Two genes homologous to Phytochrome
E (PHYE) and TFL1/FT that are known to play a role in flowering control in Arabidopsis are located within
the close range of the flowering QTL R1-1 (Figure 4; Table 4). In addition, one of the maturity QTL, R8-1,
appears to be in the vicinity of homologs of the flowering-related genes SRF6 and SPA3.

To provide further verification for the flowering QTL R1-1, the RIL LG08-7379 carrying the G. soja
allele of the peak marker BARC-056323-14257 was backcrossed with Williams 82. In the F2 population,
the plants carrying the homozygous G. soja allele at the marker flowered earlier than the plants carrying
the homozygous G. max allele by 5.8 days (p < 0.01), while the maturation time of these plants was
statistically indifferent (Figure 5).
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Table 3. Previously reported QTL (http://soybase.org/) that overlap with the QTL identified in this study.

Trait QTL Chromosome Peak Marker I di’;‘zivfigzils(lg}:ll
R1 R1-1 9 BARC-056323-14257 Fflr 3-4
R8 R8-2 18 BARC-015067-02556 Pod mat 22-6

Height HT-1 9 BARC-056323-14257 Pl ht 15-1
HT-2 11 BARC-040851-07854 Pl ht 24-6
Yield YD-1 18 BARC-014395-01348 Sd yld 21-4
YD-2 18 BARC-060195-16470 Sd yld 21-4

Lodging LD-1 9 BARC-028249-05804 Ldge 11-1
LD-3 11 BARC-040851-07854 Ldge 10-1

LD-6 14 BARC-017933-02457 Ldge 21-2

Stem vining SV-1 2 BARC-021647-04164 TH-C

Table 4. Flowering-related genes in the vicinity of the QTL identified in this study.

QTL Chromosome  Year/Location Peak Marker Gene ID Number St'a Tt
Position
SPA3 Glyma.13g276700 37212524
- 2(791 - -
R8-1 13 Pop2(7919)  BARC-041649-08056  gppg Glyma.13g241100 34503402
PHYE Glyma.09g088500 11657930
R1-1 9 matset 2 BARC-056323-14257 TFL1 Glyma.09g143500 36559409
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Figure 5. Flowering (R1) and maturation (R8) of the QTL R1-1 in the BC3F2 population. The BC2F6 RIL
LGO08-7379 carrying the G. soja allele of the QTL R1-1 peak marker BARC-056323-14257 was backcrossed
with Williams 82. Twenty-eight F2 plants carrying homozygous G. max alleles (mm) and 30 F2 plants
carrying homozygous G. soja alleles (ss) were grown in a greenhouse under 12 h light at the average highest
day-time temperature 25 °C. The box indicates the interquartile range, the black horizontal line indicates
the distribution median, and the cross indicates the distribution mean. ** p < 0.01.

4. Discussion

Pleiotropy is considered to have significant implications for multi-trait evolution. In this study,
we focused on the key domestication-related traits flowering and maturity that were known to behave
in a highly correlated manner in domesticated soybean. Our selection experiment for non-pleiotropy
resulted in a different evolutionary trajectory from that of soybean domestication. Our QTL mapping
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analysis using the experimental populations did not identify the E loci that were selected during
soybean domestication and improvement, but it did identify novel loci affecting either flowering
or maturity in a non-pleiotropic manner. This result suggests that artificial selection during the
soybean domestication and diversification processes favored pleiotropic loci over non-pleiotropic loci
in the evolution of flowering and maturity control, despite the fact that genetic variations in the wild
progenitor that allow diverse patterns of life history are available.

In addition to flowering and maturity, pleiotropy likely played an important role in the evolution
of multiple agronomic traits. A previous study reported a QTL on chromosome 11 in a mapping
population derived from G. max parents that affected flowering, maturity, height, and lodging, and as
well as another QTL on chromosome 6 that affected flowering, height, and lodging [36]. The latter
locus maps near the known major maturity locus E1. The E1 locus has also been identified in multiple
mapping populations derived from a cross between G. max and G. soja parents, and it affects several
agronomic traits [35,37]. Our QTL mapping did not identify this locus, which was likely due to
the selection for non-pleiotropy between flowering and maturity. Indeed, we found zero lines in
Subpopulation 2 and only 2 homozygous and 1 heterozygous lines in Subpopulation 1 carrying the
G. soja E1 allele (Table S2), suggesting that our selection scheme effectively purged pleiotropic loci such
as E1 from the population. In addition, segregation distortion may have played a role in removing
certain G. soja alleles, including E1, from the population. Multiple studies have reported segregation
distortion in mapping populations derived from a cross between G. max and G. soja that results in
disproportionally low percentages of G. soja alleles at heterologous segregating loci [35]. The causes of
segregation distortion are yet to be clarified, but in our selection scheme, it is possible that selection for
agronomic appearance while advancing generations through single seed descent, as well as selection
for a narrow maturity range at the BC2F5 stage, may have skewed the proportion of G. soja alleles.
Despite the strict selection scheme for agronomic appearance and segregation distortion, our QTL
mapping found two genomic locations controlling multiple agronomic traits (Figure 4), suggesting
the prevalence of pleiotropy among loci controlling agronomic traits. It has been reported that
artificial selection during domestication causes rapid evolutionary changes [38]. Selection for prevalent
pleiotropic loci may have accelerated the evolution of cultivated soybean during the domestication
and diversification processes.

While our selection experiment successfully identified non-pleiotropic novel loci, it allowed only
a small fraction of genetic variation subjected to the QTL mapping analysis due to our selection scheme
and the biparental nature of our mapping population. In addition, the relatively small size of our
mapping population may have limited the power of QTL mapping. Future experiments to follow-up
this work include parallel evolutionary experiments under different selection regimes using expanded
mapping populations created from diverse parental varieties in G. max and G. soja. The use of a larger
mapping population, as well as a gentler selection scheme for agronomic appearance would also help
maintain the level of G. soja alleles in a mapping population.

Another limitation of our experiment is that it does not assess the magnitude of factors other than
pleiotropy that account for phenotypic evolution, nor their interaction with pleiotropy. For example,
artificial selection toward pleiotropic loci may be in part a result of widespread epistatic interactions
in the genome, which are shown to have a prominent effect on narrowing the evolutionary path [39].
Moreover, the possibility in which pleiotropy was favored as an indirect result of selection for
gene-by-environment effects that eliminates alleles sensitive to environmental variants cannot be ruled
out, as genetic loci that exhibit phenotypic robustness to diverse environments are shown to have a
tendency to affect multiple traits [38]. Indeed, several QTL identified in this study appeared under
specific years or locations.

5. Conclusions

This study represents one of the first attempts to experimentally dissect the roles of pleiotropy in
the multi-trait evolution of crops. Our work demonstrates that pleiotropy in flowering and maturity can
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be genetically separated. Non-pleiotropic loci identified in this work provide novel genetic resources
for soybean breeding programs and ultimately allow the diversification of soybean’s growth habit and
life history optimized for regional environments and different cultivation strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1204/s1.
Figure S1: Phenotype correlation between different field sites; Figure S2: Complete linkage map; Table S1: SNP
alleles in the mapping population; Table S2: E1 alleles in the mapping population.
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Abstract: A large seed size in the kabuli chickpea (Cicer arietinum L.) is important in the market
not only due to its high price but also for its superior seedling vigor. The double-podded chickpea
has a considerable yield and stability advantage over the single-podded chickpea. The study
aimed at (i) integrating extra-large-seeded and double-podded traits in the kabuli chickpea,
(ii) increasing variation by transgressive segregations and (iii) estimating the heritability of the
100-seed weight along with important agro-morphological traits in F, and F3 populations. For these
objectives, the large-seeded chickpea, Sierra, having a single pod and unifoliolate leaves, was crossed
with the small-seeded CA 2969, having double pods and imparipinnate leaves. The inheritance
pattern of the extra-large-seeded trait was polygenically controlled by partial dominant alleles.
Transgressive segregations were found for all agro-morphological traits. Some progeny with 100-seed
weights of >55 g and two pods had larger seed sizes than those of the best parents. As outputs of
the epistatic effect of the double-podded gene in certain genetic backgrounds, three or more flowers
or pods were found in some progeny. Progeny having imparipinnate leaves or two or more pods
should be considered in breeding, since they had higher numbers of pods and seeds per plant and
seed yields than their counterparts.

Keywords: Cicer arietinum; intraspecific crosses; transgressive segregations; large seed; double pod

1. Introduction

The domesticated chickpea, Cicer arietinum L., is not only an important food legume but is also
one of the most important crops on the basis of drought resistance [1-3]. It is used as a cash crop in
trade, having a high level of protein in its seeds, a rotation crop due to its ability to fix atmospheric
nitrogen to soil, and a cover crop in sustainable agriculture [4-6]. Globally, it has the widest sowing
area among cool season food legumes, with a 17.8 million ha cultivation area in 2018 [7].

The domesticated chickpea is well-defined in two classes as “macrosperma” or “kabuli” and
“microsperma” or “desi” according to the pigmentation of the plant, the flower and the seed size, shape
and color. The plants in the former class do not possess pigment on the vegetative green parts and
flowers, and these plants generally produce larger cream and whitish-cream seeds. On the other
hand, the plants of the latter class possess pigments with purple-pink and pinkish-blue flowers,
and these generally produce smaller seeds with an angular and rough appearance with different colors
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including brown, black and green [8,9]. Seed size and color are important criteria in the market [10].
The seed size in chickpeas is referred to as the single seed weight [11,12], 100-seed weight [13] and
scale of the sieve size in mm [14,15]. In “kabuli” chickpeas, three distinct seed shapes have been
recognized—ram-headed, owl-headed and pea-shaped [16]—and chickpeas with ram-head-shaped
seeds generally have the largest seed size, as high as 60 g > per 100-seed weight [17,18]. Seed
size in chickpeas is not only governed by genetic factors but also affected by environment [9,12,19],
generally having a high heritability [9,20]. Farmers (producers) prefer to produce large-seeded
chickpeas due to consumer preference, since a larger seed size commands a higher price in regional
and international markets [21-23]. In addition to a higher price, a large seed size confers an advantage
during germination, higher seedling vigor, allowing deeper sowing than that of small seeds in order to
escape drought [24]. Large seed size has therefore been considered to be a noteworthy trait in breeding
programs [12]. To investigate the genetics of large seed size, several studies have been carried out from
the 1950s to date [13,25-29]. The inheritance of seed size was determined as monogenic, digenic and
polygenic [12,13,29-33]. Seed size in chickpeas was mapped using recombinant inbred lines (RILs)
and some quantitative trait loci (QTL), and candidate genes were located in LG1, LG2, LG4, LG5, LGS,
LG7 and LG8 [32,34-37].

Like large seed size, the double-podded trait in chickpea is a significant trait for increasing
yield [20,38-41] and seed yield stability [42,43]. It was first described in a mutant desi chickpea in the
1930s and was determined to be governed by a single recessive gene “s” or “sfl” [9,44]. QTLs were
identified on LG 4 and LG 6 [45-49]. For the integration of the gene conferring the double-podded
trait, interspecific and intraspecific crosses in chickpeas were made [40,42,43,48,49] and transgressive
segregations were reported for quantitative traits [20,41,50]. Progeny in segregated populations
having higher or lower values than their parents are transgressive segregations [51]. Some example
studies on the “kabuli” chickpea have not only been conducted to increase seed size [52,53] but also
integrated with resistance to ascochyta blight, caused by Ascochyta rabiei (Pass.) Labr. [54]. Thus, some
improved cultivars have been described [55-62]. None of these studies have reported the integration
of a large seed size and the double-podded trait. Therefore, the present study aims (i) to integrate
extra-large-seeded and double-podded traits in the “kabuli” chickpea, (ii) to increase variation by
transgressive segregations in intraspecific crosses and (iii) to estimate the heritability of 100-seed
weight along with important agro-morphological traits.

2. Materials and Methods

2.1. Parents in Intraspecific Crosses

The female parent Sierra (PI 631078) is an extra-large-seeded “kabuli” chickpea improved by
USDA-ARS in cooperation with the Washington Agricultural Research Center, Pullman, WA based on
a large seed size and resistance to ascochyta blight. Sierra was derived from Fg of a three-way cross,
“Dwelley”//FLIP 85-58C/Spanish or Mexican White, and released according to pedigree breeding in
2004. Its prominent plant traits were reported to be a plant height of 53 cm, branching at the base,
a simple or unifoliolate leaf, a single flower per axil and a 100-seed weight of 61.4 g [55]. The pollen
donor parent CA 2969 (P1632396) is also a “kabuli” chickpea developed by CIFA, Cordoba, Spain since
it has a good resistance to ascochyta blight. It was selected from [CA 2156/]G 62 (PI 439821)]//ILC 3279
(P1471915). CA 2156, JG 62 (ICC 5149) and ILC 3279 are large-seeded, double pods and resistant to
ascochyta blight, respectively. CA 2969 possesses imparipinnate or fern-like (normal) leaves, double
pods per axil and a seed weight of 30.1 g per 100 seeds [63]. The leaves and flowers of Sierra and CA
2969 are shown in Figure 1.
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Figure 1. Morphological traits of parents, Sierra (single-podded and unifoliolate leaf, left side) and CA
2969 (double-podded and imparipinnate leaf, right side).

As reported by Auckland and van der Maesen [64], flowers of the female Sierra were emasculated
at early morning and then pollinations were done using flowers of the pollen donor CA 2969 within
one hour at the campus of Akdeniz University, Antalya, Turkey (30°38" E, 36°53’ N, 51 m above
sea level). Fq, F, and F3 plants were grown as single plant progeny and individually harvested in 2017,
2018 and 2019, respectively. The present study consists of F; progeny and F, and F3 populations.

2.2. Agronomic Applications

Parents and progeny were planted in rows spaced 50 cm apart with a within-row plant spacing of
10 cm. The parent plants were grown as four replicates (about 40 plants), while F;, F, and F3 progeny
were grown as progeny rows in the same field. F; progeny and the F, population were grown under
rainfed conditions, while drip irrigation was used for the F3 population. Weeds were controlled by
hand during the seedling and before the flowering stages. No input such as fertilization was used.

2.3. Soil Properties

Soil in the experimental area was sampled between 0 and 30 cm and then analyzed to determine
the experimental soil traits. Some plant nutrition elements were found to be at a sufficient level,
while organic matter and nitrogen were determined to be at low levels. Like organic matter and
nitrogen, iron and zinc levels were considered to be possibly deficient due to high pH. The soil texture
was loam, with a CaCOj content of 26.5%, whereas the pH was high, at 7.69.

2.4. Weather Conditions

When the growing periods of Fy, F and F3 were considered, from February to July, the total
precipitation in 2017, 2018 and 2019 was recorded as 405.7 mm, 545.1 mm and 653.1 mm, respectively.
The extreme maximum temperatures during the flowering stage, when the Fy, F, and F3 progeny were
grown, were 33.9, 32.4 and 31.9 °C, respectively, whereas during the pod formation stage, they were
44.8, 38.9 and 39.7 °C, respectively (Table S1). Due to the sudden increase in extreme temperature
(38.9 °C) during the pod setting (Table S1), a considerable number of progeny produced empty pods.

2.5. Data Collection

The days to first flowering and days to 50% flowering were recorded as phenological traits,
whereas the plant height, first pod height, number of main stems, pods and seeds per plant, seed yield
per plant, seed weight or seed size, number of pods per axil (as single or double pods) and leaf shape
(as fern-like or unifoliolate leaves) were recorded as agro-morphological traits of each parent and
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progeny. The seed size in the present study as hereafter referred to is the 100-seed weight, determined
by using following formula [13,33]:

100-seed weight (g) = [Total seed weight per plant (g)/Total number of seeds per plant] x 100

2.6. Data Analyses

All the agro-morphological data were analyzed to determine descriptive statistics using the
MINITAB 17 software [65]. Transgressive segregations, the progeny with higher or lower values than
those of their parents in the F, and F3 populations, were determined using minimum and maximum
values of the F, and F; populations. Besides, progeny in the F, and F3 populations were divided
into four classes to compare agro-morphological traits, as (i) imparipinnate leaf and single-podded,
(ii) imparipinnate leaf and double-podded, (iii) unifoliolate leaf and sing-podded and (iv) unifoliolate
leaf and double-podded.

Narrow-sense heritability (h2) in the F, population was estimated using progeny-parent regression
according to Poehlman and Sleper [66]:

W =b,

= - =2
b=) (X-X)(v-Y)/ ) (x-X],
where b is the regression coefficient, and X, Y, X and Y are the values and means for the progeny and
parents, respectively.
The chi-square test (x?) [67] was used to test the goodness of fit to the expected 9:3:3:1 ratio of
segregation in the F, populations:
2
2 _(0-B)
E 7
where O and E are the observed and expected values, respectively.

3. Results

3.1. F; Progeny and F, and F3 Populations

In F1, negative selection was applied for untrue hybrids according to dominant morphological
traits such as a single pod per axil and imparipinnate leaf shape. Hence, progeny with unifoliolate
leaves due to selfing such as the female Sierra were discarded from rows in 2017. The true F; had
imparipinnate leaves and produced single flowers and pods per axil. Fifty-one F; progeny were
produced from intraspecific crosses between Sierra and CA 2969 in 2017. Each F; progeny had about
18 seeds per plant. Thus, a total 915 progeny were sown in F; in 2018. F; plants were single-podded
with imparipinnate leaves, while F, plants segregated as imparipinnate leaves and a single-podded,
imparipinnate leaves and double-podded, unifoliolate leaves and single-podded, and unifoliolate
leaves and double-podded. The segregation was found to be a good fit to a 9:3:3:1 ratio (Table 1).

Table 1. Inheritance of the leaf shape (imparipinnate vs. unifoliolate) and number of pods per axil
(single vs. double) in F, population derived from intraspecific crosses between Sierra and CA 2969.

F
Phenotype of Fyg 2 x> r
Phenotype of F, Population Observed Expected
Imparipinnate leaf and single pod 475
Imparipinnate leaf ~ Imparipinnate leaf and double pods 181 .
and single pod Unifoliolate leaf and single pod 189 9:3:3:1 8.25 0-50-0.10
Unifoliolate leaf and double pods 70
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3.2. Transgressive Segregations

According to data analyses to determine descriptive statistics in the F, and F3 populations,
transgressive segregations were found for all the agro-morphological traits, including 100-seed weight
(Tables 2 and 3). The minimum and maximum values of the days to the first flowering of the F;
population were found to be 45 days and 66 days, respectively, whereas the days to 50% flowering in
the F, population ranged from 45 days to 75 days, respectively (Table 2). The days to the first flowering
and days to 50% flowering of Sierra and CA 2969 were 48 and 50 days and 50 and 52 days, respectively.
The plant height of the F, population varied from 17 cm to 59 cm, whereas the plant heights of Sierra
and CA 2969 were 41 cm and 34.3 cm, respectively. The mean first pod height in the F, population was
31.7 cm, whereas it was 21 c¢m for Sierra and 19.7 cm for CA 2969. The mean number of main stems
per plant in the F, population was 2.3, while it was 2.7 in Sierra and 2.3 in CA 2969. The number of
pods per plant in the F, population ranged from 1 to 25, whereas the number of pods per plant was 5.2
in Sierra and 3 in CA 2969. The number of seeds per plant in the F, population ranged from 1 to 24,
whereas the means of this trait were 4.2 in Sierra and 11.7 in CA 2969. The seed yield per plant was
recorded as 0.1-7 g in the F, population, but it was 1.8 in Sierra and 3.7 in CA 2969. As for the 100-seed
weight, this ranged from 9.5 g to 69 g in the F, population, while the 100-seed weights of Sierra and
CA 2969 were 49.9 g and 31 g, respectively (Table 2).

The minimum and maximum values of the days to the first flowering of the F3 population were
between 36 and 75 days, whereas the days to 50% flowering ranged from 38 days to 82 days (Table 3).
The plant height varied from 19 cm to 68 cm, whereas the plant heights of Sierra and CA 2969 were
52.3 cm and 42.7 cm, respectively. The first pod height ranged from 13 cm to 46 cm, whereas it was
31.3 cm for Sierra and 33.3 cm for CA 2969. The number of main stems ranged from 1 to 6, whereas it
was found to be 2.3 in both Sierra and CA 2969. The number of pods per plant varied from 1 to 254,
whereas it was 36.7 in Sierra and 42.7 in CA 2969. The number of seeds per plant ranged from 1 to
267, whereas the means of this trait were 32.7 in Sierra and 50.7 in CA 2969. The seed yield per plant
was between 0.1 and 79 g, but it was 15.2 g in Sierra and 13.9 g in CA 2969. As the seed size in the F3
population, the 100-seed weight ranged from 7 g to 64 g, while it was 46.9 g in Sierra and 27.4 g in CA
2969 (Table 3).
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3.3. Comparisons of Number of Pods per Node and Leaf Shapes

The numbers of pods, seeds per plant and seed yields were higher in the double-podded progeny
than those in the single-podded ones, while the 100-seed weight was higher in the single-podded
progeny than that in the double-podded progeny (Tables 2 and 3). Progeny having unifoliolate leaves
had higher plant heights, first pod heights and numbers of main stems per plant than those of progeny
having imparipinnate leaves (Tables 2 and 3).

3.4. Inheritance of Seed Size and Agro-Morphological Traits

The narrow-sense heritability for the days to first flowering; days to 50% flowering; plant height;
first pod height; numbers of main stems, pods and seeds per plant; and seed yield per plant were
estimated to be 0.80, 0.80, 0.43, 0.65, 0.38, 0.49, 0.66, and 0.60, respectively (Table 2). The narrow-sense
heritability for the 100-seed weight was found to be h* = 0.45. The inheritance pattern of the 100-seed
weight was found to be polygenic and governed by partial dominant genes in the present population
(Figure 2).
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Figure 2. Distribution of F, progeny derived from intraspecific crosses between Sierra (single-podded
and unifoliolate leaf) and CA 2969 (double-podded and imparipinnate leaf) according to 100-seed weight.

4. Discussion

Agro-morphological traits were negatively affected by drought and heat stress (Table 1), since the
progeny from F; to F, were not only grown under rainfed conditions without using inputs but they
were also grown in low-quality organic matter and nitrogen. However, the F5 progeny had higher
yields and more pods and seeds per plant than those of the F; and F, progeny, due to irrigation
(Tables 2 and 3). The domesticated chickpea prefers to grow at temperatures of less than 30 °C [2,8,24],
because heat stress may trigger drought stress, which is the major reason for the shedding of flowers.

All the progeny in F; had imparipinnate leaves and a single flower or pod per axil as in the
male parent CA 2969, indicating that imparipinnate leaves and a single flower or pod per axil were
dominant over unifoliolate leaves and double flowers or pods per axil. The F, progeny segregated
by leaf shape and the number of pods per axil. With a non-significant x? value (x*> = 8.25 < p 0.05),
the segregation ratio was found to be a good fit to a ratio of 9 (imparipinnate leaf and single-podded):3
(imparipinnate leaf and double-podded):3 (unifoliolate leaf and single-podded):1 (unifoliolate leaf
and double-pooded). The inheritance of leaf shape in domesticated chickpeas in the present study
was in agreement with the results of studies [9,68-71]. As in the present study, the presence of double
pods per axil was governed by a recessive single gene [9,39,40,42]. Once progeny in the F, and F3
populations having two pods per axil are selected for this unique trait, this trait, controlled by a single
recessive gene, will not segregate in later generations [9].
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Transgressive segregations were found for all the agro-morphological traits (Tables 2 and 3)
and the 100-seed weight in F, (Figure 2) and F; (Figure 3). Among the progeny, 30 progeny in the
F, population had a higher 100-seed weight than that of the best parent Sierra, which had a 49.9 g
one (Figure 2). A total of 131 progeny in the F; population had a 100-seed weight higher than 50 g
(Table 3). Some of them had produced two pods and extra-large seed sizes as large as 63 g (Figure 3).
Transgressive segregations were considered to be derived from the complementary action of genes
and the expression of suppressed recessive genes in the parents [20,41,50,51]. As promising progeny,
extra-large-seeded progeny with two or three pods per axil were isolated in F3 (Figures 3 and 4).
As outputs of the epistatic effect of the double-podded trait in a different background, three or more
flowers or pods per axil were discovered in some progeny (Figure 4).

Figure 3. Seeds of a progeny (with two pods per axil and 63 g per 100 seeds, left side) in F3 derived
from intraspecific crosses between Sierra (single-podded, unifoliolate leaf and 46.9 g per 100 seeds,
right side) and CA 2969 (double-podded, imparipinnate leaf and 27.4 g per 100 seeds, middle).

Figure 4. A progeny in F5 (with three flowers per axil, unifoliolate leaves and large seeds) derived from
intraspecific crosses between Sierra (single-podded and unifoliolate leaf) and CA 2969 (double-podded
and imparipinnate leaf). Red circles indicate three flowers/pods.
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Single-podded progeny had larger seed sizes than double-podded progeny, while double-podded
progeny had higher seed yields, numbers of pods and numbers of seeds per plant than single-podded
progeny (Tables 2 and 3). The triple-flowered trait (sfl’) in the domestic chickpea is controlled by a
single recessive gene. The double-flowered trait (sfI?) is dominant over the triple-flowered trait, and
the dominance relationship of these alleles at the Sfl locus was reported to be Sfl (single flower) > sfl?
(double flower) > sfl’ (triple flower) [44].

Progeny having imparipinnate leaves had higher seed yields than those of progeny having
unifoliolate leaves (Tables 2 and 3). This result was in agreement with the findings of Abbo et al. [72]
in chickpeas having compound leaves. Additionally, progeny having imparipinnate leaves attained
more pods and seeds per plant and higher 100-seed weights than those of unifoliolate progeny
(Tables 2 and 3). The higher seed yields and larger seed sizes of the progeny having imparipinnate
leaves may stem from the wider photosynthetic area of the progeny having imparipinnate leaves than
their counterparts. Abbo et al. [72] indicated that compound leaf lines of chickpeas attained higher leaf
area indices at both low and high sowing densities.

Regarding seed size, the 100-seed weight had one of the smallest values of narrow-sense heritability,
at h? = 0.45, showing that the 100-seed weight was one of the most affected agro-morphological traits
by genotype-by-environment or genotype-by-year interactions. When considering the environment,
heat and drought stress (Table 1) had the greatest effects on seed size (Tables 2 and 3). In the present
study, the inheritance pattern for the 100-seed weight was revealed to be polygenic due to continuous
distribution (Figure 2). Most of the progeny in F, had higher 100-seed weights than that 100-seed
weight of the parent CA 2969 (Figure 2), indicating that partial dominant genes played a crucial
role in the inheritance of 100-seed weight. Without reciprocal crosses, it was hard to say, despite
the fact that the cytoplasmic effect of the female parent might have dominated the large seed size,
since most of the progeny produced heavier seeds than those of the smallest-seeded parent CA 2969
(Figure 2). In the present study, seed size was not divided into classes as small, medium and large
according to preference. In inheritance studies on seed size in domesticated chickpeas, inheritance
was reported as being monogenic [13], digenic [12,13,32,73] and polygenic [27,29-31,33]. The main
reason for these differences stems from the phenotypic preference used by researchers. Although
maternal genetic effects were not found on the inheritance of seed size in the domesticated chickpea by
Upadhyaya et al. [12], it was suggested that the female parent should have a large seed size to increase
seed size in the chickpea [74]. Small seed size in chickpeas was dominant over large seed size and
controlled by two genes [32,73]. By contrast, normal seed size was dominant over small seed size [12].
In interspecific reciprocal backcrosses, Ceylan et al. [74] indicated that seed size and yield components
could be improved by using the domesticated chickpea as female. As a polygenic trait, seed size was
governed by both additive and dominant genes [14,27], as in the present study (Figure 3).

5. Conclusions

In conclusion, the inheritance pattern of the extra-large-seeded trait in the domesticated chickpea
was polygenic and controlled by partial dominant alleles or might have been affected by the female
parent. Not only the 100-seed weight but also the days to the first flowering, days to 50% flowering,
plant height, first pod height, number of pods and seeds per plant and seed yield per plant in the F,
and F3 populations were found as transgressive segregations, revealing that the seed size in chickpeas
could be improved by crossing suitable parents. Double-podded progeny had higher seed yields and
numbers of pods and seeds per plant than those of single-podded ones, while single-podded progeny
had larger seed sizes than those of double-podded progeny. Progeny having imparipinnate leaves
attained higher seed yields than those of progeny having unifoliolate leaves. Extra-large seeds of
>55 g and two pods per axil traits were assembled in a considerable number of progeny in F, and Fj.
With the epistatic effect of the double-podded gene in certain genetic backgrounds, three pods per axil
were present in some progeny. Progeny having imparipinnate leaves double or more pods should be
considered in breeding programs because these progeny had higher numbers of pods and seeds per
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plant and seed yields than their counterparts. Extra-large-seeded and double-podded traits can be
integrated with intraspecific crossing when suitable “kabuli” chickpeas are crossed.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/6/901/s1.
Table S1: Monthly rainfall, relative humidity and extreme maximum and minimum temperatures during progeny
growing seasons from F; to F3.

Author Contributions: Conceptualization, C.T.; methodology, K.G.K. and T.E.; software, H.S.; validation, T.E.;
formal analysis, H.S.; investigation, K.G.K. and T.E.; resources, C.T.; data curation, D.S.; writing—original draft
preparation, C.T.; writing—review and editing, D.S., B.A., K.A. and M.C,; visualization, H.S.; supervision, C.T.;
project administration, C.T.; funding acquisition, C.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by TUBITAK, grant number 2190111.

Acknowledgments: We are thankful to Fred J. Muehlbauer (Washington State University, Pullman, WA) and J.
Gil (Universidad de Cordoba, Cordoba, Spain) for providing seeds of chickpeas. C.T. thanks Mehmet Tekin and
Alper Adak.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Toker, C.; Yadav, S.S. Legumes cultivars for stress environments. In Climate Change and Management of Cool
Season Grain Legume Crops; Yadav, S.S., McNeil, D.L., Redden, R., Patil, S.A., Eds.; Springer: Dordrecht,
The Netherlands, 2011; pp. 351-376.

2. Devasirvatham, V.; Tan, D.K.Y. Impact of high temperature and drought stresses on chickpea production.
Agronomy 2018, 8, 145. [CrossRef]

3. Gaur, PM.; Samineni, S.; Thudi, M.; Tripathi, S.; Sajja, S5.B.; Jayalakshmi, V.; Mannur, D.M.; Vijayakumar, A.G.;
Ganga Rao, N.V.; Ojiewo, C.; et al. Integrated breeding approaches for improving drought and heat
adaptation in chickpea (Cicer arietinum L.). Plant Breed. 2019, 138, 389—400. [CrossRef]

4. Ahmad, M.; Naseer, I.; Hussain, A.; Mumtaz, M.Z.; Mustafa, A.; Hilger, T.H.; Zahir, Z.A.; Xu, M. Appraising
Endophyte-Plant symbiosis for improved growth, nodulation, nitrogen fixation and abiotic stress tolerance:
An experimental investigation with chickpea (Cicer arietinum L.). Agronomy 2019, 9, 621. [CrossRef]

5.  Latati, M.; Dokukin, P,; Aouiche, A.; Rebouh, N.Y.; Takouachet, R.; Hafnaoui, E.; Hamdani, F.Z.; Bacha, F,;
Ounane, S.M. Species interactions improve above-ground biomass and land use efficiency in intercropped
wheat and chickpea under low soil inputs. Agronomy 2019, 9, 765. [CrossRef]

6. Soe, KM.; Htwe, A.Z; Moe, K.; Tomomi, A.; Yamakawa, T. Diversity and effectivity of indigenous
Mesorhizobium strains for chickpea (Cicer arietinum L.) in Myanmar. Agronomy 2020, 10, 287. [CrossRef]

7. Food and Agriculture Organization Statistical Databases (FAOSTAT). Available online: http://www.fao.org/
faostat/en/#data/QC (accessed on 13 May 2020).

8. Van der Maessen, L.J.G. Cicer L. a Monograph of the Genus, with Special Reference to the Chickpea
(Cicer arietinum L.), Its Ecology and Cultivation. Ph.D. Thesis, Veenman, Utrecht, The Nederland, 1972.

9.  Muehlbauer, EJ.; Singh, K.B. Genetics of chickpea. In The Chickpea; Saxena, M.C., Singh, K.B., Eds.; CAB Int.:
Wallingford, CT, USA, 1987; pp. 99-125.

10. Regan, K.; MacLeod, B.; Siddique, K. Production packages for kabuli chickpea in Western Australia (No. 117);
Farm Note; The University of Western Australia: Perth, Australia, 2006.

11. Abbo, S.; Grusak, M.A,; Tzuk, T.; Reifen, R. Genetic control of seed weight and calcium concentration in
chickpea seed. Plant Breed. 2000, 119, 427-431. [CrossRef]

12.  Upadhyaya, H.D.; Kumar, S.; Gowda, C.L.L.; Singh, S. Two major genes for seed size in chickpea
(Cicer arietinum L.). Euphytica 2006, 147, 311-315. [CrossRef]

13. Sundaram, P; Samineni, S.; Sajja, S.B.; Roy, C.; Singh, S.P; Joshi, P.; Gaur, PM. Inheritance and relationships
of flowering time and seed size in kabuli chickpea. Euphytica 2019, 215, 144. [CrossRef]

14. Bicer, B.T.; Sakar, D. Heritability and gene effects for yield and yield components in chickpea. Hereditas
2008, 145, 220-224. [CrossRef]

15.  Bicer, B.T. The effect of seed size on yield and yield components of chickpea and lentil. Afr. J. Biotechnol. 2009, 8.

16. Singh, K.B. Chickpea breeding. In The Chickpea; Saxena, M.C., Singh, K.B., Eds.; CAB Int.: Wallingford, CT,
USA, 1987; pp. 127-162.

67



Agronomy 2020, 10, 901

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Singh, B.D.; Jaiswal, H.K,; Singh, R.M.; Singh, A K. Isolation of early-flowering recombinants from the
interspecific cross between Cicer arietinum and Cicer reticulatum. Int. Chickpea Newslett. 1984, 11, 14-16.
Pundir, R.P.S.; Reddy, K.N.; Mengesha, M.H. ICRISAT Chickpea Germplasm Catalog: Evaluation and Analysis;
ICRISAT: Patancheru, India, 1988.

Toker, C. Estimate of heritabilities and genotype by environment interactions for 100-seed weight, days to
flowering and plant height in kabuli chick-peas (Cicer arietinum L.). Turk. ]. Field Crop. 1998, 3, 16-20.
Koseoglu, K.; Adak, A.; Sari, D.; Sari, H.; Ceylan, FEO.; Toker, C. Transgressive segregations for yield criteria
in reciprocal interspecific crosses between Cicer arietinum L. and C. reticulatum Ladiz. Euphytica 2017, 213, 116.
[CrossRef]

Dusunceli, F; Wood, J.A.; Gupta, A.; Yadav, M.; Yadav, S.S. International trade. In Chickpea Breeding and
Management; Yadav, S.S., Redden, R.J., Chen, W., Sharma, B., Eds.; CAB Int.: Wallingford, CT, USA, 2007;
pp. 555-575.

Gaur, PM,; Singh, M.K.; Samineni, S.; Sajja, S.B.; Jukanti, A K.; Kamatam, S.; Varshney, R.K. Inheritance
of protein content and its relationships with seed size, grain yield and other traits in chickpea. Euphytica
2016, 209, 253-260. [CrossRef]

Muehlbauer, EJ.; Sarker, A. Economic Importance of Chickpea: Production, Value, and World Trade. In The
Chickpea Genome; Varshney, R.K., Thudi, M., Muehlbauer, EJ., Eds.; Springer: Cham, Switzerland, 2017;
pp- 5-12.

Toker, C.; Lluch, C.; Tejera, N.A.; Serraj, R.; Siddique, K.H.M. Abiotic stresses. In Chickpea Breeding and
Management; Yadav, S.S., Redden, R.J., Chen, W., Sharma, B., Eds.; CAB International: Wallingford, CT, USA,
2007; pp. 474-496.

Balasubrahmanyan, R. The association of size and colour in gram (Cicer arietinum L.). Curr. Sci. 1950, 19,
246-247. [PubMed]

Malhotra, R.S.; Singh, K.B. Detection of epistasis in chickpea. Euphytica 1989, 40, 169-172.

Singh, O.; Gowda, C.L.L.; Sethi, S.C.; Dasgupta, T.; Smithson, ].B. Genetic analysis of agronomic characters
in chickpea. Theor. Appl. Genet. 1992, 83, 956-962. [CrossRef]

Singh, O.; Gowda, C.L.L,; Sethi, S.C.; Dasgupta, T.; Kumar, J.; Smithson, ].B. Genetic analysis of agronomic
characters in chickpea. II. Estimates of genetic variances from linex tester mating designs. Theor. Appl. Genet.
1993, 85, 1010-1016. [CrossRef]

Kumar, S.; Singh, O. Inheritance of seed size in chickpea. J. Genet. Breed. 1995, 49, 99-103.

Malhotra, R.S.; Bejiga, G.; Singh, K.B. Inheritance of seed size in chickpea. J. Genet. Breed. 1997, 51, 45-50.
Hovav, R.; Upadhyaya, K.C.; Beharav, A.; Abbo, S. Major flowering time gene and polygene effects on
chickpea seed weight. Plant Breed. 2003, 122, 539-541. [CrossRef]

Hossain, S.; Ford, R.; McNeil, D.; Pittock, C.; Panozzo, ].F. Inheritance of Seed Size in Chickpea (Cicer arietinum L.)
and Identification of QTL Based on 100-seed Weight and Seed Size Index. Aust. |. Crop Sci. 2010, 4, 126.
Sharma, S.; Upadhyaya, H.D.; Gowda, C.L.L.; Kumar, S.; Singh, S. Genetic analysis for seed size in three
crosses of chickpea (Cicer arietinum L.). Can. |. Plant Sci. 2013, 93, 387-395. [CrossRef]

Cobos, M.].; Rubio, J.; Fernandez-Romero, M.D.; Garza, R.; Moreno, M.T.; Millan, T.; Gil, J. Genetic analysis
of seed size, yield and days to flowering in a chickpea recombinant inbred line population derived from
a Kabuli x Desi cross. Ann. Appl. Biol. 2007, 151, 33—42. [CrossRef]

Verma, S.; Gupta, S.; Bandhiwal, N.; Kumar, T.; Bharadwaj, C.; Bhatia, S. High-density linkage map
construction and mapping of seed trait QTLs in chickpea (Cicer arietinum L.) using genotyping-by-
sequencing (GBS). Sci. Rep. 2015, 5, 17512. [CrossRef] [PubMed]

Singh, VK,; Khan, A.W,; Jaganathan, D.; Thudi, M.; Roorkiwal, M.; Takagi, H.; Sutton, T. QTL-seq for rapid
identification of candidate genes for 100-seed weight and root/total plant dry weight ratio under rainfed
conditions in chickpea. Plant Biotechnol. |. 2016, 14, 2110-2119. [CrossRef] [PubMed]

Lal, D.; Ravikumar, R.L. Development of Genetic Linkage Map and Identification of QTLs for Agronomic
Traits in Chickpea (Cicer arietinum L.). Int. J. Curr. Microbiol. App. Sci. 2018, 7, 66-77. [CrossRef]

Sheldrake, A.R.; Saxena, N.P,; Krishnamurthy, L. The expression and influence on yield of the ‘double-podded
’ character in chickpeas (Cicer arietinum L.). Field Crops Res. 1978, 1, 243-253. [CrossRef]

Kumar, J.; Srivastava, RK.; Ganesh, M. Penetrance and expressivity of the gene for double podding
in chickpea. J. Hered. 2000, 91, 234-236. [CrossRef]

68



Agronomy 2020, 10, 901

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yasar, M.; Ceylan, F.O.; Ikten, C.; Toker, C. Comparison of expressivity and penetrance of the double podding
trait and yield components based on reciprocal crosses of kabuli and desi chickpeas (Cicer arietinum L.).
Euphytica 2014, 196, 331-339. [CrossRef]

Adak, A.; Sari, D.; Sari, H.; Toker, C. Gene effects of Cicer reticulatum on qualitative and quantitative traits in
the cultivated chickpea. Plant Breed. 2017, 136, 939-947. [CrossRef]

Rubio, J.; Moreno, M.T.; Cubero, J.I; Gil, J. Effect of the gene for double pod in chickpea on yield, yield
components and stability of yield. Plant Breed. 1998, 117, 585-587. [CrossRef]

Rubio, J.; Flores, F.; Moreno, M.T.; Cubero, ].I; Gil, ]. Effects of the erect/bushy habit, single/double pod
and late/early flowering genes on yield and seed size and their stability in chickpea. Field Crops Res.
2004, 90, 255-262. [CrossRef]

Srinivasan, S.; Gaur, PM.; Chaturvedi, S.K.; Rao, B.V. Allelic relationships of genes controlling number of
flowers per axis in chickpea. Euphytica 2006, 152, 331-337. [CrossRef]

Rajesh, PN.; Tullu, A.; Gil, J.; Gupta, V.; Ranjekar, P.; Muehlbauer, F. Identification of an STMS marker for the
double-podding gene in chickpea. Theor. Appl. Genet. 2002, 105, 604—-607. [CrossRef]

Cho, S.; Kumar, J.; Shultz, J.L.; Anupama, K.; Tefera, F.; Muehlbauer, FJ. Mapping genes for double podding
and other morphological traits in chickpea. Euphytica 2002, 128, 285-292. [CrossRef]

Radhika, P; Gowda, SJ.M.; Kadoo, N.Y.; Mhase, L.B.; Jamadagni, B.M.; Sainani, M.N.; Gupta, V.S.
Development of an integrated intraspecific map of chickpea (Cicer arietinum L.) using two recombinant
inbred line populations. Theor. Appl. Genet. 2007, 115, 209-216. [CrossRef]

Taran, B.; Warkentin, T.D.; Vandenberg, A. Fast track genetic improvement of ascochyta blight resistance
and double podding in chickpea by marker-assisted backcrossing. Theor. Appl. Genet. 2013, 126, 1639-1647.
[CrossRef]

Ali, L.; Deokar, A.; Caballo, C.; Tar’an, B.; Gil, J.; Chen, W.; Millan, L.; Rubio, J. Fine mapping for double
podding gene in chickpea. Theor. Appl. Genet. 2016, 129, 77-86. [CrossRef]

Singh, M.; Rani, S.; Malhotra, N.; Katna, G.; Sarker, A. Transgressive segregations for agronomic improvement
using interspecific crosses between C. arietinum L. x C. reticulatum Ladiz. and C. arietinum L. x C. echinospermum
Davis species. PLoS ONE 2018, 13, €0203082. [CrossRef]

De Vicente, M.C.; Tanksley, S.D. QTL analysis of transgressive segregation in an interspecific tomato cross.
Genetics 1993, 134, 585-596.

Gaur, PM.; Pande, S.; Upadhyaya, H.D.; Rao, B.V. Extra-large kabuli chickpea with high resistance to
fusarium wilt. J. Agric. Res. 2006, 2, 1-2.

Bonfil, D.J.; Goren, O.; Mufradi, I.; Lichtenzveig, J.; Abbo, S. Development of early-flowering kabuli chickpea
with compound and simple leaves. Plant Breed. 2007, 126, 125-129. [CrossRef]

Gil, J.; Castro, P,; Millan, T.; Madrid, E.; Rubio, J. Development of new kabuli large-seeded chickpea materials
with resistance to Ascochyta blight. Crop Pasture Sci. 2017, 68, 967-972. [CrossRef]

Muehlbauer, FJ.; Temple, S.R.; Chen, W. Registration of Sierra chickpea. Crop Sci. 2004, 44, 1864-1865. [CrossRef]
Warkentin, T.; Banniza, S.; Vandenberg, A. CDC Frontier kabuli chickpea. Can. J. Plant Sci. 2005, 85, 909-910. [CrossRef]
Gan, Y.T,; Siddique, KH.M.; MacLeod, WJ].; Jayakumar, P. Management options for minimizing the damage by
ascochyta blight (Ascochyta rabiei) in chickpea (Cicer arietinum L.). Field Crops Res. 2006, 97, 121-134. [CrossRef]
Gowda, C.L.L,; Upadhyaya, H.D.; Dronavalli, N.; Singh, S. Identification of large-seeded high-yielding stable
kabuli chickpea germplasm lines for use in crop improvement. Crop Sci. 2011, 51, 198-209. [CrossRef]
Taran, B.; Bandara, M.; Warkentin, T.; Banniza, S.; Vandenberg, A. CDC Orion kabuli chickpea.
Can. J. Plant Sci. 2011, 91, 355-356. [CrossRef]

Vandemark, G.; Guy, S.0.; Chen, W.; McPhee, K.; Pfaff, J.; Lauver, M.; Muehlbauer, E]J. Registration of
‘Nash’chickpea. J. Plant Regist. 2015, 9, 275-278. [CrossRef]

Urrea, C.A.; Muehlbauer, EJ.; Harveson, R.M. Registration of ‘New Hope’Chickpea Cultivar with Enhanced
Resistance to Ascochyta Blight. J. Plant Regist. 2017, 11, 107-111. [CrossRef]

Vandemark, G.; Nelson, H.; Chen, W.; McPhee, K.; Muehlbauer, F. Registration of ‘Royal’ Chickpea.
J. Plant Regist. 2019, 13, 123-127. [CrossRef]

Rubio, J.; Moreno, M.T.; Martinez, C.; Gil, J. Registration of CA2969, an Ascochyta blight resistant and
double-podded chickpea germplasm. (Registrations of Germplasm). Crop Sci. 2003, 43, 1567-1569. [CrossRef]
Auckland, A K,; Van der Maesen, L.J.G. Chickpea. In Hybridization of Crop Plants; Fehr, W.R., Hadley, H.H., Eds.;
American Society of Agronomy and Crop Science Society of America: Madison, WL, USA, 1980; pp. 249-259.

69



Agronomy 2020, 10, 901

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

MINITAB 2014 Inc. Minitab Statistical Software, Release 17 for Windows; MINITAB 2014 Inc.: State College, PA, USA, 2014.
Poehlman, ].M.; Sleper, D.A. Breeding Field Crops; lowa State University Press: Ames, IA, USA, 1995; p. 494.
Steel, R.G.D.; Torrie, ].H. Principles and Procedures of Statistics: A Biometrical Approach; McGraw-Hill: New York,
NY, USA, 1980.

Rao, N.K;; Pundir, R.PS.; Van Der Maesen, L.].G. Inheritance of some qualitative characters in chickpea
(Cicer arietinum L.). Proc. Plant Sci. 1980, 89, 497-503.

Pundir, R.P.S.; Mengesha, M.H.; Reddy, K.N. Leaf types and their genetics in chickpea (Cicer arietinum L.).
Euphytica 1990, 45, 197-200.

Danehloueipour, N.; Clarke, H.J.; Yan, G.; Khan, T.N.; Siddique, K.H.M. Leaf type is not associated with
ascochyta blight disease in chickpea (Cicer arietinum L.). Euphytica 2008, 162, 281-289. [CrossRef]

Toker, C.; Ceylan, FO,; Inci, N.E,; Yildirim, T.; Cagirgan, M.I. Inheritance of leaf shape in the cultivated
chickpea (Cicer arietinum L.). Turk Field Crops 2012, 17, 16-18.

Abbo, S.; Goren, O.; Saranga, Y.; Langensiepen, M.; Bonfil, D. Leaf shape X sowing density interaction affects
chickpea grain yield. Plant Breed. 2013, 132, 200-204. [CrossRef]

Upadhyaya, H.D.; Sharma, S.; Gowda, C.L. Major genes with additive effects for seed size in kabuli chickpea
(Cicer arietinum L.). ]. Genet. 2011, 90, 479-482. [CrossRef]

Ceylan, F.O.; Adak, A.; Sari, D.; Sari, H.; Toker, C. Unveiling of suppressed genes in interspecific and
backcross populations derived from mutants of Cicer species. Crop Pasture Sci. 2019, 70, 254-262. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

70



agronomy MPY

Review

Past, Present and Future Perspectives on Groundnut
Breeding in Burkina Faso

Moumouni Konate 1'*{, Jacob Sanou !, Amos Miningou 2 David Kalule Okello 3@,
Haile Desmae 4, Paspuleti Janila 5 and Rita H. Mumm %*

INERA, DRREA-Ouest, 01 BP 910 Bobo Dioulasso 01, Burkina Faso; jacobsanoul7@gmail.com

INERA, CREAF, 01 BP 476 Ouagadougou 01, Burkina Faso; miningou_amos@yahoo.fr

NaSARRI, Uganda National Groundnuts Improvement, P.O. Box 56, Soroti, Uganda; kod143@gmail.com
ICRISAT-Mali, BP 320 Bamako, Mali; h.desmae@cgiar.org

ICRISAT-India, Patancheru, Andhra Pradesh 502324, India; p.janila@cgiar.org

Department of Crop Sciences and the Illinois Plant Breeding Center, University of Illinois,

1102 South Goodwin Avenue, Urbana, IL 61801, USA

*  Correspondence: mouni.konate@gmail.com (M.K.); ritamumm@illinois.edu (R.H.M.);

Tel.: +226-700-495-04 (M.K.); +1-217-244-9497 (R H.M.)

N G B W N =

check for

Received: 23 December 2019; Accepted: 10 March 2020; Published: 14 May 2020 updates

Abstract: Groundnut (Arachis hypogaea L.) is a major food and cash crop in Burkina Faso. Due to
the growing demand for raw oilseeds, there is an increasing interest in groundnut production from
traditional rain-fed areas to irrigated environments. However, despite implementation of many
initiatives in the past to increase groundnut productivity and production, the groundnut industry still
struggles to prosper due to the fact of several constraints including minimal development research
and fluctuating markets. Yield penalty due to the presence of drought and biotic stresses continue
to be a major drawback for groundnut production. This review traces progress in the groundnut
breeding that started in Burkina Faso before the country’s political independence in 1960 through to
present times. Up to the 1980s, groundnut improvement was led by international research institutions
such as IRHO (Institute of Oils and Oleaginous Research) and ICRISAT (International Crops Research
Institute for the Semi-Arid Tropics). However, international breeding initiatives were not sufficient to
establish a robust domestic groundnut breeding programme. This review also provides essential
information about opportunities and challenges for groundnut research in Burkina Faso, emphasising
the need for institutional attention to genetic improvement of the crop.

Keywords: peanut; plant breeding; research; funding; genomics; INERA; cultivar; selection;
Arachis hypogaea

1. Introduction: The Importance of Groundnut in Burkina Faso

Groundnut (Arachis hypogaea L.), also known as peanut, is a self-pollinated crop and allotetraploid
(2n = 4x = 40) with a genome size of 2.54 Gb [1] and which belongs to the Fabaceae family [2,3].
Groundnut is an important food cop worldwide with an annual production of over 47 million tons on
near 28 million hectares in 2017, according to the last statistics of Food and Agriculture Organisation
(FAO) [4]. The crop’s cultivation, processing and trade significantly impacts the socio-economic
development of a large number of developing and least developed countries [5]. Approximately 60%
of the world’s production comes from Asia, whereas Africa accounts for 26%. In 2017, groundnut
productivity was the lowest in Africa (839.6 kg/ha) compared to the rest of the world (1685.6 kg/ha) [4].
Burkina Faso (formerly known as Upper Volta) contributes 1-1.5% to the global groundnut production
with approximately 400,000 tons per year [4].
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In Burkina Faso, groundnut contributes significantly to both food security and poverty
alleviation [6]. As in many low-income countries in Africa and Asia, the crop is primarily grown for
subsistence by smallholder farmers [7], predominantly women [5,8,9], under rain-fed and low input
conditions [10]. Groundnut can account for up to 50% of cash income while providing many benefits
including a food rich in digestible proteins, high-quality oils, and many functional compounds and
elements such as iron and zinc which are important to nutrition and health, especially in children [11-13].
As a legume crop, groundnut cultivation improves soil fertility and productivity by fixing atmospheric
nitrogen [14]. Additionally, the plant’s haulm and by-products have value as a feed for livestock [15,16].
The groundnut value chain in Burkina Faso employs a significant number of people and contributes
substantially to the economy [6,17] and to family wellbeing [5,18]. Clearly, groundnut improvement
has a direct positive impact on the nutritional and economic status of smallholder farmers.

Despite the importance and benefits of groundnut for farmers and consumers in Burkina Faso,
the production of this legume has been unsteady for the last 20 years or so [4]. Groundnut yields
have remained low (~800 kg/ha) in sharp contrast with the crop’s potential which can provide up to
5000 kg/ha in intensive agriculture systems like in the USA [4,19,20]. This low level of productivity
is attributable to several constraining factors including diseases and pests, erratic rainfall, drought,
poor soils, market instability, and lack of locally adapted high-yielding varieties [19,21]. The highest
production in Burkina Faso was 519,345 tonnes in 2016 [4], more due to the extension of cultivated
land than to an increase in crop productivity (Figure 1). The stagnation of domestic production has
been exacerbated by an unreliable seed supply system for groundnut [19] and weak organisation of
the groundnut industry which has left a current gap in processing capacity.
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Figure 1. Evolution of groundnut (a) production (1000 tonnes; shelled) and area (1000 ha); (b) yield
(kg/ha) in Burkina Faso between 1948 and 2017 [4,22,23].

Groundnut breeding in Burkina Faso has been tightly correlated with activities in the crop’s
value chain which drive the whole groundnut industry including the research and development [6].
For more than a decade now, no major action plan has been established to develop the groundnut
industry, especially after the 2008 food crisis [24]. To this extent, the focus of breeding efforts at INERA
(Institute of Environment and Agriculture Research) was directed to the main staple food crops (i.e.,
maize, pearl millet, sorghum, rice) overlooking groundnut, which is often considered a cash crop, and
thereby hampering groundnut cultivar development.

At present, information about progress and the current state of groundnut breeding in Burkina Faso
is patchy. Most research results are confined to annual reports of individual projects with little published
in international journals [25]. To our knowledge, publications in recent years have focused mainly on
yield evaluation [26] and disease of local and exotic varieties for early leaf spot [27,28]. Earlier research
activities involved the evaluation of resistance to foliar diseases in lines introduced from ICRISAT
(International Crops Research Institute for the Semi-Arid Tropics) or the USA through the Peanut CRSP
(Peanut Collaborative Research Support Program) [29-31] and similar development programmes.

In this paper, research on groundnut improvement in Burkina Faso is reviewed with an outlook
for future breeding strategies. It appears that groundnut research started under colonial projects
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before the country’s independence in 1960. However, it took nearly three decades before the national
agriculture research programme emerged. Between 1980 and 2010, groundnut research was conducted
by nationals with minimal access to technical and financial capacities. The most consistent support
was from the USAID-funded Peanut CRSP. This was followed by years of resource scarcity, before
groundnut research was rekindled with ICRISAT-led Gates-funded projects (Tropical Legumes) and
local initiatives. Today, modern technologies offer the opportunity to advance and deliver improved
groundnut varieties that meet farmer, consumer, processor, and export demands.

2. History of Groundnut Cultivation in Burkina Faso

Intensive groundnut production started in West Africa during the colonial period in the 1900s,
providing raw material for the French oil factories as well a source of revenue [32], stimulating
groundnut commercialization throughout the whole of Western Africa [33]. Subsequently, migrant
groundnut farming arose as a labour system in West Africa associated with cash-cropping which drew
thousands of young men from Burkina Faso and elsewhere (e.g., Mali, Guinea, Senegal, Mauritania)
towards the Gambia River basin (Gambia), a hot-spot of groundnut cultivation at the time [32,33].
Although farmers had been growing the crop in many places in Burkina Faso, migrants returning
home from the Gambia River basin were most likely the first to advance groundnut cultivation in the
country. The swift widespread adoption of groundnut was probably due to the fact of its similarity to
the West African native Bambara groundnut (Vigna subterranea) [33] to which farmers were already
accustomed [23,33].

After successful promotion of groundnut cultivation in the region of Bobo-Dioulasso by the
colonial administration in the early 1920s, crushing machines became operative in Ouagadougou
and Banfora in 1922 and 1928, respectively [34]. Cultivation of groundnut extended rapidly around
the country after 1936 [35,36], prompting the installation of the main factory for oil processing
in 1941 in Bobo-Dioulasso [35]. Post-independence political unrest, drought waves, epidemics of
groundnut rosette disease and groundnut price instability in global markets [22,32,33,37,38] resulted
in low production levels through the early 1980s (Figure 1a). Production increased from 1985 due
to the expanded acreage (Figure 1a) for cultivation of the crop [39] and significant governmental
support to the groundnut sector by the SOFIVAR (Groundnut Funding and Extension Society) [37].
However, production has been erratic, and crop yields on average remained very low (<600 kg/ha)
until the mid-1980s when, for the first time, yields reached >700 kg/ha (Figure 1b). The best yields
(800-1000 kg/ha) were achieved between the mid-1990s and 2000, driven by market opportunities
and national support provided to the groundnut sector [37,40]. Yields have fluctuated over the
years since then (Figure 1b), highlighting the need for improved locally adapted varieties. The trend
of an increase in groundnut production has been more due to the increase in area harvested than
productivity improvement.

3. Groundnut Research in Burkina Faso

Groundnut research in Burkina Faso started before the country’s autonomy, with French projects
targeting the crop production for export. The French National Institute for Colonial Agriculture (called
CNRS post-1939) was created to conduct development research to increase revenues from agricultural
production in the French colonies of Africa [41,42]. The hardship of World War II further prompted
the creation of specialised research institutions, such as IRHO (Institute of Oils and Oleaginous
Research), to increase food and oilseed production in Africa [42,43]. Subsequently, IRHO, having
merged with GERDAT (Study and Research Group for the Development of Tropical Agriculture), has
conducted research on groundnut with a focus in the main production area in southwestern regions
of Burkina Faso [36]. The research objectives were to increase yields while developing resistance to
rosette disease which could totally decimate production during years of disease outbreaks [36]. This
prompted IRHO, based at Niangoloko, to undertake groundnut improvement research to develop
cultivars resistant to rosette disease and adapted to southwestern regions of the country [36]. Resistant
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cultivars were identified in 1952 around the Burkina/Cote-d’Ivoire border and used in breeding crosses
at Bambey Agricultural Research Centre in Senegal [44]. By 1959, about 20 resistant cultivars with
limited infection rate (<6%) and better productivity (20-35% yield increase compared with local
varieties) were introduced in Burkina Faso [36]. Additionally, experiments conducted between 1955
and 1963 resulted in some varieties with potential yields about three metric tonnes per hectare and
showed that (1) groundnut densities between 111,100 and 133,300 plants/ha are optimal for top yields,
and (2) phosphorus is the most limiting nutrient for groundnut in soils of western Burkina Faso [36].
The creation of ICRISAT in 1972 and nomination of groundnut as a mandate crop in 1976 [45] added
momentum to research on groundnut [3,46]. Major constraints to production were identified [47],
including pests [39,48], diseases [10,49], drought and aflatoxins [50-53].

Until the inception of PNRA in the mid-1980s, agricultural research was administered by the
Ministry of Rural Development with little contribution of national scientists. Major research projects
on groundnuts were implemented by international institutions [23,31,43,54] with the research station
of IRHO at Niangoloko contributing somewhat but at a far lower level [32]. Varietal creation was
limited at Niangoloko, as it was used primarily as a testing site, while breeding populations were
developed at the research centre in Bambey, Senegal [44]. Apart from a few French agronomists,
no Burkinabe conducted research in Niangoloko, probably because groundnut was not a priority
for the government [54]. Government investment in agricultural extension prevailed over research
even before technologies were developed to support food production as suggested by donors [23].
Then, progressive departure of international researchers and lack of resources, equipment, and trained
scientists halted research activity and led to a loss of valuable germplasm and breeding records [32,55].
Restructuring in the 1980 to 1985 timeframe gave rise to INERA which initiated breeding programmes
in 1988 [56].

In this context, programmes supported by donors such as USAID (United States Agency for
International Development), the European Union (EU) and the Bill and Melinda Gates Foundation
(BMGF) were instrumental in re-establishing groundnut research and development in Burkina Faso [23].
The USAID-funded Collaborative Research Support Program (CRSP) stimulated and sustained research
activities from 1975 to 2012 [29-31]. This Peanut CRSP network involved the Institute for the Sahel
(INSAH), IRHO and ICRISAT. However, these activities focused primarily on pest and disease
management and resistance to leaf spot diseases as well as testing of advanced lines for production
efficiency [30]. These programmes resulted in improved groundnut varieties which still hold a large
share of production in Burkina Faso today [22,25]. They enabled many works that would not be
possible otherwise. In this research collaboration, cultivar development was conducted mainly by
IRHO and ICRISAT [36,47,49,55], while work at INERA involved testing only. Such involvement of
international research in national programmes has been at the core of crop breeding activities in West
Africa [25]. The growing number of trained and qualified scientists in Burkina Faso and in the region
opens opportunities for more research leadership within countries. However, breeding programmes
continue to be handicapped by the lack of the resources needed to conduct research activities [25]
and lack of research leadership to some extent. Consequently, most groundnut varieties cultivated in
Burkina Faso today were developed before or shortly after 1960, some from Senegal as sharing cultivars
has been common practice among countries in the sub-region [57-59]. Varieties such as 28-206, 59-426,
69-101 and Fleur 11 were introduced from Senegal to Burkina Faso [25]. To date, more than 20 varieties
have been registered in the national catalogue of crop varieties. Some of these (e.g., TS 32-1, CN94 C,
RMP 91, RMP 12, KH 241D) have been under cultivation for more than 50 years (Table 1). Cultivar
development was stagnant in the country until 1990 when two varieties (SH 67A, SH 470P) were
released (Table 1), and the average age of commercial groundnut varieties is about 30 years [55].
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Table 1. Groundnut varieties released from the 1950s to date and registered in the national catalogue of
plant varieties.

Botanical Cycle

Variety/Line Pedigree Type (Days) Year Institution/Origin Reference
CN 94C 90 Saria/Tougan 1) Fg Spanish 90 1966 IRHO SaFr;::)Burkma [10,60]
Te. 3 Local pop. Burkina Spanish 90 1958
TS 32-1 Spanlex/Te. 3, Spanish 90 1966
KH 149A GH 119-7.11I-11/91 Saria Spanish 90 1964
KH 241D GH 1185.2 11/91 Saria Spanish 90 1964 IRHO Niangoloko, 11095 58 60,61]
- Burkina Faso
QH243C KH 184 A/424 A, F; Spanish 90 1971
RMP 91 48-37/Mani Pintar, Fg Virginia 135 1963
RMP 12 1036/Mani Pintar, Fo Virginia 135 1960
SH 67A QH 243C/PI1 1166 Spanish 90 1990 INERA Niangoloko, [60]
SH 470P Flower 113/ QH 200A, Fy Spanish 90 1990 Burkina Faso
69-101 55-455 14/28-206, F5-B; Virginia 120 1969 IRHO/(él\g{Aa]lSambey [10.25,57,60,61]
59-426 NA Virginia 120 1959 eneg
NA (Segregating material . . .
ICGSE 104 ICRISAT) Valencia 75-80 1990 INERA—ICRISAT [60]
Fleur 11 Variety from China Spanish 90 1990 CNRA Bambey [60,61]
Senegal
Nafa1 (ICGY ICGV 92069/ICGV 93184 Virginia 110 2018
01276)
Lokre (ICGV .
91328) J11/U4-7-5 Spanish 90 2018
Miou Pale (ICGV .
93305) Var 27/U4-7-5 Valencia 90 2018
Touinware . INERA—ICRISAT [62]
(ICGVLIS 13806) ICGV 86124/ICG 7878 Spanish 90 2018
Beeda (ICGV-IS ICGV 86124/ICG 7878 Spanish 90 2018
13830)
Soukeba (ICGV-IS 1y 861047106 7878 Spanish 90 2018
13912)
Kiema 1 Local pop. Burkina Spanish 90 2018

NA = not available; pop. = population.

The current increase in groundnut production has been almost entirely due to the fact of land
expansion [4]. With the exhaustion of the country’s arable lands, a future increase in production must
come from yield improvement based on genetic improvement and appropriate management practices.
It has been estimated that less than 25% of approximately 460,000 hectares of land cultivated yearly
in groundnut were occupied with improved varieties [55,63]. Replacement of popular groundnut
varieties (TS 32-1, SH470-P, CN94 C, Fleur 11) with more productive ones is sought. Only recently,
in 2018, have seven new varieties developed by ICRISAT been tested, registered in the national seed
catalogue [62], and subsequently released for cultivation in Burkina Faso (Table 1). However, extension
efforts are required to facilitate farmers’ awareness and adoption of these varieties.

4. Research Resources

In the early 2000s, Burkina Faso began investing more in agricultural research capacity. As of
January 2019, more than 65% of scientists hold a doctorate degree (HRM, personal communication),
compared to less than 50% before 2000. Currently, the number of scientists at INERA alone reaches over
300, not counting scientists at university-based agricultural research centres. However, the increase in
the number of researchers did not go along with the increase in research capacity [64]. Lack of resources
coupled with poor competitiveness of local salaries with that of international positions motivated the
departure of many scientists to CGIARs, NGOs or Western countries. National research programs
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struggle to keep up with evolving breeding methods and required infrastructures and equipment [64],
limiting their effectiveness.

Furthermore, expenditures dedicated to research and development have been irregular [38] or
reduced, sometimes due to the fact of political turmoil [23]. Since transitioning from PNRA, INERA has
been chiefly financed through World Bank loans supporting three main projects [38,65,66]. What is more,
of the proportion of funding dedicated to agriculture research, little goes to groundnut, making this
crop less attractive to researchers. The consequence of resource limitation was attenuated by regional
research initiatives through WECARD (West and Central African Council for Agricultural Research
and Development) and ICRISAT. Regional efforts essentially guard against unnecessary replication of
research in countries with similar agro-ecologies in the region and have the advantage of mobilising
more donors [64]. International initiatives such as the Peanut CRSP enabled the implementation of
many research activities on groundnut in the country for over three decades in collaboration with
the University of Ouagadougou [23,31]. With the close of the World Bank-funded project PNDSA
(National Project for Development of Agricultural Sector) in 2003, there was no funding at all for
groundnut research at INERA until 2012, when groundnut development research started almost afresh
with the second phase of Tropical Legumes project sponsored by the Gates Foundation. This project
provided substantial support to the breeding programme in Burkina Faso, allowing INERA to reflect on
product targets, breeding objectives to achieve these targets, and breeding process modernisation [67].
This funding had the merit of rekindling groundnut breeding in Burkina Faso, although there is
still a need to develop clear and specific improvement goals, build technical capacity, and secure
long-term funding.

In a nutshell, public sector groundnut breeding has not made satisfactory progress in Burkina Faso
as in most sub-Saharan countries; no increase in genetic gain has been recorded in the last 30 years [68,69].
While technology can be accessed, especially through outsourcing, the primary challenge for groundnut
improvement in Burkina Faso is the capacity to assemble relevant technological options to create
an optimized varietal development pipeline for groundnut [68]. The national breeding programme
needs to keep up with the evolving breeding methods through improved research leadership and
technical expertise [68,70]. Therefore, a workforce of researchers able to apply advances in breeding
methods, approaches and tools for cultivar development is needed. In West Africa, the University
of Ghana/West Africa Centre for Crop Improvement has stepped up to provide such training at the
postgraduate level with support from AGRA (Alliance for a Green Revolution in Africa) and others [71].
Other universities in Africa are also rising to meet this challenge of training the next generation of
plant breeders. Furthermore, professional development programs, such as the African Plant Breeding
Academy, coordinated by the University of California at Davis in the USA, offer continuing education
to African plant breeders in the use of genomics-assisted selection and ways to optimize the breeding
pipeline [72]. However, the question is, “Will these programs be enough to create the workforce needed
for Burkina Faso?”

5. Production Environment

Groundnut was the top cash crop in Burkina Faso before cotton until 1977 [73]. Since then,
groundnut production has primarily served domestic needs as a food crop [22,73]. Of the yearly
production of more than 350,000 tonnes [4], only about 2% on average is exported [71] and this to other
countries in West Africa [6]. A sharp increase in groundnut prices in early 1990s boosted production
and exports towards Europe, at least for a few years [37,74]. However, the increased production
and export levels were not sustained due to the decline in groundnut demand in Europe [73,75] and
lack of adequate support to farmers [74]. Nevertheless, domestic demand for groundnut has been
increasing in recent years to complement cotton seed for an increase of oil production which covers
only approximately 30% of needs at the moment [76]. Currently, although groundnut production
meets the demand for household consumption as food, little surplus is available for the processing
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market [22,23,73]. The development of productive cultivars for the farming system upstream is
necessary to meet growing demands and sustain a stable value chain.

The distribution of groundnut cultivation in Burkina Faso (Figure 2) indicates Centre-Ouest as the
top groundnut producing region, followed by the Boucle du Mouhoun region. Production is mid-level
in Hauts-Bassins, Centre-Sud, Centre-Est and Est regions. This distribution has remained consistent
since the 1960s [36], reflecting minimal efforts to expand groundnut to new areas. Nevertheless,
Burkina Faso is among the top ten groundnut producing countries in Africa, based on area harvested
(Table 2). Moreover, an estimation of country production proportionally to the population size shows
that the importance of groundnut production in Burkina Faso is similar to that of Nigeria, the top
producer in Africa [4]. Groundnut has great economic potential for the country [74], if only more
political support were provided to increase investment in the sector.

© Bruce Jones Design Inc. 2010-19
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Figure 2. Map of groundnut production per administrative region in Burkina Faso, adapted based
on the average of the last five years (2013-2017) [4]. 1: Boucle-du-Mouhoun; 2: Cascades; 3: Centre;
4: Centre-Est; 5: Centre-Nord; 6: Centre-Ouest; 7: Centre-Sud; 8: Est; 9: Hauts-Bassins; 10: Nord;
11: Plateau-Central; 12: Sahel; 13: Sud-Ouest. The choropleth map was drawn using R package
GADMTools with breaks option “sd” (standard deviation).

Table 2. Top 10 groundnut producing countries based on average area harvested in the last five years
(2013-2017) [4].

Rank Country Area (ha) Production (Tonnes) Yield (kg/ha)
1 Nigeria 2,766,845.8 3,068,586.8 1110.4
2 Sudan 2,027,954.4 1,629,402.2 797.8
3 UR * Tanzania 1,208,903.0 1,285,027.0 1052.8
4 Senegal 950,149.6 806,165.4 843.2
5 Niger 779,283.6 417,776.0 537.4
6 Chad 760,472.6 843,546.2 1117.1
7 Guinea 553,012.0 469,918.2 887.5
8 DRC * 492,000.0 370,447 .4 753.6
9 Burkina Faso 480,635.4 380,894.2 799.8
10 Cameroon 439,308.4 610,196.2 1386.4

* UR Tanzania = United Republic of Tanzania; DRC = Democratic Republic of the Congo.

6. Constraints to Groundnut Productivity

The difference between groundnut potential yield and actual yields in farmer fields, referred
to as yield gap [77,78], reaches over 50% Burkina Faso [4,62], due to the fact of several biotic and
abiotic constraints [10,14,28,39,57]. With rain-fed systems, up to 50% of the yield potential can be
compromised by moisture stress due to the fact of inconsistent rainfall [78]. Identifying ways to manage
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constraints that undermine the crop productivity and widen yield gap is key to developing an effective
groundnut improvement programme. Desmae et al. [47] summarized the main traits of breeding
interest identified in recent years: drought tolerance; resistance to rosette, foliar diseases (leaf spots and
rust) and aflatoxin; and quality traits such as high oil content, especially with high proportion of high
oleic acid. Potential sources were highlighted to improve groundnut varieties for these traits [47]. Not
discounting the effects of G X E (interactions between genotype and environment), which can lead to
inconsistent trait expression, these resources could be important assets to the groundnut improvement
programme in Burkina Faso.

6.1. Abiotic Constraints

In Burkina Faso where rain-fed agriculture is predominant, rainfall patterns represent the most
significant climatic factor affecting groundnut production. Low, erratic rainfall and increasing periods
among rains render groundnut cultivation subject to substantial yield losses [79,80]. A strategy to cope
with drought stress is to develop short-duration varieties to escape end-of-season drought as well
drought tolerant varieties that hold up under conditions of low soil moisture [81].

Another constraint to realize yield potential is low levels of inputs in managing the crop.
In Burkina Faso, groundnut is grown mostly under subsistence agriculture by smallholder farmers [74].
Fertiliser use for all crops since 2000 has averaged 11.1 kg/ha which is shockingly inadequate [64].
Appropriate use of fertilisers can lead to a 45% increase in groundnut yields [37]. However, farmers are
incentivised to apply fertilisers and improve soil conditions only when there are market prospects [40].
Yet, critical elements, such as phosphorus and calcium, prove to be the top limiting nutrients for
groundnut production, especially in the western regions of the country [36]. Although this issue can be
overcome by applying appropriate chemical fertilisers, these are often out of reach for most smallholder
farmers. Only 4% and 16% of farmers use chemical fertilisers or compost, respectively, in groundnut
production, resulting in very low yields [37,74]. Therefore, it is advisable to develop cultivars that
withstand the deficiency of both calcium and P to keep a good level of crop productivity. Soils in
Burkina Faso present optimum pH between 6.0 and 6.5 for groundnut growth [82] which typically
results in adequate availability of calcium and manganese [83]. Nevertheless, acidic pH should be
taken into consideration in the breeding programme to anticipate the growing soil acidification in
some areas in the country [84].

6.2. Biotic Constraints

As in most tropical regions of the world, diseases are major constraints to groundnut production
in Burkina Faso [25]. Problems with foliar diseases including rust have been longstanding [85] with
persistent occurrence in Burkina Faso [28]. Rosette disease, which affects the leaves and stem, is common
in Western Burkina Faso [57,86,87] and is transmitted by the vector Aphis craccivora Koch [88] in a
persistent manner [89]. Also, peanut clump disease, common in West Africa [90], has been reported in
the country [57,86] and needs to be monitored. These diseases can cause important losses in groundnut
production if not controlled [90]. Often foliar diseases occur simultaneously and collectively can cause
from 24% up to 70% yield loss, following severe defoliation [10,25].

Groundnut productivity can also be reduced by soil pests [91]. Taxa associated with groundnut
damage with high economic impact include termites (Isoptera), millipedes (Diplopoda) and scarabaeid
larvae (Coleoptera) usually referred to as white grubs [39]. Species Trochalus sp., Microtermes lepidus
Sjostedt and M. parvulus Sjostedt have been reported in Burkina Faso [92]; however, little is known about
the economic importance of these pests at present. Additionally, the current erratic weather pattern can
cause pests profiles to change thereby necessitating frequent nationwide surveys to document key pests
associated with groundnut productivity. Studies at ICRISAT identified sources of resistance to these
pests which hold promise for improving crop productivity [39,48]. Genetic resistance could be a key
element of a broader strategy for effective pest control and control of pest-induced diseases, integrating
use of pest-resistant varieties, cultural practices to minimize insect populations and bio-insecticides.
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7. Suggested Foci for Groundnut Improvement in Burkina Faso

In principle, the target traits for groundnut improvement depend on farmers’ needs, consumer
and market demands and processing requirements [70]. The most pressing need in Burkina Faso
is for groundnut varieties with high yield potential that also possess tolerance to major biotic and
abiotic yield-reducing factors. Closing the yield gap is the main focus besides improving yield per se
as in most of the developing countries [93]. Improved varieties must be able to thrive under minimal
management conditions as farmers often simply cannot afford inputs such as pesticides and chemical
fertilizers [85]. Furthermore, improved varieties must be developed to meet demands of the value
chain [94], based on regular consultations with key stakeholders including both women and men
farmers, marketers, processors and consumers [68,95].

7.1. Elements to Consider in Cultivar Development

In Burkina Faso as elsewhere in West Africa, market desirable traits in groundnut include high
seed yield, high oil/high oleic oil content in the seeds and resistance to aflatoxins for food safety [75,96].
There is now a call for groundnuts specifically developed for end-use application: cooking oil,
confectionary and peanut butter [47,97,98]. High oil content groundnut varieties are currently in
high demand to supply oil-crushing factories. Recent studies have demonstrated the possibility to
raise oil content to as much as 55% of seed composition, presenting up to 80% oleic [99,100]. Oil
quality in terms of high proportion of oleic acid is desirable to increase product shelf life [101] and
provide many health benefits to consumers [102-104]. The challenge is to build on these advances
in groundnut improvement for oil content and quality [105] to put these traits together with other
desirable agronomic traits (i.e., yield and disease resistance) in an ideal cultivar for stakeholders of the
value chain [95].

The cornerstone and highest priority trait in crop breeding is the yield. Pod number per plant,
shelling percentage, proportion of mature kernels per pod and seed weight are important parameters
contributing to groundnut yield [70]. Other traits to consider include early maturity, ease in harvesting
(peg strength) and shelling, kernel size, shape and colour, fresh seed dormancy and blanching
ability [3,47,70]. Additionally, reticulation (venation and ridging visible on the pod), beak (appendage
of the tip of the indehiscent pod) and constriction of pods are traits that provide not only varietal
specifications, but also reflect market preferences [106]. For instance, slight pod constriction is preferred
in the market, as it prevents flattened kernels, whereas pods with prominent reticulation or deep
constriction tend to carry soil on them, thus reducing the market value [106].

To sustain productivity, groundnut resistance to biotic and abiotic stresses must be improved.
To this end, ICRISAT has identified and developed sources of key traits, including resistance to early
leaf spot (caused by Cercospora arachidicola), late leaf spot (caused by Phaeoisariopsis personata), rust
(caused by Puccinia arachidis) and aflatoxins [10,27,28,30,47,53]. Additionally, significant progress has
been achieved at ICRISAT in developing drought tolerant [107,108] and early maturing cultivars [47].
These sources can be utilised by Burkina-based breeding programmes to develop improved locally
adapted germplasm.

7.2. Exploring Novel Industrial Uses of Groundnuts

Groundnut is considered as a “smart food”, that is, a food that is highly nutritious, resilient to
climate change with relatively low carbon and water footprints; as such, it has the potential to alleviate
poverty [109]. Having high protein content and a healthy oil profile and serving as a source of key
micronutrients including magnesium, groundnut has been used to make ready-to-use therapeutic
food [110], used by UNICEF to treat acute malnutrition among children, women and men in developing
countries [111,112]. Acute malnutrition affects near 500,000 children in Burkina Faso [112], resulting in
24.4% underweight and 10.2% mortality among children under five [113]. More generally, 25% of the
population (~5 million people) are affected by hidden hunger [114,115]. To add more to the health
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benefit of groundnut, improvement for nutritional traits, i.e., bio-fortification, such as iron and zinc,
must be on the breeding agenda [109,116]. This is important to reduce the prevalence of anaemia
(>40%) among preschool-age children [113].

Besides, groundnut haulms can be used for livestock feed [117] thus giving additional value to
the crop. Groundnut haulms are protein-rich and easy for animals to digest [16]. The need for feed has
been increasing in recent years due to the drastic reduction of pastureland and the development of
suburban farming in towns [118]. Therefore, animal feed production and market are promising sector
of domestic economy [119], especially during the dry season when fresh grazing is not available [17].
However, livestock feed is rarely a production objective per se in subsistence farming. The development
of dual-purpose varieties offering both high kernel yield and aboveground biomass could offer new
opportunities to expand the groundnut value chain.

7.3. Broadening Genetic Base of Breeding Population

Cultivated groundnut is said to have a relatively narrow genetic base globally [1,120,121],
perhaps due to the polyploidisation [122]. Therefore, useful genetic variability must be created
through judicious choice of parents in creating new breeding populations for crop improvement [123].
The nature and magnitude of genetic variability present in the breeding population and the extent to
which the trait is heritable are key to success of the crop improvement programme [123]. Pre-breeding
activities deploying strategic crossing among cultivated varieties and also between cultivars and
wild groundnuts [122,124-126] has enlarged the crop base genetic diversity. Interestingly, accessions
and advanced breeding lines which are stored in gene banks across the globe [93] are abundant and
accessible through appropriate legal procedures [127]. These resources constitute invaluable material
for national and international breeding programmes.

8. Modernization Is Needed to Maximise Genetic Gain in Developing Varieties that Meet
Stakeholder Demands

In principle, plant breeding is implemented through three basic steps, viz. (1) crossing choice
individuals with traits of interest to create breeding populations with useful genetic variation,
(2) identification and selection of progeny from the breeding crosses having outstanding performance
aligned with the product target, and (3) development of stable new cultivars from selected progeny [128].
The success of this process can be measured by estimating the rate of genetic gain over time, using the
so-called breeder’s equation [129,130]: AG = (I’ gy, i)/L. The estimate of the rate of genetic gain (AG)
is a product of the narrow sense heritability for the trait under selection (h?), the standard deviation
of the phenotypic variance of the trait (0p), and the selection intensity (i), divided by the length of
time to complete a full breeding cycle(L). As such, it is also a function of selection accuracy (/; the
square root of narrow sense heritability) and the additive genetic variation within the population
(c;a2 ; a component of hz). Each of these parameters can and should be manipulated in the breeding
programme to maximise genetic gain in achieving the product target [68]. Such a strategy implies
increasing heritability, selection accuracy, selection intensity and the speed of the breeding cycle and
effectively exploiting genetic variation [128]. Modern breeding approaches, technologies and tools
offer the means to increase the rate of genetic gain to effectively and efficiently reach product targets
and thus get improved varieties out to farmers faster.

8.1. Modern Approaches, Technologies and Tools to Benefit Choice of Parents and Creation of
Breeding Populations

Choice of parents is one of the most critical decisions to achieving success in cultivar development.
Firstly, parental lines must represent viable sources of the suite of traits defined in the product target.
Crossing of parents offers the opportunity for genetic recombination to result in new combinations
of favourable alleles in the offspring. Ultimately, a potential new cultivar must contain favourable
alleles for all the traits of interest. Genomics can aid in identifying lines with favourable alleles to
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employ as parents. For example, GWAS (genome-wide association studies) can be conducted to
characterize germplasm, identify new sources of favourable alleles, and tag genes to be tracked through
the breeding process. Genomic approaches using GEBV (genomic estimated breeding values) can be
used to leverage genetic information as well as phenotypic information collected from prospective
parent lines and their relatives to guide the breeder in choosing parents. Once crosses are made, mating
designs and tailored breeding approaches can be deployed to maximize seed returns and accelerate
progress to homozygosity [131]. Technologies such as doubled haploidy has been used to create
“instant inbreeds” in some crops, including groundnut [132,133] which offers advantages in testing by
cutting “noise” due to the segregation that is present in early generations.

To create useful genetic variation, technologies such as mutation, transformation, and gene editing
can be deployed. Mutation breeding involves irradiating seed with gamma rays or using chemical
mutagens like ethyl methane sulphonate, diethylsulfate or sodium azide [134-136] to evoke changes in
the DNA. Successful cases of mutation breeding have been reported extensively for the improvement
of important traits including groundnut yield [137,138], allergen reduction [135], and oleic acid content
in the oil profile [139]. Therefore, mutation breeding can be a useful breeding approach, especially
with genetic improvement of crops having narrow genetic base such as groundnut [135,140].

Groundnut improvement for tolerance to some of the biotic and abiotic stresses can be difficult,
either due to the complex genetic control of that trait or absence of resistant sources. For instance,
it has been difficult to develop resistance to Aspergillus flavus infection and aflatoxin production in
groundnut in a sustainable manner [141,142]. Similar issues observed with groundnut response
to other stress contexts such as drought and virus attacks have warranted alternative approaches
to conventional breeding. In such conditions, genetic transformation presents great potential in
groundnut improvement to utilize genes from other species [45,70,143,144]. Likewise, the difficulties
of plant regeneration by tissue culture techniques and selection of transgenic events [144-146] are
being overcome by recent advances in groundnut transformation process [147]. To date, at least a
dozen of successful groundnut transformations have been reported in the literature [69]. Recently,
agrobacterium-mediated transformation and groundnut tissue culture techniques were refined for
optimum use which enabled development of genetically modified groundnut that was near-immune
to aflatoxin contamination [147].

Furthermore, gene editing has shown great promise in creating new allelic variants using various
technologies such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENS) and clustered regularly interspaced short palindromic repeats (CRISPR) [148-151]. Gene
editing can result in gene modification (e.g., single base change), gene silencing (i.e., knockout), or
gene insertion (i.e., knock-in) [150]. Recent studies have shown that multiple genetic changes can
be performed in concert [152], suggesting the potential to utilize CRISPR to generate new genetic
diversity for quantitative traits. For example, work by Campa et al. [153] demonstrated, in mammalians,
simultaneous editing of up to 25 target sites using CRISPR in conjunction with nuclease Cas12A. Thus,
genetic engineering is a powerful tool to achieve groundnut improvement for difficult traits, but also
any other traits of interest [144,145,154]. However, public reluctance to consume food made from
genetically modified plants [155-157] and complex regulation processes [150,158-160] could preclude
the application of genetic engineering approaches in groundnut breeding. Although genetically
modified crops and those derived from any gene editing pipelines are not banned per se in Burkina
Faso, they are subject to stringent regulatory law before experimentation, trials and commercial
release [161]. Public education and government support for appropriate review and regulation of
genetically engineered products is key to overcoming potential obstacles.

8.2. Modern Approaches, Technologies and Tools to Benefit Evaluation and Selection

The rate of genetic gain toward product targets can be increased by increasing selection intensity.
However, this can cripple progress if the selection intensity is so high as to effectively eliminate genetic
variation. This potentially negative effect can be managed by increasing population size, that is,
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creating more progeny from each breeding cross. To deal with a larger number of individuals to test
for each trait specified in the product target, technologies that can screen more individuals in less
time with fewer resources are needed. Mechanization can help to manage activities such as planting,
harvesting and threshing. In addition, technologies to facilitate high-throughput phenotyping can
be used to increase efficiency in screening. Thus, the near infrared spectroscopy (NIRS) provides a
robust, quick, cost-effective and non-destructive phenotyping for groundnut seed oil content and fatty
acid profile [162,163]. Additionally, modern phenotyping facilities such as that at ICRISAT offer the
possibility to dissect physiological factors with tight correlation with traits of interest (transpiration
efficiency and drought tolerance, for instance) [164]. Likewise, advanced experimental designs,
including randomised blocks, variable incomplete blocks, factorial, lattice, row-column and partial
replicated designs [165] are useful in effectively partitioning genetic variation from environmental
variation, G X E and error which can increase the accuracy of selection. Here again, technologies can
come into play. For example, laser levelling of fields has been used to create more uniform fields
for testing [166] which has been shown to result in more precise data upon which to make selection
decisions [167,168]. However, cost may be a limitation for the use of this technology in resource poor
breeding programmes [168].

To reduce the length of the breeding cycle, various approaches and technologies are available.
Off-season nurseries offer the opportunity for more generations per year, cutting the overall time
to complete the breeding cycle [68,163]. The term “speed breeding” has been coined to describe
approaches and technologies to shorten the life cycle of the plant in generations where selection is not
exercised [169,170]. For example, O’Connor et al. [171] were able to cycle 145 day groundnut lines
at the rate of three generations per year to advance inbreeding from F2 to F4 based on controlled
greenhouse conditions of optimal temperature and continuous light. In addition, marker-assisted
selection, involving “tagged” genes of interest, can be utilized to cut the length of the breeding cycle.
Individuals can be evaluated and selected based on genotype alone, eliminating wait times until the
trait is manifested phenotypically and, in many cases, reducing field and labour resources required for
phenotypic evaluation.

Advanced molecular approaches such as genomic selection utilize dense genome marker coverage
to estimate genetic potential. Genomic selection facilitates faster identification of lines to serve as
parents in the next breeding cycle, shortening cycle time [131]. In addition, genomic selection can be
used to “predict” performance, replacing preliminary testing, as a means to advance progeny with
greater genetic promise to advanced testing stages [131,172]. Furthermore, it can offer higher predictive
ability when associated with modelling G X E interaction [173]. Estimated gain from genomic selection
can be as much as 5 fold that of conventional breeding [174-176]. Although uptake of genomics-assisted
breeding in Burkina Faso has been extremely low, as in many developing countries [69], due to the
lack of human and infrastructure resources [70], nevertheless, opportunity for breeding programmes
to embrace genomics-assisted breeding exists, using, where applicable, data available in partner
institutions like ICRISAT where historical data on the performance of about 340 advanced breeding
lines have been compiled [70].

8.3. Modern Approaches, Technologies and Tools to Support Commercialization and Release of
Improved Cultivars

Modern approaches and technologies are available to support production of volumes of quality
seed for distribution of new improved groundnut cultivars to farmers. DNA fingerprinting technologies
ensure seed authenticity and purity [177]. Seed quality can be preserved using seed storage technologies,
along with monitoring of relative humidity and seed moisture content with electronic meters or indicator
papers [178]. Preserving seed quality is crucial for both the cultivar development process and the
conservation of germplasm.

Data management tools that track materials through the entire breeding process facilitate
traceability and document pedigree information. For example, the Breeding Management System
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(BMS) [179] provides a comprehensive suite of mutually compatible software applications that work
together to help breeders manage germplasm and collect, store and analyse their research data [180].
The BMS manages breeding data across all phases of the crop improvement cycle, keeping a safe,
standardized and centralized record of data from one generation to the next in order to facilitate more
economical and accelerated cultivar development. Such a system is not only crucial and foundational
to breeding teams in their quest for selection accuracy, it supports breeding operations, resource
allocation and data analyses [181], and provides support services at every step of the breeding process,
all the way through to cultivar release. Such tools are essential to integrate and support all aspects of
the breeding pipeline and to integrating efforts across team members.

A number of analytical and decision support tools for genomics-assisted breeding are freely
available [182]. For example, CIMMYT offers several software options to facilitate various specialized
analyses [183]. Other resources are available in the scientific literature to facilitate bioinformatics
aspects of managing DNA-sequence data (e.g., GAPIT; Genome Association and Prediction Integrated
Tool [184]). Use of publicly available tools such as these satisfies needs while avoiding license fees.

9. Research Challenges in Burkina Faso

Important breeding programmes are conducted across the world to improve groundnut as a
multipurpose oilseed legume crop. Achievements in groundnut genomic research will affect cultivar
development worldwide [105,185]. Collegial initiatives, such as the International Peanut Genome
Consortium, resulted in major knowledge about the groundnut genome, which aided the deployment
of molecular markers in breeding projects [1,70,99,163,182]. In addition to yield increase, cultivar
development was geared towards traits as resistance to drought, aflatoxin resistance and foliar diseases,
and seed quality and nutrient content [105,186,187]. The ICRISAT Headquarters (India) and its
derivative research centres in Africa have been leading groundnut research programmes for decades,
based on consumer and farmer preferences in semi-arid regions [186], thus providing some of the most
significant impact on the crop production in Africa and Asia [186]. ICRISAT together with national
partners have released near 200 improved ICRISAT-bred cultivars in 36 countries since 1986 [105].
In China, the world leading groundnut producer country, the breeding efforts using conventional and
advanced methods, resulted in the release of more than 400 varieties in about 70 years [105]. In the USA,
several university-based research teams (Georgia, Texas, and Auburn) conduct state-of-the-art research
and breeding for traits of commercial importance [135,154,188,189]. Some of these research programmes
overlap with breeding activities in national agricultural research systems (NARS) across Africa.

Although noticeable progress has been recorded in recent years [186], groundnut research has been
comparatively trivial in many African NARS [69]. In Burkina Faso and other countries in West Africa,
groundnut breeding operates to satisfy uneven environments and diverse stakeholders with low
uptake of agricultural technologies [55,190]. To succeed cultivar development in such a context, design
and implementation of trials must take into consideration the huge gap that often exists between
optimum on-station conditions and irregular farmer field settings. This may result in increased costs
due to the need for high numbers of field trials.

Additionally, the implementation of a modern breeding programme requires expertise,
infrastructure, equipment, all of which requires a higher level of investment. To assess the benefit and
ultimate value of implementing a new approach, technology, or tool, a cost-benefit analysis can be
performed to provide justification for the additional expenditures. Furthermore, with or without further
investment, other factors can go a long way to build in greater efficiencies in cultivar development:
outsourcing some activities requiring special equipment or expertise (e.g., genotyping), establishing
research networks to better leverage available resources and data, and forging partnerships with the
private sector.

The lack of sustained funding and over-dependency on donors [64] restrains possibilities to
implement long term view and renders the programme vulnerable to funding inconsistencies and
abrupt changes in research agenda and vision. Therefore, efforts must be put into igniting government
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commitment to research for food and nutritional security in the country. Policy makers and those in the
groundnut value chain must be made aware of possibilities and challenges if groundnut production is
to impact national nutrition and trade and draw support from the private sector.

Ultimately, private sector intervention is probably the way forward to dependably invest
substantial funding in the crop breeding and bring better governance in the breeding programme.
The groundnut industry could be inspired by successful examples of private agricultural research in
Burkina Faso and elsewhere, driven by cash crops such as cotton, banana and oil palm [64,191,192].

10. Conclusions

Groundnut production and genetic improvement in Burkina Faso has stagnated for too long.
In the absence of a strong national program, research in the country has centred on evaluations of
lines developed at international research institutes and programmes such as IRHO, ICRISAT and
Peanut CRSP. However, lines from international institutions may have limited alignment with domestic
product targets and fail to deliver adaptation under local conditions required for high yield. For best
adaptability of cultivars to local conditions and national stakeholder needs, a strong national breeding
programme built on the foundation of local germplasm collection must be the driver.

Most of the issues discussed in this review are applicable to many other national agricultural
research programmes in sub-Saharan or West Africa. The scientific strength of breeding programmes
requires expertise in plant breeding and genetics (i.e., at least two full-time PhD scientists per crop
species [55]) as well as support in related disciplines important for groundnut improvement, viz.
entomology, agronomy, weed science, pathology [55,69]. We contend that it is possible to significantly
increase groundnut production and productivity through dedication of a strong local breeding
programme which takes advantage of improved lines from international research institutions and
modern breeding approaches, technologies and tools to develop locally adapted, high-yielding varieties
with desirable traits. To this extent, strategies to accelerate genetic gain need to be adopted, along
with gender integration in the entire crop development and value chain. Building technical and
infrastructure capacities of the national breeding programme is needed to achieve such a research level
and to expedite delivery of improved groundnut varieties to modern and smallholder farmers.
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Abstract: Peanut is an important oilseed and food crop worldwide; however, the development of
new cultivars is limited by its remarkably low genetic variability. Therefore, in order to enhance
peanut genetic variability, here, we treated two widely cultivated peanut genotypes, Huayu 22 and
Yueyou 45, with different concentrations of the mutagen ethyl methyl sulfonate (EMS) for different
durations. Based on median lethal dose (LD50) value, optimal EMS treatment concentrations for each
duration were identified for each genotype. Mutants induced by EMS differed in various phenotypic
traits, including plant height, number of branches, leaf characteristics, and yield and quality in plants
of the M2 generation. Moreover, we identified potentially useful mutants associated with dwarfism,
leaf color and shape, high oil and/or protein content, seed size and testa color, among individuals of
the M2 generation. Mutations were stably inherited in M3-generation individuals. In addition to
their contribution to the study and elucidation of the mechanisms underlying the regulation of the
expression of some important agronomic traits, the mutants obtained in this study provide valuable
germplasm resources for use in peanut improvement programs.

Keywords: Arachis hypogaea L.; EMS; mutant; dwarf; high protein; breeding

1. Introduction

Peanut (Arachis hypogaea L.) is one of the most important oil and protein crops in the world. In 2017,
global peanut production reached 47.10 M tons in a total cultivated area of 27.95 M ha [1]. As peanut
demand continues to increase, there is an urgent need to breed new peanut varieties with high yield
and quality, in addition to resistance to biotic and abiotic stress factors [2]. However, cultivated peanut
is an allotetraploid species that shows very low genetic variability through artificial selection over
many decades [3]. Furthermore, peanut crop improvement should start with the formation of new
germplasm that may then be used as source of highly desirable, outstanding performance traits.

Induced mutagenesis is one of the most important approaches for broadening crop genetic
variability to overcome the limitations associated with a narrow genetic basis [4]. Induced mutants
not only serve as an important functional genomics tool, but additionally, as intermediate material
in crop breeding [5-8]. Thus, induced mutagenesis have also been used in peanut [9-11] to generate
mutants for high-oleate content [12-15], color of the testa [16], photosynthetic activity [17], salinity
resistance [18] and resistance to biotic stress [19], and pod development [20]. Among available
mutagens, ethyl methyl sulfonate (EMS) is a potent and popular chemical mutagen that has been
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effectively used to induce a high-density of random irreversible point mutations uniformly distributed
in the genome [21,22]. The EMS induces single nucleotide changes by alkylation of specific nucleotides,
resulting in a high frequency of single nucleotide polymorphisms (SNPs) and insertion/deletions
(InDels) in the genic sequences and coding sequence (CDS) region, which is considered as an excellent
resource for targeting induced local lesions in genomes (TILLING) [23,24]. However, few studies have
reported a mutant peanut variety library constructed by an optimal EMS treatment, because mutagenic
efficiency depends on many different factors including, EMS concentration, treatment duration, peanut
genotype, temperature, etc., [25,26]. To further improve the mutagenesis protocol for peanut, in this
study, two different peanut genotypes were treated with different EMS concentrations for different time
periods to optimize EMS treatment and identify stably-inherited mutations to improve peanut varieties.

2. Materials and Methods

2.1. Plant Materials

Two different A. hypogaea cultivars, namely, ‘Huayu 22" (HY22) and “Yueyou 45’ (YY45), from
North and South China, respectively, were used in this study. HY22 belongs to the common larger-sized
kernel varieties with high quality and yield potential [27]. On the other hand, YY45 belongs to the
Spanish type of peanut with smaller-sized kernels with high resistance to rust, leaf spot and bacterial
wilt [28], used predominantly for peanut candy, salted peanuts, and peanut butter.

2.2. EMS Treatment

Sixteen treatments were tested at 25 °C, which consisted of four EMS (Sigma, St Louis, USA)
concentrations (0.3%, 0.6%, 0.9% and 1.2%), each combined with four treatment duration times (1, 3, 5,
and 7 h). Seeds soaked in 0.1 M phosphate buffer (pH 7.0) were used as the control treatment. Fifty
seeds of each, HY22 and YY45, were subjected to each combination treatment and the control treatment.
There are two replications for each treatment. Treated and control seeds were then thoroughly washed
under running water for 3 h and transferred to pots filling wet sand and placed in an incubator for
germination at 25 °C in the dark until radical emergence [29,30].

2.3. Generating Mutant Populations

All germinated and non-germinated seeds were sown in the field. The size of individual plots
was 1.6 X 1.6 m. Planting distance between and within rows was 20 cm. Standard cultural practices
were carried out thereafter. The experiment was laid in a complete randomized-block design at the
Experimental Station of South China Agricultural University in Guangzhou (23°5’ N, 113°23’ E),
Guangdong, China. M1 plants were self-pollinated to create M2 families. M2 seeds were harvested from
349 and 374 surviving M1 plants of HY22 and YY45, respectively. In the spring of 2019, 20 seeds from
each M2 family were planted to grow an M3 generation, again, in a complete randomized-block design.

2.4. Phenotype

Mutants were detected by visual observation of the plants during the whole plant growing cycle
in each generation. Visual phenotypic variation in growth performance and leaf morphology were
recorded and photographs were taken to document the comparison between mutants and their control.
After harvest, plant height, number of branches and total pod number per mutant or control were
recorded. Pods were harvested from the parent plants and then dried. Total pod number (TPN) per
plant was counted. The weight of twenty full pods of each plant was determined. After removal of
pod shells, the weight of twenty full seeds sampled from each plant was determined. The 100-pod
weight (HPW) and 100-kernel weight (HKW) were calculated as five times the weight of twenty full
pods and twenty full seeds, respectively. Oil and protein from clean seeds were measured using a
near-infrared reflectance (NIR) analyzer (DA 7250, Perten Instruments, Inc., Springfield, IL, United
States) by the methods reported previously [31].
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2.5. Statistical Analysis

All obtained data from the M1 generations were subjected to analysis of variance (ANOVA) using
SPSS 16.0 software (SPSS, Chicago, IL, USA). The analyzed data were presented as means (+5D) of
two replicates.

3. Results

3.1. Germination Rate and LD50 in the M1 Generation

Field germination rates of HY22 and YY45 in generation M1 were surveyed at 10 d after sowing.
Figure 1 showed that there were 8 and 10 lethal treatments for HY22 (0.6% EMS for 5 or 7 h, 0.9% for 3,
5,0r 7 h,and 1.2% EMS for 3, 5, or 7 h) and YY45 (0.6% and 0.9% EMS for 3, 5, or 7 h, and 1.2% for 1, 3,
5, or 7 h), respectively. Except those lethal treatments, the germination rates of the other EMS-treated
seeds of both genotypes were significantly (p < 0.05) reduced by EMS treatment, except 0.3% EMS for 1
h in YY45, compared to the corresponding control (i.e., 79% for HY22 and 87% for YY45) (Figure 1).
Moreover, under the same EMS concentration, different changes of germination rates were observed in
different durations of both genotypes. In HY22, for 0.3% EMS concentration, no significant difference
was found among durations of 1, 3, 5 h or 5, 7 h. However, significant difference was showed between
1, 3, and 7 h. For 0.6% EMS concentration, there was no significant difference between 1 h and 3 h. In
YY45, for 0.3% EMS concentration, no significant difference was found between the durations of 1, 3 h
and 5, 7 h. However, significant differences were showed between1and 5h, 1 and 7h, 3 and 5 h, and 3
and 7 h. In addition, the germination rates of EMS-treated YY45 seeds were higher than those of HY22
under 0.3% EMS for 1, 3, 5, or 7 h, and under 0.6% EMS for 1 h.
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Figure 1. The germination rate of M1 generation HY22 and YY45 induced by different ethyl methyl
sulfonate (EMS) treatments. (A) Germination rate of ‘Huayu 22" (HY22) induced by different EMS
treatment; (B) Germination rate of “Yueyou 45’ (YY45) induced by different EMS treatment. Note: Mean
values within different EMS concentration followed by lower cases are significantly different at p < 0.05.
Mean values within different duration followed by upper cases are significantly different at p < 0.05.

The median lethal dose (LD50) is usually used as a critical parameter for chemically induced
mutagenesis. The LD50 values for mutagenesis of peanut with different EMS concentrations for each
duration were estimated through linear regression based on lethal rate (Figure 2). Based on the lethal
rate of HY22, LD50 values were calculated 0.51%, 1.41%, 0.27% and 0.19% for durations of 1, 3, 5 and
7 h, respectively. For YY45, LD50 values were estimated 0.63%, 0.40%, 0.33% and 0.31% for durations
of 1, 3,5 and 7 h, respectively (Figure 2, Supplementary Table S1). The data showed that the LD50 of
HY22 were lower than those of YY45 for 1, 5 and 7 h, whereas it is converse for 3 h.
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Figure 2. Median lethal dose (LD50) values of HY22 and YY45 with different EMS treatments.
3.2. Plant Height and Branch Number in Population M2

In order to analyze the agronomic traits in peanut, plant height and number of branches were
recorded after harvest. For plant height, the peak of frequency (number of M2 families) in M2
populations of HY22 and YY45, were 25.49% (78) and 31.77% (115) at the groups of 40-44.99 cm and
35-39.99 cm, while the average value among HY22 and YY45 control plants was 43.4 and 38.5 cm,
respectively. In M2 populations of HY22, the groups of 0-39.99 cm and 45-89.99 cm accounted for
27.78% (85) and 46.73% (143), respectively. As for YY45, the groups of 0-34.99 cm and 40-89.99 cm
accounted for 24.03% (87) and 44.20% (160), respectively (Figure 3A).
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Figure 3. Frequency and number distribution of agronomic traits of M2 generation of HY22 and YY45
induced by EMS treatments. (A) Plant height; (B) Number of branches.

For the number of branches, the average of number of branches in HY22 and YY45 plants were
8.5 and 7.4, respectively (Figure 3B). The peak of frequency (number of M2 families) in M2 populations
of HY22 and YY45, were 39.80% (123) and 41.16% (149) at the groups of 5.0-6.9 and 7.0-8.9. Except for
groups including the control plants, there were 46.28% (143) families in the less-branches group and
21.04% (65) families in the more-branches group among HY22 plants in the M2 generation, whereas
42.26% (152) less-branches families and 16.57% (60) more-branches families were observed among
YY45 plants of the same generation.

3.3. Plant Yield in the M2 Generation

In order to explore the effect of EMS treatment on yield, total pod number (TPN), hundred-pod
weight (HPW) and hundred-kernel weight (HKW) per plant were studied in generation M2.

For TPN per plant, the peaks both appeared at the group of 10.0-14.9. TPN of 85.16% (264) of
HY?22 families were decreased, compared to the control (TPN: 24.9). Only 4.52% (14) of families were
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increased (Figure 4A). TPN in 45 YY45 M2 families was lower than that in the control (TPN: 11.4),
accounting for 12.43%. TPN in 168 YY45 M2 families was higher than that in the control, accounting
for 46.41% (Figure 4A).
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Figure 4. Frequency and number distribution of yield traits of M2 generation of HY22 and YY45
induced by EMS treatments. (A) Total pod number per plant; (B) Hundred pod weight; (C) Hundred
kernel weight.

For HPW per plant, we observed the peak at the groups of 90-99.9 g and 100-109.99 g among the
M2 generation of HY22 and YY45, whereas HPW of HY22 and YY45 control plants were 159 and 156 g,
respectively. In the mutant populations of HY22 and YY45, HPW of 249 and 325 families, respectively,
decreased compared to the corresponding control, and accounted for 98.42% and 98.19%, of the
corresponding values, respectively. The data showed that HFW in M2 families of the two genotypes
decreased relative to the corresponding WT (Figure 4B). For HKW per plant, the peaks of HY22 and
YY45 appeared at the groups of 35-39.9 g and 40-44.9 g, which were lower than mean value in HY22
control plants (61 g) and YY45 (54 g). Similarly, in mutant populations of HY22 and YY45, HKW of 242
and 273 families, respectively, decreased compared to the corresponding control, and accounted for
92.72% and 81.98%, of the corresponding values, respectively (Figure 4C). Thus, it was verified that
HKW in M2 families of the two genotypes decreased compared to the corresponding control.

3.4. Seed Quality in Plants of Generation M2

Data in Figure 5A show that the peak of oil content (OC) at the group of 50-51.99 in the M2
population of HY22, accounting for 29.27%, was lower than the HY22 control plants (mean OC: 55.57%).
Compared with the control, low and high OC were observed in 256 (89.20) and 11 (3.81%) M2 families,
respectively. In the M2 population of YY45, the peak appeared at the group of 48-49.99, accounting for
32.54%, which was lower than the control plants (mean OC: 51.16%). On the other hand, 237 (70.12%)
and 44 (13.02%) M2 families had low and high OC compared to the control YY45 (Figure 5A). The data
showed that OC in the mutant population of the two genotypes were decreased compared to their
corresponding control.

It was found that the peak of protein content (PC) appeared at the group of 24-24.99 and 25-25.99
in the M2 population of HY22 and YY45, whereas PC of their control plants was 23.1% and 23.5%,
respectively. In total, 164 and 65 families of HY22 had higher and lower PC than the control, accounting
for 57.14% and 22.65%, respectively. Meanwhile, high PC was observed in 244 (73.05) M2 families of
YY45, while lower PC was observed in 41 (12.28%) families (Figure 5B).
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Figure 5. Frequency distribution of seed quality of M2 generation of HY22 and YY45 induced by EMS
treatments. (A) Oil content; (B) Protein content.

3.5. Mutants

We identified several important mutations in the M2 generation that were stably inherited to
the M3 generation. These included dwarfism, leaf color and shape, high oil and/or protein, seed size,
and color of testa mutants.

3.5.1. Dwarf Mutants

Two mutants, HY-53 and HY-67, were dwarfs with height of 22.9 and 35.0 cm, and smaller leaves
than those of the control. These traits were stably inherited in the M3 generation (Figure 6A,B).

Mutant YY-18 was a dwarf with height of 21.0 cm, smaller and darker-green leaves than control YY45
(Figure 6C).

Figure 6. Mutants with dwarf and small-size leaves of HY22 and YY45. (A and B) Mutants of HY22;
(C) Mutants of YY45. Red arrows indicate the corresponding control.

3.5.2. Leaf Color and Shape Mutants

We found nine leaf-shape mutants among HY22 plants of the M2 generation, including two
large-leaf, four small-leaf, and two slender-leaf mutants and one wrinkled-leaf mutant. There were 13
leaf-color mutants: yellow (Figure 7A), dark-green, and pale-green (Figure 7B) observed in five, four,
and one mutant, respectively; one more mutant had the leaves with a chlorine-like color in the veins
(Figure 7C), while two more mutants showed mosaic leaves (Figure 7D,E).

There were five leaf-shape mutants in YY45 plants of the M2, including four small-leaf mutants
and one rolled-leaf mutants. Additionally, we found nine leaf-color mutants; one yellow-leaf, three

dark-green-leaf and one pale-green-leaf mutant (Figure 7F); lastly, there were four rolled-leaf mutants
(Figure 7G).
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Figure 7. Mutants of leaf color of HY22 and YY45. (A-E) Mutants of yellow, pale green, veinal chlorine
and mosaic leaves of HY22; (F,G) Mutants of mosaic and pale green leaves of YY45. Red arrow indicates
the corresponding control.

3.5.3. High oil and/or Protein Mutants

Table 1 showed there were one high-oil dwarf mutant, six high-protein dwarf mutants, and one
high-protein yellow-leaf mutant among HY22 individuals in population M2. On the other hand, we
observed one high-oil, small-leaf mutant, two high-oil, high-protein, dwarf mutants, two high-protein
dwarf mutants, and one high-protein large-leaf mutant among YY45 plants in population M2.

Table 1. Mutants related to high oil and/or protein of HY22 and YY45 induced by EMS treatment.

Oil Content Protein Plant
Mutant ID Phenotype %) Content (%)  Height (cm)

HY93 High oil Dwarf 64.58 23.67 30.6

HY100 High protein Dwarf 51.82 32.95 34.2

HY104 High protein Dwarf 40.33 30.06 36.7

HY22 HY106 High protein Dwarf 44.68 31.77 37.1
mutants HY123 High protein Dwarf 44.96 32.03 30.3
HY125 High protein Dwarf 50.20 32.40 34.3

HY126 High protein Dwarf 47.06 3213 35.0

HY131 High protein Yellow leaves 45.01 30.72 40.2

YY37 High oil Small leaves 59.70 21.06 45.0

YY38 High oil and protein Dwarf 61.93 32.42 32.0

YY45 YY47 High oil and protein Dwarf 61.17 30.12 25.6
mutants YY62 High protein Dwarf 44.86 30.66 34.8
YY64 High protein Dwarf 51.79 30.07 27.0

YY66 High protein Big leaves 45.74 30.54 41.9

3.5.4. Seed Size and Testa Color Mutants

The mutant in Figure 8B is shorter than the HY22 control (Figure 8A). The seed testa in the mutant
in Figure 8C became wrinkled and its red color more intense than that of the control. Cracks were
observed on the testa of the mutant in Figure 8E compared to the YY45 control (Figure 8D).
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Figure 8. Seeds of mutants and their corresponding control. (A) The control HY22; (B,C) Mutants of
HY22; (D) The control YY45; (E) Mutants of YY45.

4. Discussion

4.1. Optimal Treatment Conditions Based on LD50

Highly efficient mutagenesis is essential in mutagenesis-based breeding programs. Successful
EMS-mediated mutagenesis depends on many factors, such as EMS concentration, treatment duration,
and temperature, and others [4,32-34]. In the previous studies, several peanut genotypes, including
Silihong, Baisha 1016 and Jinhua 8, were treated with different conditions. Then, researchers simply
selected as optimal EMS treatment conditions closest to 50% of germination rate. However, few
researchers have reported an analysis to determine proper EMS treatment conditions through linear
regression for different peanut genotypes. In order to optimize EMS treatment conditions reasonably
and correctly, here, we compared sixteen different treatments comprising four EMS concentrations and
four treatment durations on two different peanut genotypes, HY22 and YY45. LD50 value for each
duration was calculated based on lethal rate, which is as the optimal treatment conditions for each of
the two genotypes studied.

Our results showed that EMS LD50 values for 1, 5 and 7 h in YY45 were higher than those
in HY22, suggesting that the former is more resistant to EMS than the latter. Similarly, previous
studies reported that sensitivity to chemical mutagens differs with genotype [35,36]. In addition,
our results showed that 100-pod weight and 100-kernel weight decreased in the M2 population of
both genotypes, as compared to the corresponding control. We inferred that this may be attributed
to different physiological and biological processes related to yield, including enzyme activity and
hormonal balance [37,38]. Furthermore, the toxic nature of the mutagen may reportedly damage cell
constituents at the molecular level or alter enzyme activity [39,40].

In previous research, it is verified that polyploid species are tolerant to high densities of induced
mutations compared to diploids [41], which supports the hypothesis that loss-of-function mutations in
polyploids are masked by genetic redundancy among homoeologs [42]. Such redundancy reduces the
probability of selection of favorable mutations induced by EMS [43], mainly producing point mutations
(G to A and C to T) in many crop species [44]. Peanut (AABB) is a tetraploid crop with very similar A
and B sub-genomes, which frequenctly have more than 98% DNA identify between corresponding
genes [43]. In this study, we inferred that many potentially useful induced mutants were likely masked
by functional redundancy among homeologs in the mutant population of both genotypes. TILLING
(targeting induced local lesions in genome) approach provides a relatively simple strategy to identify
mutants in a target sequence independently of its phenotypic effect [45]. Combined with the exome
capture technique, which is a smaller, specific portion of a plant genome that can be captured for
resequencing [46], the protein coding regions could be captured to discover SNPs [47] and catalog
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induced mutations [8,48]. These mutations can be combined to study gene function and to reveal
previously hidden phenotypic variation [42].

4.2. Potentially Useful Mutants Associated Important Traits

Dwarf and chlorotic mutants are the most readily visible, usual mutant types. Dwarf mutants
in peanut can provide useful insights for understanding the regulatory mechanisms of plant growth
and development, whereby they can be of great assistance in breeding programs. In our study,
several dwarf mutants were observed. Previous studies suggested that dwarfism might be due
to abnormal biosynthesis of indole acetic acid (IAA), gibberellin (GA), brassinosteroid (BR) or
strigolactones (SL) [49-55]. For example, the tryptophan-deficient dwarfl (tdd1) rice mutant, which is
embryonic-lethal because of a failure to develop most organs during embryogenesis, is caused by TDD1,
which encodes a protein that functions upstream of Trp-dependent IAA biosynthesis [52]. Similarly, a
rice GA-insensitive dwarf mutant showed a severe dwarf phenotype containing high concentrations of
endogenous GA [56]. Furthermore, the Arabidopsis dwarf mutant, shrink1-D (shk1-D), is produced by
the activation of the CYP72C1 gene, which is a member of the cytochrome P450 monooxygenase gene
family that regulates BR inactivation [57]. In turn, dwarf mutant dwarf11 (d11) rice bearing seeds of
reduced length are controlled by the D11 gene encoding a novel cytochrome P450 (CYP724B1), which
showed homology to enzymes involved in BR biosynthesis [58]. Lastly, mutant dwarf 53 (d53) rice
controlled by the D53 gene encoding a substrate of the SCFD3 ubiquitination complex that functions as
a repressor of SL signaling [59].

Several types of chlorosis, such as yellow, pale-green and vein-chlorosis, were identified in this
study. In agreement with our results, previous studies found that a significant change in chlorophyll
development always resulted in the variation of leaf color [60-63]. For example, chlorotic mutants
defective in ChlH, ChID or Chll encoding the Mg-chelatase subunits have been identified in Arabidopsis,
rice, barley, and tea [64-68]. The loss of chlorophyll resulted from either a reduction or an excess
accumulation of ChlI [69]. In addition to genes encoding Mg-chelatase, other genes related to chlorotic
leaves have also been identified, which influence the biosynthesis of chlorophyll and alter chlorophyll
content. Firstly, OsYGL], encoding a chlorophyll synthase responsible for catalyzing the esterification
of chlorophyllide, was identified from a rice yellow-green leafl mutant that showed yellow-green
leaves in young plants with reduced Chl synthesis, increased level of tetrapyrrole intermediates, and
delayed chloroplast development [70]. Secondly, the ylc1 mutant showed reduced levels of Chl and
lutein in young leaves compared to those of the control and turned green gradually, approaching
normal green at maximum tillering stage, which was controlled by the chloroplast-localized gene,
OsYLC1, whose protein is involved in Chl and lutein accumulation and chloroplast development
during early leaf development in rice [71]. Similarly, in this study, the Chl-deficient mutant in Figure 7A
showed completely etiolated newly grown leaves, light-green on middle leaves and regular green on
the bottom part at seedling stage, a pattern that warrants further study.

Three more mutant types associated with seed quality, including high-protein/dwarf,
high-oil/dwarf, and high-oil/large-leaf mutant, were observed in our study (Table 1). A previous study
showed that gene FAD2 regulated high oleic-acid synthesis in peanut [14,72,73]. However, to date,
only a few studies related to peanut seed-protein content have been reported. Mutations conferring
different phenotypic variations are important for the functional analysis of corresponding genes; in
addition, they offer an alternative plant material that peanut breeding programs can work with towards
crop improvement for desirable traits. Therefore, in our future work, novel phenotypes resulting
in phenotypic variation could be characterized using a combination of whole-genome resequencing,
linkage maps and RNA-seq, providing a comprehensive picture of gene expression changes and newly
introduced SNPs compared to wild-type, based on the reference genome of peanut. Once the gene
function was identified in a mutant population by TILLING or separated population by genetic maps,
the gene can be introgressed into breeding lines lacking that gene through crosses by the help of visible,
biochemical, or molecular markers, i.e., molecular marker-assisted selection (MAS).
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5. Conclusions

Based on LD50, here, we inferred the optimal EMS treatment conditions that will benefit future
mutagenic research in peanut. Further, the effects of EMS treatment on growth, yield, oil, and seed
quality were analyzed. Meanwhile, several mutants related to dwarfism, chlorosis, high oil and/or
protein content, seed size and testa color were obtained. Our findings highlight the potential of
EMS-induced mutant lines of HY22 and YY45; furthermore, the mutant lines selected in this study
may be used as germplasm resources and breeding materials in peanut breeding programs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/5/655/s1.
Table S1: LD50 calculation based on the lethal rate with different EMS treatments.
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Abstract: Mutation breeding is useful for improving agronomic characteristics of various crops.
In this study, we conducted a genetic diversity and association analysis of soybean mutants to assess
elite mutant lines. On the basis of phenotypic traits, we chose 208 soybean mutants as a mutant
diversity pool (MDP). We then investigated the genetic diversity and inter-relationships of these MDP
lines using target region amplification polymorphism (TRAP) markers. Among the different TRAP
primer combinations, polymorphism levels and polymorphism information content (PIC) values
averaged 59.71% and 0.15, respectively. Dendrogram and population structure analyses divided
the MDP lines into four major groups. According to an analysis of molecular variance (AMOVA),
the percentage of inter-population variation among mutants was 11.320 (20.6%), whereas mutant
intra-population variation ranged from 0.231 (0.4%) to 14.324 (26.1%). Overall, intra-population
genetic similarity was higher than that of inter-populations. In an analysis of the association between
TRAP markers and agronomic traits using three different statistical approaches based on the single
factor analysis (SFA), the Q general linear model (GLM), and the mixed linear model (Q+K MLM),
we detected six significant marker—trait associations involving five phenotypic traits. Our results
suggest that the MDP has great potential for soybean genetic resources and that TRAP markers are
useful for the selection of soybean mutants for soybean mutation breeding.

Keywords: mutation breeding; soybean; mutant diversity pool (MDP); TRAP markers;
association analysis

1. Introduction

Soybeans (Glycine max L.), used for food, livestock feed, and biofuel, is one of the most important
agricultural crops worldwide. Soybeans are consumed directly by humans, especially in many Asian
countries, in the form of traditional food products such as tofu, soy flour, and soymilk [1,2]. Soybean
seeds are composed of 40%—42% protein, 18%-22% oil (85% unsaturated and 15% saturated fatty acids),
28% carbohydrates, and abundant quantities of other nutrients, such as phosphorus, calcium, iron,
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lysine, and vitamins A, B, and D [3]. In addition, soybeans play an important role in crop diversification
and improve other crops through its addition of nitrogen to the soil during crop rotation [4].

Because the rate of spontaneous mutations in higher plants is quite low (1075 to 1078) [5], physical
and chemical mutagens can be used to induce mutations in cultivated plants [6]. Gamma radiation is a
very effective tool to induce genetic variation in many plant characters, with the resulting changes
dependent on the irradiation dose. Various plant organisms, such as seeds, pollen, whole plants, and
embryoid bodies, can be irradiated [7]. Because gamma rays can also cause various types of DNA
damage, including single- or double-strand breaks and substitutions [8,9], agronomic traits, such as
flowering, maturation date, seed coat color, chloroplast number, and biomass yield, are frequently
altered in soybean [10,11]. At present, 3200 mutant varieties of more than 210 plant species have
been produced for commercial use. Approximately 170 mutant varieties of soybean, the second-most
registered species after rice, are found in the FAO/IAEA Mutant Variety Database (http://mvd.iaea.org).

The use of molecular marker-based techniques in genetic studies, such as estimation of genetic
diversity and population structure, has advanced remarkably in recent years. Among the different types
of DNA markers, restriction fragment length polymorphisms (RFLPs), random amplified polymorphic
DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), and inter-simple sequence repeats
(ISSRs) have been extensively used in soybeans, each with their own advantages and limitations [12].
In addition, SNPs, which are widely distributed throughout genomes in both non-coding and coding
regions, constitute the most abundant molecular markers recently used in plant genetic breeding [13],
but their development is time-consuming and costly. The target region amplification polymorphism
(TRAP) is a relatively new, simple, polymerase chain reaction (PCR)-based marker system that takes
advantage of the available EST database sequence information to generate polymorphic markers
targeting candidate gene [14]. Essentially, it derives an 18-mer primer from the EST sequence and
pairs it with an arbitrary primer that targets the intron and/or exon region (AT- or GC-rich core).
Because it can be used to generate markers for specific gene sequences, the TRAP technique is useful
for genotyping germplasm and generating markers associated with desirable crop agronomic traits
for marker-assisted breeding [15]. In recent years, the TRAP marker technique has been applied for
genetic diversity analyses [16,17] and genetic mapping [18]. In addition, Im et al. [19] have developed
a transposable element-based TRAP (TE-TRAP) marker system that is reportedly suitable for the
mutation breeding of sorghum. Although TRAP markers have most commonly been used for genetic
mapping and phylogenetic studies, they have also recently been applied to detect DNA mutations [20].

Rapid advances in the field of molecular biology and its allied sciences have led to the routine
use of molecular markers, thereby providing plant breeders with a precise genetic-diversity analysis
tool for plant improvement [21,22]. A combined molecular and morphological analysis is one of the
most widely used approaches for the estimation of genetic distances within a group of genotypes,
and molecular markers serve as an excellent tool for obtaining genetic information. Molecular markers
are also of great value to plant breeders for assessment of genetic divergence among genotypes for
various agronomic traits [23]. Another recent strategy for analyzing agronomic traits, association
analysis based on molecular-marker linkage disequilibrium (LD), can reduce experimental time and
costs. Association analysis has therefore been widely applied to study a variety of crops, such as
rice [24], maize [25], and soybeans [26].

In this study, we constructed 208 mutant diversity pool (MDP) lines based on agronomic traits
and investigated their genetic diversity and relationships using TRAP markers. Finally, we performed
an association analysis between agronomic traits and polymorphic TRAP amplicons.

2. Materials and Methods

2.1. Plant Materials and Phenotypic Evaluation

A total of 1000 seeds each of one soybean landraces, KAS360-22, and six representative Korean
soybean cultivars [27], 94Seori, BangSa (BS), PalDal (P), DanBaek (DB), DaePung (DP), and HwangKeum
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(HK), were irradiated with 250 Gy of gamma rays using a ®*°Co gamma-irradiator (150 TBq capacity;
ACEL, Ottawa, ON, Canada) at the Korea Atomic Energy Research Institute in 2008. The irradiated
M; and control (non-irradiated) seeds were immediately sown in the research field of the Advanced
Radiation Technology Institute. To construct MDP lines, we sowed 1000 irradiated seeds of each
of the seven soybean cultivars and harvested a total of 1695 M., individual seeds, only excluding
those exhibiting growth aberrations, such as stunted growth, pollen sterility, and no germination due
to the degree of radiosensitivity (Figure 1). Next, we generated 1695 individual gamma-irradiated
mutants during M;-Mj5 generations by single-seed descent and then continued as bulks until M1,
generation. In a first selection phase, we selected 523 mutant lines from the M5 generation that
possessed at least 30% superior agricultural characteristics related to various environmental factors,
such as grain yield, growth type, and climate adaptability. In a second selection phase, we investigated
the morphological phenotypes of the 523 mutant lines in the M, generation to eliminate redundant
phenotypes. Overall, we selected 208 genetically fixed mutant lines (201 mutants with their wild types),
which we designated as the mutant diversity pool (MDP), and assessed the following four agronomic
traits: days of flowering (DF), maturation date (MD), seed index (SI), node number (NN), and the
following seven morphological traits: growth type (GT), flower color (FC), seed coat color (SCC), seed
hilum color (SHC), stem anthocyanin (SA), plant height (PH), and ramification number (RN).

Mutant from Seoritae Mutant from CB27 EIf/SS74185* ongsan (Touzan) 69/D76-8070* Remarks

Collected 7
cultivars
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Figure 1. Schematic illustration of the breeding of M;—-Mj, generations of 208 soybean mutant diversity
pool (MDP) lines. * Information of cultivars was described in Lee et al. [27]

2.2. DNA Extraction

The control and treated seeds of the 208 genetically fixed mutant lines were immediately sown in
50-cell (5 x 10) vegetable nursery trays containing bio-bed soil (Dongbu Farm Hannong, Gimje, Korea)
and then incubated in a greenhouse at 20 + 5 °C under natural light for 1 month. Fresh leaf tissue from
seedlings of each mutant line was collected and subjected to total genomic DNA extraction using a
DNeasy 96 Plant kit (Qiagen, Leipzig, Germany) following the manufacturer’s protocol. The extracted
DNAs were stored at —20 °C until use. For PCR analysis, DNA concentrations were determined using
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific., Waltham, MA, USA) were and
then adjusted to 10 ng/pl.

2.3. TRAP Analysis

Four fixed primers and four arbitrary primers were used to generate TRAP markers (Table 1).
All four arbitrary primers and one of the fixed primers were designed from other studies of monocot
plants [14,16]. The three other fixed primers (with "MIR’ prefixes) were designed based on Arabidopsis
thaliana microRNA sequences [28] using the Primer3 program (http://frodo.wi.mit.edu/primer3/). PCR
amplifications with 16 primer combinations were carried out on all DNA samples according to the
protocol of Hu et al. [29] with slight modification. Briefly, reactions were performed in 20-ul volumes
containing 2 ul genomic DNA (10 ng/ul), 1 pl fixed primer (10 pmol/ul), 1 ul of each arbitrary primer
(10 pmol/ul), 0.8 pl of dNTPs (2.5 mM), 2.0 ul 10 x PCR buffer, and 0.3 pl Phoenix Tag DNA polymerase
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(5 U/ul; cat no. Phoenix2013). DNA amplification was performed in a thermocycler (G Storm, UK)
according to the following program: initial denaturation at 94 °C for 2 min, followed by 5 cycles of 94
°Cfor45s, 35 °C for 45 s, and 72 °C for 60 s, then 35 cycles of 94 °C for 45 s, 53 °C for 45 s, and 72 °C
for 60 s, and a final extension at 72 °C for 7 min. The amplified products were analyzed separately
using a fragment analyzer automated capillary electrophoresis instrument (FA; Advanced Analytical
Technologies, Ankeny, USA), and the collected images were scored manually.

Table 1. List of soybean target region amplification polymorphism- (TRAP) marker primers.

Primer name Sequence (5"-3")
Fixed primers
B14G14B AAT CTC AAG GAC AAA AGG
MIR 156A GAT CTC TTT GGC CTG TC
MIR 157B GAT CAT TGT CCA GAT TC
MIR 159A GAT CCT TGG TTC TTT GG
Arbitrary primers
Sa4 TTA CCT TGG TCA TAC AAC ATT
Sal2 TTC TAG GTA ATC CAACAACA
Ga3 TCA TCT CAA ACC ATC TAC AC
Ga5 GGA ACC AAA CAC ATG AAG A

2.4. Data Analysis

TRAP marker alleles were scored as binary data, with ‘0’ indicating the absence of a given allele and
‘1" indicating its presence. The binary data were entered into a Microsoft Excel spreadsheet, and genetic
similarities were computed. Using the 0/1-matrix, we calculated gene diversity, percent polymorphism,
polymorphism information content (PIC), and genetic distance with the genetic analysis package
PowerMarker. A dendrogram was constructed according to the unweighted pair group method with
arithmetic mean (UPGMA) algorithm based on the Nei distance method in PowerMarker v3.25 as well as
the embedded MEGA?7 program. To analyze population structure, a Bayesian population analysis was
performed in STRUCTURE 2.3.4. A graphical determination of the optimal number of populations (K)
was carried out using STRUCTURE HARVESTER (http://taylor0.biology.ucla.edu/structureHarvester/).
The number of putative populations (K), assumed according to a set of allele frequencies at each locus,
can provide the degree of admixture of mutant lines. Each individual was assigned to one or more
populations based on membership (g) using a Q-matrix derived from STRUCTURE 2.3.4. Ideally, the
average estimated log probability of the data Pr(x|k) should plateau at the most appropriate value of K.
To determine the optimal K, we calculated the average probability of K for values of K =2 — 15 based on
10 Markov chain Monte Carlo runs, each consisting of 10,000 burn-in (initiation) iterations followed by
100,000 iterations under a population admixture model. We then conducted an analysis of molecular
variance (AMOVA) and calculated genetic distances to support the genetic diversity information. An
AMOVA of 999 permutations was completed to assess inter- and intra-population variance (wild type
and mutants) using GenALEx v6.501. Pairwise fixation index (Fst) values were also estimated by
AMOVA. The hypothesis of an association of molecular markers with phenotypic data was tested using
three different methods in the software program TASSEL 4. The first association method, a single factor
analysis (SFA) of variance that does not consider population structure, was performed using each
marker as the independent variable. The mean performance of each allelic class was compared using
the general linear model (GLM) function in TASSEL. Next, a Q GLM method was carried out using
the same software. This method applies population structure detected by STRUCTURE (Q matrix) as
co-factors. To obtain an empirical threshold for marker significance and an experiment-wise P-value,
10,000 permutations of the data were performed. The final marker-trait association test, Q + K MLM,
considers both the kinship matrix and the population structure Q-matrix. The K matrix of pairwise
kinship coefficients for all pairs of lines was calculated from the TRAP data by TASSEL. Basic statistics
and a correlation analysis of agronomic traits were performed using Microsoft Excel and Python v2.7.
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3. Results

3.1. Phenotypic Analysis and Correlation Analysis

A summary of agronomic and morphological traits of the 208 MDP lines is shown in Table 2
and Supplementary Table S1. With respect to growth characteristics, a variety of phenotypes were
observed. DF ranged from 42 (mutant numbers; S87, S88, and S149) to 64 (5138), while MD varied
from 112 (S6) to 150 (S8). In addition, the seed index (SI) ranged from 7.9 (513) to 28.8 (S7) g, and PH
ranged from 23 (514) to 92.2 (S76) cm. NN and RN varied from 8.4 (S14) to 24.6 (S78) and 2.6 (S81)
to 8.8 (512) cm, respectively. As shown in the histogram in Figure 2, the phenotypic values of these
six quantitative traits in the 208 soybean MDP lines followed a Gaussian distribution. The SI was
relatively well distributed, whereas DF and MD had dynamic distributions. Substantial variation was
observed in agronomic traits between mutants and wild types of the 208 MDP lines (Figure 3, Figure S1).
Compared with their wild types, P- and DB-derived mutants possessed a wider distribution of PH and
NN phenotypes, whereas the phenotypes of the six quantitative traits of the HK-derived mutants were
only slightly changed. DB-derived mutants, in particular, had mostly increased values of agronomic
traits, such as DF, SI, PH, NN, and RN, compared with the wild type. In contrast, HK-derived mutants
tended to have reduced values relative to the wild type, albeit only very slightly smaller (Figure 3).
With regards to the five qualitative traits, altered phenotypes, such as changes in growth type and
color-related traits, were confirmed in the MDP lines (Figure S1). The seven wild-type plants exhibited
determinate growth, whereas 46 P-, DB-, and DP-derived mutants were indeterminate. In addition,
changes were observed in color-related traits, including FC, SCC, SHC, and SA. These results indicate
that MDP lines were successfully constructed through multiplex genetic and phenotypic mutation
induced by gamma irradiation. In addition, we calculated the pairwise correlation coefficients of the 11
agronomic traits in the 208 soybean MDP lines. The strongest positive correlations were between PH
and NN (0.912%), GT and NN (0.824%), and GT and PH (0.749%), while the most negative correlations
were those between MD and SI (—0.512*) and between SI and NN (-0.357*) (Table 3).

Table 2. Summary of quantitative trait values in 208 soybean MDP lines.

Agronomic Traits Morphological Traits
Values
Days of Maturity Seed Index (2) Node Plant Ramification
Flowering Days 8 Number (ea)  Height (cm)  Number (ea)
Min 42 112 79 8.4 23.0 2.6
Mean 52.83 133.58 18.06 13.40 4273 4.96
Max 64 150 28.8 24.6 922 8.8
Line No.
. 587, 588,
Min 5149 S6 S13 S14 S14 S81
Max 5138 S8 S7 S78 S76 S12

Min, minimum; max, maximum; Line No., see Supplementary Table S1. Data were investigated in 2019 at the
KAERI research field, Jeongup, Korea. Traits are all means of five biological replicates.

Table 3. Matrix of correlation coefficients between 11 agronomic traits in 208 soybean MDP lines.

DF MD GT FC SCC SHC SI SA PH NN RN
DF (days of flowering) - 0.419* 0.266 * 0.436 * 0.038 0.060 -0.327* 0435* 0.272* 0.323* 0.248 *
MD (Maturity days) - 0.269 * 0.369 * 0.042 0.034 -0.512*  0.491* 0.407 * 0.381* 0.224 *
GT (Growth type) - 0.031 0.129 * 0.237 * 0.308 * 0.117 0.749 * 0.824 * 0.101
FC (Flower color) - 0.301 * 0.280 * 0.369 * 0.685 * 0.058 0.003 0.099
SCC (Seed coat color) - 0.354 * 0.071 0.243 * 0.166 * 0.134 * 0.068
SHC (Seed hilum color) - 0.005 0.197 * 0.241* 0.260 * 0.124*
SI (Seed index) - 0.554* -0.295* -0.357* -0.211*
SA (Stem anthocyanin) - 0.027 0.103 0.009
PH (Plant height) - 0.912* 0.177 *
NN (Node number) - 0.202 *
RN (Ramification
number) B

* Significant at the 0.05 probability level.
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Figure 2. Distribution of agronomic traits among 208 soybean MDP lines. Data are presented for (a) six
quantitative traits (DF, MD, SI, PH, NN, and RN) with gaussian fitting curve and (b) five qualitative
traits (GT, FC, SCC, SHC, and SA).
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3.2. TRAP Marker Polymorphism

A summary of the TRAP markers produced by 16 primer combinations (four fixed forward
primers in combination with arbitrary reverse primers) across all 208 soybean mutants is given in
Table 4. Sixteen primer combinations amplified a total of 551 fragments. The number of amplified
fragments ranged from 25 (for primers MIR157B + Ga5) to 45 (for primers B14G14B + Gab). A total of
551 amplicons were scored, of which 222 (40.29%) were monomorphic alleles and 329 (59.71%) were
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polymorphic. An average of 34.44 amplicons, 20.56 polymorphic, were scored per primer combination.
The highest (84.00%) and lowest (32.35%) polymorphism levels were obtained with primers MIR157B
+ Ga5 and B14G14B + Ga3, respectively. PIC varied among the primer combinations, ranging from 0.07
(B14G14B + Sal2) to 0.23 (MIR157B + Sa4), with a mean value of 0.15.

Table 4. Summary of polymorphism of 16 TRAP marker sets in 208 soybean MDP lines.

Primer Total Number of Polymorphic . o
Combination Fragments Fra}ilgmegts Polymorphism (%) PIC
B14G14B + Sa4 38 23 60.53 0.15
B14G14B + Sal2 38 17 44.74 0.07
B14G14B + Ga3 34 11 32.35 0.08
B14G14B + Gas 45 29 64.44 0.16
MIR156A + Sa4 39 31 79.49 0.16
MIR156A + Sal12 37 22 59.46 0.16
MIR156A + Ga3 35 17 48.57 0.12
MIR156A + Gab 35 25 7143 0.20
MIR157B + Sa4 31 23 60.53 0.23
MIR157B + Sal2 31 19 61.29 0.16
MIR157B + Ga3 30 17 56.67 0.14
MIR157B + Gab 25 21 84.00 0.21
MIR159A + Sa4 36 22 58.33 0.18
MIR159A + Sal2 37 18 48.65 0.10
MIR159A + Ga3 29 15 51.72 0.16
MIR159A + Gab 31 20 64.52 0.16
Total 551 329 B -

Average 34.44 20.56 59.71 0.15

3.3. Genetic Relationships and Population Structure of the 208 MDP Lines

A dendrogram was constructed to clarify genetic relationships of the 208 MDP lines. At a genetic
distance of 0.097, the seven wild-type cultivars and their mutants could be divided into four major
groups (Figure 4). Group I included five mutants with their wild types KAS360-22 and 94seori. Group
II comprised 22 mutants originating from BS and P. Group III was made up of two subgroups: 1ll-a,
which mainly contained DP mutants and their wild type DP as well as some HK mutants, and III-b,
which mainly included HK mutants and HK with a few DP mutants. Group IV was distinct from
the other three groups and consisted of all 64 DB mutants with DB and DP mutants. We performed
a population structure analysis with a predefined number of sub-populations (K) ranging from 2 to
15. The optimal K was determined using an ad-hoc statistic (AK), which was based on the rate of
change in the log probability of the data between successive K-values (Figure S2). According to the
analysis, the optimal K value was 4, which corresponded to a division of the genetic composition into
four groups (Figure 4). Each accession was assigned to single or multiple membership depending on
whether its genotype indicated admixture. The result of this analysis was consistent with the topology
of the dendrogram.
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Figure 4. Dendrogram revealed by unweighted pair group method with arithmetic mean (UPGMA)
cluster analysis and the population structure of 208 soybean MDP lines based on TRAP markers.
* Indicated original cultivars.
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3.4. AMOVA

An AMOVA of the 208 MDP lines based on TRAP markers was performed to analyze the
distribution of inter- (among) and intra- (within) mutant population genetic diversity. According to
the AMOVA, the estimated inter-mutant population variance was 11.320 (20.6%), while approximately
79.4% of the variation in all variance positions was attributed to intra-mutant population variance.
These results indicate that the majority of the variance was intra-mutant populations. However,
notwithstanding the estimation of variance in each intra-mutant population, the variation of
intra-mutant population was mostly lower than inter-mutant population. The highest percentage
of observed intra-mutant population genetic variation was that of DB populations (26.1%) and the
lowest was intra KAS360-22 populations (0.4%). We also examined genetic differentiation between
soybean MDP lines using Fst data estimated from pairwise comparisons. Fst values varied from 0.065
(KAS360-22 and 94seori) to 0.351 (HK and 94seori), with an average of 0.248 (Table 5).

Table 5. Analysis of molecular variance results and pairwise Fst values estimated from 208 soybean

MDP lines.
Source Est. Var. Percentage of variation (%)
Inter-mutant pops 11.320 20.6
Intra 94Seori pops 0.820 15
Intra KAS360-22 pops 0.231 0.4
Intra BangSa pops 0.866 1.6
Intra PalDal pops 2.765 5.0
Intra DanBaek pops 14.324 26.1
Intra DaePung pops 14.252 26.0
Intra HwangKeum pops 10.342 18.8
Control 94SeoriKAS360-22 BangSa PalDal DanBaek DaePung HwangKeum
94Seori -
KAS360-22 0.065 -
BangSa 0.273 0.243 -
PalDal 0.312 0.270 0.285 -
DanBaek 0.239 0.229 0.222 0.268 -
DaePung 0.276 0.245 0.258 0.226 0.129 -
HwangKeum  0.351 0.343 0.322 0.270 0.254 0.126 -

Significance (p < 0.001) was determined based on 1000 iterations.

3.5. Association Analysis

Associations between 329 polymorphic fragments (16 combinations of TRAP markers) and 11
phenotypic traits of 208 soybean MDP lines were analyzed by three methods: (1) SFA; (2) a structure
association analysis using a general linear model where population membership served as covariates
(Q GLM); and (3) a composite approach in which the average relationship was estimated by kinship
(K) and implemented under a mixed linear model (Q + K MLM). The average level of significance of
each marker-trait association was based on the three different analyses are shown in Table 6. A total of
27 significant (p < 0.001) marker—trait associations (SMTAs) were detected using the three methods.
The 157B + Sa4 primer combination was significantly associated with four phenotypic traits (GT, SA,
PH, and NN), while 156A + Sal2, 156A + Sa4, 157B + Ga5, 157B + Ga3, 159A + Sal2, 159A + Ga5, and
159A + Ga3 were associated with one trait each: FC, PH, FC, PH, SHC, SI, and RN, respectively. The
lowest calculated P-value using SFA was for the association of 157B + Sa12_6 with the FC trait (p = 1.44
% 10712, R = 0.216). Under the Q GLM model, the lowest P-value of a SMTA was that of B14 + Sa4_18
with PH (P = 2.46 x 1078, R?> = 0.119). Under the Q+K MLM model, the lowest SMTA P-value was
observed for the association of B14+Sa4_18 with PH (P = 9.81 x 107, R? = 0.107) (Table 6). Among
the three different analytical approaches (SFA, Q GLM, and Q + K MLM), the highest total number of
SMTAs (626) was detected using SFA, followed by the Q GLM approach (178). The lowest number of
SMTAs (143) was detected using the Q+K MLM approach; this number corresponded to 22.8% and
80.3% of the total number of SMTAs detected with SFA and Q GLM, respectively (Table S2). Six SMTAs
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at p < 0.0001—two for GT (156A + Ga5_16 and 157B + Sa4_4), one for FC (157B + Sal2_6), one for SCC
(157B + Sal12_20), one for PH (B14 + Sa4_18), and one for NN (B14 + Sa4_18)—were revealed by all
three approaches when kinship and/or population structure was considered in this collection.

Table 6. Selection of 27 significant marker—trait associations (SMTA) markers based on three association
analysis approaches.

. a 2 b 2 Q+K 2 Average

Trait Marker SFA R Q GLM R MLM € R p-value
Maturity days B14 + Ga5_28 o 0.073 w* 0.044 * 0.044 *
Growth tvpe 156A + Ga5_16 o 0.116 o 0.101 #x 0.111 o
yP 157B + Sad_4 - 0.125 * 0.102 -+ 0.102 #t
157B + Sal2_6 =+ 0.216 * 0.074 - 0.072 #t
Flower color 156A + Sal2_17 o 0.159 * 0.057 * 0.057 *
157B + Ga5_9 o 0.125 * 0.046 * 0.046 *
Seed coat color  157B + Sal2_20 o 0.083 o 0.083 o 0.086 ot
159A + Sal2_28 * 0.055 * 0.058 * 0.063 *
Seed hilum color ~ 159A + Sa4_33 * 0.111 * 0.058 * 0.057 *
157B + Sal2_20 * 0.066 * 0.053 * 0.056 *
156A + Ga3_7 - 0.082 ** 0.054 * 0.054 #t
Seed ind 159A + Sa4_32 o 0.096 * 0.050 * 0.050 *
ced ndex 156A + Ga3_1 * 0.065 * 0.046 * 0.046 *
159A + Ga5_2 = 0.139 * 0.044 * 0.044 *
Stem _ 157B + Sad_7 ** 0.079 * 0.047 * 0.044 wt

anthocyanin

B14 + Sad_18 o 0.152 * 0.119 o 0.107 wt
B14 + Ga5_30 o 0.173 o 0.069 * 0.059 ot
Plant height 157B + Ga3_10 o 0.135 o 0.062 * 0.052 *
& 157B + Sad_4 =+ 0.072 * 0.053 * 0.051 *
156A + Sad_6 * 0.056 * 0.048 * 0.049 *
156A + Ga5_13 - 0.100 = 0.063 * 0.049 *
B14 + Sad_18 o 0.121 = 0.097 o 0.087 ot
Nod b B14 + Ga5_30 o 0.162 o 0.078 * 0.066 ot
ode number 157B + Sad_4 = 0.083 * 0.062 * 0.055 *
156A + Ga5_16 * 0.074 * 0.046 * 0.054 *
Ramification 159A + Ga3_24 * 0.058 * 0.054 * 0.061 *
number 159A + Sa4_32 o 0.080 = 0.072 * 0.058 *

2 SFA: single factor analysis of variance. ® Q GLM: general linear model using a Q population structure matrix. ¢ Q
+ K MLM: mixed linear model using Q population structure and K kinship matrixes. * p < 0.001, ** p < 0.0001.

4. Discussion

In this study, we constructed an MDP from populations of 1695 gamma-irradiated mutants in two
selection phases over M; to My, generations; first, in the M5 generation, we selected 523 mutant lines
exhibiting at least 30% superior agricultural characteristics, and, second, we eliminated redundant
morphological phenotypes in the M, generation (Figure 1). Finally, we constructed 208 MDP lines
and investigated 11 agronomic traits. Our collection strategy for selecting MDP lines differed in some
respects from the general core-collection method. With the latter approach, a core collection assembled
from an existing collection is chosen to represent the genetic and phenotypic diversity of the larger
collection without overlapping phenotypes [30]. Such an approach has become accepted as an efficient
tool for improving the conservation of many crops [31,32]. In our study, we similarly eliminated
overlapping phenotypes from our collected MDP lines in the second selection phase, but we considered
specific changed agronomic characteristics of individual mutants rather than their representation of
the original populations.

Our examination of agronomic traits in the MDP lines revealed a variety of DE, MD, GT, FC, SA,
PH, NN, and RN phenotypes as well as those related to seed traits, such as SCC, SHC, and SI (Table 2,
Figure 2, Table 51). We also observed changes in phenotypes between MDP lines and their wild types
(Figure 3, Table S3, Figure S1). The FAO/IAEA mutant variety database (MVD, http://mvd.iaea.org)
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includes 174 publicly released soybean mutants. These mutants have various desirable agronomical
and biochemical characteristics, such as an improved maturity date, yield, protein content, fatty acid
content, and changed seed/stem color, with approximately 62% of released mutants mainly selected for
their altered maturity dates and yields. In our phenotypic evaluation of the 208 MDP lines, we detected
a wider variety of changes to the quantitative traits, including SI, PH, NN, and RN (Figure 3), as well
as to the qualitative traits, such as FC, SCC, and SHC (Figure S1). According to our previous study,
in addition, some of DB- and DP-derived mutants in the MDP lines had changed compositions of fatty
acids, including linolenic acid and oleic acid [33]. Given all of these results, our MDP lines may be
useful resources as a genetic diversity pool for soybean breeding.

To investigate genetic relationships among the 208 MDP lines, we evaluated DNA polymorphism
patterns in these lines using TRAP markers. In the rapid, efficient PCR-based TRAP marker
system, expressed sequence tag database information and bioinformatics tools are used to generate
polymorphic markers around targeted candidate gene sequences. Previous studies of lettuce (Lactuca
sativa) [34], sugarcane (Saccharum officinarum) [35], spinach (Spinacia oleracea) [29], geranium (Pelargonium
inquinans) [36], sunflower (Helianthus annuus) [37], and faba beans (Vicia faba) [16] have demonstrated
that TRAP markers are useful for assessing genetic diversity. Using this system in the present study;,
we PCR-amplified 551 fragments with 16 primer combinations and observed considerable variation
in the percentage of polymorphic amplicons among primer pairs—from 32.35% to 84.00% (Table 4).
In a study of faba beans, Kwon et al. [16] obtained 221 amplified fragments with 12 TRAP primer
combinations and observed an average polymorphism rate of 55.2%. In the present study, we observed
a polymorphism level of 59.7% among 551 amplified fragments. In contrast, a study of sugarcane
detected a polymorphism rate of 74% from 925 amplified fragments [17], a level much higher than
in the soybeans (Glycine max) and the faba beans. Compared with the results of previous studies of
soybeans based on ISSR and RAPD techniques [38,39], the use of the TRAP system yielded more DNA
fragments per primer combination. A previous AFLP analysis generated an average of 40 to 50 DNA
fragments per primer pair [40,41], similar to the outcome of our TRAP analysis. The present results
demonstrate that the TRAP marker system is a simple yet powerful technique for estimating soybean
genetic diversity.

To reveal relationships among the 208 MDP lines, we constructed a UPGMA-based dendrogram
using the TRAP marker data. On the basis of genetic distances, the 208 MDP lines clustered into four
groups. An analysis of the population structure based on an ad-hoc statistic (AK) likewise divided
the MDP lines into four groups. These results indicate that four genotype-based sub-populations are
present in the 208 MDP lines (Figure 4) that largely correspond to their wild-type cultivars. As denoted
by different colors, the main membership composition of the four groups and their subgroups is as
follows: Group I including two wild types (94seori, and KAS360-22) possessed 52% red and 46% blue;
Group Il including BS and P was 80% blue; Group Ill-a including DP was 88% yellow; Group III-b
including HK was 71% green; and Group 1V including DB was 90% red. In a previous genetic diversity
analysis based on 20 SSR markers, 91 Korean soybean cultivars were divided into seven groups at a
genetic distance of 0.81. In that study, HK and P were clearly separated, but three cultivars (BS, DB,
and DP) grouped together [42]. Using TRAP markers in the present study, we were able to better
resolve groups of wild-type cultivars. In addition, we performed an AMOVA to separate the total
molecular variance of the mutants into inter- and intra-population components (Table 5) and assessed
their significance using permutational testing procedures. Overall, based on the dendrogram and
population structure, 201 mutant lines grouped with their wild type except 29 (14%) mutant lines,
including 22 DP- and 7 HK-mutants. Nevertheless, these mutant lines also possessed their genetic
membership according to population structure. In AMOVA, all intra-mutant population also showed
lower variation than inter-mutant population except for two populations, DB- and DP-, since DB- and
DP- had most large mutant lines, 64 and 60, respectively. A similar result was described by Lee et
al. [20]. Each of the ten wild types was clustered with their M; generation mutants by gamma radiation
in faba bean. However, the genetic variation of the mutants is not much higher than among cultivars
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or accessions. Although TRAP markers have most commonly been used for genetic mapping and
dendrogram studies, they have also recently been applied to detect DNA mutations. Because of their
many advantages, including simplicity, reliability, moderate throughput, and ease of sequencing of
selected bands, TRAP markers have been used widely in plants. For example, the TRAP system has
been used to study genetic variability induced by gamma ray treatments in sugarcane [43] and sorghum
(Sorghum bicolor) [19]. Lee et al. [20] recently exploited a TRAP marker to estimate the frequency of
mutations induced by gamma rays in an M; generation of faba bean. The 242 amplified fragments
obtained using eight primer combinations had an average polymorphism rate of 66.7%, which is higher
than the percentage in our study because they used early generation. TRAP markers have several
advantages over other types of markers: they are easy to use (like RAPDs), high in polymorphisms
(like AFLPs), and their primers can be readily designed from known sequences of putative genes [44].

In association mapping, false discoveries are a major concern and can be partially attributed to
spurious associations caused by population structure and unequal relatedness among individuals. Two
major approaches, namely, GLM and MLM, are used to study marker-trait associations. The number of
SMTAs detected by GLM is generally much higher than that revealed by MLM [45]. GLM-based studies
of marker-trait associations consider only the Q matrix generated during the study of population
structure. In contrast, MLM simultaneously accounts for both population structure and kinship
(genetic relatedness among individuals) and is hence more reliable. In the present study, the GLM
method (Q) uncovered 178 SMTAs between the 11 phenotypic traits and 27 TRAP markers. Using
the MLM method (Q + K), 143 SMTAs involving 27 TRAP markers were identified (Table 6, Table S2).
These results confirm a previous observation that the number of SMTAs estimated with GLM is higher
than that uncovered with MLM [46,47]. Most interestingly, the three approaches considering kinship
and/or population structure in the MDP collection in this study revealed six SMTAs at p < 0.0001 in all
approach methods. These six SMTAs involved five agronomic traits: GT (2), FC (1), SCC (1), PH (1),
and NN (1).

5. Conclusions

In this study, we successfully constructed soybean MDP lines and compared their agronomic traits.
We also performed the first-ever study of genetic diversity and relationships using the TRAP marker
system in soybean. To examine MDP genetic diversity and relationships, we performed dendrogram,
population structure, and molecular variance analyses based on their TRAP genotypes. Finally, we
uncovered six SMTAs (p < 0.0001) involved with TRAP genotypes and agronomic traits using three
association mapping methods (SFA, Q GLM, and Q + K MLM). Our results can serve as a foundation
for future research on genotype—phenotype interactions in large mutant populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/2/253/s1,
Figure S1: Changes in five qualitative-trait phenotypes of 208 MDP lines; Figure S2: AK values for different
numbers of populations (K) assumed in the STRUCTURE analysis, Table S1: Agronomic characteristics of the
208 soybean MDP lines used in this study; Table S2: Comparison of the number of SMTAs (p < 0.01) based on
three analytical approaches (SFA, Q GLM, and Q + K MLM); Table S3: Comparison of phenotypes and genotypes
among seven original cultivars.
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Abstract: Understanding the genetic background of drought tolerance in common bean (Phaseolus
vulgaris L.) can aid its resilience improvement. However, drought response studies in large seeded
genotypes of Andean origin are insufficient. Here, a novel Andean intra-gene pool genetic linkage
map was created for quantitative trait locus (QTL) mapping of drought-responsive traits in a
recombinant inbred line population from a cross of two cultivars differing in their response to drought.
Single environment and QTL X environment analysis revealed 49 QTLs for physiology, phenology,
and yield-associated traits under control and/or drought conditions. Notable QTLs for days to
flowering (Df1.1 and Df 1.2) were co-localized with a putative QTL for days to pods (Dp1.1) on
linkage group 1, suggesting pleiotropy for genes controlling them. QTLs with stable effects for
number of seeds per pod (Sp2.1) in both seasons and putative water potential QTLs (Wp1.1, Wp5.1)
were detected. Detected QTLs were validated by projection on common bean consensus linkage
map. Drought response-associated QTLs identified in the novel Andean recombinant inbred line
(RIL) population confirmed the potential of Andean germplasm in improving drought tolerance in
common bean. Yield-associated QTLs Sypl.1, Syp1l.2, and Sp2.1 in particular could be useful for
marker-assisted selection for higher yield of Andean common beans.

Keywords: drought stress; common bean; quantitative trait loci (QTLs); physiology; yield; phenology

1. Introduction

Common bean (Phaseolus vulgaris L.) is an important legume crop for human consumption [1].
During the growing season it requires between 300 and 500 mm of rain for optimal development
and production of seed according to its genetic potential [1,2]. Water deficit results in a reduction of
quality and quantity of yield and is problematic especially in drought-endemic regions in developing
countries [2]. Due to ongoing climate changes, traits associated with drought tolerance are being
introduced in many common bean breeding programs in Europe and worldwide [3].

Adaption of plants to drought stress can be a result of drought escape or different drought
tolerance mechanisms. The plant can escape the drought by completing their life cycle before the onset
of severe stress conditions, which is enabled by early maturation and seed development characterized
by increased mobilization of carbon to the seed. Resistance mechanisms include avoiding the drought
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consequences by maintaining high water potential (drought avoidance) or tolerating low water
potential (drought tolerance) [4]. Drought avoidance is facilitated by the maximization of water uptake
by the root system and optimization of water consumption by shoots resulting in greater biomass
production in relation to transpired water [5]. An important characteristic of drought tolerance is
osmotic adjustment with an accumulation of compatible solutes [6].

Common bean originates from two major gene pools, Andean and Mesoamerican, that contain a
great diversity of genotypes from which traits contributing to increased performance under drought
have been identified, including earliness, deep rooting, increased ability to partition dry matter for grain
production, and water use efficiency [5]. Common beans of the Mesoamerican gene pool, belonging
to races Durango and Mesoamerica, are especially known for their superior drought tolerance and
have been used to develop drought-tolerant bean cultivars [7]. Although Andean cultivars with
better performance under drought have been reported in Andean races Nueva Granada and Peru [8],
the reports of their use in breeding are lacking [9]. On the other hand little progress has been achieved
in transferring traits related to drought tolerance across gene pools to large-seeded beans of the
Andean origin.

Consequently, the majority of drought responsive quantitative trait loci (QTLs) mapping studies
were performed on mapping populations where the resistant parent consisted of one of the more
drought-tolerant Mesoamerican cultivars. Inter-genepool crosses enable high coverage of the genetic
map with polymorphic markers between Andean and Mesoamerican genepools and were utilized to
detect phenological and seed mass QTLs associated with drought tolerance [10]. On the other hand
QTLs identified in an intra-genepool population can be easier to transfer to plants within the same gene
pool; however, because of a more similar genetic makeup, the development of genetic linkage maps
is limited by lower numbers of polymorphic markers [11-14]. Mesoamerican mapping population
has been utilized to identify drought tolerance-associated QTL for phenological and yield-related
traits [15], as well as QTL for photosynthate acquisition, accumulation, and remobilization traits in
drought stress [16]. Although Andean genetic maps have previously been utilized to detect QTL
associated with complex traits with polygenic inheritance, such as popping ability [14], only recently
has QTL mapping of drought-responsive traits been reported [9]. In this particular study, a population
derived from drought-tolerant Ecuadorian cultivar Portillo was used for mapping of phenology, yield
component, and partitioning traits in field trials in Uganda [9].

Developing Andean cultivars with enhanced performance under drought conditions and
adaptability to local environments remains a challenge [9]. Andean varieties represent the majority
of common bean germplasm in Europe (67%), are becoming an important staple food on the
international market, and are commonly consumed in parts of Africa [11,17-20]. The potential
of Andean genotypes for improving drought tolerance by selection for yield-associated traits has been
indicated in phenotyping studies examining genotypes from both gene pools under drought and
irrigation conditions [8,21,22]. Perspective cultivars of both gene pools exhibited similar grain yield
potential under watered conditions, as well as no significant changes in canopy biomass in drought
between the genepools. The sensitivity to drought stress of Andean genotypes was attributed to poor
mobilization of photosyntates to pod production resulting in lower yields [22]. However, the same
study identified an Andean genotype with the same level of ability to remobilize the photosyntate
reserves to pod development and grain filling. Although yield-associated traits remain the most
important indicator of genotype performance under drought stress, studies are also directed toward
investigation of physiological parameters such as chlorophyll fluorescence with respect to drought
susceptibility in common bean [23].

For the improvement of Andean genepool to drought tolerance, it will be crucial to explore
drought tolerance alleles and QTLs in additional genotypes of Andean origin in order to identify
alternative sources of drought tolerance and more compatible genetic donors for improvement of
Andean common bean. Therefore, the objectives of this study were (1) to develop a novel stable
Andean common bean recombinant inbred line (RIL) mapping population, (2) to construct an Andean
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intra-gene pool genetic linkage map of common bean based on simple sequence repeat (SSR) and
amplified fragment length polymorphism (AFLP) markers, and (3) to identify QTLs for physiology
traits (leaf water potential and effective quantum yield of photosystem II (PSII), termed in this paper as
@PSII) under drought and control conditions, as well as QTL for phenology traits (days to flowering,
days to pods) and yield traits (pods per plant, seed per pod, seed yield per plant, 100 seed mass,
and pod harvest index) under drought conditions in two consecutive seasons.

2. Materials and Methods

2.1. Plant Material

A common bean RIL population consisting of 82 lines resulting from Andean intra-gene pool
cross of “Tiber” x ‘Starozagorski ¢ern” was used in this study. The population was developed by
hand pollination of parental genotypes to develop initial F1 hybrids, and single seed descent method
was used to generate F, to Fg generations. ‘Tiber’ (Clause Semences, France) is a cultivar that
exhibits more drought tolerance in comparison to ‘Starozagorski ¢ern’ (Semenarna Ljubljana, Ljubljana,
Slovenia) [24,25].

2.2. Greenhouse Experiments

For the evaluation of drought tolerance-associated traits in parental genotypes and 82 RILs,
15 plants per genotype were planted in two greenhouse environments in two consecutive years.
The experiments were carried out in greenhouses at two locations: the Biotechnical faculty, University
of Ljubljana (46.05 N, 14.47 E), during the May-July season of 2013; and The Agricultural Institute of
Slovenia (46.06 N, 14.52 E), during the April-July season of 2014.

The parental genotypes and the RIL population were planted in 27 cm diameter pots containing
a mixture of fertilized peat (Klasmann Potgrond P, Klassman-Deilmann, Geeste, Germany) and
vermiculite (1:1, v/v). For each genotype and RIL, five healthy seeds were planted per pot in three
pots, after being surface-sterilised with 5% sodium hypochlorite (Kemika, Zagreb, Croatia). When the
plants developed the first trifoliate leaf (5 days of growth after plant emergence), three most equally
developed plants per pot were kept and the others were discarded.

Equal soil water conditions were maintained for control plants by watering them regularly to 60%
of volumetric water content (VWC), close to field capacity. Stressed plants with discontinued irrigation
(moderate and severe drought) gradually achieved wilting point, on the basis of measurements of
substrate water holding capacity. At each sampling time point, physiological response of plant was
assessed by measuring plant water potential. Fresh mass (Fws) of the soil mixture sample was weighed
in a 10 cm? cylinder, and placed in an oven for 24 h at 105 °C to dry completely (Dws). VWC was
calculated according to the formula:

VWC [vol%] = (Fwg — Dwsg) X Dws ™! x 100 x Psubstrate (1)

where pgypstrate is Substrate density. Equal soil water conditions for different pots in the same treatment
were maintained by weighing the pots to assess the gradual decrease in VWC between watering.

Drought conditions were induced for parent cultivars and the RIL population by discontinuing
watering after 21 days of plant growth after emergence. Measurements of physiology traits were
performed at three time-points: 1 day before discontinuation of watering (control), after 10-13 days of
induced drought (moderate drought), and after 17-23 days of induced drought (severe drought). After
the final measurement, the watering was re-established until the harvest. The differential response
between stress and non-stress (continuous watering) conditions was evaluated in parallel blocks for
parental genotypes.

Plants were grown under natural light, temperature, and relative humidity conditions. Outside
daily temperatures and rainfall were monitored because of their potential effect on humidity and
are shown in Figure S1. During the duration of the experiments, the plants were treated three
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times in 2-week intervals with acaricide Vermitec Pro and insecticide Actara 25 WG (Syngenta, Basel,
Switzerland) following the manufacturers’ guidelines.

2.3. Trait Evaluation

Plant response to drought stress for parental genotypes and RIL populations was evaluated by
recording leaf water potential (Wp) and the effective quantum yield of PSII (®PSII) at three time-points:
control, moderate drought, severe drought. Water potential was measured on the third trifoliate leaf
by using pressure chamber 3005-1223 (Soil Moisture Equipment Corp., Goleta, CA, USA) as described
by Scholander et al. [26]. Water potential for each condition was measured on three consecutive
days—each day, measurements were performed on all RILs in the time period of 10-13 h, and in total
three plants from different pots were measured per each RIL. Chlorophyll a fluorescence parameters
were measured with a Mini-PAM (pulse-amplitude-modulated) fluorometer (Heinz Walz GmbH,
Effeltrich, Germany). The parameter effective quantum yield of PSII:

®PSII = (Fpy — Fs) X (Fp) 7}, (2)

was measured on light-adapted leaves under natural illumination present in the shaded glasshouse
(average photosynthetic photon flux density (PPFD), values ranged from 80-90 pmol m~2s71). Fy
and F; are the maximal and steady-state fluorescence under light conditions, respectively; PPFD is the
photosynthetic photon flux density incident on the leaf; 0.5 if the factor that assumes equal distribution
of energy between the two photosystems; and 0.84 is the leaf absorbance factor [27,28]. Chlorophyll a
fluorescence parameters were measured on the same day or on two consecutive days, and each time,
three plants from one pot were measured consecutively for all RILs in the time period of 10-13 h or
13-17 h to minimize the changes in light conditions that highly affect these measurements.

Days to flowering (Df) were determined for individual RILs as the number of days from sprouting
to number of days when flower opening were observed on more than 50% of the plants. Days to
pod-setting (Ds) for individual RILs was determined as the number of days from days to flowering to
number of days when pod-setting was observed on more than 50% of the plants. Seed yield-related
parameters were recorded when the pods reached maturity (on average after 55 days of plant growth):
pods per plant—the number of both full and empty pods (Pp); seeds per pod—the number of seed
per full pods (Sp), seed yield per plant (Syp), and 100 seed mass (Hsm). Pod harvest index (Phi) was
calculated as

Phi = (dry mass of seed) X (dry mass of pod at harvest)™! x 100. 3)

2.4. DNA Extraction and Population Genotyping

Fresh leaf samples of each RIL and parental genotypes were collected and 60-100 mg of tissue was
homogenized in 200 pl RLT lysis buffer (Qiagen, Germantown, MA, USA) using TissueLyzer (Qiagen,
Stockah, Germany). Total genomic DNA was extracted using MagMAX Express magnetic extractor
(Applied Biosystems, Waltham, MA, USA) and BioSprint 15 DNA Plant kit (Qiagen, Germantown,
MA, USA) according to the optimized user manual.

Screening for polymorphisms between the parental genotypes was performed using 447 SSR
markers and 256 AFLP marker combinations. Primers were obtained from the previously reported
studies in common bean. Among them, 103 primer pairs with the prefix ‘BM’ [29,30], 79 with the prefix
‘BMb’, 10 with the prefix ‘BMc’ [31], 50 with the prefix ‘BMg’, and 15 with the prefix ‘PVBR’ were
tested. Among the gene-based SSR markers, 36 primer pairs with the prefix ‘BMd" [32,33], 49 with the
prefix ‘PvM’ [34], and 29 with the prefix ‘SSR-IAC’ [35] were tested. PCR amplification of SSR markers
was performed as previously reported [19]. AFLP amplification was performed following the original
protocol [36] with previously reported modifications [37]. Briefly, DNA was cut with EcoRI (cuts at
G/AATTC ) and Msel (cuts at T/TAA) restriction endonuclease enzymes and double-stranded adaptors
(EcoRI-adaptor: CTC GTA GAC TGC GTA CC CAT CTG ACG CAT GGT TAA; Msel-adaptor: GAC
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GAT GAG TCC TGA G TA CTC AGG ACT CAT) were ligated to the fragment ends. Pre-amplification
was performed using non-selective primers, followed by a selective amplification using a total of 256
combinations of forward primers (E-AGC, E-AGG, E-ACC, E-ACT, E-ACG, E-AAA, E-AGA, E-AAC,
E-ACA, E-AAG, E-AAT, E-ATA, E-ATC, E-ATT, E-ATG, E-AGT; where E is GAC TGC GTA CCA ATT
C) and reverse primers (M-CAG, M-CAT, M-CAC, M-CAA, M-CTC, M-CTT, M-CGC, M-CTA, M-CTG,
M-CGA, M-CGT, M-CGG, M-CCA, M-CCC, M-CCT, M-CCG; where M is GAT GAG TCC TGA GTA
A). The amplified products were genotyped on ABI 3130XL Genetic Analyzer (Applied Biosystems,
Waltham, MA, USA), QIAxcel advanced system (Qiagen, Germantown, MA, USA), or separated on
agarose gel electrophoresis, depending on the base pair difference between the polymorphic markers.
The AFLPs were named by combining the last two selective bases ligated to EcoRI and Msel adaptors
in the amplification step and by numbering the individual bands in order of decreasing molecular
weight [13].

2.5. Genetic Linkage Map Construction and QTL Analysis

The genetic linkage map was constructed using QTL IciMapping integrated software for building
linkage maps and mapping quantitative trait genes [38]. Markers were assigned anchor values on the
basis of common bean consensus linkage map to inform their linkage group placement and marker
order [39]. Grouping of markers was performed using a logarithm of odds (LOD) score of 3.0 as a
threshold to declare significant linkage relationship between two markers. Unanchored markers were
moved to the appropriate linkage groups on the basis of data from the literature. The final marker
order was determined using the algorithms “nnTwoOpt” for the marker ordering and “SAREF” for
rippling. The mapping function Kosambi [40] was used to convert the recombination fractions to
centimorgans (cM).

Single environment QTLs were detected using Windows QTL Cartographer 2.5 [41] with the
composite interval mapping method (CIM) set to Model 6: standard model, backward regression,
5 control markers, 10 cM window size, and 0.05 probabilities. The threshold value for QTL detection was
calculated using 1000 permutations with a significance level of 0.05. The phenotypic variance associated
with each QTL was determined with a determination coefficient (R%). QTL by environment interaction
mapping for each trait was performed using QTL IciMapping using the MET functionality [38,42].
In both types of analysis, the LOD score threshold for significance (P = 0.05) was calculated using 1000
permutations. QTLs were named according to the trait and the linkage group they were located on in
sequential order. The genetic linkage map was drawn using MapChart v2.3 [43].

2.6. Consensus Map Integration and QTL Validation

A high-density integrated linkage map was constructed using the ‘iterative map projection’
functionality of BioMercator V4.2 to project the linkage map from our experiment onto a reference
common bean consensus linkage map [39,44]. As a validation approach of QTLs detected in our study,
BioMercator V4.2 was used to project them on the integrated map together with previously reported
QTLs in common bean that were placed on a consensus map by Galeano et al. [39].

3. Results

3.1. A Novel Andean Intra-Gene Pool Genetic Linkage Map of Common Bean

A total of 447 SSR primer pairs developed for common bean and 256 AFLP combinations were
screened for polymorphisms in the parental genotypes. Among the successfully amplified markers,
26 polymorphic AFLP combinations and 105 polymorphic SSR markers were detected. In total,
123 markers were placed on the genetic map (Table 1).
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Table 1. Distribution of simple sequence repeat (SSR) and amplified fragment length polymorphism
(AFLP) markers on the genetic map of common bean recombinant inbred line (RIL) population derived
from the “Tiber” X ‘Starozagorski” cross.

. Average Distance Total Linkage Grou
LG! SSR  AFLP Total No. of Total Linkage all %Vlarkers Anchor Length in C%nsensul;
Markers Group Length (cM) (M) Markers Map (cM)

Pv01 7 1 8 149.9 21.4 8 1919

Pv02 14 5 19 221.1 12.3 12 192.4

Pv03 3 0 3 65.9 33.0 3 235.8

Pv04 6 6 12 194.4 17.7 4 228.7

Pv05 10 3 13 56.4 47 8 132.9

Pv06 7 4 11 40.3 4.0 6 129

Pv07 7 0 7 172.2 28.7 6 180

Pv08 11 3 14 78.4 6.0 7 166.1

Pv09 14 1 15 135.5 9.7 7 128.2

Pv10 13 2 15 100.1 7.1 9 131.9

Pv1l 5 1 6 74.2 14.8 5 163.8

Total 97 26 123 1288.4 11.5 73 1880.7

! Linkage group (‘Pv’ signifies Phaseolus vulgaris). cM: centimorgans.

Common bean consensus map was used to assign anchor values to 73 markers informing their
linkage group placement and marker order [39]. Grouping of markers was on the basis of the LOD
value, and 123 markers segregating in the recombinant inbred line population were assigned to all
11 linkage groups of the common bean genome (Table 1). The resulting genetic linkage map was in
total 1288.4 cM long, with an average marker density of 11.5 cM. Good coverage of the majority of
linkage groups was achieved with 6-19 markers, and with the length in the range of 40.3-221.1 cM.
Exceptions were group 3 and 11, with low number of markers covering 30%-50% of the consensus
linkage group. In groups 5, 6, and 7, despite higher number of obtained markers, the coverage was
below 50% compared to the consensus map. The distribution of markers in these groups was even
with the average distance between markers 11.5 cM and ranging from 4.0 to 33.0 cM. The inclusion of
AFLP markers contributed to the reduction of the average distance between markers. Linkage groups
2,9, and 10 were the most populated, containing 15-19 markers. Groups 2 and 4 were the longest, both
over 190 cM.

The linkage map with detected QTLs (Figure 1, Figure S2) was projected onto the consensus
linkage map [39] on the basis of common markers (Figure 2, Figures S3-55). The resulting linkage map
had a total length of 1880.7 cM and enabled comparison of detected QTLs with previously published
QTLs in common bean.

3.2. Phenotypic Variation of Drought Tolerance-Related Traits in the Parents and the Mapping Population

All traits were continuously distributed and displayed transgressive segregation (Figure 3).
Descriptive statistics for measured physiology-associated, phenological, and yield traits in the RIL
population is presented in Table S3. In watered plants, the coefficient of variation (CV) for physiological
traits for a specific year ranged from 18.8%-31.3% for water potential and 3.9%-7.1% for ®PSII.
In drought exposed plants, decreased leaf water potential and reduced ®PSII were observed and
compared to watered plants. In 2014, a temporary reduction in ®PSII was observed during moderate
drought (Figure 3). Evaluation of Wp and ®PSII during progressive drought conditions in parental
genotypes and comparison to simultaneously grown plants that were watered confirmed that reduction
of these parameters was due to drought and not due to changes in plant physiology due to ageing.
The CV for continuously assessed phenology traits in each season was low, ranging from 5.5%-8.0%,
and yield traits assessed in both seasons after re-established watering ranged from 19.4%-26.4% (100
seed mass) to 38.9%-88.0% (seed yield per plant).
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Figure 1. Common bean linkage groups Pv01 and Pv02 showing quantitative trait loci (QTLs) for
physiology-associated traits (green), phenological traits (black), and yield-associated traits (red) in
‘Tiber” X ‘Starozagorski’ genetic linkage map detected with single environment analysis. The rest of the
linkage groups are presented in Figure S2. For QTL names, see Table 1.

Rainfall distribution and outside average daily temperatures were measured during experiment
duration in two consecutive seasons because of their potential effect on the humidity in the greenhouses
(Figure S1). In both seasons, the range between average maximum and minimum temperatures was
similar (12-24 °C) with the cumulative rainfall being lower in the first season (224.7 mm) compared to
the second (281.3 mm). Plants in the second season started to flower before the period of discontinued
watering, whereas plants in the first season started to flower after, and had later maturation times and
lower yields.

3.3. Drought Tolerance-Related QTL Identification Using the Novel Andean Intra-Gene Pool Genetic Linkage
Map

In total, 46 QTLs exceeding the LOD threshold were detected using single environment analysis in
control and drought conditions, with two of them identified in both seasons and one of them identified
in different treatments during the same season (Table S1). QTL X environment analysis confirmed nine
QTLs and identified three additional QTLs (Table 2).
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Figure 2. QTLs for physiology-associated traits, phenological traits, and yield-associated traits on

the integrated genetic map of the ‘“Tiber’ x ‘Starozagorski’ recombinant inbred line population and
common bean consensus map reported by Galeano et al. [39]. Markers and QTLs from the novel “Tiber
X ‘Starozagorski’ genetic map are marked bold and QTLs are colored red (for QTL names, see Table S1).

’

The suffix in QTL names denotes whether they were detected in single environment analysis (-a, -b) or
QTL X environment analysis (-c). For clarity reasons, not all loci names are displayed. QTLs from the
consensus map are numbered (see Table S2) and colored gray for clarity reasons; only QTLs relevant
for discussion are colored black.
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Figure 3. Trait distribution in a recombinant inbred line (RIL) population of “Tiber” X ‘Starozagorski’

cross evaluated in greenhouses in Ljubljana in seasons 2013 and 2014. (a) Distribution of leaf water
potential (Wp) and the effective quantum yield of photosystem II (PSII, ®PSII) in watered plants and
plants exposed to moderate and severe drought. (b) Distribution of days to flowering (Df), days to

pod-setting (Dp), pods per plant (Pp), seeds per pod (Sp), seed yield per plant (Syp), and 100 seed mass

(Hsm) in plants that underwent a period of drought. Values for parental genotypes are indicated by
triangle symbols (white—'Tiber’, black—'Starozagorski’).
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3.3.1. Water Potential (Wp)

A total of 12 QTLs for water potential in control plants and drought-exposed plants were identified
in both seasons (Table S1), and one of them was identified for different treatments during the same
season. QTL Wp1.2 was detected on linkage group 1 and had stable effects at moderate and severe
drought of season 2014 and a LOD score in the range from 2.8 to 4.8 (Figure 1). Two different QTL with
LOD score in range of 2.4 to 6 LOD were detected on linkage group 5 for either control or moderate
drought of season 2014 (Figure S2). On linkage group 6, also, two different QTL with a LOD score in a
range of 2.3 to 4 were detected for either control or severe drought of season 2013 (Figure S2). Among
additionally detected putative QTLs, two were on linkage group 1 and one each at linkage groups 3, 7,
8,9, and 10, for either moderate or severe drought in either one season or the other (Figure 1, Figure
S2). QTLs for Wp explained 8%—-27% of phenotypic variance.

On the projected map, QTLs Wp1.1 and Wp1.2 were surrounded by the QTLs for root hair length
(60, 61) and specific root length (62) reported by Yan et al. [45] and Beebe et al. [46] (Figure 2).

3.3.2. The Effective Quantum Yield of PSII ($PSII)

Six putative QTLs were detected for ®PSII in either of the seasons, with LOD scores from 2.4 to
4.6, and explaining up to 20% of phenotypic variance (Figure S2, Table S1).

3.3.3. Days to Flowering (Df)

Two QTLs were detected for days to flowering. QTL Df1.1 with stable effects on days to flowering
under environmental conditions of both seasons was detected on linkage group 1 with LOD scores
in the range from 7.0 to 9.4 and accounting for 26%-34% of phenotypic variation (Figure 1, Table S1).
Df1.1 alleles linked to earlier flowering of the plants originated from ‘Tiber’. Additional putative QTL
Df1.2 was detected in one of the seasons with LOD 7.8.

The location of detected days to flowering QTL Df1.1 on the projected map was in the vicinity of
QTLs for first flower (2) and last flower (4) previously reported by Pérez-Vega et al. [47] (Figure 2).

3.3.4. Days to Pod-Setting (Dp)

Six QTLs were detected for days to pod-setting. QTL on linkage group 1 (Dp1.1) with LOD score
6.1 and accounting for 23% of phenotypic variation was detected on the same locus as a stable QTL for
days to flowering Df1.1 (Figure 1, Table S1). Two putative QTLs were detected on different locations
on linkage group 2, one in each of the seasons (Figure 1). An additional three putative QTLs were
detected on linkage groups 2, 5, and 6 each in only one of the seasons, with LOD scores in the range
from 1.8 to 2.5 and explaining 7%-13% of phenotypic variation (Figure 1, Figure S2).

The location of detected days to maturity QTL Dp1.1 on the projected map was in the vicinity of
QTL for full maturity (3) previously reported by Pérez-Vega et al. [47] (Figure 2). The location of QTL
Dp5.1 on the projected map overlapped with QTL for first flower (19) previously reported by Blair et
al. [15] (Figure 2).

3.3.5. Pods per Plant (Pp)

Two putative QTLs for Pp were detected in only one of the seasons on linkage groups 6 and
11, with LOD scores ranging from 2.6 to 2.7 and explaining 11% of phenotypic variation (Figure S2,
Table S1).

The location of detected putative QTLs Pp6.1 and Pp11.1 partially overlapped QTLs for seeds
per plant (246) and seed mass (168, 169, 198) previously reported by Blair et al. [15,48] (Figure 2 and
Figure S5).
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3.3.6. Seeds per Pod (Sp)

Four QTLs for Sp were detected (Table S1). QTL with stable effects on number of seeds per
pod under environmental conditions of both seasons was detected on linkage group 2 (Sp2.1) with
LOD scores in the range from 3.1 to 4.0 and explaining 11%-15% of phenotypic variation (Figure 1).
Three additional putative QTLs were detected with LOD in the range of 2.9-3.7 (Figure S2). QTLs on
linkage group 7 were detected in both seasons and QTL on linkage group 8 in only one season.

The location of detected QTLs Sp2.1 on the projected map partially overlapped with QTLs for
seed mass (142) and seed length (144) previously reported by Blair et al. [48] and Pérez-Vega et al. [47]
(Figure 2). Similarly, the location of QTL Sp7.2 overlapped with QTL for seed yield (247) previously
reported by Blair et al. [15] (Figure S3).

3.3.7. Seed Yield per Plant (Syp)

Two major putative QTLs for Syp (Sypl.1 and Syp1.2) were found on linkage group 1 and were
significant only for environmental conditions in season 2013 with LOD scores 10.6 and 12.6 and a high
percentage of phenotypic variation (37%-39%) (Figure 1, Table S1).

On the projected map, QTLs for seed yield per plant were located in the same cluster as QTLs for
phenology traits (Figure 2).

3.3.8. One Hundred Seed Mass (Hsm)

Three putative QTLs for Hsm were detected on linkage groups 1 and 2 and were significant only
for environmental conditions in season 2013 (Figure 1, Table S1).

On the projected map, QTL for 100 seed mass Hsm2.1 overlapped with a cluster of seed mass
QTLs (145, 147-150) reported by Blair et al. [15] and was also adjacent to QTL Hsm?2.2 (Figure 2).

3.3.9. Pod Harvest Index (Phi)

Six putative QTLs for Phi were detected. Three of them were on linkage group 5, with QTLs Phi5.1
and Phi5.3 detected in different seasons partially overlapping (Figure S2, Table S1). An additional three
putative QTLs were detected on linkage groups 3, 7, and 9 (Figure S2).

3.4. QTL X Environment Interaction

The analysis of QTL X environment interaction was performed by taking into account phenotypic
data for a specific trait for both seasons simultaneously, in order to detect QTL with smaller effects in
each individual season. The analysis confirmed the presence of nine QTLs already detected in the
single QTL analysis (Table 2). Three additional putative QTLs were also detected: ®PSII10.1, Syp2.1,
and Syp4.1 (Table 2).

3.5. Transgressive Segregation

For traits with the greatest additive effects in both directions and observed transgressive segregation
of RIL (Wp, Dp, and Pp) graphical genotypes were inspected for genotypes in the top 10% and bottom
10% of the trait values, and allelic composition was determined for significant QTL with high additive
effect (Figure S6). For all three traits, higher average positive allele numbers were observed for
genotypes in the top 10% of values for individual trait compared to the bottom 10%.

The RILs with the lowest relative water potential between severe drought and control in season
2013 had on average 1.9 positive alleles (1.3 from “Tiber” and 0.6 from ‘Starozagorski’) from three
contributing loci of parental genotypes. The RILs with lowest number of days to pod-setting averaged
from both seasons had on average 4.1 positive alleles (2.1 from ‘Tiber” and 2 from ‘Starozagorski’) from
six contributing loci of parental genotypes. The RILs with the lowest number of pods per plant in
season 2014 had on average 1.5 positive alleles from parental genotypes (0.9 from ‘Tiber” and 0.5 from
‘Starozagorski’) from two contributing loci of parental genotypes.
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4. Discussion

An Andean intra-gene pool genetic map integrating two molecular marker types was created in
order to explore the potential of common bean genotypes of Andean origin as a source of drought
tolerance traits. The employment of AFLP markers in addition to SSR markers proved effective in
saturating the linkage map and increasing the map length to 1288.4 cM, which compares favorably to
that of other intra-gene pool genetic maps in common bean employing similar marker combination
approaches [13,15]. Similarly, as in those studies, the search for polymorphisms in the highly genetically
similar genotypes of the same gene pool necessitated a screening of a large number of markers for
sufficient coverage of the genetic map [13,15]. In addition, the percentage of polymorphic markers
and the map length also compare favorably to studies in common bean and other legumes utilizing
SNP markers [9] and recent restriction site-associated DNA sequencing (RADseq) approaches [49,50].
The novel genetic map proved effective in detecting QTLs for drought-responsive agronomic traits
associated with physiology, phenology, and yield. However, projection of our linkage map to the
consensus map also revealed areas where the coverage of our genetic map is low in cases of lower
marker density, which also affected the quality of QTL mapping—these map regions could be further
studied by making a denser map before QTL reanalysis.

For water potential, it was notable that more of the QTLs were detected during severe drought
than during moderate drought or control. Although QTL Wp1.2 was detected in different treatments of
the same season and different QTLs were detected on linkage groups 5 and 6, they were not consistent
across seasons. Leaf water potential is an indicator of water saving (isohydric) or water spending
(anisohydric) behavior in plants, both when water is available and when it is not. More anisohydric
behavior was previously implied for ‘Starozagorski’ plants on account of high water consumption and
seed yield in control conditions, as well as early onset of wilting, decreased water potential, and seed
yield in drought [25]. Maintaining high leaf water potential is an important trait that enables plants to
avoid the effects of drought. In our study, some of the RIL exhibited better leaf Wp during drought
than the parents, which suggests bidirectional transgressive segregation of this trait under drought
conditions. This is caused by the allelic combination of multiple loci with additive effects in different
directions between parents—RILs with the best relative leaf water potential in severe drought had on
average at least two positive alleles coming from both parental genotypes on three loci with additive
effects. Interestingly, one of the loci (BM187) also contributed to earlier pod-setting and lower number
of pods per plant—four RILs with low relative leaf water potential were observed that were also in the
bottom 10% in terms of either day to pod-setting, number of pods per plant, or both.

QTLs for ®PSII were also detected predominantly during a severe drought. This might have
been caused by fluorescence parameters being measured in relatively low light conditions due to
shading of the glasshouse, where some of the discriminating power between drought-stressed and
irrigated plants was lost [23,51]. However, we were able to discern significant differences in ®PSII
between drought and control treatments of parental cultivars. This is in line with reports that the
effectiveness of photosynthesis during drought is more impaired with the increase in the severity of
drought conditions. Reduced electron transport rate was reported at the maximum water deficit in
common bean, whereas no photo-inhibition was observed in irrigated and moderately water-stressed
plants [52]. Reduction of photosynthetic activity and photosynthate accumulation during the drought
has been associated with leaf area reduction that benefits the plants by limiting transpiration [53]. Low
average R? values for ®PSII (1.6%) suggest low heritability of this trait, which is in line with high
dependence of the measured values on the weather conditions, especially the solar radiation.

Stable QTL for days to flowering and putative QTL for days to pod-setting were overlapped and
co-localized on linkage group Pv01 (closest markers ATA3 and BMb1024), suggesting pleiotropy for
genes controlling these highly correlated traits. In soybean, such a gene involved in both maturation
and induction of flowering (E1 and its homologues) has been reported [54]. The overall numbers of
detected QTLs for phenological traits were higher in the season of 2014, which might be associated
with observed difference in timing of flowering and maturation with regard to watering conditions.
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High R? values, however, suggest that phenological traits have high heritability and are less influenced
by the interaction of genotype and environment, which is supported by the stability of Df1.1 in both
seasons. The alleles seemingly beneficial for earlier flowering were from ‘Tiber’. The ability of plants
to flower earlier and complete their life cycle before the onset of drought has been described as an
important drought escape ability [55]. In plants exposed to the drought, the timing of flowering may,
however, impact the final yield production because the severity of drought conditions within the
season may change on a day-to-day basis.

For yield-associated traits, the majority of putative QTLs were detected for seed per pod and
pod harvest index, with Sp2.1 being the only stable yield-associated QTL detected in both seasons.
The additivity scores suggest that the alleles for higher number of seeds per pod were contributed by
“Tiber’, whereas most of the alleles for higher pod harvest index were contributed by ‘Starozagorski’.
Although QTLs for pods per plant were detected in both seasons, their location did not overlap,
and QTLs for seed yield per plant and 100 seed mass were detected only in one of the seasons. Some of
these differences could have been due to a period of 14 days without rainfall and a daily temperature
exceeding 30 °C, resulting in flowers falling off, delayed maturity, and overall lower yields observed in
the 2013 season.

Selection for higher yield remains one of the most common approaches of breeding for
drought-tolerant plants, with seed mass being an important indicator of drought response. Seed filling
is inhibited during drought, and large seed could potentially indicate drought tolerance [56]. In our
study, RILs were identified (RIL53 and RIL13) as having both average seed size as well as a pod-harvest
index in the top 20% of all RILs averaged between both seasons.

Some of the phenology and yield QTLs in our study were observed on the same linkage groups as
previously reported QTLs. QTLs for phenology traits on linkage group 1 were previously reported for
inter-gene pool populations (reviewed in Broughton et al. [1]); however, they were not observed in a
Mesoamerican population, which was speculated to be because of the genetic differences between
the gene pools [15]. In that study QTLs for phenological traits did however map consistently across
seasons, with days to flowering and days to maturity QTLs clustered together on linkage group 5 [15],
overlapping with QTL for days to pod-setting Dp5.1 from our study.

Positions of some notable QTLs from our study matched previously reported QTL and could be
of potential use for marker-assisted selection. Specifically, the position of stable QTL Sp2.1 on linkage
group 2 in our study was narrowed down to 2.8 Mb on the basis of the available location for one of
the flanking markers, BM156. In the vicinity of this location, a QTL for pod mass per plant PW2.1PR
was reported in the population ‘Portillo” X “‘Red Hawk’” exposed to drought stress, and was tagged by
marker 55715649478 at 0.12 Mb.

Additionally, the QTLs for seed yield per plant Sypl.1 and Syp1.2 observed in our study were
located in the region spanning from 41.5 to 51.4 Mb on the genome on the basis of the locations of
flanking markers BMb83 and BMb356. The RILs with the highest seed yield per plant had the alleles
from “Tiber’ for markers ATA3 and BMb1024 closest to the peaks of Syp1.1 and Syp1.2, respectively. The
location suggests one of these QTLs might be the same as those reported in the same region in ‘Buster’
X ‘Roza’ and ‘Portillo’ x ‘Red Hawk’ populations [9,57]. SY1.1BR with an LOD score ranging from 2.4
to 13.9 was detected in ‘Buster’ X ‘Roza’ population in multiple stress environments at 47.7 Mb near
marker SNP50809 [57]. Recently SY1.1PR with LOD score 3.7 was also detected in an Andean “Portillo’
x ‘Red Hawk’ population exposed to drought with peak region tagged by SNP marker ss715646076 at
45.15 Mb, suggesting it was the same QTL [9]. Additionally, another QTL was detected in the ‘DOR
364’ x ‘BAT 477’ population in non-stress conditions; however, it was localized near marker BM200 at
30.8 Mb, which suggests it is a different QTL [16].

To conclude, our study contributes to the evaluation of drought-responsive traits in genotypes
belonging to the Andean gene pool. Drought response-associated QTL identified in the novel Andean
RIL population, especially seed yield-associated forms Syp1.1, Sypl.2, and Sp2.1, could be useful for
marker-assisted selection for higher yield of Andean common beans. Especially valuable are QTLs
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that are stable across environments (Sp2.1, Df1.1). The presented QTL mapping results confirm the
potential of Andean germplasm in improving drought tolerance in common bean by selection for traits
associated with phenology, seed yield, and physiology.
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Abstract: Soybean (Glycine max L. Merr.) is one of the most important crops in the world. Its major
content of vegetable oil made it widely used for human consumption and several food industries.
To investigate the variation in seed fatty acid composition of soybeans from different origins, a set
of 633 soybean accessions originated from four diverse germplasm collections—including China,
United States of America (USA), Japan, and Russia—were grown in three locations, Beijing, Anhui,
and Hainan for two years. The results showed significant differences (P < 0.001) among the four
germplasm origins for all fatty acid contents investigated. Higher levels, on average, of palmitic acid
(PA) and linolenic acid (LNA) were observed in Russian germplasm (12.31% and 8.15%, respectively),
whereas higher levels of stearic acid (SA) and oleic acid (OA) were observed in Chinese germplasm
(3.95% and 21.95%, respectively). The highest level of linoleic acid (LA) was noticed in the USA
germplasm accessions (56.34%). The largest variation in fatty acid composition was found in LNA,
while a large variation was observed between Chinese and USA germplasms for LA level. Maturity
group (MG) significantly (P < 0.0001) affected all fatty acids and higher levels of PA, SA, and OA
were observed in early maturing accessions, while higher levels of LA and LNA were observed in
late maturing accessions. The trends of fatty acids concentrations with different MG in this study
further provide an evidence of the importance of MG in breeding for such soybean seed components.
Collectively, the unique accessions identified in this study can be used to strengthen the soybean
breeding programs for meeting various human nutrition patterns around the globe.

Keywords: fatty acid; germplasm; geographical origin; oil; soybean (Glycine max L. Merrill)

1. Introduction

Soybean (Glycine max L. Merr.) is a leading important oil crop grown worldwide due to its diverse
uses of oil and protein for human and livestock. Soybean oil accounts for 60.85% of the world’s oil
seed production [1]; therefore, it has become the most dominant vegetable oil by far. During 2016 to
2017, the United States of America (USA) and Brazil together accounted for 83% of total world soybean
exports [2]. However, China’s soybean imports from USA and Brazil accounted for 61% and 77% of
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their soybean exports, respectively. China accounted for 65% of total world soybean trade value [2].
Soybean is becoming one of the most important oil crops in both China and USA.

Mainly, soybean oil contains saturated fatty acids such as palmitic (16:0) and stearic (18:0) acids.
In addition, it contains unsaturated fatty acids such as oleic (18:1), linoleic (18:2), and linolenic (18:3)
acids. Fatty acid composition studies are important for improving quality and stability of soybean oil.
Typically, soybean has low levels of saturated fatty acids. It was reported that diets rich in saturated
fatty acids are associated with an elevated risk of cardiovascular diseases, leading to increased blood
serum cholesterol [3,4]. On the other hand, high levels of saturated fatty acids were found to improve
the oxidation stability of soybean oil [5]. Particularly, oils with higher stearic acid (SA) levels result in
higher melting temperatures, making it suitable for processing of soft margarines with better sensory
characteristics, as well as other various baking applications. Higher levels of unsaturated fatty acids
improve the quality of the oil for human health [6]. Intrinsically, an oil profile with very high oleic
acid (OA) content is influential for enhancing the functionality of soybean oil for food uses free of
trans-fatty acids [7]. Linolenic acid (LNA) inhibits triglyceride synthesis and low-density lipoproteins
(LDL) in the liver, playing a role in decreasing triglyceride levels in the blood [8]. Some studies pointed
out that LNA is involved in maintaining brain nerve functions [9]. Despite these benefits of LNA,
polyunsaturated fatty acids, linoleic acid (LA), and LNA, adversely affect the oxidative stability of
soybean oil, causing off-flavor problems [10]. Soybean oils with high OA (more than 80%) and low
LNA (less than 1%) have been reported in several studies [11-13], and the monounsaturated fatty acid,
OA, not only increases oil oxidative stability, but also reduces the production of trans-fat during food
processing, making it more desirable.

It is worth noting that wide variations in levels of saturated and unsaturated fatty acids have
been detected in several studies on crop germplasm collections [14-16]. Such variations could offer
possibilities of developing superior accessions with high quality edible and specialized industrial oils.
The variability in fatty acid composition is undoubtedly due to both genetic and weather factors [17,18],
which affect their nutritional value and processing property. Basically, much more changes are observed
in the preferences for soybean oil owing to the noticeable awareness towards human health care.
Consequently, breeding programs designed for altering the soybean oil profile have become a priority
for improving both food and industrial uses of soybean oil [19]. Therefore, many studies on soybean
seed fatty acid composition have been conducted by soybean breeders in order to develop modified oils
that will match the increasing needs of consumers [7,12,14,20-22]. Those several needs of particular
uses are divided into nutritional, industrial, or pharmaceutical aspects which generally depend on the
vegetable oil quality and its fatty acid composition.

It is generally accepted that introducing new germplasms is indispensable in order to achieve
wider genetic diversity and strengthen breeding stock resources. Traditional approaches of breeding
methods have been using different sets of germplasm to develop new soybean lines with modified fatty
acid composition [10]. Such success in breeding strategies depends largely on available germplasm
collections. Germplasm collections largely vary in their origins and may elucidate elite accessions
that can be exploited for multiple crop breeding programs. Previous studies on seed fatty acid
composition of several germplasm collections from different oil crops—such as sesame [23], Brassica
species [24,25], and safflower [15,16,26]—have showed a wide variation for fatty acid composition.
Likewise, many studies have been conducted on soybean seed fatty acid composition collected from
various sources [20,21,27-30]. These studies suggested that soybeans collected from various sources
demonstrated key differences in their nutritional composition [31]. Furthermore, classification of
soybean accessions into different maturity groups facilitates judgment about the prospects of introducing
new varieties, and such an important role in soybean breeding cannot be overemphasized [32].

Despite the extensive research work conducted on variability in soybean seed fatty acids profile,
very little is known, to our knowledge, about exploring the variation among diverse germplasms
evaluated under same environmental conditions. In an attempt to address this gap, this study
exploited four diverse soybean collections which originates from China, USA, Russia, and Japan with
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varying maturity groups to provide maximal sample heterogeneity. It is expected that these soybean
germplasms would have varying nutrient composition and quality profiles. The aims of this study
were to comprehensively investigate the variation in seed fatty acid composition among different
world soybean germplasms, evaluate the effect of maturity group on seed fatty acid composition, and
determine the adaptability of these germplasms in China.

2. Materials and Methods

2.1. Plant Materials

A total of 633 soybean accessions collected from four different regions worldwide—China (451
accessions), USA (138 accessions), Japan (27 accessions), and Russia (17 accessions)—were used in this
study. Among the whole collection, 11 maturity groups (MG000-VIII) were identified for only 432
accessions and classified as MGO000 (5 accessions), MGOO (8 accessions), MGO (40 accessions), MGI (63
accessions), MGII (49 accessions), MGIII (104 accessions), MGIV (59 accessions), MGV (44 accessions),
MGVI (32 accessions), MGVII (24 accessions), and MGVIII (4 accessions). Accessions with MGO000,
MGO00, and MGVIII were not used in analyzing the effect of MG on seed fatty acid composition due to
low number of these accessions, so a total of 415 accessions of MGO-VII were finally used. This panel of
soybean germplasm was provided by the germplasm research group of the Institute of Crop Sciences,
Chinese Academy of Agricultural Sciences (CAAS). Information of these four germplasm collections
is shown in Table S1. Basically, the whole set of accessions in this study is conserved in the Chinese
National Soybean Gene Bank (CNSGB).

The Chinese accessions used in this study were collected from the entire Chinese collection of
23,587 soybean accessions conserved in the CNSGB [33,34]. This collection was used to establish a
core collection of 2,794 accessions, which represents 11.8% of the entire collection and gains genetic
diversity of 73.6% [34]. The 451 Chinese accessions investigated in our recent study account for
nearly 1.9% of the total entire Chinese germplasm collection and approximately 16% of the mentioned
Chinese core collection. Furthermore, this Chinese collection was originally collected from three major
soybean growing regions in China, namely Northern region, Huanghuaihai region, and Southern
region, covering an area from 23° N to 51° N [35,36]. The ranges of maturity groups for the Northern,
Huanghuaihai, and Southern regions are MGO00-1I, II-V, and IV-VIII, respectively [37]. With respect
to the USA collection, 138 soybean accessions were selected covering various maturity groups from
MGO000 to VIII, and included many standard varities for maturity group in North America. It is worth
noting that information on fatty acid composition of some of these accessions has been reported by
the United States Department of Agriculture (USDA) [38] that could have been a basis of systematic
selection of soybean accessions. In addition, Russian and Japanese accessions investigated here were
selected as representative varieties for their countries of origin and also to provide more diverse panel
of accessions along with Chinese and USA accessions.

2.2. Field Experiments

Field trials were conducted at Changping (40°13’ N, 116°12" E), Beijing, and Sanya (18°24" N,
109°5’ E), Hainan province, in 2017 and 2018, and at Hefei (33°61” N 117°0” E), Anhui province, in 2017.
All accessions were planted at Changping, Beijing, on 12 June 2017 and 14 June 2018, respectively;
at Sanya, Hainan, on 14 November 2017 and 16 November 2018, respectively; and at Hefei, Anhui,
on 5 June 2017.The soil pH, total nitrogen, phosphorus, and potassium levels were 8.22, 80.5 mg
kg1, 68.7 mg kg~!, and 12.31 g kg™! at Changping [39], respectively; 6.6, 35.91 mg kg~!, 56 mg kg~ !,
and 134.40 g kg~! at Hefei, respectively; and 5.27, 98.59 mg kg~!, 39.68 mg kg~!, and 80.78 g kg~! at
Sanya, respectively. The average monthly temperature and rainfall of the three experimental sites are
shown in Table S2. In each location, all the soybean accessions were planted following standard local
practices. The field experiments were laid out in a randomized incomplete block design, as the different
planting locations were used as replications. For each location, soybean seeds of each accession were
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planted in a 3-m row, spaced 0.5 m apart between rows and 0.1 m between plants within each row. After
emergence, the plants were thinned to maintain a uniform and healthy population as well as providing
better representative sampling. Plots were fertilized with 15 t ha~! organic fertilizer, 30 kg N ha™!,
40 kg P ha™!, and 60 kg K ha~! during field preparation before sowing. Weeds were controlled by
post-emergence application of 2.55 L ha™! of acetochlor (Acetochlor®, 50% EC, Rainbow Chemical,
Shandong, China), as well as hand weeding during the growing season. When the plants reached
physiological maturity, plots were harvested manually. As the accessions of different maturity groups
were grown at different locations and growing times, the harvest dates varied across the three locations.
In Changping, the accessions from Northern China were harvested at the same time with the USA,
Japanese and Russian accessions in the same maturity groups during the last week of September, while
the other Chinese accessions from Huanghuaihai and Southern regions were harvested during the first
and second week of October, respectively. At Hefei, all the plant materials were harvested in three
batches similar to Changping, but with one week earlier than Changping, while all the plant materials
were harvested at the same time at Sanya in mid-February. The total growing durations for the three
locations were 102 to 120 days at Changping, 101 to 119 days in Hefei, and 94 to 96 days at Sanya.
Some accessions matured very late and could not get mature seeds, therefore they were discarded at
the last harvest time. All the plants in each plot were harvested, after which 100 seeds were selected
randomly for each accession for fatty acid determination.

2.3. Fatty Acid Extraction and Determination

The five essential fatty acids (palmitic, stearic, oleic, linoleic, and linolenic) were derivatized into
their methyl esters and their abundances determined using gas chromatography [40]. In brief, fine
powder was obtained from soybean seeds by grinding 20 g of seeds from each accession with a sample
preparation mill (Retsch ZM100, ® = 1.0 mm, Rheinische, Germany). Then, 300 mg of powder from
each sample was weighed out using an analytic balance (Sartorius B5124S, Gottingen, Germany) and
transferred to a 2 mL centrifuge tube preloaded with 1.0 mL n-hexane. This mixture was kept for
20 min at 65 °C and shaken for 10 sec every 5 min. Next, 1.0 mL sodium methoxide solution was added
to the mixture, and the mixture was shaken for 10 min on a twist mixer (TM-300, ASONE, Japan)
at 65 °C to allow full methyl esterification of the fatty acids, and centrifuged at 12,000 g for 2 min.
The final supernatant was assayed to determine the concentrations of the methyl esters of the five
fatty acids using a GC-2010 gas chromatograph (SHIMADZU Inc., Kyoto, Japan) with flame ionization
detector. The chromatographic separation was carried out using an RTX-WAX column (30 m lengthx
0.25 mm internal diameter X 0.25 mm thickness, Germany) with the following temperature gradient:
initially, the temperature was set at 180 °C for 1.5 min, then increased to 210 °C at a rate of 10 °C min~!,
kept at 210 °C for 2 min, increased to 220 °C at a rate of 5 °C min~!, and kept at 220 °C for 5 min.
The carrier gas was nitrogen, at a flow rate of 54 mL min~!, and 1 puL of each sample was injected. Area
was normalized (relative concentrations by mass) to quantify the five fatty acid concentrations using a
GC2010 workstation [40]. The content of each fatty acid was expressed as a percentage of total fatty
acid content.

2.4. Data Analysis

The analysis of variance (ANOVA) for seed fatty acid composition was conducted using the
general linear model (GLM) procedure with a random statement in SAS 9.2 software for Windows [41].
The different planting locations were used as replications and together with year they were considered
as random effect. The origin of accessions, accessions and MG were considered as fixed effect. Multiple
comparisons among origins of accessions were conducted using Fisher’s least significant difference
(LSD) test. Boxplots were drawn to show the variation in seed fatty acid composition among the four
origins. Scatter plots were used to display the relationship between different MGs and each fatty acid,
and also the relationship between mean of each fatty acid with its CV. Pearson’s correlation was used
to access the associations among the five fatty acids. In R project (version 3.4.5), ggplot2 package was
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used to draw boxplot and scatter plot, while the corrplot package was used to graphically display
correlation matrix.

3. Results and Discussion

3.1. Variation in Seed Fatty Acid Composition in Soybean Accessions

The average fatty acid contents of 633 soybean accessions across three environments for two years
are presented in Table 1. Linoleic acid showed predominant average content (54.41%) among all the
fatty acids, whereas stearic acid showed the lowest average content (3.92%). The widest range was
noticed in oleic acid (13.55-31.88%), followed by linoleic acid (45.64-63.93%), while stearic acid showed
the narrowest range (8.23-17.2%). Generally, the lower levels of saturated than unsaturated fatty acids
in the current study was in agreement with those reported previously [7,10]. The observed SA level in
this study was low in comparison with previous studies [42,43], while levels of palmitic acid (12.12%)
and OA (21.63%) in this study were higher than that previously reported by [21,42,43]. The current
study also showed a wider range of LNA content when compared with previous studies [42,43].
Such variability between our study and previous works may most likely be due to large collections
from various regions exploited in our study. Moreover, LNA content exhibited the highest CV (15.34%)
among the five fatty acids, revealing that LNA content had the highest abundant variation which
underlies the effects of both diverse germplasms and environments on LNA content. LA content,
contrary to LNA, exhibited the lowest CV (5.07%) among all the fatty acids which indicates that
growing those accessions with higher LA levels and less changeable effect across different locations
is profitable. Theoretically, LA, (omega-6) and LNA (omega-3) are absolutely essential fatty acids
which should be obtained from rich diet. Elevated levels of both LA and LNA in soybean oil are
necessarily needed for healthier human nutrition [8,9]. Furthermore, serious problems—such as heart
diseases, asthma, and other syndromes—could influence human health due to the lack of LA and
LNA in diets [44,45]. On the contrary, soybean accessions with high LNA content are not favorable for
producing stable oil, as oil with raised concentrations of LNA oxidizes rapidly, inducing off-flavors
compounds in cooked foods [10]. Recently, demands for soybean oil as a raw material for producing
biodiesel have raised, thus soybean oil higher in OA and lower in LA contents are also preferred for
meeting these needs [46].

Table 1. Statistical summary of soybean seed fatty acid composition.

Component Mean SD CV (%) Min (%) Max (%) Skew Kur
Palmitic acid 12.12 0.78 6.44 8.23 17.20 0.24 4.09
Stearic acid 3.92 0.41 10.36 2.71 5.19 0.23 -0.11
Oleic acid 21.63 2.94 13.60 13.55 31.88 0.48 0.36
Linoleic acid 54.41 2.76 5.07 45.64 63.93 -0.21 0.51
Linolenic acid 7.93 1.22 15.34 343 12.76 0.28 0.94

# The content of each fatty acid is expressed as a percentage of total fatty acid content.SD, standard deviation; CV,
coefficient of variation; Min, minimum; Max, maximum; Skew, skewness; Kur, kurtosis.

Breeding soybean for altered seed fatty acid composition has been extensively
studied [7,12,14,20-22] in order to develop modified oils ready for meeting the increasing needs
of consumption. Rebetzke et al. [14], used 22 low and 22 normal PA lines derived from two crosses of
N87-2122-4 x ‘Kenwood” and N87-2122-4 x ‘P9273’, and reported that OA and LNA contents in those
reduced PA lines were significantly higher than that of normal PA lines, while LA content showed
no significant changes. They concluded that using soybeans with reduced PA content could improve
soybean quality. As mutagenesis is also one of the conventional breeding methods followed to change
the oil and its fatty acid composition, Pham et al. [12] studied the incorporation of mutant FAD3 genes
into high OA background to lower the LNA content. Results of their investigation identified lines
with less than 2% LNA content. Furthermore, the study of La et al. [21] which aimed to characterize
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seed composition traits, including fatty acids, in 80 wild soybean plant introductions (PIs) from
the USDA soybean collection, observed a lower OA content (122.1 g kg™!) while LNA content was
high (163.8 g kg™!). They suggested the possibility of exploiting this collection of wild soybean in
improving oil profile constituents in cultivated soybean for human health benefits. genome-wide
association studies (GWAS) were recently conducted and resulted in identification of beneficial alleles
and candidate genes which are expected to be valuable for generally improving seed quality [47] and
particularly improving unsaturated fatty acid of soybean [11].

In the current study, the highest accession in PA content was T309 (17.20%) from USA, while
YZY2004-15-W90, from China, had the lowest content of PA (8.23%) (Table 2). For SA, ZDD00294 from
China had the highest level (5.19%), whereas WDD00405, from USA, had the lowest level (2.71%)
(Table 2). This shows the existence of a wider variability between the Chinese and USA germplasms
for PA and SA. The Chinese accession ZDD02925 showed the highest OA content (31.88%), whereas
ZDD09581 contained the lowest level of OA (13.55%) (Table 2). The observed result showed a large
variation among the Chinese accessions for OA content. The highest level of LA was yielded by
accession S01-9391 from USA (63.93%), whereas the Chinese accession ZDD02925, in contrast to its OA
content, recorded the lowest LA content (45.64%) (Table 2).

Table 2. Accessions with highest and lowest contents of five fatty acids.

Fatty Acid ID Number Name Mean * Origin
Palmitic acid - YZY2004-15-W90 8.23 China
almitic acl WDDO01709 T309 17.20 USA
S . id WDD00405 Yellow marvel 2.71 USA
tearic aci ZDD00294 Qingdou 5.19 China
Oleic acid ZDD09581 DLHD 13.55 China

eicact ZDD02925 DLFB 31.88 China
Linoleic acid ZDD02925 DLFB 45.64 China
olelc act WDD03084 S01-9391 63.93 USA
Linolenic acid | WDD01482 C1640 3.43 USA
e ZDD03739 PXDZHC 12.76 China

? The content of each fatty acid is expressed as a percentage of total fatty acid content.

For LNA, the Chinese accession ZDD03739 had the highest content (12.76%), while C1640 from
USA had the lowest LNA content (3.43%) (Table 2). The variability among USA accessions in LA
and LNA contents in this study can explicitly provide insights into achieving a goal of dual purpose
soybean accessions; accessions with higher LA to produce healthier soybean oil and lower LNA to
achieve oil stability. USA accessions with lower level of LNA, such as accession C1640, offers vital
source for more advanced research on low-LNA soybean studies with the aim of improving oil stability.
Genetically, Fehr et al. [48] reported that the expression of low LNA content is governed by, at least,
two recessive alleles and a combination of these alleles will decrease LNA level to less than 3%.

3.2. Effect of Germplasm Origins on Variation in Seed Fatty Acid Composition

We observed highly significant differences (P < 0.001) among the germplasm origins for all
fatty acids (Table S3a). The significant variation of fatty acids among different germplasm origins
was consistent with previous studies [20,21,28]. Grieshop and Fahey [31] reported that soybeans
collected from various sources elucidated major differences in their nutritional composition of fatty
acids. The contents of SA, LA, and LNA showed highly significant differences (P < 0.001) between
the two years, whereas PA and OA levels showed no significant differences (Table S3a). A previous
study revealed that cultivation year had a significant effect on some soybean seed quality traits, while
others were not significantly affected [49]. In addition, the interaction of cultivation year X origin had
a highly significant effect (P < 0.01) only on LNA content, while no significant effects were observed
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for the other fatty acid contents (Table S3a). The significant effect of year X origin interaction on
LNA, coupled with the highest CV of 15.34% (Table 1), underline the high sensitivity across various
environmental conditions. In contrast, the other fatty acids were not affected by such interaction which
was in accordance with the study of Graef et al. [50]. The results also showed that there were highly
significant differences (P < 0.0001) among accessions for all fatty acids contents (Table S3b). Table S3b
further showed that cultivation year X accession interaction did not significantly affect all the fatty
acid contents, indicating that genetic factor plays a key role on fatty acid composition between various
cultivation years.

The variation in fatty acid composition among the four germplasm origins are shown in
Figure 1A-E. Russian accessions had the highest average level of PA (12.31%), followed by Japan
(12.26%) and China (12.22%), while USA accessions had the lowest level of PA (11.68%) which
significantly differed from the other three germplasms origins (Figure 1A). Chinese accessions had
higher content of SA (3.95%), followed by USA (3.89%), then Russian accessions (3.79%), while Japanese
germplasm revealed the lowest SA content (3.76%) (Figure 1B). The Chinese germplasm can be used as
good parents for the development of soybean varieties with high saturated oils, which could increase
the oil shelf life. In respect to unsaturated fatty acids, the Chinese accessions contained the highest OA
level (21.95%), followed by Japan (21.54%) and Russian germplasms (21.45 %), while USA germplasm
recorded the lowest OA content (20.66%) (Figure 1C). Russian accessions did not differ significantly
from USA accessions in OA content, while USA accessions differed significantly from Chinese and
Japanese accessions. In contrast with OA content, the USA germplasm had the highest average of
LA content (56.34%), while the other germplasms of Japan and Russia recorded 54.55% and 54.30%,
respectively (Figure 1D). The Chinese accessions, in contrast with SA level, contained the lowest level
of LA (53.81%) (Figure 1D). One important finding in the current study is that the four germplasm
sources used varied greatly in LA content, suggesting that LA can be used as a discriminative factor
for geographical classification of soybean.

The largest difference in LA was found between Chinese and USA accessions which was in
accordance with Song et al. [30], as they reported that USA accessions had higher LA content than
Chinese accessions (48.5% and 44.7%, respectively). This result demonstrates that different genetic
background between both origins greatly influenced LA content. Russian accessions had the highest
LNA content (8.15%), followed by Chinese accessions (8.06%), and Japanese accessions (7.90%), whereas
USA accessions had the lowest LNA content and differed significantly from the other origins (7.40%,
Figure 1E). The highest LA and lowest LNA levels in observed in USA accessions shows the possibility
of decreasing LNA level with an increase in LA level, which suggests that higher content of LA could
be acting at the expense of LNA content.

As a result, improving genotypes or/and developing new cultivars with special nutrition pattern
largely rely on the noted variations in seed fatty acids. Japanese and Chinese accessions showed no
significant differences in PA, OA, and LNA contents, which was also in agreement with Song et al. [29],
indicating that the closeness of these two origins may have resulted in the lack of significant effect on
the soybean quality components. Generally, the observed variation in saturated and unsaturated fatty
acids among different origins could be attributed to environmental and genetic factors, which further
confirms the results of Song et al. [29], as the germplasm origins exhibited various oil profiles.
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Figure 1. Boxplots of five fatty acid composition of 633 soybean accessions collected from four different
germplasm origins (averaged across three locations and two years). (A) palmitic acid (PA), (B) stearic
acid (SA), (C) oleic acid (OA), (D) linoleic acid (LA), and (E) linolenic acid (LNA). Different lowercase
letters (a, b, and c) at the top of each boxplot indicate statistically significant differences at P < 0.05 level
among the four germplasm origins.

3.3. Effect of Maturity Group on Seed Fatty Acid Composition

Highly significant differences (P < 0.0001) in fatty acid composition were also observed among
different maturity groups (MGs) for all fatty acids (Table S3c). Previous studies have reported that MG
significantly affects soybean seed quality [39,51-53]. These findings document the variation among
maturity groups in different fatty acids, confirming the fact that MG should be considered as an
important factor [39]. Furthermore, the results demonstrated that in the same planting site or even
planting date, early MGs could affect soybean seed fatty acid composition in a way that differs from late
MGs, which could be attributed to the difference in growth durations of both early and late maturing
cultivars [24]. In other words, effects of MG in this study underline that accessions from some MGs
had higher content of specific fatty acid than other accessions belonging to other MGs, regardless of
the environments. The MG x year interaction had no significant effect on all fatty acids (Table S3c),
which indicates the consistency of the MGs in both years of experimentation.

In this study, PA and SA levels ranged from 11.75% to 12.33% in MG0-VII and from 3.69% to 4.16%
in MGI-VI, respectively (Table 3). MGO had significantly higher PA level (12.33%) when compared
to MGI-VII which had a decreasing PA level, with the lowest PA level observed in MGVII (11.75%).
For SA, MGl yielded the highest level (4.16%) which was significantly higher than all the other maturity
groups. Also, MGII-VII had a decreasing SA level which ranged from 3.94% in MGII to the lowest SA
level of 3.69% in MGVI (Table 3). Level of OA ranged from 19.73% in MGVII to 22.99% in MGI (Table 3),
showing a similar trend to that observed in PA and SA levels as higher contents of PA, SA and OA
were presented in early MGs, while lower contents were yielded in late MGs. Level of LA ranged from
53.30% in MGI to 56.20% in MGVII, while LNA level ranged from 7.31% in MGO to 8.88% in MGVI
(Table 3). These findings reflect contrasting trends of fatty acids with different MGs, where higher PA,
SA, and OA levels were observed in early, rather than late, maturing soybean accessions, while the
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higher levels of LA and LNA were observed in late maturing soybean accessions. The MG can be
used as an influential factor on soybean seed fatty acids and early maturing soybean accessions had
higher levels of PA, SA, and OA components, while late maturing accessions had higher levels of LA
and LNA components. Despite the solid knowledge that environment is a major player influencing
soybean seed composition since it drives to an influential change in climatic factors [54], the current
study further points out the remarkable effect of MG on seed fatty acid composition. In other words,
the trend of fatty acid across different MGs observed in this study further highlights that genetic factors
play a key role in variation of seed fatty acid constituents among different accessions corresponding to
different backgrounds. This assertion that genetic variability is present in soybean seed composition
and yield has also been reported by other studies [51,55,56].

Table 3. Fatty acid composition (%) in soybean seeds from different maturity groups (MGs) across

two years.
MG Palmitic Acid  Stearic Acid Oleic Acid Linoleic Acid Linolenic Acid
0 Mean ¢ 12.33 a 3.92b 22.63 a 53.77 ef 7.31d
Range 10.27-15.33 2.24-55 13.3-46 34.55-63.36 4.3-13.67
I Mean 12.20 ab 416 a 2299 a 53.30 f 7.35d
Range 9.91-14.67 2.80—41.02 10.64-63.93 38.88-63.93 4.08-12.90
1 Mean 12.01 ¢ 3.94b 21.34b 55.02 bc 751d
Range 9.8-15.56 2.21-5.91 12.6-35.49 44.18-66.75 2.94-11.89
I Mean 12.07 ¢ 4b 21.89b 54.21 de 7.89 ¢
Range 9.61-17.48 2.37-6.39 13.03-42.48 38.77-62.43 3.94-14.91
v Mean 12.15 bc 3.93b 21.48d 54.15 de 8.30b
Range 9.97-15.00 2.49-6.57 14.08-32.78 43.48-61.71 5.05-12.58
v Mean 12.09 be 3.79 ¢ 21.18d 54.70 cd 8.25b
Range 9.77-14.71 2.37-6.48 13.62-37.98 42.93-61.74 4.65-13.37
VI Mean 12.08 bc 3.69 cd 19.88 ¢ 55.47 ab 8.88 a
Range 7.93-16.71 2.61-5.49 11.95-33.50 44.67-66.90 3.68-13.91
VII Mean 11.75d 3.79 ¢ 19.73 ¢ 56.20 a 8.54 ab
Range 9.72-18.44 2.62-6.08 13.63-28.85 48.80-62.31 5.04-13.95

? The content of each fatty acid is expressed as a percentage of total fatty acid content. Values of means within each
column with different letters indicate statistically significant differences at P <0.05.

The relationship between fatty acid composition and MG is shown in Figure 2A-E. All the fatty
acids showed a significant relationship with maturity groups. Levels of PA, SA and OA showed
negative and significant linear relationship with MG (r = —0.76, P < 0.028, r = —0.77, P < 0.027 and
r=-0.92, P < 0.001, respectively) (Figure 2A—C). In contrast, levels of both LA and LNA revealed a
positive and significant relationship with MG (r = —0.8, P < 0.017 and r = —0.95, P < 0.0004, respectively)
(Figure 2D,E). These findings further confirm that there is a decreasing trend in PA, SA, and OA levels
from early to late maturity groups, with much stronger relationship in OA level. For LA and LNA
levels, there is an increasing trend from early to late maturity groups, with much stronger relationship
in LNA level. This relationship pattern was not in agreement with that reported by Bellaloui et al. [57],
as they concluded that MG showed no consistent effect on fatty acid composition, except stearic acid
which was minimally affected.
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Figure 2. Relationship between means of soybean seed five fatty acid composition (%) with maturity

groups (MGO-VII). (A) palmitic acid, (B) stearic acid, (C) oleic acid, (D) linoleic acid, and (E)
linolenic acid.

Despite this conclusion of Bellaloui et al. [57], their study was conducted based on two sets of
near-isogenic soybean lines derived from two cultivars Clark and Harosoy with a common genotypic
background, which did not enable them to generalize their conclusions. In contrast, the soybean
accessions utilized in the current study included diverse soybean accessions in different genetic
background. We believe that this contradictory pattern of relationship between fatty acid and MG
could be exploited to adopt best management combinations depending on selection purpose and other
practices aiming at maximizing specific end use targets.

3.4. Correlation Analysis of Seed Fatty Acids

Pearson’s correlation coefficients among the five fatty acids are shown in Figure 3. The highest
significant negative correlation was observed between OA and LA contents (r = —0.85**), followed
by OA with LNA contents (r = —0.47, P < 0.001, denoted ***). Similar results were previously
reported [21,58]. These findings showed that a consistent decrease in LA and LNA contents is linked
with a corresponding increase in OA content. This negative correlation may be attributed to the
different biochemical pathways of the noted fatty acid biosynthesis [59]. Interestingly, this negative
association provides more increasing interest for food industries and consumers to produce oil with
high OA and low LA and LNA contents [60]. Non-significant correlation was observed between LA
and LNA. The PA content was significantly and negatively correlated with OA and LA (r = —0.08* and
—0.29***, respectively), but positively correlated with LNA (r = 0.23***). The SA content had highly
significant negative correlations with LA and LNA (r = —0.16*** and —0.23***, respectively), but positive
correlation with OA. Previous study of La et al. [21] demonstrated that there is a significant negative
association between PA and LA, as well as between SA and LNA. These negative correlations of both
PA and SA with unsaturated fatty acid contents could be related to the different pathways in their
biosynthesis. Our result is in opposite to other studies [42,61], as they found positive and significant
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correlations between PA with LA, and SA with both LA and LNA. Such a contradiction between our
study with other studies could be due to the difference in materials exploited in both studies.
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Figure 3. Pearson’s correlation coefficients between soybean seed fatty acid composition. * Significant
at the P < 0.05 probability level, ** significant at the P < 0.01 probability level, *** significant at the
P < 0.001 probability level. Values without asterisks are not significant at P < 0.05. PA, palmitic acid;
SA, stearic acid; OA, oleic acid; LA, linoleic acid; LNA, linolenic acid.

3.5. Stability of Soybean Fatty Acids across Different Environments

The stability of soybean accessions varies greatly under different environmental conditions [62].
The coefficient of variation (CV) of each seed fatty acid was used to reflect the stability of the fatty
acid levels, as a lower CV represents higher stability for a cultivar in different environments [63-65].
The means of the five seed fatty acids were plotted against their CVs to show how much the desirable
level of each fatty acid was stable within each germplasm origin (Figure 4A-E). These results indicated
that diverse germplasm accessions showed discrepant performance against different environments.
The different CV values of accessions from the four origins elucidated the effect of different genetic
background for each collection and their performances under unusual climatic conditions [29]. These
findings suggest that introducing new germplasms to China will offer promising germplasm resources
with specific oil profile depending on their stability across contrasting environments [66]. Importantly,
the germplasm accessions which are adapted to local agro-environmental conditions may have
beneficial alleles and could be incorporated in soybean breeding for desired fatty acid profiles.
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Figure 4. Scatter plots showing the relationship between means of five fatty acids and coefficients
of variation (CVs) for 633 soybean accessions grown in five different locations. (A) palmitic acid, (B)
stearic acid, (C) oleic acid, (D) linoleic acid, (E) linolenic acid. Horizontal and vertical dashed lines, in
blue, represent average CV and mean of the five fatty acids, respectively.

Accessions with higher level of PA and lower CV values are more preferred form of saturated
fatty acids because they showed higher oil stability (Figure 4A). Among these accessions, T309 from
USA had higher PA content (17.20%) with lower CV (2.03%), followed by the Japanese accession Saikai
20, as its PA content was 14.81% with lower CV of 3.45%. Other accessions with higher PA showing
higher stability are shown in Table 4. A collection of USA and Chinese germplasms with high SA
content showed more stability (Figure 4B). The USA accession L72-920 showed higher SA content
(5.04%) and lower CV (8.48%), followed by the Chinese accession Laidou24, which had higher SA
content of 5.01% and low CV of 12.57% (Table 4). Other stable accessions with higher SA level were
shown in Table 4. Figure 4C shows that higher means of OA content were reasonably associated with
higher CV values, indicating that majority of the higher OA accessions were not very stable across
different environments. Despite that, two Chinese accessions ZDD11235 and ZDD06021 with OA
content of 28.47% and 28.14%, respectively, exhibited high stability as their CVs were 9.98 and 4.93%,
respectively, in addition to other Chinese accessions with lower CV and higher OA content which are
shown in Table 4. In contrast to other fatty acids, higher LA levels showed lower CV values (Figure 4D),
revealing that a greater number of accessions with higher LA content were relatively stable across
different environments. The current study showed that many stable and favorable LA levels were
abundantly found in USA germplasms, whereas few accessions from other origins exhibited such a
desired LA scenario (Figure 4D and Table 4). The USA accession S01-9391 had the highest LA content
of 63.93% with CV of 3.20%, followed by the Chinese accession ZDD03222 with LA content of 63.30%
and CV of 2.32%. Stable accessions with low LA levels were also observed, including ZDD04382 with
LA level of 47.36% and CV of 4.55% (Table 4). These results indicate that higher LA levels tend to
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be less affected by environments compared with other fatty acids. In respect to LNA, the Chinese
accession, ZDD03739, had a higher LNA level of 12.76% and maintained relatively higher stability (CV:
7.82%) (Table 4). As Lower LNA levels is required for maintaining higher oil stability, the accession
C1640 from USA had a higher stability, CV of 6.8%, in addition to its lowest LNA content (3.43%)
(Table 4) which highlights the importance of exploiting some USA soybean accessions for providing
oils with higher stability.

Table 4. Accessions showing desired contents of five fatty acids with higher stability (lower CV).

Fatty Acid ID Number Name Mean * CV (%) Origin
WDDO01709 T309 17.20 2.03 USA
Higher palmitic WDD01215 Saikai 20 14.81 3.45 Japan
acid (PA) ZDD24126 gongdoul0 14.01 1.18 China
WDDO02708 PSB313 13.97 3.05 Russia
WDD02225 L72-920 5.04 8.48 USA
Higher stearic - Laidou24 5.01 12.57 China
acid (SA) - HLT2-Heihel3 4.72 6.39 China
Z713-633-1 Z13-633-1 4.81 12.82 China
ZDD11235 SQDDD 28.47 9.98 China
Higher oleic ZDD06021 Qingpidou 28.14 493 China
acid (OA) ZDD12746 SCQPD 27.31 4.67 China
WDD02995 PI 468903 27.27 6.58 USA
WDDO03084 501-9391 63.93 3.20 USA
ZDD03222 RNPDS 63.30 2.32 China
Higher linoleic - YZY2004-15-15W83 62.86 451 China
acid (LA) WDDO00713 Dorchsoy 61.88 3.30 USA
WDD01488 CX1038-14 61.04 3.86 USA
WDDO01618 Camp 60.10 1.55 USA
ZDD04382 DYBHSBD 47.36 4.55 China
Lower linoleic ZDD06450 YGZHD 47.71 4.59 China
acid (LA) ZDD07088 LQODD 48.24 4.40 China
ZDD06021 Qingpidou 48.29 3.51 China
ZDD03739 PXDZHC 12.76 7.82 China
Higher ZDD16816 CSHD 11.48 11.02 China
linolenic acid PI84751 G1593|2017 11.32 10.68 USA
(LNA) WDD02708 PSB313 11.31 10.00 Russia
PI43848913 G1592|2017 11.07 7.90 USA
WDDO01674 T116H 11.05 9.47 USA

Lower linolenic
acid (LNA)

? The content of each fatty acid is expressed as a percentage of total fatty acid content. CV, Coefficient of variation.

WDD01482 C1640 3.43 12.53 USA

Basically, one of the aims of soybean breeding is to improve oil stability through developing
genotypes with reduced LNA and elevated OA levels [21,67,68]. Therefore, taking into consideration
these germplasms resources and their adaptability as determined in this study, our findings are
expected to contribute greatly in selection of accessions with desirable levels of certain fatty acids
which are less affected by contrasting environmental conditions. Furthermore, soybean oil content and
fatty acid composition significantly affect soybean flavor attributes [69], that is why great efforts were
made to select soybean cultivars with a desired oil profile to improve such flavor attributes [70]. In our
study, the accessions which revealed higher stability and higher OA and LNA contents are beneficial
for producing soymilk with preferable levels of smoothness and sweetness attributes, achieving the
most important quality and preferable soymilk parameters for Chinese consumers [71]. In contrast, the
accessions with higher PA and LNA contents are mostly preferable for western consumers due to the
significant positive correlation of these two fatty acid levels with color and appearance of soymilk [71].
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As a result, these unique accessions reported in this study constitute promising endeavors to improve
soybean products with higher quality to meet various consumers’ preferences.

4. Conclusions

To conclude, significant variations in seed fatty acid composition were noticed among four diverse
soybean collections in this study. Particularly, accessions form USA and China showed significant
differences in all the fatty acids and the largest difference between both origins was found in LA. Higher
negative correlation observed between OA and LA levels offers a valuable chance for improvement
of specific oil patterns with dual purposes. This variability observed in seed fatty acid traits among
four worldwide germplasm accessions can provide valuable genetic resources for soybean breeding.
In general, contrasting trends of fatty acids with different MGs further emphasized the importance of
MG as an influential factor on soybean seed fatty acid composition. Different adaptability patterns of
introduced germplasms encourage exploiting diverse genotypic backgrounds in breeding for high
quality soybeans. Furthermore, the variation observed in fatty acid composition among different
soybean germplasms due to the effect of diverse origins or MGs is of high importance for identification
of accessions with desired lower or higher fatty acid contents. These high stable accessions with
interested fatty acid profiles identified in this study can be used for enhanced studies and industries,
aiming to achieve desired soybean oils to meet various consumption preferences.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/1/24/s1,
Table S1: Information of the 633 soybean accessions used in this study, Table S52: The monthly average of
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origins at three locations for two years, Table S3b. Analysis of variance for seed fatty acid composition affected
by 633 soybean accessions at three locations for two years, Table S3c. Analysis of variance for seed fatty acid
composition affected by different maturity groups (MGs) at three locations for two years.
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Abstract: Lupinus mutabilis (tarwi) is a species of Andean origin with high protein and oil content
and regarded as a potential crop in Europe. The success in the introduction of this crop depends in
part on in depth knowledge of the intra-specific genetic variability of the collections, enabling the
establishment of breeding and conservation programs. In this study, we used morphological traits,
Inter-Simple Sequence Repeat markers and genome size to assess genetic and genomic diversity
of 23 tarwi accessions under Mediterranean conditions. Phenotypic analyses and yield component
studies point out accession LM268 as that achieving the highest seed production, producing large
seeds and efficiently using primary branches as an important component of total yield, similar to the
L. albus cultivars used as controls. By contrast, accession JKI-L295 presents high yield concentrated on
the main stem, suggesting a semi-determinate development pattern. Genetic and genomic analyses
revealed important levels of diversity, however not relatable to phenotypic diversity, reflecting the
recent domestication of this crop. This is the first study of genome size diversity within L. mutabilis,
revealing an average size of 2.05 pg/2C (2001 Mbp) with 9.2% variation (1897-2003 Mbp), prompting
further studies for the exploitation of this diversity.

Keywords: Lupinus mutabilis; genetic diversity; morphological traits; ISSR; genome size; Mediterranean
climate

1. Introduction

The genus Lupinus includes more than 280 species [1], approximately 90% of which are native
and widely distributed throughout the American continent [2,3], with greater inter- and intra-specific
genetic variability than in Euro-African species. Lupinus mutabilis Sweet (also known as tarwi, chocho,
altramuz and Andean lupin) is native from the Andean region in South America. The species is auto-
and allogamic with wide variability of flower, stem and seed colours, and exhibits indeterminate
growth [4,5]. It has been domesticated in the Andean region and used for grain production, forage,
green manure, fixing atmospheric nitrogen and soil conservation [4,6]. In spite of their high alkaloid
content [7,8], tarwi seeds have high nutritional value, containing up to 53% protein and 24% lipids [9].
The nutritional attributes found in tarwi are supposedly better than those in soybeans [10] and for this
reason it is called Andean soybean [11]. Tarwi protein is rich in globulins (43%—45%) and albumins
(8%-9%) and the oil has high quality and does not require industrial removal of the linolenic acid like
in soybean [12,13]. Additionally, low alkaloid (<0.1%) lines have been selected in L. mutabilis [14].

Tarwi exhibits key traits of domestication, including indehiscent pods and seeds with permeable
tegument, representing a locally important crop in several Andean areas [15]. Recently the species
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L. piurensis was considered the wild relative from which tarwi would have evolved until arriving
at the domesticated form known nowadays [16]. According to this hypothesis, no wild specimens
of L. mutabilis exist and the species would have suffered a classic domestication bottleneck no later
than 2600 years before present time [16], leading to a recognizably low genetic diversity of tarwi [17].
Nevertheless, the crop conceals important morphological variability, which is related to the high
variability of agroecological conditions across its native range [18]. For instance, small plants occur in
the Potosi region, where the altitude exceeds 3500 m and of low temperatures and precipitation prevail.
Branched and tall plants are found in the Andean valleys of Bolivia and Southern Peru with more than
50% of their production centred on the main stem. Highly branched plants with over 1.8 m in height,
with long vegetative period and little production in the main stem occur in Colombia, Ecuador and
northern Peru, under frost-free climates [18].

Due to its high plasticity, tarwi has a wide adaptation to varied soils, precipitation and temperature
regimes [6]. In the light of this broad adaptation, attempts have been made in order to introduce
tarwi to European conditions [12] to reduce local dependence on imported soybeans. As such, seeds
harvested in the Andean region have been used during several years to select plants with determined
growth in the Mediterranean conditions. As a result, a germplasm collection was created focused on
promising accessions. The success in introducing this species in this region will depend in part on the
deep knowledge of the genetic variability of this collection. Thus, understanding the genetic variability
is extremely important for the establishment of future breeding and conservation programmes [19].

Research on crop genetic variability has been based on morphological descriptors and molecular
markers as the main tools [20-23]. The morphological descriptors are used to generate relevant information
about the description and classification of the germplasm collections in order to allow efficient use in
breeding programmes [24,25]. Morphological analysis and molecular markers can be used together to
generate more reliable and consistent information. Contrary to morphological descriptors, molecular
markers have the advantage to not depend on the environment, phenotype and stage of development
of the plant [26]. Several DNA markers are available and can be used in genetic diversity studies,
among which are Inter-Simple Sequence Repeat (ISSR) markers. ISSR markers allow preliminary
screening of germplasm collections and have been used to perform genetic mapping, phylogenetic
and evolutionary studies because of their good repeatability, high polymorphism, easy handling and
low cost [27-30]. ISSR analyses thus enable the selection of contrasting accessions that, together with
pertaining morphological traits, can be selected for further characterisation using more informative
markers, such as Simple Sequence Repeats. In addition to the use of molecular markers, in recent
years the use of nuclear DNA content information to explain intra-specific genetic diversity has
been increasing [31-33]. The DNA content is important for understanding molecular, cellular and
evolutionary genomic mechanisms [34]. Flow cytometry is widely used for DNA content estimation
due to its simplicity and efficacy [35]. This technique has been applied successfully in the estimation of
nuclear DNA content in different species. In particular, flow cytometry was employed to differentiate
Lupinus species based on the genome size [36]. However, there are few studies addressing intraspecific
variability in L. mutabilis based on morphological traits, ISSR [37,38] and on DNA content. This prompts
aneed to characterise L. mutabilis germplasm collections in depth, both under genotypic and phenotypic
perspectives. Instituto Superior de Agronomia (ISA), Portugal, has one of the most important collections
of Lupinus in the world, containing over 1300 Lupinus accessions, including L. mutabilis. However, little
is known about the genetic variability in this collection. The present study aims to evaluate genetic
and genomic diversity in 23 L. mutabilis accessions present in ISA collection using 37 morphological
traits, six ISSR markers and genome size data, contributing simultaneously to assess its adaptability to
Mediterranean climate conditions and to provide genotypic data.

160



Agronomy 2020, 10, 21

2. Materials and Methods

2.1. Plant Materials

A total of 23 L. mutabilis accessions were selected from the ISA Lupinus germplasm including
five accessions provided by the Julius Kiithn-Institut (JKI), Germany (e.g., Table 2). Lupinus albus
cultivars Misak and Mihai were used as reference in the morphological characterization because of
their high adaptation to the Mediterranean conditions and as outgroups/standards in the ISSR marker
and genome size analyses.

2.2. Morphological Analysis

Field experiments were conducted at Tapada de Ajuda in Lisbon (coordin: 38.709133, —9.182976, alt:
60 m) on a vertisol in the 2016/17 (sowing date: 29 December) and 2017/18 (sowing date: 18 December)
seasons under rain-fed conditions. Meteorological data were collected daily from the weather station
located adjacent to the field. Soil water balances were calculated according to Allen et al. [39].

The experimental design adopted was randomized block with three replicates. Each replicate was
composed of 26 1.8 m?-plots with 20 plants in each plot (immediately surrounded by a 60 cm-wide
edge of L. albus ‘Misak’ plants to avoid border effects) and the total number of plots in the assay was
78. For morphological characterization, 10 plants of each plot were selected as recommended by
Talhinhas et al. [40].

Data of morphological characterization were obtained based on Lupinus spp. descriptors [41],
as listed in Table 1. Yield components and vegetative traits were analysed considering a two-factor
experimental design (genotype and year), with differences being statistically analysed using the Kruskal
Wallis test. Characteristics for multivariate analysis were selected based on correlation coefficients and
heritability values [40]. Variables with correlation above 0.85 were considered redundant and thus one
of them was excluded. Meanwhile, variables with low heritability (<65%) were also excluded, as these
were explained by environmental factors.

Univariate analysis (UA) was performed to compare each individual characteristic across the
accessions. Before running the UA, normality and homogeneity of variances was tested. Since data
did not follow normal distribution and the variance was not homogeneous, an analysis of variance
(ANOVA) based on rank transformation for non-parametric analysis was performed [42]. Post-hoc
Tukey’s honest significant difference (HSD) test of means was performed for all variables at 5%
significance. Afterwards, broad sense heritability (H?), genotypic variance (6%g), phenotypic variance
(2p), phenotypic coefficient of variance (PCV) and genotypic coefficient of variance (GCV) were
estimated to understand the genetic variation between accessions and environment, as well as the
genetic effects on different traits, following Mazid et al. [43].

Multivariate analysis was performed for all 25 accessions and all characteristics selected and
represented in a single graphic, as described by Talhinhas et al. [40]. Standardized morphological data
transformation (mean = 0, and standard deviation = 1) was performed before conducting multivariate
analysis. Cluster analysis was performed based on Euclidean distance and average method for the
25 accessions. A dendrogram was constructed using an unweighted pair group method of arithmetic
mean (UPGMA) algorithm. Principal component analysis (PCA) was performed and eigenvectors and
eigenvalues were projected to visualize the components. All analyses were performed in the RStudio
program version 1.1.456 (The R consortium, Boston, USA).
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Table 1. List of morphological traits evaluated in the experiment, method and unit of measurement.

Acronym Trait ! Method (unit)
DUF Days from sowing until flowering 3 Counting (nr 4)
NLMS Number of leaves on the main stem Counting (nr)
HUFF Height up to first flower Metric meas. ° (cm)
ADNL Average distance between leaves = HUFF/NLMS (cm)
NPMS Number of pods on the main stem Counting
PLMS Pod length on the main stem Metric meas. (cm)
PWMS Pod width on the main stem Metric meas. (cm)
RBLWPMS Ratio length-width of pods on the main stem = PLMS/PWMS (dim. ©)
NSMS Number of seeds on the main stem Counting (nr)
SLMS Seed length on the main stem 2 Metric meas. (cm)
SWMS Seed width on the main stem Metric meas. (cm)
RBLWSMS Ratio length-width of seed on the main stem 23 = SLMS/SWMS (dim.)
NSPMS Number of seed per pod on the main stem Counting (nr)
WSMS Weight of seeds on the main stem Weighting (g)
TSWMS Thousand seeds weight on the main stem 2 = WSMS/NSMS*1000 (g)
NPB Number of primary branches Counting (nr)
ADBPB Average distance between primary branches 2 = HUFEF/NPB (cm)
SLPB Sum of the length of primary branches Metric meas. (cm)
ALPB Average length of primary branches = SLPB/NPB (cm)
PBL Proportion of leaves with branches 23 = NPB/NLMS (%)
NPPB Number of pods on primary branches 2 Counting (nr)
NSPB Number of seeds on primary branches 2 Counting (nr)
NSPPB Number of seeds per pod on primary branches = NSPB/NPPB (nr)
NPPPB Number of pods per primary branch = NPPB/NPB (nr)
WSPB Weight of seeds on primary branches 2 Weighting (g)
WSPPB Thousand seeds weight per primary branches Weighting (g)
TSWPB Thousand seeds weight on primary branches = WSPB/NSPB x 1000 (g)
TBL Total branch length = SLPB+ HUFF
TNP Total number of pods 2 Counting (nr)
TNS Total number of seeds Counting (nr)
TNSPP Total number of seeds per pod = TNS/TNP (nr)
™ Total seed weight Weighing (g)
PSMS Percentage of seed weight on the main stem = WSMS/TW (%)
PSPB Percentage of seed weight on primary branches 3 = WSPB/TW (%)
TTSW Total thousand seeds weight = TW/TNS x 1000 (g)
SWBLR Seed weight/total branch length ratio = TW/TBL x 100 (g/m)

! Characteristics related with secondary and tertiary branches were excluded due to insufficiency of data; 2 Redundant
or non-independent characteristics excluded of multivariate analysis based on the correlation coefficient (r > 0.85);
3 Characteristics excluded of multivariate analysis due to presenting low value of heritability (<0.65);  number;
5 Metric measurement; © dim.—dimensionless.

2.3. Molecular Analysis

Young but fully expanded leaves of the 23 L. mutabilis accessions and of the two L. albus reference
cultivars were collected and immediately frozen in liquid nitrogen and stored at —80 °C. Freeze-dried
vegetal material was used for DNA extraction using the DNeasy® Plant mini kit (Qiagen, Hilden,
Germany) according to the manufacturer instructions. The DNA quality and quantity were estimated
using spectrophotometry in the Gen5 program, and electrophoresis using a 1% agarose gel. The stock
solution of DNA was diluted with sterilized water to make a working solution with a concentration of
10 ng/uL to be used in amplifications.

For molecular characterization, six ISSR primers were selected (Table 6) from those reported by
Talhinhas et al. [44] based on preliminary analyses of a limited set of accessions. The Polymerase
Chain Reaction (PCR) amplification for all primers was carried out under the following conditions:
pre-denaturation 4 min at 94 °C, 40 cycles of 30 s at 94 °C, 45 s at 52 °C and 2 min at 72 °C, and a
final extension at 72 °C for 10 min. The PCR reactions were performed in a final volume of 10 uL
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containing 20 ng of DNA, 0.5 uM of primer and 5 puL of dNTP + Tag DNA polymerase (NZYTaq
II DNA polymerase, NZYTech, Lisbon, Portugal). After amplification, products were separated by
electrophoresis in a 2% agarose gel stained using GreenSafe Premium (NZYTech).

The ISSR bands were scored in a binary matrix as presence (1) or absence (0) for each accession
and for each fragment size. Based on the binary matrix, parameters such as percentage of polymorphic
and monomorphic bands were determined and discriminatory power of primers was calculated
based on the polymorphic information content (PIC), effective multiplex ratio (EMR), resolving power
(RP) and marker index (MI). PIC value is the probability for detecting polymorphism by a primer or
primers combination between two randomly drawn genotypes and can be calculated using the formula
PIC = 1 - pi?, where pi is the frequency of occurrence of polymorphic bands in different primers [45].
The effective multiplex ratio was calculated using the formula EMR = npp; where 8 is the fraction of
polymorphic markers and is estimated after considering the number of polymorphic loci (np) and
non-polymorphic loci (nnp) as 8 = np/(np + nnp) [46]. Marker index (MI) is the primer capacity to
detect polymorphic loci among different genotypes and was calculated as EMRxPIC. Resolving power
(RP) is the ability of primers to distinguish between genotypes and was calculated as RP = XIb, where
Ib is the informative fragments and can take values of: 1 — [2]0.5 — p|]; p is the proportion of total
genotypes containing the band [47]. Genetic similarity was obtained according to the Jaccard similarity
index. The results were used for the construction of ISSR and morphological traits dendrograms, in
order to evaluate the similarity relations between the genotypes. Dendrograms were constructed based
on UPGMA grouping and the ISSR results were correlated with morphological traits.

2.4. Flow Cytometry

For each accession, young leaves in healthy conditions were randomly collected and immediately
analysed in the laboratory. Nuclear DNA content was measured by flow cytometry. Solanum lycopersicum
‘Stupické’ (2C = 1.96 pg; [48]) was tested as DNA standard but its genome size showed to be too close
to that of L. mutabilis. Therefore, we tested L. albus as DNA standard (2C = 1.20 pg; [49]) and for such L.
albus "Misak’ was validated as standard by comparison to S. lycopersicum ‘Stupické” and Raphanus sativus
‘Saxa’ (2C = 1.11 pg; [48]). Each L. mutabilis accession, together with the standard, was chopped with a
razor blade in the presence of 1 mL of buffer (Woody Plant Buffer; [50]). The nuclear suspension obtained
was then separated from plant debris using a 30 um nylon filter. After filtration, 50 pg/mL of propidium
iodide (PI; Sigma-Aldrich) were added to stain DNA and 50 pg/mL of RNase (Sigma-Aldrich) ware
added to prevent staining of double stranded RNA. The samples were maintaining at room temperature
and analyzed using a CyFlow Space flow cytometer (Sysmex, Norderstedt, Germany) equipped with
a 30 mW green solid-state laser emitting at 532 nm for optimal PI excitation. The reproducibility of
results were assessed using five independent replicates for each accession. FloMax software v2.4d
(Sysmex) was used to measure nuclear DNA content and three graphics were generated from data
measurement: fluorescence pulse integral in linear scale (FL); fluorescence pulse integral in linear
scale versus time; and fluorescence pulse integral in linear scale versus side light scatter in logarithmic
scale (SSC). The absolute DNA amount of a sample was calculated based on the values of the G1 peak
means, as suggested by DoleZel and Bartos [51]:

Sample G1 peak mean
standard G1 peak mean

Sample 2C DNA content = X Standard 2C DNA Content (1)

The results generated from 2C DNA (in picogram) were transformed to million base pairs using
the following conversion: 1 pg = 978 Mbp [52]. Coefficient of variation (CV, %) of G1 peaks in the
FL histograms, and estimates of the CV of the genome size of each accession were used to assess the
reliability of the results. Intra-specific genome size comparison was carried out using Kruskal Wallis

test (ox = 0.05) because genome size data did not exhibit normal distribution. Data analysis was done
in RStudio Program Version 1.1.456.
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3. Results

3.1. Morphological Characterization and Genetic Parameters among Accessions

Studies on the genetic variability are important because they generate relevant data for breeding
programmes and can be used as basis for development and selection of superior genotypes. Here, we
used morphological characterization and genetic parameters to evaluate the variability of a L. mutabilis
germplasm collection under Mediterranean conditions.

Meteorological conditions during the trial were typical of the Mediterranean climate (Figure S1),
although rainfall was well below average during autumn and winter and above average during spring
in 2017/18, while rain was scarce in April 2016. Two-way ANOVA based on rank transformation was
performed and revealed that all morphological traits exhibited significant difference at p-value < 0.05.
Tables 2 and 3 show the mean values, homogeneous groups and p value obtained in a two-factor
experimental design for morphological and reproductive characteristics, respectively. Differences
analysis results for morphological traits of each year are given in Supplementary Material (Table S1).
The statistical analysis of the results depict those genotypes showing differences that were consistent
over the two years.

Figure 1. Lupinus mutabilis flowers and stem colours: (a) green stem, white wings, white standard
with yellow central spot; (b) green stem, pale pink wings (more intense as flower matures), pale pink
standard with yellow central spot (central spot turning dark pink as the flower matures); (c) green stem,
blue wings, standard blue in the marginal area, white in the intermediate and yellow in the central
spot; (d) purple stem, purple wings, purple standard with yellow central spot.

The results presented in Table 2 reveal that the average number of days from sowing to flowering
(DUF) ranged between 80.8 (accession JKI-L309) and 103.4 (accession XM1-39) for L. mutabilis, spanning
23 days, while for L. albus cultivars the average was 98.1 days. The number of leaves on the main stem
(NLMS) ranged between 12.8 and 18.0, while the number of primary branches (NPB) ranged from 2.6
to 4.6. The average numbers of leaves (NLMS) and branches (NPB) were 15.9 and 3.4, respectively,
showing similar values to L. albus. On average, 21% of main stem leaves axillae harboured primary
branches (PBL), with a minimum of 16% for accession JKI-L295 and a maximum of 26% for accession
LM231. The average height (HUFF) of L. mutabilis plants was 55.7 cm, ranging between 40.0 cm
(JKI-L309) and 68.9 cm (Inti), while the average for L. albus cultivars was 40.4 cm. In both experiments
the accession JKI-L309 grew less than other accessions. The total length of primary branches (SLPB)
varied between 81.9 cm for accession JKI-L309 and 163.1 cm for accession LM231, with an average of
122.8 cm. The total stem length (main stem and primary branches, TBL) attained a global average of
179.4 cm (164.7 for L. albus), varying between 122.0 cm (accession JKI-L309) and 229.4 cm (LM231).
The JKI-L309 accession presented low values for TBL, suggesting that this may be a semi-determinate
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genotype. Stem and flower colors varied among accessions, with no clear correlation to morphologic
traits. Figure 1 depicts the four groups of flower and stem colors.

Table 2. Average values (and homogeneous groups 1 for vegetative traits of 23 Lupinus mutabilis
accessions and two L. albus cultivars (‘Mihai’ and ‘Misak’), obtained upon analysis of variance (ANOVA)
based on rank transformation.

Accession  SFC? DUF 3 NLMS HUFF NPB SLPB PBL TBL
JKI-L309 D 80.8a 129 a 40.0a 2.8 abc 819a 21.6 efgh 122.0a
JKI-L377 B 92.8b 12.8a 47.7 be 2.7 ab 872a 19.9 cde 137.7 ab
MUTAL A 93.5b 14.8b 60.0 gh 3.3 efg 152.0h 22.8 efgh 213.11
JKI-L210 C 96.4 ¢ 158 def  50.0 bed 3.0 cde 89.1a 19.1 be 142.2 bc
LM13 C 97.7 cd 16.5 fg 53.0 cdef 3.9 ijk 132.0 cdefg 23.3 efghi 185.6 efgh
LMS81 C 97.8 cd 152bcd 543 cdef 3.3 cdef 127.0 bedef 21.7 defgh 182.4 defgh
JKI-L295 A 98.6 cd 16.2 £ 60.7 fgh 26a 114.1b 16.3 a 175.2 def
LM268 A 98.8 cd 16.3 f 609gh  36hij  1333defgh  222efgh 194.2 fghi
PRT79 C 98.8 cd 17.4 hi 65.1 hi 3.5 hij 136.2 efgh 20.4 cde 202.3 ghi
182 D 99.9 cd 159 def 524 cde 3.4 fghi 115.8 be 21.2 def 169.0 de
LM34 D 100.1cd  152bcd  50.9 bed 3.7 hijk 124.5 bede 2431 175.6 de
Potosi-ALE C 100.3 cd 15.0b 53.6 cde 3.5 fghi 134.2 bedef 23.4 fghi 188.7 efgh
LM27 A 100.4cd  159cdef 55.8efgh  3.5fghi 125.3 bedef 21.9 defgh 181.7 efgh
Potosi-ISA C 100.5 cd 16.7 fg 589efgh 3.4 fghi 118.5 bed 20.7 cde 177.5 def
LM18 C 100.5 cd 177 ghi  54.6 defg 3.7 hij 127.8 bedef 20.8 cde 182.5 defg
CM157 C 100.6cd 154 bcde  49.1 bed 3.0 bed 1114Db 18.6 bc 160.7 cd
XM-5 B 101.2 cd 16.4 fg 585efgh 3.5 fghi 125.0 bedef 21.3 defg 184.1 efgh
LM32 C 101.6d 16.2 ef 53.7 cdef 3.4 fgh 125.3 bedef 21.5 def 179.6 defg
LM231 C 102.4d 18.01 64.8 hi 46k 163.2 gh 25.5 ghi 229.4 hi
P20993 B 102.6 d 151bc 553 defg 3.6 ghij 125.1 bedef 23.5hi 180.4 defg
INTI C 102.6 cd 17.71 6891 3.3 def 147.0 fgh 18.6b 218.71
SBP C 103.0d 16.0 f 58.6efgh  3.2def 119.7 bedef 19.7 bed 179.4 defgh
XM1-39 C 1034 d 16.2 f 54.6 defg 3.1 def 110.3 be 18.7 be 166.4 de
Mihai 97.6 cd 16.6 fgh 42.6 ab 3.7 hijk 122.1 bedef 22.5 defgh 164.7 cde
Misak 98.6 cd 18.8j 382a 3.8jk 120.7 bedefg 20.4 cde 158.9 cd
p-value 0.000 0.000 0.000 0.000 0.000 0.000 0.000
p-value ® 0.000 0.000 0.000 0.000 0.000 0.020 0.000
p-value © 0.000 0.000 0.000 0.000 0.000 0.000 0.000

! Homogeneous groups—accessions sharing the same letter for each trait are not statistically different; > SFC—stem
and flower colour, according to Figure 1; 3 Full name of acronyms and description of the respective morphologic
traits are given in Table 1; 4 p-value taking into account the accessions; ® p-value taking into account the experiments;
6 p-value taking into account the interaction between accessions and experiments.

The total seed weight (TW) per plant (Table 3) varied 3.7X, ranging between 3.7 g per plant
(accession JKI-L210) and 13.8 g per plant (accession LM268), the latter attaining a projected productivity
estimated at 1533 kg/ha, although less than half of the total yield of the L. albus accessions. Dissecting
yield components evidences additional variability among the accessions (Table 3). The total number
of pods (TNP) per plant varied nearly 2.1x, with a maximum of 25 pods per plant for accession
Potosi-ISA. The total number of seeds (TNS) reached a maximum of 67.9 seeds per plant (accession
LM34). The average number of seeds per pod (TNSPP) is 2.7, ranging between 2.2 (accession LM268)
and 3.3 (accession JKI-L210). The total thousand seeds weight (TTSW) attained a global average of
187.0 g, varying 2.85x between 101.4 g (accession JKI-L210) and 289.2 g (accession LM268). LM268
was the only L. mutabilis accession producing more yield on the primary branches than on the main
stem (40% and 60% of total yield on the main stem and on primary branches, respectively), following
a similar pattern to that of L. albus cultivars. The accessions JKI-L295 and JKI-L210 produced about
80% of seed weight on the main stem. Unlike accession LM268, several L. mutabilis accessions reached
superior seed yields (over 10 g per plant) while concentrating over 60% of their yield on the main stem:
CM157, 182 and LM?27. For the comparison of seed yield and vegetative development (Table 3), the
seed weight/total branch length ratio (SWBLR) was calculated. SWBLR average was 2.0 g of seeds per
meter of branch length in L. mutabilis (23.1 g/m in L. albus), ranging between 1.1 g/m (accession LM32)
and 3.3 g/m (accession Mutal).
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Table 3. Average values (and homogeneous groups ') for yield components of 23 Lupinus mutabilis
accessions and two L. albus cultivars (‘Mihai’ and ‘Misak’), obtained upon ANOVA based on
rank transformation.

Accession TNP?2 TNS TNSPP TTSW PSMS PSPB ™ SWBLR
JKI-L210 11.5a 36.6 ab 33fg 1014 a 87.8 12.2 37a 13a
INTI 13.7 a 37.4 ab 2.7 bed 154.0 cd 74.6 25.4 57b 23 ef
XM1-39 13.9 ab 36.1 ab 2.8 bed 180.4 jkl 78.1 21.9 6.3b 13a
JKI-L377  19.8 cdef  61.3 cde 3.0 ef 103.7 a 72.2 27.8 6.3 b 3 def
JKI-L309 16.1 bc 492 cd 3.1efg 159.7 ef 72.2 27.8 78 ¢ 3.1fg
SBP 16.8 cd 43.6 bc 2.6 bc 188.7 Im 77.0 23.0 8.0cd 1.7 abc
LM32 22.1 efg 56.7 def 27bed  150.8 cde 67.3 32.7 8.4 cde 1.1ab
Potosi-ALE  25.0 gh 62.2 efg 2.6b 182.7 be 59.1 40.9 8.4 cdef 1.5 abed
LM34 24.9 gh 67.9 fg 2.7 bede 131.6 b 55.0 45.0 8.5 cde 1.6 abed
JKI-L295  18.0 cde 48.0 cd 2.7 bed 188.4 m 80.3 19.7 9.0 def 2.2 bedef
LM231 229fgh  59.9 def 26bcd  169.4 fgh 56.2 43.8 9.5 cdef 1.5 abed
MUTAL  19.2 def 52.2 cd 2.8 bed 184.7 Im 67.2 32.8 9.6 def 33g
LM81 23.1gh 63.1fg 2.9 bede 157.8 ef 57.7 42.3 9.7 fghi 1.8 abcde
LM13 22 fgh 57.5 def 2.7 bed 179.0 ijk 70.3 29.7 9.9 efgh 1.8 abcde
XM-5 23.8 gh 59.7 def 2.6 bc 170.1 ghi 61.2 38.8 9.9 defg 1.9 abcde
CM157 23.0 gh 64.9 efg 2.8 cde 157.3 def 61.6 38.4 10.0 fghij 2.1 abedef
LM27 23.0 efg 62.0def  2.8bcde gj}ﬁ 64.1 35.9 10.5 fghij 1.8 abcde
PRT79 22.5gh 62.8 fg 2.8 de 177.6 hijk 58.3 417 11.1 ghijk 2.1 abcde
P20993 24.8 hi 677¢g 28bcde  168.9 fg 58.0 420 11.1 ijk 2.1 abcdef
182 21.8 efg 64.5 fg 3.1lefg  175.4 ghij 62.5 37.5 11.2 ghijk 2.2 def
Potosi-ISA  23.7 gh 64.3 fg 3.1bcde  184.0 klm 55.7 44.3 1155k 2.3 bedef
LM18 232 gh 66.1 efg 2.9 def 190.5 Im 52.1 47.9 12.6 hijk 2.2 cdef
LM268 221gh 50.5 cd 22a 289.2n 40.9 59.1 13.8 k 2.7 abcdef
Mihai 25.7 hi 101.2h 40h 370.7 n 28.8 71.1 36.71 23.3 abede
Misak 28.81 98.0h 34¢g 381.5n 45.0 54.9 37.21 22.9 abede
p-value 3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
p-value 0.040 0.000 0.000 0.000 0.969 0.756 0.004 0.000
p-value 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000

! Homogeneous groups—accessions sharing the same letter for each trait are not statistically different; > Full name
of acronyms and description of the respective morphologic traits are given in Table 1; 3 p-value taking into account
the accessions; 4 p-value taking into account the experiments; > p-value taking into account the interaction between
accessions and experiments.

In Table 4 are presented the average, phenotypic and genotypic variance with their respective
coefficient of variation and heritability for the 2016/17 and 2017/18 experiments. Higher values of
phenotypic and genotypic variances were observed for TSWPB, TSWMS, TBL, TNS, SLPB, NSPB and
WSPPB (see Table 1 for definitions). Conversely, low values were observed for ADNL, REWLPMS,
RBWLSMS, NSPMS, NPB, TNSPP, PSMS, PBL, PSPB, PWMS and SLMS. The highest phenotypic
and genotypic coefficients of variation were obtained in 2017/18 for NPPB (33.64% and 29.18%) and
NSPB (37.68% and 30.89%), while low values were observed in both years for DUF, RBLWSMS and
RBLWPMS. In general, values of the phenotypic coefficient of variation were relatively higher than
genotypic. For all characteristics, heritability ranged from 0% to 100%. Most of the characteristics
exhibited high heritability, while lower and medium values were found for NSPMS (0), RBWLSMS
(0.53), RBWLPMS (0.64, 0.45), NSPPB (0.42, 0.39), TNSPP (0.52), DUF (0.49), SWMS (0.57), PSPB and
PBL (0.63). These characteristics exhibiting low and medium values of heritability were excluded for
the multivariate analysis.
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Table 4. Genetic parameters estimated for 38 quantitative traits among 23 Lupinus mutabilis accessions.

Phenotypic Genotypic

1 2 23
Traits Average Variance Variance PCcv GCvV H
2016/17 2017/18 2016/17 2017/18 2016/17 2017/18 2016/17 2017/18 2016/17 2017/18 2016/17 2017/18

TSWMS 184.15 10.94 1368.99 1779.1  1368.82 1599.4 20.09 21.91 20.09 20.77 1 0.9
TSWPB 156 3.04 1423.64 1562.07 1423.39 1466.89 24.19 24.64 24.18 23.88 1 0.94
TTSW 158.29 17798 114583 156149 1113.07 1339.14 21.39 22.20 21.08 20.56 0.97 0.86
DUF 87.67 3.04 17.21 23.25 16.59 10.85 4.73 4.52 4.65 3.09 0.96 0.47
WSPPB 52.29 23.32 148.79 382.43 140.77 289.57 23.33 30.14 22.69 26.22 0.95 0.76
HUFF 73.1 31.24 83.85 26.45 78.7 23.64 12.53 12.29 12.14 11.61 0.94 0.89
NLMS 15.21 23.32 2.14 1.36 2 1.22 9.62 7.09 9.29 6.73 0.93 0.9
SLMS 0.95 51.2 0 0.6 0 0.57 6.72 8.19 6.48 7.97 0.93 0.95
PWMS 1.57 7.57 0.01 0.01 0.01 0.01 7.12 8 6.75 7.83 0.9 0.96
SWBLR 431 192.52 1.31 0 1.17 0 26.54 20.07 25.09 18.33 0.89 0.83
TBL 220.4 35293  1183.56 421 1044.3 344.87 15.61 14.55 14.66 13.17 0.88 0.82
ALPB 46.86 10.94 17.46 27.53 15.11 22.04 8.92 14.9 8.29 13.33 0.87 0.8
™ 9.49 31.24 7.7 6391.49 6.73 6049.35 29.24 22.65 27.33 22.04 0.87 0.95
ADNL 4.84 10.48 0.16 0 0.14 0 8.35 9.57 7.72 8.82 0.85 0.85
PSMS 0.66 99 0.01 0.02 0.01 0.01 16.93 19.84 15.5 17.91 0.84 0.81
PSPB 0.34 0.07 0.01 0.01 0.01 0.01 32.29 26.56 29.56 21.14 0.84 0.63

SLPB 147.29 2.64 796.89  291.04 67156  218.18 19.17 17.23 17.59 14.92 0.84 0.75
NSMS 31.29 0.66 48.96 38.56 40.63 25.37 22.36 19.88 20.37 16.12 0.83 0.66

WSMS 5.69 5.54 1.82 2.76 1.52 23 23.74 29.96 21.66 27.39 0.83 0.84
WSPB 4.19 3.6 2.68 2.72 2.19 2.19 39.08 45.87 35.36 41.15 0.82 0.8
ADBPB 25.11 3.56 12.34 14.96 9.59 10.17 13.99 2222 12.33 18.32 0.78 0.68
NPMS 9.67 7.94 3.85 2.44 2.98 1.88 20.29 14.9 17.84 13.09 0.77 0.77
NPB 3.12 3.03 0.17 0.23 0.13 0.19 13.18 13.41 11.52 12.25 0.76 0.84
NPPPB 3.11 1.39 0.67 0.81 0.51 0.52 26.38 29.55 229 23.77 0.75 0.65
PBL 0.21 1.27 0 0 0 0 11.77 17.57 10.18 13.96 0.75 0.63
TNS 62.05 3.56 191.54 140.03 142.42 104.68 22.3 23.11 19.23 19.98 0.74 0.75
NSPB 26.83 0.41 72.78 77.2 52.66 51.89 31.8 37.68 27.05 30.89 0.72 0.67
NPPB 10.09 0.18 8.17 13.53 5.77 10.18 28.32 33.64 23.8 29.18 0.71 0.75
TNP 21.62 64.89 22.19 20.2 15.86 15.97 21.79 22.64 18.42 20.13 0.71 0.79
PLMS 6.96 9.46 0.25 7.88 0.17 7.87 7.17 29.04 5.93 29.65 0.68 1
RBLWSMS 1.28 19.85 0 0 0 0 2.66 4.81 2.13 0 0.64 0.45
SWMS 0.75 160.41 0 0.38 0 0.36 7.29 8.1 5.48 7.88 0.57 0.95
RBLWPMS  4.46 141.02 0.06 0.09 0.03 0.08 5.6 6.61 4.06 6.13 0.53 0.86
TNSPP 2.98 10.48 0.07 0.09 0.04 0.08 9.1 11.59 6.55 10.5 0.52 0.82
NSPPB 2.74 4.64 0.18 6.04 0.08 2.37 155 30.97 10.04 19.41 0.42 0.39
NSPMS 3.48 1.52 0.21 0.2 0 0.14 13.28 14.87 0.67 12.17 0 0.67

! Phenotypic coefficient of variation; 2 Genotypic coefficient of variation; 3 Broad sense heritability.

Correlation is an important test and is used to assess relationship and associations between
variables and is frequently applied in several studies. The results generated after correlation coefficient
analysis using the Spearman method for morphological traits in experiments of 2016/17 and 2017/18 are
presented in Tables S2-1 and S2-2. Results show positive correlation for most traits. Total weight (TW)
was positively correlated (p < 0.05) with 13 variables in 2016/17: SLPB (0.6**), TBL (0.69**), NPB (0.60**),
PBL (0.47**), TNP (0.57**), NPPB (0.65**), WSMS (0.70**), TSWMS (0.59**), NSPB (0.57**), WSPB (0.91**),
TWSPB (0.56**), NPPPB (0.59) and TNS (0.65**). In 2017/18 TW was positively correlated with eleven
variables: TNS (0.80**), TSWMS (0.68**), NPB (0.56**), SLPB (0.61**), NPPB (0.70**), NSPB (0.72**),
NPPPB (0.62**), TSWPB (0.55**), TNP (0.72**), TBL (0.60**), WSMS (0.73**) and WSPB (0.92**). Also,
positive correlation was found between TW and NSPPB (0.44**), SLMS (0.76**), SWMS (0.66**), SWBLR
(0.84**), NSPPB (0.55**), PSPB (0.61**) and PLMS (0.53**). Significant (p < 0.05) and positive correlation
was also reported between TNS and NSPMS, SLPB, NPPB, NSPB, NPPPB, NSPPB, TNP, ADNL, PBL,
WSMS, TSWMS, NPB, SWPB, TW, SWBLR, TBL, PSPB and WSPB in both years of experiments.

From the correlation data, heat maps were constructed (Figures 2 and 3) using euclidean distances
and the UPGMA method, where in the vertical columns are the clusters of morphological traits while
in the horizontal lines are the clusters of accessions. Dark red colors represent lower values while the
dark blue are higher values. Figure 2 corresponds to the heat map obtained from 2016/17 data and
Figure 3 was obtained with 2017/18 data. Six groups of morphological traits could be drawn in Figure 2
and five in Figure 3. In both figures, group 1 is related to the reproductive capacity of pods, defined in
the Figure 2 by the characteristics NSMS, SWBLR and TW and in Figure 3 by PLMS, WSMS, TNS, TW,
SWBLR, NSPPB and NPPB. In Figure 2, group 2 is composed by characteristics related to the distance
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between leaves and primary branches in the main stem (ADNL and ADBPB), while group 2 in Figure 3
includes vegetative and reproductive traits related to the main stem: average distance between leaves
(ADNL), number of seeds per pod on the main stem (NSPMS) and ratio between length and width of
pod on the main stem (RBLWPMS). Only one characteristic (PSMS) defines group 3 in both figures.
In Figure 2, group 4 includes characteristics related with total number of seeds (TNS), proportion of
leaves with branches (PBL) and percentage of seed on the primary branches (PSPB). In Figure 3, group
4 includes vegetative and reproductive traits related to the main stem (NSMS, NPMS, NPB and NLMS).
Group 5 (Figure 2), includes traits related to the reproductive capacity on the main stem (TSWMS,
TSWPB, PWMS and PLMS). The same group on Figure 3 is related with pod and seed size (thousand
seeds weight, pod and seed size parameters) and traits that include primary branches (ALPB, SLPB
and WSPPB). Group 6 is mostly defined by vegetative characteristics (TBL, ALPB, HUFF and DUF).

Cluster I represent three JKI accessions in both figures, which is discriminated by morphological
groups 5 and 6 (four reproductive and five vegetative characteristics) in Figure 2. In Figure 3 Cluster I is
discriminated by morphological groups 1 (seven reproductive characteristics), 4 (with three reproductive
and two vegetative characteristics) and 5 (five reproductive and two vegetative characteristics). Cluster II
(Figure 2) is composed by 6 accessions defined by groups 1 and 4 (five reproductive and one vegetative
characteristics) and, in Figure 3, by 19 accessions and does not exhibit a defined pattern. In both figures,
Cluster III with accession LM268 only, is characterized by high values in groups 1 and 5 (SWBLR, TW,
PWMS, TSWPB and TSWMS) in Figure 2 and high values in group 5 and low values in groups 2—4 in
Figure 3. Cluster IV in Figure 2 does not exhibit a defined pattern. For Figure 3, Cluster 1V is represented
by the L. albus cultivars and is characterized by high values for all heat map in most characteristics.
This cluster is defined by three groups of morphological traits: group 1 (seven reproductive variables),
group 2 (three reproductive and one vegetative characteristics) and group 5 (five reproductive and two
vegetative characteristics).

Morphological traits
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Figure 2. Heat map of the 23 accessions of L. mutabilis obtained from morphological characterization
data for the 18 traits, where red and blue boxes indicate low values and high values respectively.
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Figure 3. Heat map of the 25 accessions obtained from morphological characterization data for the
24 traits, where red and blue boxes indicate low values and high values respectively.

Principal component analysis (PCA) confirmed the cluster analysis results (Figures 2 and 3).
For instance: cluster I is localized oppositely for many vectors of groups 5 and 6 (TSWMS, TSWPB,
PWMS PLMS, TBL, ALPB, NLMS, HUFF, and DUF) for Figure 4 and a similar scenario can be observed
in Figure 5 were the vectors defined by groups 2 and 4 (HUFF, PWMS, ALPB, NPB, NLMS, SLPB,
WSPPB, SLMS, TSWMS, TSWPB, WSMS and PLMS) are in the opposite position, thus justifying the low
values of these characteristics in those groups (Figures 4 and 5). In both figures the LM268 accession
presents high values for many characteristics among L. mutabilis accessions. Cluster IV (Figure 5) is
composed of two accessions that present high values for 17 vectors (characteristics marked in cluster
analysis with blue color). In this cluster eight vectors (RBLWPMS, TSWMS, TSWPB, NSPPB, SWBLR,
TW, WSMS and TNSPP) are highlighted by presenting the highest scores, with TW being the longest
vector. The first three PCs projected in the biplot (Figure 4) show a clear separation of the four cluster
and all together account for 75.1% of the total variation. The first component accounts for 40.3% of
variation, with PWMS, TBL, PSPB, PSMS and ALPB accounting heavily for this variation. The second
PC accounts for 21.4% of the variation, with TNS, NSMS and TW being the most important variables.
The third PC explains another 13.4% of the variation, with the most important variables being PBL,
SWBLR and PLMS. In Figure 5 the first three component explain 76.4% of total variation. For the
first principal component, characteristics TW, SWBLR, TSWMS, TSWPB and TNS contribute more,
explaining 43.9% of total variation. HUFF, ADNL, PWMS, TNSPP, and NSPMS are most important
variables for second component; this component accounts for explanation 20.4% of variation, while
NSMS, NPMSM LMS and PSMS account for 12% of variation in the third component.

3.2. Diversity Assessed by Molecular Markers

The six selected ISSR primers used for analysis of 23 accessions resulted in the production of
37 reproducible bands (Table 5 and Figure 6). Of those, 11 (29.7%) bands were polymorphic and the
remaining 26 (70.3%) were monomorphic. The total number of bands per primer ranged between four
(GTgYC) and eight (HVH(TG)y), while the percentage of polymorphic bands per primer ranged from 0
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to 50%. The average for each primer was 6.2 bands. Polymorphism information content (PIC), which
is used in genetics as a measure of polymorphism for a marker locus, ranged from 0.23 (HVH(TG)y) to
0.72 (AGgYT). Effective multiplex ratio (EMR) had its minimum value with AGgYC (0) and maximum
in GTgYC (2.25). The resolving power (RP) parameter used to detect the differences between a large
number of genotypes ranged from 5.48 (AGgYT) to 13.58 (HVH(TG)7). The minimum and maximum
values for marker index were registered for AGgYC (0) and GTgYC (0.54) primers, respectively.
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Figure 4. Representation in two dimensions (first and second dimensions—(panel a)—of principal
component analysis explain 61.7% of the variability, while the inclusion of the third dimension—(panel
b)—raises the three-dimensional space to explain 75.1% of the variability) of normalized original data of
morphological characterization of the 23 Lupinus mutabilis accessions in a space defined by the vectors
and own values.
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Figure 5. Representation in two dimensions (first and second dimensions—(panel a)—of
principal component analysis explain 64.3% of the variability, while the inclusion of the third
dimension—(panel b)—raises the three-dimensional space to explain 76.3% of the variability) of
normalized original data of morphological characterization of the 23 Lupinus mutabilis accessions in a
space defined by the vectors and own values. Numbers 1-25 encode accessions as detailed in Figure 4
(16 and 17 denote L. albus “‘Mihai’ and "Misak’ respectively).
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Table 5. List of Inter-Simple Sequence Repeat (ISSR) primers used in this study, their total numbers of
band per primer, polymorphic and monomorphic band and polymorphism percentage per primer.

Primer Bands PB MB PB (%) MB (%) PIC EMR RP MI

HVH(TG); 8 4 4 50 50 0.23 2 13.58 0.46
GAgYT 6 1 5 16.66 83.33 0.71 0.16 5 0.11
AGgYT 6 1 5 16.66 83.33 0.72 0.16 4.58 0.12
GTgYC 4 3 1 75 25 0.24 2.25 6.42 0.54
AGgYC 5 0 5 0 100 0.58 0 6 0.00
AGgYG 8 2 6 25 75 0.48 0.5 10.33 0.24

Total 37 11 26
Minimum 4 0 1 0 25 0.23 0 4.58 0
Maximum 8 4 6 50 100 0.72 2.25 13.58 0.54

Mean 6.16 1.83 4.33 30.55 69.44 0.49 0.85 7.65 0.24

Notes: PB—polymorphic bands; MB—monomorphic bands; MB (%)—percentage of monomorphic bands; PB
(Y%)—percentage of polymorphic bands; PIC—polymorphism information content; EMR—effective multiplex ratio;
RP—resolving power; MI—marker index. The following primers: (CA)gRY, (GA)sYC, (GT)sYC, (TCC)s and MR were
included in the screening test but were rejected during selection. Eight of these primers were previous tested [53].
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Figure 6. Example of ISSR amplification profiles for 23 Lupinus mutabilis accessions using the primer
GAgYT separated on a 2% agarose gel. M-NZYDNA Ladder VII marker. Numbers adjacent to accession
names refer to coding used in Figure 5.

The similarity matrix was used to construct a dendrogram using the UPGMA method (Figure 7).
The cophenetic correlation was 0.9058603, revealing little loss of information with transformation of
similarity matrix to dendrogram. The dendrogram reveals five distinct groups. Cluster I is composed
by 10 accessions of white, blue and pink flower colors and green and purple stem. Cluster II, containing
9 accessions, can be distinguished from the first group by the absence of purple stem and flower
genotypes. Unlike cluster I and II, clusters III, IV and V are composed only by accessions that exhibit
green stems and blue flowers. Cluster IV is represented by one accession and cluster IIl and V by two
accessions each.

3.3. Diversity Assessed by Genomic Traits

Lupinus albus ‘Misak’ was validated as a DNA standard by comparison to Solanum lycopersicum
‘Stupické’ (Figure 8a,b) and Raphanus sativus ‘Saxa’ (data not shown) and estimated at 2C = 1.35 +
0.0076 pg (1377.6 Mbp), with an average coefficient of variation of 3.47%.
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Figure 7. Dendrogram obtained by the unweighted pair group method of arithmetic mean (UPGMA)
method from the coefficients of similarity (DICE) between the accessions of Lupinus mutabilis from six

ISSR markers. r = 0. 9058603.

The L. mutabilis collection was thus analysed by comparison to L. albus ‘Misak’, as exemplified in
Figure 8 (panels c,d). The average L. mutabilis genome size was estimated at 2C = 2.05 pg (2001.2 Mbp)
with a 9.2% coefficient of variation, ranging from 1897.3 Mbp for accession SBP to 2083.2 Mbp for
accession LM34 (Table 6). The results from a Kruskal-Wallis test performed for genome size reveal
significant difference between accessions ( % =94.845, Df =23, p value = 0.000). No single accession
showed to be statistically different from all the others, rather a continuum of accessions is depicted by

the homogeneous groups produced (Table 6).

Genome size is an important criterion to study evolution at the intra-specific level, helping
to understand conflicting pattern between morphological traits. In this study we evaluated the
associations between genome size and morphological traits using Spearman correlation analysis for
all 23 accessions for the two experiments. However, no single morphological trait presented strong

correlation with genome size (Figure 9).
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Figure 8. Flow cytometric analysis of relative fluorescence intensities (FL1) of propidium iodide-stained

nuclei simultaneously isolated from: (a) and (b) Solanum lycopersicum ‘Stupické” and Lupinus albus,
for the validation of L. albus ‘Misak’ as DNA standard (2C = 1.35 pg); (c¢) and (d) L. albus "‘Misak” and
L. mutabilis accession LM231. (a) and (c) Histogram showing relative fluorescence intensities. (b) and
(d) dot plots on side scatter (SSC) versus FL1.

Table 6. Genome size of the Lupinus mutabilis accessions estimated by flow cytometry.

Genome Size (Mbp)

: 2
Accession Average StDev ! HG.
SBP 1897.3 18.4 a
XM1-39 1907.3 17.0 a
JKI-L378 1938.0 49.0 ab
Prt-79 1957.4 16.2 ab
JKI-L377 1961.4 16.3 ab
Mutal 1967.6 121.6 abc
JKI-L295 1969.0 11.8 abc
JKI-L210 1973.6 26.9 bcd
LM13 1975.7 118.4 bcd
JKI-L309 1979.7 37.6 bcd
LM231 1984.1 100.4 cd
LM18 1986.4 54.6 cde
XM5 2009.1 20.1 cde
P-20993 2021.5 22.8 cde
Potosi-ISA 2024.3 36.1 cde
Potosi-ALE 2024.8 19.3 cde
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Table 6. Cont.

Genome Size (Mbp)
Accession H.G.2
Average StDev !
LM27 2027.7 23.9 cde
LM32 2040.9 17.9 de
CM157 2040.9 43.8 de
182 2041.6 109 de
Inti 2058.1 23.9 ef
LM268 2078.9 10.1 f
LMS81 2080.2 13.1 f
LM34 2083.2 17.3 f

! Standard deviation; 2 Homogeneous groups—accessions sharing the same letter are not statistically different.

— TNP
NPPB

— TNS

- NSPB

NPPPB

— wsPB
PSPB

—GS

— PBL

B — TswMms
— TTSW
— PLMS
- PwmMs
— SLMS
— SWMS
— ALPB
— HUFF
— NLMS
— DUF
. TBL
— sLPB
_ NPB
NPMS
_ NSMS
— RBLWSMS
— NSPMS
_ TNSPP
NSPPB
_ ADBPB
. PSMS
(b) B —swus
—~SWMS
B —Pwus

e MANAR Lo

[

—PSHS

_RBLWPM S

L —NSPMS

g B —TNSPP

- - - ~ —RBLWSMS
N —ADNL

Figure 9. Heat map of the 23 Lupinus mutabilis accessions obtained from Spearman correlation among
37 morphological traits and genome size (GS) data for 2016/17 (panel a) and 2017/18 data (panel b).
Dark blue boxes indicate high values and dark red depict low values.
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4. Discussion

To assess the diversity in a tarwi germplasm collection under Mediterranean conditions, phenotypic,
genetic and genomic analyses were combined, studying morphological traits, ISSR markers and genome
size. In general, the morphological traits used to evaluate accessions tested in the trials showed
acceptable adaptability to the Mediterranean environment assuming that productivity projected is
above 1.5 t/ha, achieved under rain-fed conditions unevenly distributed during the trial periods.
Similar yields were previously reported in France and Spain [54]. However, the yields obtained suggest
continuing breeding to achieve higher yields. The results showed also significant differences among
accessions. While additional years of field trial results would certainly improve the robustness of
conclusions, the results obtained are based on traits that presented coherent values between trials.

The knowledge of the correlations between different characteristics is fundamental because it
allows the accomplishment of the indirect selection of the complex characteristics that are inherited
quantitatively and influenced by genetic effects [43]. In this work we report positive and significant
correlation between many variables. Characteristics such as total seed weight (TW) and total number of
seeds (TNS) are very important and are directly related to characteristics of reproductive development.
Accession LM268 presented higher values for TW and LM34, P20993 and LM18 for TNS. Therefore, these
two features can work as criteria of selection in our collection for the breeding programme or to choose
the most adapted. Talhinhas et al. [43] verified positive correlation between total weight with plant
height, pod width, number of primary branches, proportion of seeds on the primary branches, total
number of seeds and number of pods per primary branch in L. angustifolius. Georgieva and Kosev [55]
also found positive correlation between thousand seed weight and plant height. Clements et al. [56]
reported positive correlation between weight and plant height of 1000 seeds in L. pilosus. Heritability
is a parameter widely used by breeders to genotype selection based on phenotypic expression [57].
Morphological traits exhibiting high values of heritability are chosen for the selection based on this
parameter [43,58]. High heritability values enable the identification of important features to be selected
for genetic breeding. Concerning our study, tarwi accessions can be selected based on the following
traits: TW, SLMS, NPMS, NLMS, TNS, HUFF, PSMS, TSWMS, TSWPB, WSPPB, PWMS, SWBLR, TBL,
ALPB, ADNL, SLPB, WSMS, WSPB, NPB, and NPPB. Similar results were noticed by Talhinhas [53] for
SLMS, NLMS, HUFF, PSMS, TNS, and TW in L. albus, L. angustifolius and L. luteus. Our results also
corroborate those by Georgieva and Kosev [55], who found high values of heritability for pod length
and total number of seeds in L. albus and L. luteus.

In the present study several accessions stood out due to their superior performance in various
traits. Along with accession LM268, accessions LM18, LM27, P20993, Potosi-ISA, PRT79 and 182 were
the most efficient in converting vegetative growth to seed production, although lagging behind the
performance of L. albus. Accession LM268 was the only tarwi accession to produce more yield on the
primary branches than on the main stem, following the pattern of L. albus cultivars.

An important result worth highlighting is that most of the L. mutabilis accessions studied
concentrate their production on the main stem. This characteristic is very important because it allows
adaptability of tarwi to poor growth (soil and/or climatic) conditions. This characteristic may also
prove useful to avoid the indeterminate growth habit of tarwi, particularly problematic in areas without
summer drought. Breeding programmes should be directed for improving levels of production on
the main stem and primary branches for good soil/climate conditions but with summer drought and
focus on more determinate growth plants (those concentrating production on the main stem) both
for marginal areas and for areas without summer drought. To the latter, accessions such as JKI-L295
and JKI-L210 stand out, as they produced over 80% of their yield on the main stem while attaining
relatively high yields (ca. 10 g per plant).

The use of molecular markers in genetic diversity studies at the intra and inter specific levels
proved useful in a wide range of species [59,60]. In this study we assessed the efficiency of ISSR markers
for the characterisation of genetic diversity of L. mutabilis accessions. This technique is important
because it allows to make a broad screening of a collection. SSR markers are not optimised yet for
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L. mutabilis and the transfer of such markers from other Fabaceae to tarwi did not prove successful [61],
leaving ISSRs as a valid tool for preliminary screening of germplasm collections. All six primers
used in this investigation revealed a polymorphism of 30.55% for all 23 accessions. Bussell et al. [62]
establish 20% as minimum of monomorphic band percentage for genetic diversity study and our
study reveals 69.44% monomorphic bands. Similar results were reported by Chirinos-Arias et al. [37]
assessing genetic variability among 30 accessions of L. mutabilis using eight ISSR markers, finding a
total polymorphism of 58.82%. The high level of polymorphism obtained in our study is in accordance
with those authors. The parameters PIC, EMR, MI and RP were used to evaluate the efficiency of ISSR
primers. However, to the best of our knowledge, there are no studies on L. mutabilis assessing the
effective multiplex ratio, polymorphic information content, marker index and resolving power. Results
show high probability in detecting polymorphism PIC (0.72), for the primer HVH(TGy;). The AGgYG
primer stood out as presenting a high RP value (13.58), being more qualified to distinguish accessions.
The highest value of EMR (2.25) was obtained with primer AGgYC, revealing this to be most efficient.
The primer AGgYC proved to be the most useful because it presented the highest value of MI (0.54).
Several studies have been undertaken based on these techniques for selecting efficient ISSR primers in
different species [63-67].

The 23 tarwi accessions were divided in five main genetic groups using cluster analysis by the
UPGMA method (Figure 5). However, morphological characteristics such as stem and flower colour
did not exhibit regular relationships in different clusters. The existence of several distinct groups that
aggregate different stem and flower colours probably reflects few differences on the genetic constitution
of the accessions. On the other hand, the distinct groups can reflect into distinct morphological
characteristics and variations. Talhinhas [53] suggested that low intra-specific diversity in tarwi can
be related to the fact that all the accessions originated from a limited number of landraces, reflecting
the recent domestication genetic bottleneck effect that is estimated to have occurred no later than
2600 years before the present time in L. mutabilis [16]. Similar result was found by Chen et al. [68] in
the research done on the 105 genotypes on Vigna unguiculata. In this work we verify that the genetic
variability is not correlated with phenotypic variability, indicating the need for incorporation of more
molecular markers. Similar results have been reported in other species. Previous studies performed
by Galek et al. [14] also did not find a relation between genetic and morphological variability in
accessions of L. mutabilis. In a study aiming to evaluate genetic diversity of Nelumbo using analyses of
Randomly Amplified Polymorphic DNA (RAPD) and ISSR markers, Li et al. [69] found low correlation
between molecular and morphological data. Talhinhas et al. [44] assessing genetic diversity in Lupinus
luteus using ISSR and Amplified Fragment Length Polymorphism (AFLP) markers did not find any
correlation between morphological and molecular data.

In this work we report the existence of significant differences in the intraspecific genome size
(GS) variability in 23 accessions of Lupinus mutabilis. Our results reveal that the GS ranged from
1.94 pg/2C to 2.13 pg/2C. Naganowska et al. [70], also employing flow cytometry to analyse propidium
iodide-stained nuclei, evaluated the nuclear DNA content variation in the genus Lupinus and found
1.90 pg/2C for Lupinus mutabilis, although a single accession was used in that study. To the best of our
knowledge, our study is the first L. mutabilis genome size intra-specific analysis, depicting an overall
average size of 2.05 pg (2001.2 Mbp). Several studies have reported intraspecific differences in genome
size in various species such as Glycine max, Linum austriacum and Zea mays [33,71,72]. The intraspecific
variation in genome size can result from repetitive/non-coding regions, hence increasing or decreasing
in satellite DNA transposable elements and ribosomal genes [73]. There are studies pointing that
transposable elements are largely responsible for notable differences in genome sizes. For instance, in
maize, transposable elements are responsible for 85% of differences [74]. According to Petrov [75] these
elements have potential of multiplicity of 0.1-1 Mbp in a single generation. The satellite DNA can also
contribute greatly to genome size differences [76]. Meanwhile, Garrido-Ramos [74] refer that genomic
content variation in plants which are affected by satellite DNA can range from 0.1% to 36%. Small
variation of 3.5% in nuclear DNA have been associated with ribosomal genes [77]. The maximum
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variation of nuclear DNA content obtained in the present research was 9.2%, a value much higher than
the 2% maximum genome size variability reported for soybean [71] but smaller than the 36% variation
reported for maize [72]. In light of this discussion, one may discard the possibility that differences in
L. mutabilis genome size are caused by the transposable elements. Only a detailed study could unravel
whether this variation is due to repeated sequence differences in satellite DNA or ribosomal genes.

Data on 37 morphological traits and genome size measurement were plotted and no correlation was
observed. This is not a surprise, as similar results were also reported from other studies. For instance,
Oney and Tabur [31] did not find correlation between genome size and morphological traits on the
Brachypodium distachyon collected in different locations in Turkey. Realini et al. [72] observed weak
association between genome size and morphological traits in maize. Recently Basak et al. [78] assessing
the variation of morphological traits with the genome size in turnip found no correlation. This lack of
association between morphological traits and genome size suggests that other factors are determinant
on the control of such characteristics, reinforcing the view that genome size variations are mainly
related to non-coding regions [79].

5. Conclusions

The agronomic performance of L. mutabilis in Portuguese conditions was good, assuming that the
assay was conducted under rain-fed conditions. Our results highlight the accession LM268 with larger
seeds and a total thousand seeds weight similar to L. albus, while also achieving the highest yield and
being the only tarwi accession producing more on the primary branches than on the main stem. While
high yields in lupins depend on the capacity of the plants to produce large amounts of pods and seeds
on lateral branches, the indeterminate growth habit of tarwi can be undesirable, either in areas without
summer drought or, on the contrary, in areas with limited growing periods where further vegetative
growth may impair pod filling. To this end, JKI-L295 accession present high yield concentrated on
the main stem, suggesting a semi-determinate development pattern. In either case, this accession is a
key point for continued breeding. In fact, the present study has shown that tarwi is still behind white
lupin in terms of its adaptability to Mediterranean conditions, namely concerning yield. The genetic
diversity revealed in this study, however, prompts further breeding opportunities. Molecular marker
and genome size analyses have revealed important levels of genetic/genomic diversity, which could
not be related to phenotypic/morphologic diversity. This illustrates a scenario of recent domestication
in the absence of a gene flow to wild relatives suggesting, however, that further exploitation of
genetic diversity in this tarwi collection is possible and may provide additional sources of useful
agronomic traits.
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Abstract: Genomic selection (GS) aims to incorporate molecular information directly into the
prediction of individual genetic merit. Regularized quantile regression (RQR) can be used to fit
models for all portions of a probability distribution of the trait, enabling the conditional quantile
that “best” represents the functional relationship between dependent and independent variables
to be chosen. The objective of this study was to predict the individual genetic merits of the traits
associated with flowering time (DFF—days to first flower; DTF—days to flower) in the common bean
using RQR and to compare the predictive abilities obtained from Random Regression Best Linear
Unbiased Predictor (RR-BLUP), Bayesian LASSO (BLASSO), BayesB, and RQR for predicting the
genetic merit. GS was performed using 80 genotypes of common beans genotyped for 380 single
nucleotide polymorphism (SNP) markers. Considering the “best” ROR fit models (RQRO0.3 for DFF,
and RQRO.2 for DTF), the gains in predictive ability in relation to BLASSO, BayesB, and RR-BLUP
were 18.75%, 22.58%, and 15.15% for DFF, respectively, and 15.20%, 24.65%, and 12.55% for DTE,
respectively. The potential cultivars selected, considering the RQR “best” models, were among the
5% of cultivars with the lowest genomic estimated breeding value (GEBV) for the DFF and DTF
traits—the IAC Imperador, IPR Colibri, Capixaba Precoce, and IPR Andorinha were included in the
list of early cycle cultivars.

Keywords: Phaseolus vulgaris L.; linear model; conditional quantile; genome-enabled prediction

1. Introduction

Meuwissen et al. [1] introduced genomic selection (GS) as a means of incorporating molecular
information directly into the prediction of individual genetic merit. GS has been successfully used in
breeding to increase genetic gain per generation through early selection [2] and to improve prediction
accuracy [3].
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However, some statistical issues, for example, longitudinal [4] and non-normal [5] traits, still
pose a challenge for GS. Although several statistical methods have been proposed for GS as solutions
for multicollinearity and dimensionality, we believe there are limited reports in the literature that
generalize these methods to non-normal traits. Non-normal distributions can be found for some traits
in the fields of plant and animal breeding, for example, traits that measure the time until the occurrence
of specific events (such as flowering and parity [6,7]) and hormone concentrations [8].

Another issue is related to the residual heteroscedastic variance. This tends to be neglected by
existing methods, which focus on the mean of the conditional distribution, E(X[Y). Generally, in the
presence of heteroscedastic variance, which is frequently observed in high dimensional data sets such
as those found in GS studies, the sets of relevant covariates may differ when the different segments of
conditional distribution are considered [9].

Quantile regression (QR) is a method that can be used to address these issues [10]. QR allows
models to be fitted to all portions of the probability distribution of the trait, enabling a more complete
picture of the conditional distribution than a single estimate of the center [11]. This feature allows QR
to examine all of the conditional distributions, in order to investigate skewness and heteroscedasticity.
From a GS viewpoint, we can choose the “best” conditional quantile to represent the relationship
between the dependent and independent variables, thus increasing the accuracy of the genomic
estimated breeding value (GEBV) prediction of individual genetic merits [12]. However, because of
the high dimensionality commonly found in GS studies, a variation of QR, denoted by regularized
quantile regression (RQR) [13] should be considered. RQR uses an L1-norm penalty for simultaneously
controlling the variance of the fitted coefficients and performing automatic variable selection.

Among several breeding programs, the common bean (Phaseolus vulgaris L.) fits well in low-input
agricultural systems, which are commonly practiced in African and Latin American countries. Moreover,
the common bean is a key commodity for improving food security [14]. Besides productivity, traits
associated with the flowering time such as days to flowering (DTF) and days to first flower (DFF)
are important in the selection of the common bean. The identification of cultivars with an early
cycle (shorter time from planting to harvest) allows for the planning of harvests in periods of less
rain, the reduction of water consumption by irrigated crops, and earlier freeing of the area for crop
succession [15]. In addition, cultivars with an early cycle are exposed to the risk of plague and disease
for a shorter period of time.

In this context, we aimed to (1) predict the individual genetic merits of the traits associated with
the flowering time (DFF and DTF) in the common bean using RQR, and (2) to compare the predictive
abilities obtained for RQR, Random Regression Best Linear Unbiased Predictor (RR-BLUP), BayesB [1],
and Bayesian LASSO (BLASSO) [16] for predicting genetic merit.

2. Materials and Methods

2.1. Phenotypic and Genotypic Data

The phenotypic data were obtained from two experimental stations at the Federal University of
Vicosa, Minas Gerais State (MG), Brazil. One is located in Vigosa, MG (latitude 20° 45’ 14” S, longitude
42° 52’ 55” W, altitude 648m asl), and the other is in Coimbra, MG (latitude 20° 51’ 24” S, longitude
42° 48 10” W, altitude 720 m asl). Two phenological traits, DFF and DTFE, were measured in eighty
common bean cultivars, which were studied between 1970 and 2013 by research institutions in Brazil
(Brazilian agricultural research corporation—Embrapa, Campinas Agronomic Institute—IAC, Federal
University of Vigosa—UFV, Parand Agronomic Institute—IAPAR, Agricultural Research Company
of Minas Gerais—Epamig, Federal University of Lavras—UFLA, State Foundation for Agricultural
Research—Fepagro, Rural Extension and Agricultural Research Enterprise—Epagri, and FT seeds).

The cultivars were planted at each location in the dry-summer (February) and winter (July) seasons
of 2013 following a randomized complete block design with three replicates. The experimental plots
consisted of four 3 m long rows, spaced 0.5 m apart with 15 seeds sown per meter. Fertilization was
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applied according to the results of the soil analyses in order to ensure ideal conditions for development
and production. Insect pests, invasive plants, and weeds were controlled as needed, according to
the official recommendations for the common bean [17]. DFF was measured as the number of days
from planting until at least one plant presented a flower. DTF was measured as the number of days
from planting until at least 50% of the plants in a plot (replicate) had at least one open flower. These
experiments were developed by the bean breeding program at the Federal University of Vi¢osa, Brazil.
More details, such as the list of cultivars and research institutions are described in the literature [17,18].
The DNA samples were genotyped using the Vera Codel BeadXpress platform (Illumina) at
the Biotechnology Laboratory of Embrapa (Goiania, GO, Brazil). A set of 384 single nucleotide
polymorphism (SNP) markers was selected as the oligo pool assay (OPA) SNP marker panel.
The genotype call was performed using GenomeStudio software version 2011.1 (Illumina, San Diego,
CA, USA), with call rate values ranging from 0.96 to 0.99, and GenTrain > 0.46 for SNP clustering.

2.2. Phenotypic Data Analyses

The following statistical model of the phenological traits (DFF and DTF) was fit to the phenotypic
data set as follows:
Yij = K+ g +aj + gy + by + &ijk 1)

where Vijk is the observed phenotype (DFF and DTF); u is the overall mean; g; is the random effect of
the genotype (cultivar), i = 1 to 80, assumed to follow a normal distribution, with a mean of 0 and a
variance of oé, withi=1to 80; aj is the fixed effect of environment j, withj =1 to 4; 84 is the random
effect of the interaction of genotype i with environment j, assumed to follow a normal distribution with
a mean of 0 and variance of aéu ; bk(j) is the random effect of block (replicate) k (k = 1, 2, and 3) within
environment j, assumed to follow a normal distribution with a mean of 0 and variance of ai ; and
€ijk is the experimental error for genotype i in block k of environment j, assumed to follow a normal
distribution with a mean of 0 and variance of 2. Nascimento et al. [19] used the same data set to
evaluate models with and without the interaction between genotypes and environments through a
likelihood ratio test (LRT), and showed that the full model had better fit.

The corresponding bivariate model is as follows:

[ YDrFF ] _ [ Xprr 0 H bprr ]
YpTF 0  Xprr || borr
+[ Z8prr 0 8Drr + [ Zgaprr 0 ][ 84DFF } )
0 Zgprr || 8prr 0 Zgaprr || gaprF
+[ ZrDFF 0 H YDFF ] n [ EDFF ]
0 Zrprr || rprF EDTF
where v, and ypp denote the vectors of observed DFF and DTF, respectively; Xprr and Xprr denote
the design matrices of the fixed effects for DFF and DTF, respectively; bprr and bprr denote the vectors
of the fixed effects associated with Xprr and Xpry, respectively; Zgyr and Zg;r denote the design
matrices of the random effect of the genotype for DFF and DTF, respectively; grr and gprr denote
the vectors of the random effects with Zg, - and Zgy.r; respectively; Zgaprr and Zgaprr denote the
design matrices of the random effect of the interaction of the genotype with the environment for DFF
and DTF, respectively; gaprr and gaprr denote the vectors of the random effects with Zgaprr and
Zgaprr, respectively; Zrprr and Zrprr denote the design matrices of the random effect of the block
(replicates) for DFF and DTF, respectively; rprr and rprr denote the vectors of the random effects with
Zrprr and Zrprr; respectively; and eprr and eprr denote the vectors of the random errors associated

with yprp and yprp, respectively. Assuming random effects distributed as a multivariate normal with
the mean equal to zero and a covariance matrix, is as follows:
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[ 8prr |
8DTF
8ADFF
8aDpTF
TDFF
TDTF
EDFF

| €DTF |
IGZ,,DFF logprEpTF  104,00000 I04,00000 I0g,00000 Ig4,00000 Ig4,00000  Iog,00000 ] 3)

log DFF,DTF IU;,DTF 164,00000 Iog,00000 Iog,00000 I0g,00000 I04,00000  Iog,00000

16500000 0500000 02, e 0500000 [0g00000 [0g00000  I5g,00000  Ig,00000

164,00000  I54,00000 I5,00000 Io> 164,00000 15400000 15400000  Iog,00000

ga,DTF
[64,00000  165,00000 10400000 I500000 o2 .. 164,00000 Iog,00000 Iog,00000
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where U; ppp and a§ ppp denote the random genotypes variance for DFF and DTF, respectively;

log prr,pTF denote the random genotype covariance between DFF and DTF; oéa’DFF and I‘jéa,DTF denote

the random genotype by the environment variance for DFF and DFF, respectively; IO%DFF and Iaf,DTF

denote the effect of the block (replicates) variance for DFF and DFF, respectively; IoiDFF and IoiDTF

denote the random error variance for DFF and DTF, respectively; Io¢ prr.prr denotes the random error
covariance between DFF and DTF; and I denotes the identity matrix. The genetic parameters (broad
sense heritability and correlations) were also estimated for the flowering traits using components of
variance estimated by the bivariate model. The analyses were carried out in ASReml 3.0 [19].

2.3. Genomic Prediction Models

Prior to performing the genomic predictions, the adjusted phenotypes (Y;) were obtained as the
sum of the random effects (genotypes and error) from the selected model for analyzing the phenotypic
data. Specifically, the adjusted phenotypes were obtained to correct for non-genetic sources of variation,
for example, blocks, environments, and the interaction between the genotypes and environments
(i.e., the combination of two locations (Vigosa and Coimbra, MG) and two seasons (dry and winter)).

The basic genomic model is represented by the following:

384
Y =pt ) XimBr + e (4)

m=1

where Y; is the adjusted phenotype of the genotype, which is obtained as the sum of the random effects
(genotypes and error); it is the population mean; Xi, is the incidence of the mth SNP in the ith adjusted
phenotype of the genotype; and e; is the random error term associated with Y;.

Genomic prediction was performed using regularized quantile regression (RQR) [13]. RQR allows
the GEBV at different portions of a probability distribution of the traits to be obtained. This method
consists of obtaining parameter effects at level T (8¢) that solve the following optimization problem:

A 80 384
O = argming _ Z pr(e) +A Z |Bone] ©)
i=1 m=1

where T indicates the quantile of interest, foil | BmT| is the sum of the absolute values of the regression
coefficients, and A is the parameter that controls the strength of regularization. In the current study;,
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we evaluated five quantiles—(t): 0.2, 0.3, 0.5, 0.7, and 0.8. The parameter p.(-) is denoted as a check
function [10] and is defined by the following;:

. T-e;, ife; >0,
prler) = { ~(1-1)e, ife; <0. ©)

where T € |0, 1] indicates the quantile of interest. The constrained optimization problem was solved
using an algorithm that computes the exact solution for the model parameters [10].

GEBVs were obtained by GEBV. = {i: = Xf3, where 7 represents the tth quantile of interest.
To define the “best” RQR fit, a grid of pair values given by combinations of T (t = 0.2, 0.3, 0.5, 0.7, 0.8)
and A (from 0 until A estimated by BLASSO, varying by 1), was considered. The predictive ability was
used as a criterion to define the optimal pair. The GEBVs were also obtained using RR-BLUP, BLASSO,
and BayesB.

In order to assess the predictive ability of all of the fitted models, the Pearson’s correlation between
the predicted values and the phenotypes were calculated using a four-fold cross-validation (CV)
random process. This process was repeated randomly 10 times. The folds were the same for each
fitted model.

The predictive abilities (PAs) and standard errors (SEs) were estimated from 10 estimates of the
predictive ability.

After obtaining the GEBVs through the fit models, the Cohen’s kappa [20] coefficient, and the
Spearman’s and Kendall’s 7 correlations were calculated to assess the agreement between the methods.
The Cohen’s kappa coefficient was used to calculate the percentage of individuals in common between
the better 10% of individuals ranked according to the GEBVs. The Cohen’s kappa coefficient is given
by C = NC - Crandom /1 — CRandom, Where NC is the relative observed agreement among raters, and
CRandom is the hypothetical probability of the random agreement. The Spearman’s correlation was
calculated between the GEBV obtained by the different genomic selection models.

The ROR, RR-BLUP, BLASSO, and BayesB model fittings were carried out using the rq (for ROR)
and BGLR (RR-BLUP, BLASSO, and BayesB) functions in the quantreg [21] and BGLR [22] packages,
respectively, of R software [23]. The Bayesian methods were implemented using 200,000 Markov
chain Monte Carlo iterations, with burn-in and thin values at 10,000 and five iterations, respectively.
The convergence of the Markov chains was checked with the Geweke’s Diagnostic [24].

3. Results

A summary of the descriptive statistics including the means, standard deviations (SD), ranges,
and skewness for the phenological traits is presented in Table 1. The average days from planting until
at least one plant presents one flower (DFF) was 34.74. After an average of 42 days, more than 50% of
the plants in a plot presented at least one open flower (DTF; Table 1). The skewness coefficient shows
that the phenotypes have left-skewed distributions.

Table 1. Means, standard deviations (SD), ranges, and skewness for days to first flower (DFF) and days
to flowering (DTF), measured in 80 common bean genotypes.

Trait Mean (SD) Minimum Maximum Skewness
DFF (days) 34.74 (5.52) 20.00 49.00 -1.08
DTF (days) 42.30 (5.56) 27.00 55.00 -1.32

3.1. Model Selection and Genetic Parameters

The full model (model with the interaction effect) presented lower AIC (AICpgr: 2206, and
AICprE: 2318) and BIC (BICppp = 2225, and BICptp = 2337) values compared with those obtained
from the reduced model (model without the interaction effect; AICprr = 2233, and AICpH1r = 2334;
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BICpgr = 2248, and BICpTE = 2348). The LRTs (LRTpgg = 29.8, and LRTprr = 17.26) between the full
and reduced models were significantly different (p < 0.01) for both traits.

The estimates of heritability for DFF and DTF were moderate to high, with 0.58 + 0.06 and
0.49 + 0.08, respectively. For the estimates of the correlations between DFF with DTF, the genetic
correlations were positive and strong, with a correlation of 0.98 + 0.01 and a phenotypic correlation of
0.68 + 0.04.

3.2. Prediction Accuracy of Traits

The estimated predictive abilities for two traits (DFF and DTF) ranged from -0.06 (0.04) to
0.38 (0.02) and are presented in Table 2. For DFF and DTF, the highest accuracy values were 0.38 and
0.34, obtained from RQR 3 and RQRy ,, respectively (Table 2).

Table 2. Predictive ability for days to first flower (DFF) and to flowering (DTF) measured in 80 common
bean genotypes, using a four-fold cross validation repeated 10 times for all of the fitted models
(Bayesian LASSO (BLASSO), BayesB, Random Regression Best Linear Unbiased Predictor (RR-BLUP),
and regularized quantile regression (RQR)).

Trait Method
BLASSO BayesB RR-BLUP RQR(),Z RQRO_3 RQRO.5 RQRO.7 RQR(),g
DFF PA ! 0.32 0.31 0.33 0.37 0.38 0.25 -0.02 -0.05
SE 2 0.03 0.02 0.03 0.03 0.02 0.04 0.03 0.06
DTE PA 0.29 0.27 0.30 0.34 0.32 0.10 0.01 -0.06
SE 0.03 0.02 0.03 0.02 0.01 0.04 0.03 0.04

! Predictive ability. 2 Standard error of parameters estimates.

Considering the “best” RQR fit models (RQRg3 for DFF, and RQR(, for DTF), the gains in
predictive ability in relation to BLASSO, BayesB, and RR-BLUP were 18.75% (the ratio between the
predictive ability obtained from “best” RQR model fit and the other methods), 22.58%, and 15.15% for
DFF, respectively, and 15.20%, 24.65%, and 12.55% for DTF, respectively.

Estimates of the Spearman’s correlation (lower triangle) and Cohen’s kappa concordance coefficient
(upper triangle) between the GEBVs obtained by the “best” quantile fit models (RQRg 3 for DFF, and
RQRy, for DTF), and the BLASSO, BayesB, and RR-BLUP for the two traits are shown in Table 3.

Table 3. Estimates of Spearman’s correlation (lower triangle), Kendall’s 7 rank correlation coefficient
(lower triangle—in parenthesis), and Cohen’s Kappa concordance coefficient? (upper triangle) between
the genomic estimated breeding value (GEBV) values, obtained considering four different genomic
selection models (BLASSO, RR-BLUP, BayesB, and RQRY) for days to first flower (DFF) and to flowering
(DTF), measured in 80 common bean genotypes.

Traits Method BLASSO BayesB RR-BLUP RQR!
BLASSO 1.00 1.00 0.63
DEE BayesB 0.99 (0.90) 1.00 0.63
RR-BLUP 0.99 (0.99) 0.98 (0.89) 0.63
ROQR 1 0.63 (0.36) 0.69 (0.41) 0.62 (0.32)
BLASSO 1.00 1.00 0.63
DTF BayesB 0.99 (0.91) 1.00 0.63
RR-BLUP 1.00 (0.99) 0.99 (0.91) 0.63
ROQR 1 0.67 (0.38) 0.73 (0.43) 0.65 (0.38)
I The “best” RQR fit models (RQRg 3 for DFF and RQRy, for DTF) considering the predictive ability. 2 Based on the
lowest 10% GEBVs.
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Overall, the Spearman’s correlations presented high positive values. The lowest Spearman’s
correlation was estimated between the RR-BLUP and RQR 3 (0.62) models for DFE. The highest
Spearman’s correlations were estimated for BLASSO with BayesB (0.99) and RR-BLUP (0.99) for
the DFF trait, and between the BLASSO and RR-BLUP (1.00) models for the DTF trait (Table 3).
The Kendall’s 7 rank correlation coefficient estimates vary from moderate to high positive values.
For instance, the Kendall’s 7 rank correlations between the RQR and BayesB, RR-BLUP, and BLASSO
present moderate values (0.32-0.43) for both traits.

After ranking the individuals according to the GEBVs, the percentage of selected individuals
in common was calculated using Cohen’s kappa coefficient and based on the lowest 10% GEBVs.
The lowest GEBVs represent those cultivars with an early cycle (shorter time from planting to harvest).

The lowest Cohen’s kappa coefficient value was observed between RR-BLUP and RQRy» (0.25) for
the DTF trait. The highest values were observed between BayesB with RR-BLUP (1.00) and BLASSO
(1.00) for DFF and DTE respectively (Table 3, upper triangle).

The computational time to fit a model considering all of the four-fold processes varied from
0.28-264.08 s (Table 4). The Bayesian methods (BLASSO and BayesB) required a higher computational
time compared with the RR-BLUP (0.28) and RQR (178.38).

Table 4. Average computational cost (seconds).

Method Computational Time
BLASSO 264.08
BayesB 258.90
RR-BLUP 0.28
RQR! 178.38 1

! Time related to the fit of several models considering different quantile and shrinkage values.

4. Discussion

In this study, we predicted the individual genetic merits of the traits associated with the flowering
time (DFF and DTF) in the common bean using RQR models. Using 80 genotypes of common
beans genotyped for 384 markers, we compared the predictive ability of RQR to that obtained by
BLASSO, BayesB, and RR-BLUP. The predictive ability of these methods was assessed using a four-fold
cross-validation (CV) repeated 10 times. The Spearman’s correlation and Cohen’s kappa concordance
(based on the lowest 10% GEBVs) coefficients between the GEBV values estimated by the four different
genomic selection models used in this work were also estimated. However, first, the genetic parameters
were estimated for DFF and DTF.

The heritability estimates for DFF (0.58) and DTF (0.49) were consistent with those reported in
the literature. Specifically, the heritability estimate for DFF was within the range of estimates for the
different crosses in beans (0.29-0.75 [25]; 0.59 [26]). In addition, for DTF, the estimate was close to that
reported by the authors of [27], namely, 0.54. The estimates of the genetic and phenotypic correlations
between the flowering traits were positive and high, which are similar to those reported in [28] for the
phenological traits.

Overall, RQR outperformed the traditional methods for evaluating the two traits of DFF and DTE.
Indeed, the better results are reasonable since the RQR allows for estimating the functional relationships
between the variables for all portions of the probability distribution of the trait. The ability to choose
the “best” relationship between the phenotype and markers increases the predictive performance
of the model. According to the authors of [11] and [12], when the conditional distributions of Y are
non-normal (for instance, skewed), the mean might not be the best way to describe the functional
relationship between the variables.

The skewness coefficient for both traits (DFF and DTF) indicates a negative-skewed phenotypic
distribution, and the “best” quantile fit models were RQR 3 for DFF, and RQR , for DTF. Therefore,
our results indicate that to improve predictive ability, an effective strategy is to evaluate all of the
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phenotypic distributions so as to choose the “best” quantile fit model. In addition, the heterogeneous
variance that is frequently observed in high dimensional data sets suggests that a single slope is not
able to characterize changes over the probability distribution, therefore indicating that RQR is a good
tool to deal with those situations [29].

Overall, the models presented moderate to high values of Spearman’s correlations (Table 3).
On the other hand, the Kendall’s 7 rank correlation, which is a statistic that measures the ordinal
association between two measured quantities, presented moderate correlations between RQR and
the traditional genomic selection methodologies. Additionally, based on Cohen'’s kappa coefficient,
the classification agreement between the RQR and non-quantile regression models (BLASSO, BayesB,
and RR-BLUP) also showed moderate values (0.63) [30], suggesting differences in the classifications
obtained by these models.

Among the 5% of cultivars with the lowest GEBVs for the DFF and DTF traits, the IAC Imperador,
IPR Colibri, Capixaba Precoce, and IPR Andorinha were included in the list obtained by RQR “best”
models. These are considered as early cycle cultivars [31-33], indicating the model ability to select.
On the other hand, considering the GEBV obtained by BLASSO, BayesB, and RR-BLUP, the cultivar
IPR Andorinha was replaced by BRSMG Madrepérola, which is not characterized as an early cycle
cultivar [34].

Altogether, these results show that the use of RQR to predict the individual genetic merits of
flowering time-related traits in the common bean (DTF and DFF) is worthy of interest. RQR showed
similar or higher estimates of predictive ability compared with traditional methods (RR-BLUP, BLASSO,
and BayesB), and was able to find cultivars with an early cycle. Moreover, RQR allows for the fitting of
the regression models to other parts of the distribution of the trait, enabling a more informative study
of the relationship between variables. This approach can be useful for representing different selection
strategies (individuals with higher or lower values of the trait), or to give more information about
potential cultivars for selection.

Overall, the computational time does not present any problems as the higher value was less
than five minutes. The higher computational cost observed in the Bayesian methods is related to the
estimation process, which is based on Markov Chain Monte Carlo (MCMC) algorithms. The RQR
requires more computational time compared with RR-BLUP. The higher time observed in the RQR
fitting is related to the necessity of evaluating several quantile and shrinkage values to choose the
“best” model.

The potential of quantile regression (QR) has been confirmed by many studies. Briollais and
Durrieu [11] pointed out some aspects of the use of QR in genome-wide association studies (GWAS).
According to these authors, QR allows for direct estimation at the extremes, and specific sampling
is not needed. Extreme sampling is used to enrich the genetic signal, where the main idea is to
sample individuals with extreme phenotypes in the hope that rare causal variants will be enriched [35].
Recently, Nascimento et al. [18] used QR to identify genomic regions for phenological traits in the
common bean. Unlike the traditional single-SNP GWAS model, the QR methodology was able to find
SNP-trait associations considering one extreme quantile (t = 0.1). Barroso et al. [29] successfully used
ROR for the SNP marker effect estimation of pig growth curves, as well as to identify the chromosome
regions of the most relevant markers and to estimate the genetic individual weight trajectory over time
under different quantiles. However, to the best of our knowledge, reports in the literature about the
use of QR for GS are limited. Therefore, here, we introduce the OR for plant breeders, bringing new
insights for GS studies.

Finally, QR uses all of the data set in the estimation process, which is different to using a subsample
of data, which can result in smaller sample sizes for each regression [36] and introduces sample
selection bias [37].
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5. Conclusions

The regularized quantile regression (RQR) method was able to predict the individual genetic
merits of the traits associated with the flowering time (DTF and DFF) in the common bean. In addition,
considering the estimates of predictive ability, RQR presented similar or better results compared with
those obtained for RR-BLUP, BLASSO, and BayesB. Moreover, RQR was able to find early cycle cultivars.
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Abstract: Short petiole is a valuable trait for the improvement of plant canopy of ideotypes with
high yield. Here, we identified a soybean mutant line derived short petiole (dsp) with extremely
short petiole in the field, which is obviously different from most short-petiole lines identified
previously. Genetic analysis on 941 F, individuals and subsequent segregation analysis of 184 F,.3
and 172 F3,4 families revealed that the dsp mutant was controlled by two recessive genes, named as
dspl and dsp2. Map-based cloning showed that these two recessive genes were located on two
nonhomologous regions of chromosome 07 and chromosome 11, of which the dsp1 locus was mapped
at a physical interval of 550.5-Kb on chromosome 07 near to centromere with flanking markers
as BARCSOYSSR_07_0787 and BARCSOYSSR_07_0808; whereas, the dsp2 locus was mapped to
a 263.3-Kb region on chromosome 11 with BARCSOYSSR_11_0037 and BARCSOYSSR_11_0043 as
flanking markers. A total of 36 and 33 gene models were located within the physical genomic interval
of dsp1 and dsp2 loci, respectively. In conclusion, the present study identified markers linked with
genomic regions responsible for short-petiole phenotype of soybean, which can be effectively used to
develop ideal soybean cultivars through marker-assisted breeding.

Keywords: derived short-petiole (dsp) mutant; soybean (Glycine max); map-based cloning; simple
sequence repeats (SSR) marker; bulked segregant analysis (BSA)

1. Introduction

Plant canopy architecture is an important agronomic trait for improving the yield potential in
soybean and other legumes crops [1,2]. Ideal canopy structure with suitable leaf area index values has
advantages of increasing light interception efficiency, that leads to increased photosynthesis as well as
accumulation of photosynthetic assimilates, and eventually results in a higher yield [3,4]. It has been
suggested that the desirable leaf area index of a population can be achieved by developing new cultivars
for dense planting [1]. The interception capacity of crops on both direct and diffuse solar radiation
is expected to increase under a horizontal canopy of dense seeding [5]. However, closed canopy
profile also results in large within-canopy shading, which subsequently induces shade avoidance
response and promotes lodging by excessive vegetative growth [6]. Kokubun (1988) investigated the
characteristics of high-yielding soybean cultivars and proposed a high-yield ideotype model with the
upper leaves vertically closed. The fraction of light absorption by the lower surface will be increased in
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this model [7]. Hence, it is an immediate prerequisite to modify plant canopy in a desirable direction
through genetic manipulation for increasing crop yield.

Petiole length is an important trait that influences canopy architecture besides leaf petiole angle and
branching capacity [8,9]. The short petiole changes geometric architecture of soybean plants and makes
it possible for group canopy closing in a vertical plane when applied in dense seeding. Although the
petiole length in soybean varies depending on photoperiod and light quality [9], environmental
factors do not have much effect on this trait. Therefore, investigating short-petiole genetic resources is
an efficient way to understand petiole development for further plant canopy improvement. Until now,
various soybean mutants with short petiole have been identified as well as characterized. For example,
D76-1609 and SS98206SP are two short-petiole lines which are controlled by two different single
recessive genes, Ips1 and Ips3, respectively [10,11]. You (1998) described a short-petiole line NJ90L-1SP,
which is controlled by two duplicated loci of a recessive gene, Ips1, that also controls short-petiole trait
in D76-1609, and Ips2, which controls the abnormal pulvinus [12]. These findings suggest that Ips1
and Ips2 might control different stages of petiole development. In addition, Cary and Nickell (1999)
described a short petiole LN89-3502TP that is controlled by a single gene with incomplete dominance
(Ic), fitting a 1:2:1 segregation ratio in F, population [13]. So far, only Ips3 gene has been mapped on
chromosome 13 within the flanking markers Sat_234 and Sct_033 [14]. Hence, identifying short-petiole
mutant in soybean as well as the underlying gene will be helpful in promoting ideotype breeding in
soybean for increasing yield.

By keeping the above in view, the present study identified a short-petiole mutant named as dsp.
The objectives of our study were to elucidate the inheritance of the genes controlling short-petiole trait
in dsp and to map underlying genes by using bulked segregant analysis (BSA) method.

2. Materials and Methods

2.1. Plant Material

The dsp is a derived soybean mutant with extremely short petiole, which is identified during
soybean breeding in the field. Two crosses were made by crossing two soybean cultivars,
viz., HDS-1 and BW-2, with the common dsp short-petiole mutant for genetic analysis and gene
mapping of dsp. All F; seeds were planted and single-plant threshed. The 703 and 238 F, seeds were
planted for HDS-1 x dsp and BW-2 x dsp F, populations, respectively (Table 1). All the 941 F, lines
together with three parents were evaluated by visual inspection in the summer of 2014. In the summer
of 2015, 50 seeds of 184 random F;.3 progenies of HDS-1 X dsp were sown and used to determine the
genotype of each F; plant.

Table 1. Genetic analysis of the short-petiole trait in the F, and F3.4 populations.

. No. of No. of Total Expected 2
Population Year Wild-type Mutant-type Number Ratio X p-Value
Plants Plants
F>(HDS-1 X dsp) 2014 681 22 703 15:1 11.16 0.00
F(BW-2 x dsp) 2014 230 8 238 15:1 291 0.09
Selzft;g(;fting Non-ls\I:(;ngfating Total Expected X2 p-Value
Lines Lines Number Ratio
F 23(21;)5'1 X 2015 87 97 184 8:7 247 0.12
F3;4(HDS—1 X .
dsp)-Dspl_dsp2dsp? 2016 54 27 81 2:1 0.01 0.91
F3:4(HDS-1 X
dsp)-dspldspl 2016 59 32 91 2:1 0.07 0.80
Dsp2_

194



Agronomy 2019, 9, 709

To further validate the inheritance of dsp controlled by two loci, F, plants of HDS-1 X dsp with one
locus as recessive homozygous and the other locus as heterozygotic were specifically selected by simple
sequence repeats (SSR) markers according to gene mapping results. In this process, the flanking markers
BARCSOYSSR_07_0787 and BARCSOYSSR_07_0808 for dsp1 locus and BARCSOYSSR_11_0037 and
BARCSOYSSR_11_0049 for dsp2 locus were used to screen out those F, plants of which genotypes as
Dspldspldsp2dsp2 or dspldsp1Dsp2dsp2. Then 81 and 91 F».3 dominant individuals derived from the
above selected F, plants were randomly harvested, and 50 seeds for each F3.4 progenies were grown to
evaluate the genotype of above F;.3 individuals in the summer of 2016 (Table 1). A total of 30 mutant
individuals from F, populations of HDS-1 X dsp and BW-2 x dsp were collected for gene mapping.
There were 132 F,.3 recessive individuals derived from Dspldspldsp2dsp2 or dspldsp1Dsp2dsp2 F, plants
used to verify the mapping results of dsp1 and dsp2 loci. S

The dsp mutant has extremely short petiole, however, a very small, nonsignificant variation exists
for petiole length at different leaf positions, and thus were ignored. Therefore, short petiole of dsp was
regarded as a qualitative trait in our study, and the petiole length was phenotypically evaluated as
mutant-type (MT) and wild-type (WT) by visual inspection.

All materials were planted at the research field in Jiangpu Experimental Station of Nanjing
Agricultural University (Nanjing, China).

2.2. Genetic Analysis of dsp

A Chi-square (x°) test (1) was used to analyze the segregation ratio of alleles with the expected
ratio at a significance threshold of p-value>0.05 (x? < 3.84) [15,16]. The formulas used are shown
as below

)
Xzzzw (1)

where O and E represent observed and expected value, respectively, under the expected ratio.

2.3. DNA Extraction and SSR Markers Analysis

A plant tissue kit from Tiangen Biotech (Beijing, China) was used to extract DNA from the
young and healthy fresh leaves of three parents, F, generations, and 132 F;3 individuals derived
from the crosses HDS-1 X dsp and BW-2 X dsp. PCR amplifications were performed in 10 pL reactions
containing 50-100 ng of template DNA, 1 x PCR buffer, 2.0 mM MgCl,, 75 uM of each dNTP, 0.2 uM
each of the forward and reverse primers, and 0.1 U of Tag DNA polymerase. DNA polymerase,
deoxy-ribonucleoside triphosphate (dANTP) mix, and DNA Ladder (50 base pairs) were purchased
from Tiangen Biotech (Beijing, China). Primer sequences were obtained from SoyBase website
(http://www.soybase.org) and were synthesized by Invitrogen Biological Technology (Shanghai, China).
The PCR reaction was performed under the following condition: Initial denaturation at 95 °C for
5 min, followed by 29 cycles with 30 seconds of denaturation at 94 °C, 30 seconds of annealing at
43-56 °C, depending on the optimum annealing temperature for each primer pair, and 30 seconds
of extension at 72 °C, with a final 10 min extension at 72 °C on a Peltier thermal cycler (PTC-225,
M]J Research, Quebec, QC, Canada). The PCR products were separated by electrophoresis through 8%
non-denaturing polyacrylamide gels, and then the gels were stained with 1 g L™! AgNOj3 for 15 min,
followed by a 1% NaOH and 1% CH3OH solution for 10 min before visualizing under LED light box.

2.4. Bulked Segregant Analysis (BSA) and Target Gene Mapping of the dsp Mutant

Bulked segregant analysis (BSA) was performed to identify SSR markers potentially linked to
the genes responsible for short-petiole trait [17]. A total of 1015 pairs of SSR (simple sequence repeat)
primers covering all the 20 chromosomes were included in this process. The normal bulk was formed by
pooling DNA of six individuals with normal petiole from the F, populations. Similarly, the mutant bulk
was created with the DNA of six individuals with short petiole. The normal and mutant DNA bulks as
well as the DNA of two parents for the F, population of HDS-1 X dsp cross were screened with 1015
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SSR markers to identify polymorphic markers that are potentially linked to the short-petiole trait of dsp.
Linkage relationship of the locus and SSR markers were calculated with the program Mapmaker 3.0 [18],
using a minimum LOD (logarithum of the odds) score of 3.0 and a maximum recombination value of
0.4 as a threshold. Linkage calculations were completed using the Kosambi mapping function [19].
SSR markers identified to be linked were consequently screened against the entire mapping population.
Then subsequent mapping processes were conducted according to Song (2004) [20]. Searching of the
physical position of the primer sequence was performed via BLASTN engine on National Center for
Biotechnology Information database (NCBI) (http//www.ncbi.nlm.nih.gov/) and converting the genetic
map to a physical map based on the physical position of SSR markers.

2.5. Synteny Information and Homologous Protein Information Retrieval

For every locus, the synteny information on genome was retrieved from the SoyBase website
(https://soybase.org/) through “Genome Browser” [21]. The duplicated region of this locus (if it exists)
would be displayed under the precondition of checking “old duplicated blocks” or “recent duplicated
blocks” options in select track. Phytozome website (http://www.phytozome.net) [22] was used to
retrieve the corresponding homologous proteins information of every candidate protein.

3. Results and Discussion

3.1. Characteristics of Short-Petiole Trait in the dsp Mutant

Soybean short-petiole mutant dsp has a compact stature in the natural field conditions (Figure 1),
and also revealed different levels of dwarfing under different genetic background and environments
(plant height variation data not shown). The petiole length of dsp was less than 2 cm, showing
a difference from previously described short-petiole mutants, for instance D76-1609 (8.59 + 0.93
cm) [10], NJ9OL-1SP (7-13 cm) [12], and LN89-3502TP (5-12 cm) [13]. Moreover, dsp was relatively
more valuable for progenies selection compared with NJ90-1SP and LN89-3502TP, which have inferior
agronomic characters including abnormal leaf and pulvinus trait. Considering the ideal soybean
architecture model proposed as compact plants with a small stature as well one or two branches [1],
dsp mutant provides a valuable genetic resource for the development of a soybean ideal plant-type.

Figure 1. Canopy architecture and petiole morphology of the dsp mutant (a-b). Aerial view of the dsp
mutant (a) and BW-2 wild-type plant (b). (c) The morphology and petiole length of wild type and
mutant. Scale bars represent 2cm in all pictures.
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3.2. Genetic Analysis of Petiole Length in the dsp Mutant

Two crosses were made between the common short-petiole dsp mutant and two soybean cultivars
with normal petiole, HDS-1 and BW-2, respectively. All the F; plants obtained from the two populations
(HDS-1 x dsp and BW-2 x dsp) had normal petioles, indicating that the short petiole of dsp mutant was
recessive to the normal petiole. This result was consistent with that of previous genetic studies based on
short-petiole lines, which also revealed the recessive nature of short-petiole length in soybean [10-12].
However, the results of Cary and Nickell (1999) [13] were in contrast. They reported that a short petiole
was controlled by a single gene with incomplete dominance.

In the F, population from the cross BW-2 X dsp, eight out of 238 F; individuals had the mutant-type
phenotype the same as the dsp parent (MT plants). However, the ratio of wild-type plants (WT plants)
relative to mutant-type plants (MT plants) was not significantly different from a 15:1 ratio (x? = 2.91,
p = 0.09) (Table 1). In the case of HDS-1 X dsp cross, segregation for petiole-length trait was observed
in 87 of the 184 F;.3 rows derived from 184 F, WT plants, which was not significantly different from
a 8:7 ratio for segregating and nonsegregating in long-petiole rows (x> = 2.47, p = 0.12) (Table 1).
According to subsequent mapping results of genes responsible for dsp, F, WT plants with genotype as
Dspldspldsp2dsp2 or dspldsp1Dsp2dsp2 from HDS-1 X dsp cross were screened out based on flanking
markers of two mapping regions (Figures 2 and 3), and random 81 and 91 F,3 WT plants were grouped
to validate the inheritance of dsp mutant. As a result, both ratios between those segregating and
homozygous (nonsegregating) F5 individuals fit a 2:1 ratio based on F3.4 families (x*> =0.01, p=091;
x> =0.07, p = 0.80) (Table 1).
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Figure 2. Mapping of the dsp1 locus. (a-d) Two F, populations of HDS-1 X dsp (b) and BW-2 X dsp (d)
were used here. One F,.3 population derived from Dspldspldsp2dsp2 F, plants of HDS-1 X dsp cross was
used to verify the mapping result of dsp1 (c). The dsp1 locus was mapped to a 550.5-kb region nearby
centromere on chromosome 07 with BARCSOYSSR_07_0787 and BARCSOYSSR_07_0808 as flanking
markers (e). Black spot represents centromere. Number below every SSR marker means recombinant
individual number.

197



Agronomy 2019, 9, 709

@ ] Chr 1"

a e

dsp2
g@%\ ““-19 Q@‘L e?\'{\ 0«59 Q‘?ﬁb\\ N % oWe
i Ao Yo -~
gs:qss“’ *.-,so 5 .(ss & e.s@“ Gsoiss“
»‘I*" RS ,,ee, “c’ s “"w“" evf‘ HDS-1xdsp F,
=22
b 8 G 2 52 0 1 1 1 2 Recombinants
§ dsp2 ;

m%\ o m’ Q«s'l @\‘;{‘ m‘:f g\o:’ o " o°
S 2 AN\ S .
55 * s‘-"fi *5:_;*65 ,o 55?~/
) c® o2 ﬂo Cﬁ‘ c®
p$’~ Pg“ ng“ 9 p5’~
| | l | HDS-1xdsp Fy,

c 0 0 0o :0 o 1 1 1 n=46

iodsp2 i Recombinants
05 00-1& 00'5'1' 2?\'51 °°:§ ‘\“:.‘5‘\\ Qﬁ‘: . Q‘\‘\"
A ' Ao ASARCAN A S
o= *559“’ o.(s% 5‘-'01%5 s‘qs‘a s
Ps&s ﬂcﬁ RE @o%g.o oS # Coac™ w2

® 9 ° 9 o BW-2xdsp F,

d 3 3 z ;1 o o o o 0 n=g8

i i Recombinants
:odsp2 &

Candidate region 263.3 kb —)’
e

Figure 3. Mapping of the dsp2 locus. (a-d) Two F;, populations of HDS-1 X dsp (b) and BW-2 X dsp (d)
were used here. One F,.3 population derived from dsp1dsp1Dsp2dsp2 F, plants of HDS-1 X dsp was used
to verify the mapping result of dsp2 (c). The dsp2 locus was mapped between BARCSOYSSR_11_0037
and BARCSOYSSR_11_0043, a 263.3-kb region in the front end of chromosome 11 (e). Black spot
represents centromere. Number below every SSR marker means recombinant individual number.

These results demonstrated that the short-petiole trait of dsp mutant is controlled by two recessive
genes even though the segregation ratio in F, population of HDS-1 X dsp was significantly different
from a 15:1 ratio (x> = 11.16, p = 0.00) in the 2014 field experiment. That is probably attributed to poor
emergence by poor seed quality of mutant plants (Table 1). This is somewhat similar to the case of
genetic analysis for SS98206SP, a short-petiole line controlled by a single recessive gene and fit a 15:1
ratio of Fp progenies between long and short petioles based on bad seed quality in 2006 [11].

3.3. Mapping Genes dsp1 and dsp2 with SSR Markers

Out of a total 1015 SSR markers screened for polymorphism, only 67 markers distributed to
12 chromosomes were found to be polymorphic between WT and MT DNA pools derived from F,
population of HDS-1 X dsp cross. Finally, polymorphic markers on chromosome 07 (linkage group
M) and chromosome 11 (linkage group B1) were detected to be linked with the short-petiole mutant
phenotype of dsp. These genomic regions governing the mutant phenotype of dsp was named as dsp1
and dsp2, respectively.

A total of 22 and 8 F, MT plants from HDS-1 X dsp and BW-2 x dsp, respectively, were
genotyped using linked markers screened from chromosome 07 and chromosome 11. New SSR
markers from Song (2010) [23] were synthesized to narrow the mapping regions of dspl and dsp2
loci. Eventually, the dsp1 locus was mapped to a 550.5-Kb region on chromosome 07 with flanking
markers as BARCSOYSSR_07_0787 and BARCSOYSSR_07_0808 (Figure 2). The mapping region is
near to centromere according to SoyBase database [21]. A total of 36 gene models were present within
this region (Glyma.Wm82.al.v1.1) (Table 2). The dsp2 locus was mapped within a 263.3-Kb region
between BARCSOYSSR_11_0037 and BARCSOYSSR_11_0049 markers on the front of chromosome 11,
harboring 33 gene models (Figure 3, Table 3). Furthermore, these F».3 MT plants from Dspldspldsp2dsp2
or dspldsp1Dsp2dsp2 F, individuals were used to confirm the mapping regions. Among them, 86
Fo.3 MT plants from Dspldspl dsp2dsp2 F, plants were utilized to validate the mapping result of dsp1.
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Then dsp1 was mapped to the same genomic region as identified earlier using F» populations (Figure 2).
Similarly, 46 F,.3 MT plants from dspldspl Dsp2dsp2 F, plants confirmed the locus dsp2. The right
boundary of dsp2 is definite with BARCSOYSSR_11_0049, which is also consistent with the mapping
result of dsp2 in F, populations (Figure 3). The petiole length of dsp mutant is very similar to another
SS98206SP line, while the Ips3 locus underlying short petiole of S598206SP was reported to be mapped
on chromosome 13 [14]. Hence, dsp is a novel short-petiole line different from SS98206SP.

Table 2. List of gene models in the 550.5-Kb physical interval of the derived short-petiolel (dsp1) locus.

Glyma.Wm82.

al.vl.1 Gene Models

Glyma.Wm82.

a2.vl Gene Models

Description

Glyma07¢16731 Glyma.07¢139000 Mitochondrial carrier protein
Glyma07¢16740 Glyma.07¢139100 Major Facilitator Superfamily
Glyma07¢16750 Glyma.07¢139200 Uncharacterized protein
Glyma07g16760 Glyma.07g139300 Uncharacterized protein
Glyma07¢16770 Glyma.07g139400 Probable lipid transfer
Glyma07¢16790 Glyma.07¢139500 PRONE (Plant-specific Rop nucleotide exchanger)
Glyma07g16800 Glyma.07g139600 Glutathione S-transferase, C-terminal domain
Glyma07¢16810 Glyma.07g139700 Glutathione S-transferase, C-terminal domain
Glyma07¢16830 Glyma.07¢139800 Glutathione S-transferase, C-terminal domain
Glyma07g16840 Glyma.07g139900 Glutathione S-transferase, C-terminal domain
Glyma07¢16850 Glyma.07g140000 Glutathione S-transferase, C-terminal domain
Glyma07¢16860 Glyma.07¢140200 Glutathione S-transferase, C-terminal domain
Glyma07¢16876 Glyma.07¢140300 Glutathione S-transferase, C-terminal domain
Glyma07¢16893 - Cytochrome P450 CYP4/CYP19/CYP26 subfamilies
Glyma07¢16910 Glyma.07¢140400 Glutathione S-transferase, C-terminal domain
Glyma07g16925 Glyma.07¢140500 Glutathione S-transferase, C-terminal domain
Glyma07¢16940 Glyma.07¢140700 Glutathione S-transferase, C-terminal domain
Glyma07¢16950 Glyma.07¢140800 Universal stress protein family
Glyma07g16970 Glyma.07¢141000 Uncharacterized protein
Glyma07¢16980 Glyma.07¢141100 Myb-like DNA-binding domain
Glyma07¢16990 Glyma.07¢141200 Ctr copper transporter family
Glyma07¢17000 Glyma.07¢141300 Probable lipid transfer
Glyma07¢17010 Glyma.07g141400 Non-specific serine/threonine protein kinase.
Glyma07¢17030 Glyma.07¢141500 Probable lipid transfer
Glyma07¢17060 Glyma.07¢141600 Ctr copper transporter family
Glyma07¢17080 Glyma.07g141700 Hsp20/alpha crystallin family
Glyma07¢17090 Glyma.07¢141800 Uncharacterized protein
Glyma07¢17101 Glyma.07¢141900 Domain of unknown function (DUF3527)
Glyma07¢17110 Glyma.07g142000 PAP2 superfamily C-terminal
Glyma07¢17116 Glyma.07¢142100 Ubiquitinyl hydrolase 1.
Glyma07¢17130 Glyma.07¢142300 RING-variant domain
Glyma07¢17140 Glyma.07g142400 Multicopper oxidase
Glyma07¢17150 Glyma.07¢142500 Multicopper oxidase
Glyma07¢17170 Glyma.07g142600 Multicopper oxidase
Glyma07¢17180 Glyma.07¢142700 Fructose-1-6-bisphosphatase
Glyma07¢17190 Glyma.07¢142800 Uncharacterized protein
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Table 3. List of gene models in the 263.3-Kb physical interval of the dsp2 locus.

Glyma.Wms82.

al.vl.1 Gene Models

Glyma.WmS82.

a2.vl Gene Models

Description

Glyma11g01300 Glyma.11G011000 RNA-binding proteins
Glymal1g01310 Glyma.11G011100 Uncharacterized protein
Glymal1g01320 Glyma.11G011200 NADH: ubiquinone oxidoreductase, B17.2 subunit
Glymal1g01330 Glyma.11G011300 E3 ubiquitin ligase
Glymal1g01340 Glyma.11G011400 Translin-associated protein X
Glyma11g01350 Glyma.11G011500 Chalcone and stilbene synthases
Glyma11g01360 Glyma.11G011600 PPR repeat
Glymal1g01370 Glyma.11G011700 Nuclear transport receptor CRMl/MSNS (importin beta
superfamily)

Glymal1g01380 Glyma.11G011800 GTP-binding ADP-ribosylation factor Arfl
Glyma11g01390 Glyma.11G011900 Plant protein of unknown function (DUF946)

3 I~ 3 3 ’
Glymal1g01405 Glyma.11G012000 Guano;;‘;g}fhfspkﬁz(fylgi‘(ﬁz:ate)3
Glyma11g01420 Glyma.11G012100 Ribonuclease P
Glymal1g01430 Glyma.11G012200 DEAD/DEAHgox hellicase/Hel.icase conserved

-terminal domain

Glymal1g01441 Glyma.11G012300 Pwwp domain-containing protein
Glymal1g01450 Glyma.11G012400 Cell division cycle 20 (CDC20) (Fizzy)-related
Glyma11g01460 Glyma.11G012500 Putative u4/u6 small nuclear ribonucleoprotein
Glymal1g01470 Glyma.11G012700 Mitochondrial outer membrane protein
Glyma11g01480 Glyma.11G012800 Galactosyltransferases
Glymal1g01491 Glyma.11G012900 Aspartyl proteases
Glymal1g01501 Glyma.11G013000 Aspartyl proteases
Glymal1g01510 Glyma.11G013100 Aspartyl proteases
Glyma11g01520 Glyma.11G013200 Uncharacterized protein
Glymal1g01530 Glyma.11G013300 PLACS family
Glymal1g01536 Glyma.11G013400 DYW famlg%%;‘fiiﬁ?ﬁigeammases
Glymal1g01543 Glyma.11G013500 PPR repeat (PPR)
Glyma11g01550 Glyma.11G013600 PPR repeat (PPR)
Glymal1g01570 Glyma.11G013700 leucine r;ﬁiilzﬂr’f;fl EEE?I‘)?{IE? protein,
Glyma11g01580 Glyma.11G013800 Complex 1 protein (LYR family)
Glymal1g01595 Glyma.11G013900 KH domain containing RNA binding protein
Glymal1g01610 Glyma.11G014000 Protein Phosphatase methylesterase-1 related
Glyma11g01620 Glyma.11G014100 Cytochrome ¢
Glyma11g01640 Glyma.11G014200 Ethylene-responsive transcription factor ERF021
Glyma11g01650 Glyma.11G014300 Nuclear transport factor 2 (NTF2) domain

Based on the synteny information obtained from SoyBase [21], the mapping region of dsp1 and
dsp2 belongs to two nonhomologous fragments on chromosome 07 and chromosome 11, respectively
(Figure 4). Furthermore, homologous protein information retrieved from Phytozome [22] revealed
that none of the encoding proteins within both regions displayed homology (Tables 2 and 3).
Hence, these two above loci identified to be responsible for short-petiole phenotype of the dsp mutant
did not function as duplicated genes.

a [Femew synteny (Glyeine old duplication)
Gmo3 E—
GmO]
Gmod.

b FEEEA synteny (Glycine recent t dnplication) B

Gmo1

Figure 4. The duplicated regions of dsp1 and dsp2 locus from SoyBase. (a) The duplicated regions of
the dsp1 locus. (b) The duplicated regions of the dsp2 locus.
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As a paleopolyploid, the genome of soybean contains 70.3% duplicate regions due to two
whole genome duplication (WGD) events [24-27]. Duplicated genes may undergo pseudogenization,
sub-functionalization, or neo-functionalization [28], and the divergence of duplicated genes is thought
to provide the basis for adaptive evolution [29]. For example, among the four homologous genes of the
Arabidopsis terminal flower gene (TFL1) in soybean, only one has been found to control growth habit;
the other copies may have additional functions because they have been reported to show different
transcriptional patterns [30]. A disease-like rugose leaf phenotype in soybean was attributed to two
recessive duplicated loci of rI1 and rI2 [31]. In our study, all genes located within the mapping regions
of dsp1 and dsp2 loci have one or more duplicated copies in other chromosomes. The duplicated effect
of dsp1 and dsp2 candidate genes on the short petiole of dsp mutant indicated the possible functional
differentiation or genetic interaction during petiole development. Therefore, the short petiole of dsp
mutant is a complex trait, and the identification of candidate genes underlying dspl and dsp2 loci will
greatly help to clarify the mechanism of petiole development.

4. Conclusions

In summary, we identified a novel short-petiole mutant line “dsp” that was demonstrated
to be controlled by two recessive gene designated as dspl and dsp2. The mapping of dspl and
dsp2 revealed a redundant function between two nonhomologous loci on the formation of short
petiole. Hence, the present study provides potential genetic resources, linked markers as well as genes
governing the short petiole in dsp mutant, and these valuable genes will be in turn used for rapid
introgression into elite soybean backgrounds for developing cultivars with short petiole and high yield
via marker-assisted breeding. Therefore, the availability of these resources could greatly facilitate the
dream of developing soybean ideotype.
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Abstract: Some phenotypic traits from wild legumes are relatively less examined and exploited
towards their domestication and improvement. Cooking time for instance, is one of the most central
factors that direct a consumer’s choice for a food legume. However, such characters, together
with seed water absorption capacity are less examined by scientists, especially in wild legumes.
Therefore, this study explores the cooking time and the water absorption capacity upon soaking
on 84 accessions of wild Vigna legumes and establishes a relationship between their cooking time
and water absorbed during soaking for the very first time. The accessions were grown in two
agro-ecological zones and used in this study. The Mattson cooker apparatus was used to determine
the cooking time of each accession and 24 h soaking was performed to evaluate water absorbed
by each accession. The two-way analysis of variance revealed that there is no interaction between
the water absorption capacity and cooking time of the wild Vigna accessions with their locations
or growing environments. The study revealed that there is no environment X genotype interaction
with respect to cooking time and water absorption capacity as phenotypic traits while genotype
interactions were noted for both traits within location studied. Furthermore, 11 wild genotypes of
Vigna accessions showed no interaction between the cooking time and the water absorption capacity
when tested. However, a strong negative correlation was observed in some of the wild Vigna species
which present phenotypic similarities and clusters with domesticated varieties. The study could also
help to speculate on some candidates for domestication among the wild Vigna species. Such key
preliminary information could be of vital consideration in breeding, improvement, and domestication
of wild Vigna legumes to make them useful for human benefit as far as cooking time is concerned.

Keywords: non-domesticated legumes; Vigna racemosa; Vigna ambacensis; Vigna reticulata; Vigna
vexillata; wild food legumes; legumes; Vigna species; cooking time; water absorption; domestication

1. Introduction

Legumes (family: Fabaceae), the third largest family among flowering plants, grouping about
650 genera and 20,000 species, represent the second most valuable plant source of nutrients for both
humans and animals [1]. Their importance in human life through positive impact in global food
security is uncontestable due to the contribution of some of the domesticated commercialized legumes
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such as soybeans, cowpeas, and common beans [2]. Yet, their production rate remains unsatisfying
compared with their consumption rate due to several challenges ranging from agronomic constraints
to policy issues through farmers” and consumers’ acceptability [3,4]. These challenges have directed
the interest of some scientists towards investigating novel alternatives by screening the hitherto wild
non-domesticated species within the little-known genera of legumes in order to find important traits
that fit consumers” acceptance and desire without necessarily genetically engineering them [4].

Generally, taste and smell are the first senses that come to peoples’ mind whenever they think
about the consumption of food and drink [5]. However, consumers’ responses to food depend on
several factors not only limited to sensory characteristics of the product and their physiological status.
They also depend on other factors, such as previous information acquired about the product, their past
experience, and their attitudes and beliefs [6].

Soaking is usually a processing technique performed prior to cooking of grains and legumes.
Hence, the evaluation of water absorption characteristics of different seeds during soaking is an
important parameter that is well considered by researchers who have proven that grains show
different water absorption rates and water absorption capacities in different soaking conditions [7].
Understanding water absorption in legumes during soaking is a very important aspect because it affects
succeeding processes such as the cooking time and the quality of the final product [8]. Water absorption
of seeds during soaking mainly depends on soaking time, water temperature, and some seeds’ physical
characteristics like hardness and seed coat thickness, and may be related to cooking time for a specific
type of grain or legume. This is one of the gaps that this study is attempting to address.

Cooking time, a sign of cooking quality, is one of the most central factors that direct a consumer’s
choice for a food legume as longer cooking time is one of the foremost limitations that make legumes
uneconomical and unacceptable to consumers [9]. Cooking usually implies heat application that causes
physicochemical changes like gelatinization of starch, denaturation of proteins, solubilization of some
of the polysaccharides, softening and breakdown of the middle lamella, a cementing material found
in the cotyledon [9]. Cooking also inactivates or reduces the levels of anti-nutrients such as trypsin
inhibitors and flatulence-causing oligosaccharides, resulting in improved nutritional and sensory
qualities [10].

Cooking time is also one of the phenotypic characters assessed by many breeding programs using
the Mattson Bean Cooker as the recommended equipment for measuring the variable [11]. The cooking
time of legumes depend on their genera, species, and varieties [7,9].

Common beans (Phaseolus vulgaris) and cowpea (Vigna unguiculata) are the mainly cultivated
and consumed varieties of legumes worldwide that belong to two different genera, the Phaseolus
and Vigna respectively [2,12,13]. It is reported that fewer domesticated edible species as compared
with the numerous non-domesticated wild species exist in most legumes’ genera. Domesticated
and semi-domesticated species are denoted as neglected and underutilized species due to little
attention being paid to them or the complete ignorance of their existence by agricultural researchers,
plant breeders, and policymakers [14].

The genus Vigna, of the present study, is a large collection of vital legumes consisting of more than
200 species [15]. It comprises several species of agronomic, economic, and environmental importance.
The most common domesticated ones include the mung bean (V. radiata (L.) Wilczek), urd bean
(V. mungo (L.) Hepper), cowpea (V. unguiculata (L.) Walp.), azuki bean (V. angularis (Willd.) Ohwi &
Ohashi), bambara groundnut (V. subterranea (L.) Verdc.), moth bean (V. aconitifolia (Jacq.) Maréchal),
and rice bean (V. umbellata (Thunb.) Ohwi & Ohashi). Many of these species are valued as forage, green
manure, and cover crops, besides their value as high protein grains. Moreover, the genus also comprises
more than 100 wild species that do not possess common names apart from their scientific appellation
yet [16]. They are simply known as underexploited wild Vigna species, or non-domesticated Vigna
species [2,15]. This could be some of the reasons as to why very little or almost no scientific attention
has been given to them, especially concerning the human domestic utilization such as consumption,
cookability, functional, and processing characteristics such as water absorption capacity and soaking.
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Therefore, this study evaluates the cooking time and water absorption capacity upon soaking on 84
accessions of wild Vigna legumes and establishes a relationship between their cooking time and water
absorbed during soaking.

2. Materials and Methods

2.1. Sample Collection and Preparation

The 84 accessions of wild Vigna species (seeds) used in this study were obtained from gene banks as
presented in Table 1. All the accessions were planted in an experimental plot following the augmented
block design arrangement [17] and allowed to grow until complete maturity before harvesting in
order to have enough seeds for analysis. After harvesting, the seeds were sun-dried to maintain a
uniform moisture content of grains to 10%-14% using a moisture grain tester (DICKEY-JOHN, model:
MINIGAC 1, Minneapolis, MN, USA) [18]. An illustration of the seeds of some of the samples is also
shown in Figure 1. In addition, three domesticated Vigna legumes—that is, cowpea (V. unguiculata), rice
bean (V. umbellata), and a semi-domesticated landrace (V. vexillata)—were used as checks. The checks
were obtained from the Genetic Resource Center (GRC-IITA), Nigeria (cowpea), the National Bureau
of Plant Genetic Resources (NBPGR), India (rice bean), and the Australian Grain Genebank (AGG),
Australia (semi-domesticated landrace V. vexillata).
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Figure 1. Photographs illustrating seed morphology of wild Vigna species. Four seeds per accession
were pictured under the same conditions to give an image of the morphology and the relative size.
Distances of lines in the background are 1 cm in the vertical and horizontal directions. Source: Authors
based on seeds requested from the Australian Grain Genebank (AGG) (a—e,q-t) and the Genetic
Resources Center, International Institute of Tropical Agriculture, (IITA), Ibadan, Nigeria (f-p).
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Table 1. Wild Vigna species collected from the gene banks/self.

Genebank/Number of Accession

Vigna Species Total
GRC, IITA AGG
Ibadan, Nigeria Horsham, Victoria Self-Collected
Vigna racemosa - 4 - 4
Vigna reticulata 30 1 - 31
Vigna vexillata 29 6 - 35
Vigna ambacensis 11 0 - 11
Unknown V. racemosa ) ) 1 1
Accession (Nigeria)
Unknown V. reticulata . ) 1 1
Accession (Nigeria)
Unknown ) ) 1 1
Vigna (Tanzania)
Total 70 11 3 84

GRC, IITA: Genetic Resource Center, Germplasm Health Unit, International Institute of Tropical Agriculture (IITA),
Headquarters, PMB 5320, Oyo Road, Idi-Oshe, Ibadan, Nigeria. AGG: Australian Grain Genebank, Department of
Economic Development, Jobs, Transport and Resources, Private Bag 260, Horsham, Victoria 3401.

2.2. Sample Cultivation (Multiplication) Process: Experimental Design and Study Site.

The collected seeds were planted in two agro-ecological zones located at two agricultural research
stations in Tanzania during the main cropping season (March-September, 2018). The first site was
at the Tanzania Coffee Research Institute (TaCRI), located at Hai District, Moshi, Kilimanjaro region
(latitude 3°13’59.59” S, longitude 37°14’54” E) which is at a high altitude (1681 m) a.s.l. The second site
was at the Tanzania Agricultural Research Institute (TARI), Selian, Arusha, which is at a mid-altitude
agroecological zone. TARI-Selian lies at latitude 3°21°50.08” N and longitude 36°38'06.29” E at an
elevation of 1390 m a.s.l.

A total of 160 accessions of wild Vigna legumes were planted in an augmented block design
following the randomization generated by the statistical tool on the website [19] with three checks.
The seeds were planted in eight blocks of 26 lines each with every line containing 10 seeds of each
accession. Each check was replicated two times in a block as generated by the statistical tool. The field
was monitored and maintained in good conditions from germination to complete maturity before
harvesting and seeds were prepared for further analysis. Eighty-four accessions were then selected
based on the availability of seeds after maturity for this study.

2.3. Seed Soaking Process

The soaking method adopted from McWatters and modified by Shafaei was used with a slight
modification [7,20].

Ten seeds of each accession were randomly selected and weighed, then placed in glass beakers
containing 200 mL distilled water and allowed to stand at room temperature (25 °C) for 24 h. The weight
of water absorbed by various seeds was measured after 24 h, as it is the soaking time generally practiced
by most consumers at home. After reaching required time, the soaked samples were removed from the
beakers and placed on a blotter paper to eliminate the excess water, and then weighed. A precision
electronic balance (Model GF400, accuracy + 0.001 g A&D Company Ltd, Taunton, MA, USA) was
used to measure weight of sample before and after immersion. All tests were performed in triplicate.
The weight of water absorbed was determined using the formula below [7,20]:

Wa = (Wf — Wi)/Wi,

where, Wa is the water absorption, Wf is weight of seeds after immersion (g), and Wi is weight of seeds
before immersion (g).
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2.4. Cooking Process on a Mattson Bean Cooker

A Mattson Bean Cooker (MBC) apparatus was used to record the mean cooking time of each
accession of wild Vigna legume. The apparatus consists of 25 plungers and a cooking rack with 25
reservoir-like perforated saddles, each of which holds a grain and a plunger calibrated to a specific
weight. Each plunger weighs 90 g and terminates in a stainless-steel probe of 1.0 mm in diameter [21].
The cooking proceeded by immersing MBC in a beaker with boiling water (98 °C) over a hotplate.
The 50% cooked point, indicated by plungers dropping and penetrating 13 (approximately 50% of the
25 individual seeds) of the individual beans, corresponds to the sensory preferred degree of cooking,
according to methodology adapted from Proctor and Watts [11,22]. A digital chronometer was used to
record the cooking time during the process.

2.5. Yield per Plant Data Collection and Evaluation

The yield per plant parameter was evaluated by the method adopted from Adewale [23] and
converted to the unit used by Bisht [17]. A total of 10 seeds of each accession were planted in eight
blocks of 26 lines as earlier described in Section 2.2. Matured pods from the 10 plants of each accession
were harvested, threshed, sun-dried, and weighed. The weight of total seeds for each plant was then
recorded and the mean seed weight for all the plants harvested on a line (plot) was evaluated as yield
per plant. Similarly, the mean seed weight for all the accessions of the same species was evaluated as
the yield per plant for the species.

2.6. Data Analysis

The values for water absorption capacity and cooking time were recorded in triplicate and
presented as mean + standard error using XLSTAT. The data were subjected to two-way analysis of
variance (ANOVA), correlation coefficients, and Tukey’s test. p < 0.05 was considered statistically
significant. Agglomerative Hierarchical Clustering (AHC) analysis was performed to examine
similarities between accessions. Descriptive statistics for the yield traits as well as cooking time and
water absorption capacity were also computed using XLSTAT. All the data were entered in an excel
sheet and analyzed using XLSTAT-Base version 21.1.57988.0.

3. Results

3.1. Cooking Time and Water Absorption Capacity of Domesticated Legumes

The water absorptions and the cooking time for a landrace of Vigna vexillata (check 1),
cowpea (check 2), and rice bean (check 3) used here were harvested from two different agro-ecological
zones, as shown in Table 2a.

The values for both water absorption and cooking time showed no significant difference
between agroecological zones and between the three species and therefore no environment X species
interaction (Table 2a). A detailed presentation of the interactions between species (V. vexillata landrace,
V. unguiculata, and V. umbellate) as replicated within locations is shown in Table 2b,c. It shows that there
is no replicate interaction effect between species within locations for the water absorption capacity trait
in all the tested combinations. However, replicate interaction effects were significant (p < 0.05) when
tested within locations between species for the cooking time trait except when tested across locations
(Table 2c¢).

The values for cooking time showed significant differences between the three domesticated
varieties (p < 0.05). Pearson correlation analysis shows that there is no correlation between the water
absorption capacity and cooking time considering only the three seed varieties (r = —0.030 for site A,
0.029 for site B) (Figure 2). Cowpea has a higher cooking time than rice bean which also cook longer
than the landrace of V. vexillata.
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Figure 2. Correlation between water absorption and cooking time for the three checks. (a) Plotted with
data from Site A; (b) plotted with data from Site B.

3.2. Cooking Time and Water Absorption Capacity of Vigna ambacensis Accessions

The water absorption capacities and the cooking times for 11 accessions of wild Vigna ambacensis
are presented in Table 3.

The values for water absorption capacity and cooking time showed no significant difference
(p > 0.05) when compared with the values of their corresponding accession harvested in the other
agro-ecological zone (Table 3).

Considering the water absorption capacity, all the wild accessions exhibited significantly low
values as compared with all three checks. The water absorption capacity of wild accessions varied
from 0.08 + 0.01 to 0.47 + 0.01 (Table 3) in both site A and B. Accession TVNu342 showed no significant
difference in water absorption capacity with three checks and with accession TVNu219.

The cooking time of the wild accessions varied from 23.02 + 0.50 to 24.26 + 0.07 min in both sites
(Table 3). All the wild accessions possessed significantly higher cooking time values compared with
the three checks (Table 3). None of the accessions cooked faster than the checks.
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Additionally, there was no correlation between the water absorption capacity and cooking time
considering only the 11 accessions studied (r = —0.025 for site A and r = —0.024 for site B) (Figure 3).
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Figure 3. Correlation between water absorption and cooking time for the Vigna ambacensis accessions.
(a) Plotted with data from Site A; (b) plotted with data from Site B.

3.3. Cooking Time and Water Absorption Capacity of Vigna vexillata Accessions

The result for water absorption capacity and cooking time for 35 accessions of wild Vigna vexillata
is shown in Table 4. The values for water absorption capacity and cooking time show no significant
difference (p > 0.05) when compared with the values of their corresponding accessions harvested in the
other agro-ecological zone.

The Water Absorption Capacity in all the wild accessions with exception of TVNu781 and TVNu837
showed significant low values compared with the three checks (Table 4). The water absorption capacity
of the wild V. vexillata accessions varied from 0.04 + 0.00 to 1.10 £ 0.03 in both site A and B (Table 4).

Considering the cooking time, there is a high diversity in differences among the accessions.
The cooking time varied from 16.22 + 0.23 to 31.04 £ 0.33 min in site A and from 16.24 + 0.20 t0 31.06 + 0.31
min in site B (Table 4). Accessions TVNu781, AGG308107WVIG2, AGG308097WVIG1, and TVNU1624
exhibited relatively similar cooking time with check 2 (Cowpea) (Table 4). Conversely, cooking time for
all other remaining accessions was significantly higher than all the checks. Pearson correlation analysis
shows that there is a weak negative correlation between the water absorption capacity and cooking time
considering the wild V. vexillata tested (r = —0.31 for site A and r = —0.32). Furthermore, the regression
analysis shows that the water absorption capacity and cooking time are related by the equation:
Y = =5.12x + 27.15 with R? = 0.094 (Figure 4).
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3.4. Cooking Time and Water Absorption capacity of Vigna reticulata Accessions

Table 5 shows the various values for water absorption capacity and cooking time for 32 accessions
of wild Vigna reticulata. The values for water absorption capacity and cooking time showed no
significant difference (p > 0.05) when compared with the values of their corresponding accessions
harvested in the other agro-ecological zone.

All the wild accessions showed significantly low water absorption capacity values compared with
the checks except for TVNu1520, and TVNu325 (Table 5). The water absorption capacity of the wild V.
reticulata accessions varied from 0.06 + 0.01 to 1.27 + 0.08 in site A and from 0.06 + 0.01 to 1.32 + 0.13
in site B (Table 5). No location and genotype X location interactions (p > 0.05) were observed for
both water absorption capacity and cooking time traits in these accessions. However, only genotype
interaction was observed for both traits (p < 0.05).

Regarding cooking time, there is a high diversity in differences of means among the accessions.
Twenty-five accessions showed significant higher cooking time values. Check 2 showed no significant
difference in cooking time with TVNu325 and the unknown V. reticulata accession only. The cooking
times for all accessions varied from 17.41 + 0.44 to 30.25 + 0.41 min in site A and from 17.42 + 0.45 to
30.26 + 0.42 min in site B (Table 5).

Pearson correlation analysis shows that there is a weak negative correlation between the water
absorption and cooking time considering the wild V. reticulata tested (r = —0.43 for site A and r = —0.45)
(Figure 5. Furthermore, the regression analysis shows that the water absorption and cooking time are
related by the equation: Y = —2.57x + 27.77 with R? = 0.18 (Figure 5).
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Figure 5. Correlation between water absorption and cooking time for the Vigna reticulata accessions.
(a) Plotted with data from Site A; (b) plotted with data from Site B.
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3.5. Cooking Time and Water Absorption of Vigna racemosa Accessions

The results for water absorption capacity and cooking time for accessions of wild Vigna racemosa
are shown in Table 6. The values for water absorption capacity and cooking time tested showed no
significant difference (p > 0.05) when compared with the values of their corresponding accession
harvested in the other agro-ecological zone through two-way analysis of variance (ANOVA).

The water absorption capacity of some of the wild accessions showed significant difference to each
other and to the three checks. The unknown Vigna racemosa and unknown Vigna legume accessions
displayed significantly low values similar to the three checks (Table 6). The water absorption capacity
of the wild V. racemosa accessions varied from 0.08 + 0.01 to 1.35 + 0.03 in site A and from 0.08 + 0.00 to
1.32 + 0.13 in site B (Table 6).

On the other hand, non-significant difference in cooking time between AGG51603WVIGI,
AGG52867WVIG1 accessions and check 1 was observed. Besides, they were all significantly different
from check 2, check 3, and the other accessions (Table 6). Generally, AGG53597WVIG1 exhibited
superior low cooking time compared with the three checks. The cooking time for all accessions varied
from 8.26 + 0.42 to 30.33 + 0.48 min in site A and from 7.87 + 0.40 to 30.34 + 0.50 min in site B (Table 6).

Pearson correlation analysis shows that there is a strong negative correlation between the water
absorption and cooking time considering the wild V. racemosa accessions tested (r = —0.91 for site A
and r = —0.92 for site B). Furthermore, the regression analysis shows that the water absorption capacity
and cooking time are related by the equation: Y = —17.17x + 32.10 with R? = 0.84 (Figure 6)

3.6. Water Absorption Capacity, Cooking Time, and Clustering Analysis of the Four Vigna species for
Domestication and Crop Improvement

The Figure 7 below shows the pattern of evolution of water absorption as a function of cooking
time to depict the existing relationship between the two parameters for the eighty four accessions
from the four wild Vigna species (V. ambacensis, V. reticulata, V. vexillata, and V. racemosa) and three
domesticated species. It shows that the relationship is a strong negative correlation (-0.69 for site A
and —0.70 for site B) between the water absorption and the cooking time which follows the equation:
YA =—7.99X + 26.52 (R* = 0.48) or Y = —8.21X + 26.57 (R? = 0.50) (Figure 7).

Agglomerative Hierarchical Clustering (AHC) analysis performed on all the four Vigna species
taking water absorption capacity, cooking time, and their individual weights before any processing
as variable traits revealed seven classes (Figure 8). Details of various accessions belonging to each
class are provided in Table 7. Class 1 consists of nineteen accessions of V. reticulata, sixteen accessions
of V. vexillata, and all the eleven accessions of V. ambacensis. Class 2 consists of only eight accessions
of V. reticulata and ten accessions of V. vexillata while class 3 consists of two accessions of V. reticulata,
one accession of V. vexillata, three accessions of V. racemosa and check 2 and 3. The class 4 consists of
one accession of V. vexillata and check 3 only, while one accession makes up class 5. Class 6 is made up
of four accessions of V. vexillata and class 7 of two V. reticulata and two V. vexillata.
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Figure 8. Dendrograms showing relationship among 84 accessions of the four wild Vigna species and
three domesticated varieties regarding their weights before soaking, water absorption and cooking time.

3.7. Descriptive Statistics and Yield Traits of the Wild Vigna Species

Table 8 shows results of the means values for water absorption capacity, cooking time, and yield
traits of the four wild species studied. Vigna ambacensis present mean values of 0.20, 23.45 min,
and 1.74 g for water absorption capacity, cooking time, and yield per plant, respectively, in site A,
while in site B the mean values are 0.18, 23.43 min, and 0.78 g for water absorption capacity, cooking
time, and yield per plant, respectively. In Vigna vexillata, the values of 0.34, 25.42 min, and 16.84 g were
found for water absorption capacity, cooking time, and yield per plant, respectively, in site A and 0.32,
25.40 min, and 12.54 g for water absorption capacity, cooking time, and yield per plant, respectively,
in site B. For Vigna reticulata, the mean values are 0.39, 26.77 min, and 10.60 g for water absorption
capacity, cooking time, and yield per plant, respectively, in site A, while in site B the mean values are
0.37,26.78 min, and 6.78 g for water absorption capacity, cooking time, and yield per plant, respectively.
Finally, Vigna racemosa present mean values of 0.84, 17.70 min, and 28.25g for water absorption capacity,
cooking time, and yield per plant, respectively, in site A, while in site B the mean values are 0.81,
17.72 min, and 18.28 g for water absorption capacity, cooking time, and yield per plant, respectively.
The yield values varied from 13.45 g (V. vexillata landrace) to 86.04 g (rice bean) in site A, while it varied
from 7.62 g (V. vexillata landrace) to 61.92 g (rice bean) in site B for the domesticated legumes. For the
wild legumes, it varied from 1.74 g (Vigna ambacensis) to 28.25 g (Vigna racemosa) in site A and from
0.78 g (Vigna ambacensis) to 18.28 g (Vigna racemosa) in site B.
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Table 8. Descriptive statistic and yield traits of the wild Vigna species.

L. Water Absorption . . . .
Species Descriptive Capacity Cooking Time (min) Yield per Plant (g)
Parameters
Site A Site B Site A Site B Site A Site B
Landrace Mean 1.33 1.32 10.24 10.26 13.45 7.62
of Vigna CV (%) 9.50 9.37 1.46 1.45 459 6.34
vexillata Range 0.69-401  0.70-3.96  856-11.89 859-11.91  9.00-26.55  4.94-17.31
Cowpea Mean 1.27 127 16.29 16.31 52.690 26.657
(Vigna CV (%) 1.85 1.82 0.93 0.93 5.48 5.42
unguiculata) ~ Range 058-158  0.58-1.57  14.06-18.84 14.09-18.87 28.80-106.08 14.71-53.35
Rice Bean Mean 1.16 1.16 13.20 13.23 86.04 61.92
(Vigna CV (%) 4.05 4.02 0.92 091 2.378 2.361
umbellata) Range 0.67-2.02  0.68-2.00 11.73-1498 11.76-1501 60.27-109.76 43.51-78.86
Vi Mean 0.20 0.18 23.45 23.43 1.74 0.78
b’g n- CV (%) 11.21 11.20 0.44 0.42 22.36 14.25
amoacensts Range 0.00-0.50  0.00-0.58 22.25-24.95 22.26-2496 0.72-5.36  0.43-1.65
Vi Mean 0.34 0.32 25.42 25.40 16.84 12.54
181’;“ CV (%) 7.80 7.95 1.73 1.70 9.48 6.77
vexillata Range 0.00-1.15  0.00-1.13  15.54-31.28 15.55-31.30 9.48-63.00  7.61-35.26
Vi Mean 0.39 0.37 26.77 26.78 10.60 6.78
.’g’;“ CV (%) 13.83 14.04 1.20 1.27 10.55 10.62
reticulata Range 0.00-2.24  0.00-2.08  16.60-30.98 16.58-40.00 4.32-30.36  2.58-17.69
Vi Mean 0.84 0.81 17.70 17.72 28.25 18.28
1gna CV (%) 16.70 17.06 14.83 14.81 37.02 38.37
racenosa Range 0.00-1.69  0.00-1.66  7.11-31.19  7.12-31.22  2.08-49.00  1.21-34.70

CV: Coefficient of variation; Range (Minimum—Maximum).

4. Discussion

The values for water absorption capacity and cooking time showed no significant difference when
compared with the values of their corresponding accessions harvested in the other agroecological
zone for all the accessions tested. This could be due to the existence of a very slight difference in the
characteristics of the two agroecological zones that could not significantly affect the genetic performance
of the Vigna genus regarding the weight, water absorption, and cooking time. This is further justified
by the fact that the interaction effect (location x genotype) showed that the differences observed for
cooking time and water absorption capacities do not depend on location in all the accessions tested in
this study (Tables 2a, 3, 4, 5 and 6). In the same line, a recent report revealed that the agroecological
conditions could affect some nutrients like amino acids, protein, and minerals in quinoa but have
no effect on their saponin and fiber content [24]. Furthermore, this study also demonstrates that the
replication of the same species within the same location does not depend on the other species for the
water absorption capacity trait (Table 2b), while for cooking time trait, there is an interaction with other
species within the same location (Table 2c). This could be an important characteristic to be exploited in
breeding programs.

The non-significant or significant changes observed in the mean seed weights of some accessions
when compared before and after soaking depicted here by their water absorption capacity values could
be explained by the fact that some accessions possess a seed coat more water permeable than others
(Tables 2-6). The seed coat water permeability of seeds as a phenotype possesses a crucial role in
legumes cooking properties and germination [25]. However, the development of legume seed coat has
not yet been characterized at a molecular level to strongly support its genetic implication [26]. A study
involving legume showed that the water absorption of dry beans differs between varieties [27].
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Looking at the V. ambacensis species, all the wild accessions exhibited significantly lower water
absorption capacity values as compared with all three checks (Table 3). The accession TVNu342,
with a water absorption capacity not significantly different from the checks exhibited a higher cooking
time. This could imply that not only the water absorption capacity is directly or indirectly linked to
cooking times of legumes and requires further physiological investigation. The genus Vigna possess
a very large number of species in which very few have been studied extensively. The V. ambacensis
is among the non-studied species [2]. The very first comprehensive web genomic resource of the
genus Vigna has just recently been published and that covered only three commercially domesticated
species [28]. Taxonomic rearrangements are also still under investigation [29] and efforts to domesticate
some of the selected wild Vigna species is in progress [2,4]. Pearson correlation analysis shows that
there is no correlation between the water absorption and cooking time considering only the three
domesticated species (r = —0.025). This could be due to some individual physiological differences
or similarities among the tested accessions which requires further examination at molecular level as
reports on V. ambacensis studies are very scanty and need to be addressed for proper exploitation of its
full potential towards domestication [2].

For the V. vexillata species, Table 4 proved that there are some phenotypic similarities between the
wild accessions with the cowpea and rice bean with regard to their water absorption capacity values as
many accessions show no significant different values with those two checks. Henceforth, it requires
further investigations at molecular level involving phylogenetic analysis to establish a strong
relationship between the accessions. In this regard, it is noted that the genetic diversity and structure
of V. vexillata as well as many wild Vigna legumes are still under investigation [2,29-31]. The idea is
also supported by an earlier report that stipulated that domestication of the commercial V. vexillata
(zombie pea) is not certain and it took place more than once in different regions [32]. Concerning
the cooking time (Table 4), there is a high diversity in differences among the accessions. This could
also explain why there is a weak negative correlation between the water absorption and cooking time
considering the wild V. vexillata tested (r = —0.31) (Figure 4).

Wild V. reticulata species revealed that there is no significant difference between accessions
regarding water absorption capacity (Table 5) with cowpea and rice bean except for TVNu1520,
TVNu325 and the V. vexillata landrace. This demonstrates a considerable variability among the
accessions as far as water absorption capacity is concerned as a phenotypic trait. Considering the
cooking time (Table 5), a high diversity in differences of means among the accessions is noticed.
Twenty-five accessions show no significant difference to each other but significantly different from the
V. vexillata landrace and rice bean, while cowpea showed no significant difference to TVNu325 and
the unknown V. reticulata accession. Curiously, scanty information about V. reticulata is also noticed.
The genotype interactions in both water absorption capacity and cooking time phenotypic traits simply
demonstrate the phenotypic diversity of these accessions which is very important in breeding.

Though very few accessions were included in this study, V. racemosa species present more
phenotypic similarities with the V. vexillata landrace and cowpea with respect to the water absorption
capacity and cooking time traits studied. It was revealed from the results that there is no significant
difference between the means of the following wild accessions (AGG51603WVIG1, AGG53597WVIGL,
AGG52867WVIGL1) regarding their weights before soaking and the V. vexillata landrace and cowpea.
The weights taken after the soaking process revealed a similar phenomenon while the water absorption
shows closeness to rice bean. In the case of cooking time, two accessions seem to be related to the V.
vexillata landrace. All these assumptions need further investigations as V. racemosa also suffer from
scanty information.

This study also showed that there is a strong negative correlation between the water absorption
and the cooking time with a correlation coefficient of r = —0.69 which follows the equation: Y = —7.99x
+26.52 (R% = 0.48) for site A and Y= —8.21x + 26.57 (R% = 0.50) for the site B (Figure 7). This result is
in line with previous reports. For example, an early report proved that the cooking time was longer
in bean varieties without prior soaking [33]. A similar result was found within classes of oriental
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noodle, in which cooking time was significantly shortened with increase in water absorption [34].
This could be an important parameter to guide the breeding of legumes with regards to cooking time
when knowing their water absorption capacity.

Agglomerative hierarchical clustering (AHC) analysis performed on all the four species revealed
the existence of seven classes when weight of accessions before the soaking process, water absorption
capacity, and cooking time are taken as parameters (Figure 8). Details of various accessions belonging
to each class are provided in Table 7. The analysis shows that some accessions between the four species
can be grouped together in the same cluster as they present similar traits or relationship. It is in line
with what the first comparison based on Tukey analysis showed in this study. For example, class 1
consists of V. vexillata, ambacensis and reticulata accessions while class 2 is mainly V. vexillata with few
V. reticulata. It is also noted that all V. ambacensis are grouped in class 1. This can simply imply that
there are phenotypic trait similarities of the accessions within species with each other and with checks.
However, further molecular investigations are needed to fully investigate assumptions of any genetic
relationship within and between species. The classifications of the Vigna species remain a continuous
and evolving process as their origin are still subject of speculations. For example, it is reported that the
Asian Vigna were still belonging to the genus Phaseolus until 1970 [30]. It is generally speculated that
the Vigna might have originated from Africa and evolved from the African genus Wajira as it is basal
compared with Vigna and Phaseolus [30]. Although, little attention has been paid to the conservation of
the African wild Vigna species as more than 20 species are apparently not conserved in any ex-situ
collection despite their several ethnobotanical uses [30]. Therefore, it could be speculated from this
study that accessions in groups 3, 4, and 5 are likely candidates for domestication since these groups
contain the check lines, though further investigations are required.

Based on a general assessment view, the values of yield per plant for the wild Vigna species
studied here are lower than those of the domesticated species, especially cowpea and rice bean (Table 8).
A similar finding was reported by an earlier report [7]. However, it might be important to note that
the yield per plant for these wild legume accessions may be influenced by their seed characteristics
because some of them could have a high number of seeds per plant with a surprising low weight as
compared with the domesticated ones that produced fewer numbers of seed. The low seed weights
in wild accessions could be attributed to their small seed sizes compared to domesticated ones with
bigger seed sizes. The domesticated species here could have certainly acquired bigger seed sizes during
the domestication process. Seed size is one of the important domestication traits [35] that should be
considered by breeders in the course of improvement and domestication of these wild legumes as they
all presented smaller seed sizes by mere looking (Figure 1). From this study, yield, water absorption
capacity, and cooking time are apparently not related, though they are very important traits that need
to be considered in breeding and selection of wild candidates for domestication. This may be due
to the fact that yield mainly depends on seed physical characteristics such as seed size, seed weight,
and seed number, while cooking time and water absorption capacity depends on seed physiological
characteristics such as seed coat biosynthesis [25]. This could also be supported by the high variation in
yield between locations as compared with low variations in cooking time and water absorption capacity
(Table 8). In the same vein, it is also noted that the domesticated legumes possess high values of yield
per plant in addition to their low cooking time and high water absorption capacity values as compared
with the wild ones. Such characteristics might be among the factors that hinders their utilization
as earlier reported [4]. Yield is a very important trait in crop domestication. However, these wild
legumes with multipurpose utilizations as suggested by farmers in our earlier investigation [4] fit
well as candidates for domestication considering the domestication criteria established by researchers
recently [35]. Crop domestication of novel species is becoming one of the potential alternatives to
mitigate the global food security challenge.
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5. Conclusions

Despite their under-exploitation for human benefits, the wild Vigna legumes possess important
cooking characteristics comparable with the domesticated ones. The present study revealed that
the cooking time and water absorption capacity of wild legumes do not depend on their cultivation
environment. Furthermore, it proved that there is a strong negative correlation between the water
absorption capacity and cooking time in wild Vigna species. The study also revealed that some
wild Vigna species present no significant difference in their cooking times with domesticated species
which could be a positive acceptability trait to consumers. However, they might require considerable
improvement in terms of seed physical characteristics to impact on their yield. Such key preliminary
information could be of vital consideration in breeding, improvement, and domestication of wild Vigna
legumes to make them useful for human benefit as far as cooking time is concerned. Investigations
of nutritional and biochemical composition of these under-exploited legumes will also be of great
importance to both scientists (breeders) and consumers for achieving food variety addition.
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Abstract: A soybean germplasm collection was studied for the identification of accessions with
low trypsin inhibitor content in seeds. Twenty-nine accessions, parental plants, and two hybrid
populations were selected and analyzed using genetic markers for alleles of the Ti3 locus, encoding
Kunitz trypsin inhibitor (KTI). Most of the accessions had high or very high KTI (49.22-73.53 Trypsin
units inhibited (TUI/mg seeds), while the two local Kazakh cultivars, Lastochka and Ivushka,
were found to have a moderately high content of KTI, at 54.16-54.87 TUI/mg. In contrast, two soybean
cultivars from Italy, Hilario and Ascasubi, showed the lowest levels of trypsin units inhibited,
at 25.47-27.87 TUI/mg. Electrophoresis of seed proteins in a non-denaturing system showed a simple
discrimination pattern and very clear presence/absence of bands corresponding to KTI. The SSR
marker Satt228 was the most effective diagnostic marker among the three examined, and it confirmed
the presence of the homozygous null-allele ti3/ti3 in cultivars Ascasubi and Hilario, which were
used for hybridization with the local cv. Lastochka. Heterozygote F; hybrid plants and homozygous
ti3/ti3 lines in F, segregating populations were successfully identified using Satt228. Finally, through
marker-assisted selection with Satt228, prospective homozygous ti3/ti3 lines were produced for
further application in the breeding program aimed at improving soybean seed quality in Kazakhstan.

Keywords: Kunitz trypsin inhibitor; molecular markers; non-denaturing electrophoresis; seed quality;
seed storage proteins; soybean; SSR (Simple sequence repeat) markers; Ti gene

1. Introduction

Soybean [Glycine max (L.) Merrill] is one of the most important crops for protein and oil production
in Kazakhstan, and the processed seed products are mainly used for the purpose of food and fodder.
Soybean breeding programs and seed production have been conducted in Kazakhstan for over 40 years,
where 16 cultivars have been developed and introduced into local agribusiness. The area under soybean
crop is increasing annually and now accounts for more than 120,000 hectares. However, this is still
not enough to provide sufficient raw materials for oil processing and livestock and poultry farms
in Kazakhstan.
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The soybean germplasm collection and breeding lines (750 accessions) have been assessed using
the main breeding indicators for seed productivity, quality and length of the growing season. Seeds
were evaluated for quality indicators including protein and oil content. However, the content
of anti-nutritional compounds in seeds was not previously taken into consideration by domestic
breeders. As a result, parents with high levels of anti-nutritional compounds were unwittingly used
for hybridization, which has significantly affected the resulting quality of the processed soybean
products. The presence of proteinase inhibitors in seeds is known to be one of the main obstacles in the
development and expansion of commercial soybean products. Soybean seeds contain two classes of
major proteinase inhibitors, Kunitz trypsin inhibitor (KTI) and Bowman-Birk proteinase inhibitor [1,2].
Trypsin is an essential digestive enzyme found in the vertebrate small intestine that catalyzes the
degradation of proteins, enabling their absorption into the bloodstream. KTI contributes up to 80% of
the total trypsin inhibitor activity in soybean seeds [3].

Despite the moderate content of KTI in total soybean proteins, feeding of such seeds to livestock
inhibits their growth and weight gain [4] and causes pancreatic hypertrophy [5]. For soybean seeds
with high KTI, a preliminary heat treatment is required to inactivate the trypsin inhibitor enzyme
before it can be fed to poultry and livestock. This heat treatment affectively destroys the undesirable
anti-nutritional component, but also leads to an increase in the cost of the final product as well as
decreased levels of available amino acids [6].

Initially, a single gene, Ti, encoding a high content of KTI in seeds of soybean, G. max,
was described [7], where three dominant alleles, Ti#, Ti%, and Ti¢, were reported for trypsin inhibitor A,,
and the allele Ti* was very common and widespread [8]. The multiple alleles were further extended
during the study of 1368 germplasm accessions of Korean wild soybean (G. soja Sieb. & Zucc.),
where the additional two rare dominant alleles, Tib"""1 and Tib®, were reported [9]. The Ti/ti locus was
mapped to linkage group 9, with a genetic distance of 16.2 cM from the acid phosphatase locus, Ap [7],
and 15.3 cM from the leucine aminopeptidase locus, Lapl [10]. Later, a comprehensive molecular
analysis revealed 10 genes encoding KTI in soybean, but only four of them, Til, Ti2, Ti3, and Ti4,
were transcribed into mRNA [11]. It was confirmed that only one gene, Ti3 (GenBank ID: 545092.1),
represents the major KTI, since its expression level is much more prevalent in soybean seeds compared
to the other genes. The Ti3 gene was reported to be transcribed at the seed maturation stage, producing
most of the KTI protein found in soybean seeds [12]. This KTI polypeptide represents a soybean storage
protein with a molecular weight of 21-21.5 kDa, with specific activity for trypsin inhibition [13,14].
The sequence of Ti3 was identical to the common allele Ti* discovered earlier [11]. Two other genes,
Til and Ti2, displaying a lack of KTT activity, are mostly expressed at different stages of leaf, stem,
and root development, and contribute a much smaller level of mRNA during embryogenesis and seed
development [11]. The remaining Ti genes do not encode proteins with KTI activity and are assumed
to be ‘Pseudogenes’.

A single recessive null-allele, ti, resulted in the absence of KTI [8], caused by three nucleotide
differences within the Ti3 coding region [12]. The null-allele was initially originated from soybean
germplasm accessions M91-212006, and the segregating analysis of progenies from mapping
populations F» and F; was reported [15]. It was suggested that the absence of a 21.5 kDa protein in the
total spectrum of seed storage proteins was related to the null-allele ti. Soybean germplasm accessions
PI157440 and PI196168 were reported as additional sources of the null-allele ti. The breeding lines,
based on introgression of the null-allele ti into commercial soybean cultivars using a conventional
backcrossing program, revealed low KTI and improved seed quality for feeding chickens and young
pigs [8]. In a further study, the soybean accession PI542044 with pedigree origin from PI157440
and carrying the null-allele ti was backcrossed with recurrent parents. The introgression of the ti
null-allele at BCoF, and BC3F; generations was controlled by Marker-assisted selection (MAS) with ti
allele-specific primers and linked SSR markers. Nine and six breeding lines with genetic backgrounds
of JS97-52 and DS9712 / DS9814 recurrent parents, respectively, were obtained in Indian breeding
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programs [16,17]. The introgressed null-allele ti was confirmed in the breeding lines and the KTI
content was reduced by 69-84% [16] and an additional seed yield improvement was reported [17].
The aims of this research were: (1) to study a germplasm collection of soybean for the identification
of genotypes with low KTI content in seeds; (2) to evaluate diagnostic genetic markers for the null-allele
ti3 in parental forms and produce hybrid populations from crosses between the lowest KTI genotype
identified and elite Kazakh soybean cultivars; (3) to employ marker-assisted selection for low KTI
genotypes in hybrid populations for seed quality improvement in the Kazakh breeding program.

2. Materials and Methods

The soybean germplasm collection comprising 29 cultivars was selected and received from the
Kazakh Scientific Research Institute of Agriculture and Plant Growing, Almaty region, Kazakhstan
(Listed in Table 2). Two hybrid combinations, Lastochka x Ascasubi and Lastochka x Hilario, Fy,
F,, and F3, generations, were produced from manual crosses using a method described recently in
the patent [18].

KTI activity was determined according to the method described by Kakade et al. [19], using casein
as a substrate and expressed in trypsin units inhibited per milligram of soybean meal.

Isolation of glycinin storage proteins was carried out in phosphate buffer (pH 6.9), with subsequent
electrophoretic separation in accordance with the protocol published earlier [20] in the presence of a
molecular mass marker set ranging from 10 to 130 kDa (Thermo Fisher Scientific, Vilnius, Lithuania).
Fixation and staining of the protein bands was carried out in 12.5% trichloroacetic acid. Quantitative
measurement of the spectra components, their molecular mass, and relative mobility was carried
out by means of the Quantum ST4 Gel documenting system (Vilber, Collégien, France), and the
relative percentage of each band was calculated as a ratio of all components using the ‘Quantum Capt’
computer software supplemented to the equipment. Electrophoresis in a non-denaturing system was
carried out according to the protocol published earlier [21]. Proteins were extracted from 10 mg of
flour using 62.5 mM Tris HCI (pH 8.1) buffer for 40 min. The protein probe was prepared by mixing
100 ul of supernatant with 100 pl of 62.5 mM Tris HCI (pH 6.9) buffer mixture containing 20% glycerin
and bromophenol blue marker dye. Fixation and staining of the protein bands was performed as
mentioned above.

Genomic DNA was extracted using the CTAB method [22] from the first true leaves of individual
seedlings grown in greenhouse conditions. Leaf tissue samples, about 200 mg each, were transferred
to 2-ml test tubes with 800 ul of CTAB extraction buffer containing 1.0% polyvinylpyrrolidone
(PVP40) and 0.2% -mercaptoethanol, and homogenized using a stainless steel pestle. Extracted and
precipitated DNA was re-dissolved in 400 ul of 1 M NaCl solution and treated with 2 ul (10 mg/mL)
of RNase A (Thermo Scientific, Waltham, MA, USA) at 37 °C for 30 min. DNA was precipitated with
cold 100% ethanol and washed with 70% ethanol. Isolated DNA was then dissolved in 100 ul of sterile
water. The concentration and quality of DNA samples was determined at 260 and 280 nm using a
spectrophotometer Jenway 6715 (Jenway, Staffordshire, UK). DNA samples were diluted with sterile
water to a concentration of 100 ng/ul for use in further experiments.

PCR was performed in a total volume of 15 uL containing a cocktail with the following final
concentrations: 1xPCR buffer, 2.5 mM MgCl,, 200 uM each of dNTPs, 0.5 uM of each forward and
reverse primers, BSA (2 mg/mL), and 0.5 U of Tag DNA polymerase (GeneLab, Astana, Kazakhstan).
The PCR was conducted in a thermocycler (Bio-Rad, iCycler, Portland, ME, USA), where the
amplification conditions were as follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles
of 94 °C for 20 s, 55 °C for 20 s, 72 °C for 30 s, and with a final extension of 10 min at 72 °C.

The amplification products were separated in polyacrylamide gel (8% acrylamide, 1 x TBE buffer),
and gels were stained with ethidium bromide for digital imaging by the Quantum ST4 Gel documenting
system (Vilber, Collégien, France), as indicated above. The dimensional characteristics of PCR products
were determined using the computer software ‘Quantum Capt’ (Vilber, Collégien, France) to determine
the length and intensity of DNA fragments.
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Three SSR markers tightly linked to the Ti3 gene and distinguishing between alleles were selected
based on published data [23], and primer sequences are presented in Table 1.

IBM SPSS Statistical software Desktop 25.0.0.0 (IBM, Armonk, NY, USA). was used to calculate and
analyze means and standard error. Welch’'s ANOVA test was applied for comparison of accessions with
low and high KTI due to different standard deviations and heteroscedasticity. Observed and expected
segregations were analyzed using Chi-square test. One-way ANOVA and post-hoc Tukey-Kramer test
with the minimum significant difference were applied for calculation of significant difference among
genotypes of parent and hybrids with different KTL

Table 1. SSR markers and corresponding primer sequences used for the identification of soybean

Ti3/ti3 genotypes.
Markers Primer Sequences
Satt228 TCATAACGTAAGAGATGGTAAAACT
CATTATAAGAAAACGTGCTAAAGAG
Sattd09 CCTTAGACCATGAATGTCTCGAAGAA

CTTAAGGACACGTGGAAGATGACTAC
CTTTTGTGCCTTCACCACCT
GAATTCATCATCAGAAACTCTA

Ti/ti, gene specific marker

| M| " || "

3. Results

Biochemical analyses of soybean seeds in the germplasm collection were carried out for the
purpose of characterizing the activity of anti-nutritional components by measuring the inhibition of
trypsin by KTI. Our results show that two cultivars originating from Italy—Ascasubi and Hilario—with
the lowest trypsin units inhibited, TUI (27.87 and 25.47 units/mg of dry ground seeds, respectively,
Table 2), were significantly different to other studied soybean accessions (p < 0.001, using Welch’s
ANOVA test). The best local soybean cultivars from Kazakhstan were Lastochka and Ivushka,
with moderately high KTI and showing 54.16 and 54.87 units/mg of TUI, respectively, but these
were still significantly higher than Hilario and Ascasubi. (Table 2).

Table 2. Characterization of soybean collection samples according to the activity of the Kunitz trypsin
inhibitor. TUI, trypsin units inhibited + SE (n = 3).

Entry Sample Name Country of origin TUI/mg Group
1 Hilario Italy 2547 +£2.44 Low
2 Ascasubi Italy 27.87 1 0.85 Low
3 Vilana Russia 49.22 + 1.56 High
4 Selekta 301 Russia 51.05 £ 0.57 High
5 Blamcos Italy 51.62 & 0.57 High
6 Lastochka Kazakhstan 54.16 + 0.56 High
7 Ivushka Kazakhstan 54.87 +1.28 High
8 Sava Serbia 54.87 £ 1.84 High
9 Triumph Serbia 56.14 + 0.28 High
10 Galina Ukraine 56.85 £ 0.15 High
11 Slaviia Russia 57.41 £ 0.14 High
12 Korsak Ukraine 57.41 +0.42 High
13 Luna Italy 5798 £0.15 High
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Table 2. Cont.

Entry Sample Name Country of origin TUI/mg Group
14 Dekabig USA 57.98 £ 0.70 High
15 Pamiat [uGK Kazakhstan 59.24 4+ 0.56 High
16 Zhansaya Kazakhstan 59.96 +0.14 High
17 Fora Russia 61.65 +1.72 High
18 Harbin China 61.93 - 2.12 High
19 Voevodzhanka Serbia 62.36 +0.85 High
20 Ayzere Kazakhstan 63.77 = 0.84 High
21 Perizat Kazakhstan 64.91 - 0.56 High
22 Sabira Kazakhstan 66.18 +0.98 High
23 Safrana France 66.60 £ 2.83 High
24 Delta Russia 67.45 1+ 0.29 High
25 Akky Kazakhstan 67.59 +1.84 High
26 Santana France 68.30 & 0.56 High
27 Birlik KV Kazakhstan 69.85 + 1.27 High
28 Zen Switzerland 71.69 +£1.13 High
29 Atlantic Italy 73.53 £0.71 High

Electrophoresis of seed storage proteins from the studied soybean cultivars revealed the presence
of a 21 kDa molecular component, corresponding to the Kunitz trypsin inhibitor, in all analyzed
genotypes. Importantly, only two cultivars, Hilario and Ascasubi, with the lowest amounts of KTI,
showed the absence of the 21 kDa molecular component. Figure 1a shows the comparison of the KTI
spectra in Hilario with three other cultivars as an example of the absence or presence of the KTI band.
The relative percentage of KTI component in total seed storage proteins established by densitometry in
the cultivar Triumph was only 1.03%, which was clearly absent in Hilario (Figure 1b).

Figure 1. Electrophoregram of polyacrylamide gel (a) and densitograms (b) of soybean seed storage
proteins. Germplasms are labelled above the image as follows: 1, Hilario; 2, Atlantic; 3, Triumph; and 4,
Luna. The band for the 21 kDa molecular component KTI is indicated by arrows.
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Molecular analysis of Ti3 locus encoding KTI was carried out with three SSR markers. The markers
Satt228, Satt409, and the gene-specific marker Ti/ti are tightly linked to the Ti3 locus, and they can
be perfectly used as diagnostic markers for MAS of genotypes with the null-allele #i3. Amplification
products of these markers during PCR analysis with DNA from two soybean cultivars with low
KTI (Hilario and Ascasubi) and one local cultivar Lastochka with high KTI are shown in Figure 2.
The presented data confirmed that both Italian cultivars (Hilario and Ascasubi) have null-allele #i3
while Kazakh cultivar has dominant allele Ti3 in the locus.

M 1 2 3 4 1 2 3 4 1 2 3 4

1 Kb

500

300

200

Figure 2. Amplification products of three SSR markers linked to the soybean Ti3 gene. M, Marker
100 bp; 1 and 4, Lastochka; 2, Hilario; and 3, Ascasubi. The individual marker used is indicated at the
bottom as follows: (a) Satt228; (b) Ti/ti-gene specific marker; (c) Satt409.

All markers clearly distinguish between soybean genotypes on the basis of the Ti3 alleles detected,
but the Ti/ti-gene-specific marker does not allow for the identification of homo- and heterozygote
genotypes with dominant alleles Ti3, which makes it difficult to apply this marker in segregating
populations. In contrast, the SSR marker Satt228 was a much more suitable diagnostic marker for the
further screening of plants in segregating populations, for the identification of homozygote progenies
with null-allele ti3 and production of the best non-segregating breeding lines with low KTI in seeds.

The cultivars Hilario and Ascasubi were identified as the genotypes with the lowest amounts of
KTI, and they were selected in the results of the biochemical and PCR analyses with the confirmed
null-allele ¢i3. Hybrid populations were produced with the null-allele #i3 from Hilario and Ascasubi
introgressed into the genetic background of local Kazakh cultivars.

In the hybrid combinations, Lastochka x Ascasubi and Lastochka x Hilario, PCR analysis of
DNA from the F; plants and SSR marker Satt228 confirmed the presence of the null-allele #i3 in
Ascasubi and Hilario (Data not shown). All F; plants were heterozygous for the Ti3 locus with high
KTI and were used for further production of the F, populations. Biochemical analysis for the spectrum
of seed storage proteins using non-denaturing electrophoresis was applied for analyses of Kazakh
varieties and F, segregating populations originating from the crosses, Lastochka x Ascasubi and
Lastochka x Hilario. All local varieties and the parental plants from cultivars Ascasubi and Hilario,
as well as segregants with null-alleles, ti3/ti3, showed very clear presence/absence of bands in a simple
discrimination pattern. This method can be used for the selection of genotypes with the null allele of
the KTI locus in seeds. However, homo- and heterozygote genotypes with dominant alleles, Ti3/Ti3 and
Ti3/ti3, could not be separated using polyacrylamide gel electrophoresis (Figure 3).
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Figure 3. Polyacrylamide gel patterns of soybean seed storage proteins: (a) local varieties (1-8) and (9)
parental cultivar Lastochka (P7) with genotypes Ti3/Ti3; two other parental forms (10 and 11), Ascasubi
(Py) and Hilario (P3), respectively, with genotype ti3/ti3. Examples of the F, segregating populations:
(b) Lastochka x Ascasubi; and (c) Lastochka x Hilario. Homozygote genotypes, ti3/ti3, are indicated
by asterisks (*).

In contrast, application of the SSR marker Satt228 could identify all three types of genotypes
at the Ti3 locus. An example of genotyping of soybean plants using this SSR marker is presented
in the second cross, Lastochka x Hilario. PCR analysis of the F, of hybrid plants in the presence of
both parents confirmed that plants of cv. Lastochka have genotypes with the dominant alleles Ti3/Ti3,
while plants of cv. Hilario are homozygotes with the recessive null-allele ti3/ti3. Among progenies of
the F, hybrid population, all genotypes with the dominant and recessive alleles of the Ti3 locus were
identified (Figure 4).

M P P, 1T 2 3 4 5 6 7 8 9 10 1M 12 13 14

Figure 4. PCR products of parental forms and the F, hybrid population of Lastochka x Hilario
amplified with Satt228. M, Marker 100 bp; Py, Lastochka; P, Hilario; 1-14, Hybrid F; plants. Genotypes
for the Ti3 locus are shown for each plant.
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The comparison of segregation analyses using seed storage proteins and the molecular SSR marker
Satt228 revealed full consensus and confirmed the Mendelian monogenic-type inheritance in both
studied F, populations of Lastochka x Ascasubi and Lastochka x Hilario (Table 3).

Table 3. Segregation analyses of genotypes of the Ti3 locus using seed storage proteins and the
molecular SSR marker Saft228 in F, populations of Lastochka x Ascasubi and Lastochka x Hilario.
The asterisks (* and **) indicate no significant differences (p < 0.05 and p < 0.01, respectively) between
observed and expected segregations for simple Mendelian ratio (3:1 for seed storage proteins and 1:2:1
for SSR marker Satt228), compared to the Chi-square distribution table.

Genotypes Total Number
Ti3/Ti3 Ti3/ti3 ti3/ti3 of Plants

Lastochka X Ascasubi

X2 < XZ (Tablel)

Seed storage proteins,

observed segregation 46 24 70 2787 <
Bres 3.84(45-1)

Expected segregation 52.5 17.5 70

oisslzrlxlllle:j fg titztfgrll 15 31 24 70 3.23 ™ <
Bres 4.61(4f=2)

Expected segregation 17.5 35 17.5 70

Lastochka X Hilario

Seed storage proteins, 38 15 53 0.31 ** <

observed segregation 271 4- 1)

Expected segregation 39.75 13.25 53

Stmesm oy 1w m e
gres 46145 -2)

Expected segregation 13.25 26.5 13.25 53

MAS was applied for segregants with homozygote null-allele genotypes, ti3/ti3, based on the
results of screening using the SSR marker Satt228 on F, hybrid progenies of Lastochka x Ascasubi and
Lastochka x Hilario. The selected homozygote F; plants, both with recessive and dominant alleles at
the Ti3 locus, were grown and seeds from F; families were finally analyzed for KTI content based on
TUI results (presented in Table 4).

Table 4. Kunitz trypsin inhibitor analysis in homozygote F3 families originating from two hybrid
populations after MAS with SSR marker Satt228 for trypsin units inhibited (TUI) £ SE (1 = 3). Minimum
significant differences (p > 0.01) based on one-way ANOVA with post-hoc Tukey—Kramer test are
shown by different letters. No statistical differences are shown by identical letters.

o g TUl/mg Statistical
Parent/Progeny Name Genotype Ti3/ti3 of Dry Seeds Differences
Lastochka X Ascasubi
Py Lastochka Ti3/Ti3 53.2+0.2 a
sP; Ascasubi ti3/ti3 252 4+0.1 C
. (Lastochka x .
F3 family 1 Ascasubi) — 1 Ti3/Ti3 43.0 £ 0.6 b
F5 family 2 (Lastochlka x Fi3/ti3 237+£13 c

Ascasubi) — 2
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Table 4. Cont.

s TUI/mg Statistical
Parent/Progeny Name Genotype Ti3/ti3 of Dry Seeds Differences
Lastochka X Hilario

Py Lastochka Ti3/Ti3 53.2+0.2 a

dP; Hilario ti3/ti3 232 +0.1 c
. (Lastochka x i

F3 family 3 Hilario) — 3 Ti3/Ti3 455+ 0.6 b
. (Lastochka x o

F; family 4 Hilario) — 4 ti3/ti3 174+13 d

The presented results show consistent inheritance and very significant differences in KTI in
homozygote F3 families originating from recombinants in both hybrid combinations. In the first hybrid
(Lastochka x Ascasubi), the F3 family showed KTI content statistically similar to the parental form
Ascasubi, while in the second hybrid combination (Lastochka x Hilario), statistically reduced KTI was
found in the F; family (Table 4).

4. Discussion

Soybean is a very widely used legume crop, but improvement of seed quality for lower KTI
content is a very important and challenging task representing a critical step for soybean breeding.
Therefore, the identification of soybean germplasm resources with low KTI and their introgression
in hybridization programs promotes the development of promising soybean breeding lines with
improved protein composition.

Among studied local Kazakh soybean cultivars, only two, Ivushka and Lastochka, were found to
have more moderate levels of KTI. However, two Italian cultivars, Hilario and Ascasubi, were identified
as having the lowest KTI, with significantly less than other studied soybean germplasms at 25.47 and
27.87 units of trypsin inhibited, respectively. Nevertheless, these cultivars with the lowest content of
anti-nutritional factors are relatively old, having been developed in Italy in the early 1990s. Therefore,
they are most valuable as donors of genetic resources to the modern soybean breeding program.

Biochemical screening of the germplasm collection for KTI and electrophoretic analysis of the seed
protein composition allow for the evaluation of a range of soybean cultivars produced both locally
and overseas, thus making it possible to select the most suitable parental forms for crossings and
hybrid production. Homozygote progenies with the null-allele ti3/ti3 can be successfully identified
and novel breeding lines can be produced from hybrid populations. However, this process must be
improved and significantly sped up via the use of MAS in the initial steps of selections, using a suitable
diagnostic marker strongly associated with the null-allele ¢i3 to produce new soybean cultivars with
improved seed quality.

The presented results show the effective application of both biochemical and molecular markers
for the null-allele ti3 in the studied soybean germplasm collection, and in two segregating populations.
Biochemical analysis of seed storage proteins using polyacrylamide gel electrophoresis is very accurate
and can be used at the seed stage whilst also saving the viable part of the ¢i3/ti3 line for multiplication.
Therefore, it is important to enrich the initial pool of recombinant lines with the null allele of the
Ti3 locus because a large part of the lines can be removed at the early stage of the breeding process.
The use of the diagnostic SSR marker Satt228 is based on regular PCR and is very simple and quick.
SSR markers are well known as being polymorphic, with codominant inheritance, and therefore can
be widely used for genotype identification and selection of desired traits [23]. However, the distance
between the SSR marker and the gene of interest can vary depending on the type of population [6,24].
For example, the genetic distance between Satt228 and Ti3 varied between 0 and 3.7 cM in two
different populations [23]. Therefore, the number of recombinant genotypes in F, hybrids of Lastochka
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x Ascasubi and Lastochka x Hilario (Table 3) is very small and can be estimated as 0-2.6 and
0-2.0 plants, respectively. Another codominant SSR marker Satt409 could also be successfully used
instead (Figure 2), but it was mapped to a region more genetically distant from the Ti3 locus at
4.5-21.9 cM [23], meaning that there would be a greater chance of unwanted recombinants. Therefore,
either native electrophoresis of storage proteins or SSR markers can support the reliable selection of
new promising breeding lines, and the choice will depend on the cost or convenience as preferred by
researchers. The applied MAS with Satt228 was very effective in our experiments with both segregating
populations, where homozygote genotypes ti3/ti3 were identified, isolated, and propagated. The simple
Mendelian-type inheritance of the Ti3 locus has been confirmed [12,15] and helps to estimate the ratio
for homozygotes with the null-allele ¢i3. Finally, segregants with ti3/ti3 genotypes were successfully
verified for low KTI content and propagated for further yield analysis and development of prospective
breeding lines. Our results were similar to those published earlier on the introgression of the null-allele
ti3 and MAS to select recombinant genotypes with low KTI content in an Indian soybean breeding
program [16,17]. Hybridization and transference of the beneficial ti3 null-alleles determining low KTI
in seeds using MAS is very important to enhance the market value and overall soybean seed quality
in Kazakhstan.

5. Conclusions

Biochemical analysis of seeds of 29 varieties from soybean germplasm collection revealed only
two cultivars, Hilario and Ascasubi, with the lowest activity of the Kunitz trypsin inhibitor (KTI).
In contrast, all soybean cultivars currently grown in Kazakhstan have a KTI enzyme activity ranging
from 54.16 to 69.85 of trypsin units inhibited per mg of seeds, for Lastochka and Birlik KV, respectively.
Using a method employing protein analysis and molecular markers, the null-allele ti3 was confirmed in
the cultivars Hilario and Ascasubi. These genotypes were then used in crosses with domestic soybean
cultivars. The SSR marker Satt228 was identified as the most effective diagnostic marker, confirming
the heterozygosity of the F; generation and helping to select homozygous lines with the null allele
ti3 in F and in F; segregated populations to enable the reduction of KTI and the improvement of
seed quality.
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Abstract: Salinity is a major limiting factor in crop productivity worldwide. Medicago sativa L. is an
important fodder crop, broadly cultivated in different environments, and it is moderately tolerant of
salinity. Medicago arborea L. is considered a stress-tolerant species and could be an important genetic
resource for the improvement of M. sativa’s salt tolerance. The aim of the study was to evaluate the
seedling response of M. sativa, M. arborea, and their hybrid (Alborea) to salt shock and salt stress
treatments. Salt treatments were applied as follows: salt stress treatment at low dose (50 mM NaCl),
gradual acclimatization at 50-100 and 50-100-150 mM NaCl, and two salt shock treatments at 100 and
150 mM NaCl. Growth rates were evaluated in addition to transcriptional profiles of representative
genes that control salt uptake and transport (NHX1 and RCI2A), have an osmotic function (P5CS1),
and participate in signaling pathways and control cell growth and leaf function (SIMKK, ZFN, and
AP2/EREB). Results showed that the studied population of M. sativa and M. arborea performed equally
well under salt stress, whereas that of M. sativa performed better under salt shock. The productivity of
the studied population of Alborea exceeded that of its parents under normal conditions. Nevertheless,
Alborea was extremely sensitive to all initial salt treatments except the low dose (50 mM NacCl).
In addition, significantly higher expression levels of all the studied genes were observed in the
population of M. arborea under both salt shock and salt stress. On the other hand, in the population
of M. sativa, NHX1, P5CS1, and AP2/EREB were highly upregulated under salt shock but to a lesser
extent under salt stress. Thus, the populations of M. sativa and M. arborea appear to regulate different
components of salt tolerance mechanisms. Knowledge of the different parental mechanisms of salt
tolerance could be important when incorporating both mechanisms in Alborea populations.

Keywords: Medicago; salinity tolerance; gene expression profile; salt acclimatization

1. Introduction

Soil salinity is a major limiting factor in crop productivity in irrigated and non-irrigated areas
worldwide [1]. It can be caused by natural processes defined as “primary salinity” and/or by human
activities (“secondary salinity”) that are mainly due to improper irrigation [2]. The phenomenon of
salinization is growing fast in arid and semi-arid areas [3] as a result of the relatively high temperatures
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and inadequate rainfall that contribute to the accumulation of salts [4]. In this respect, climate change,
which is likely to increase temperatures and to affect precipitation will probably increase salinization.
From the management point of view, the utilization of salty soils could be enhanced by cultivating
crops adapted to salinity.

The exposure of plants to high concentrations of sodium (Na*) and chloride ions in soil [5] causes
salt stress. In experiments, it occurs in one of two forms: (a) when plants are subjected to gradual
application of NaCl until a final, prearranged salt concentration is reached, and (b) when plants are
exposed to low levels of salinity [6,7]. Salt stress has two main components: a hyperosmotic stress
caused by the reduction of water potential, and a hyper-ionic stress resulting from the accumulation of
ions to a toxic level for plant growth [8]. Osmotic stress happens instantly when roots come into contact
with solutions containing high concentrations of salts, and ionic stress follows the osmotic response.

On the other hand, salt shock is an extreme form of salt stress, where plants are abruptly subjected
to high concentrations of NaCl. The main component of the salt shock is the hyperosmotic stress [9,10]
due to large differences in osmotic pressure between solutes outside the cell cytoplasm, and solutes
inside the cell cytoplasm. Cell plasmolysis and leakage of osmolytes occur under osmotic stress,
phenomena that do not appear under ionic stress, indicating that gene expression is different in
response to salt stress and salt shock [10].

According to Reference [11], genes that contribute to salt tolerance in plants can be categorized
into three functional groups: (1) those that regulate the salt uptake and transport, (2) those with osmotic
function, and (3) those that regulate plant growth under saline soil. The latter genes are related to
transcription factors and signal transduction proteins. In this regard, the most responsive genes in salt
stress experiments were related to transcription and signaling pathways and/or to ion transport, and
are expected to be responsive to ionic changes [12-14]. On the other hand, the expression of genes with
osmotic function alters rapidly under salt shock, while ionic-responsive genes change to a lesser extent.

The majority of molecular and biochemical research is focused on experiments that are typically
performed using high NaCl doses [10,11] although salt shock rarely occurs in nature. This is due to the
fact that NaCl concentration rises gradually, either via increasing water levels or by the slow drying
of the soil profile due to evaporation and plant uptake. However, imposition of salt stress through
gradual application of NaCl rather than a single application of a high concentration of NaCl (salt shock)
is preferred for studies regarding salinity tolerance, because this resembles the occurrence of salinity
in nature. A comparison of gene expression in parallel experiments using gradual and sudden salt
application is the most recommended method to distinguish between plant responses that are specific
to salt shock and salt stress [10].

Alfalfa or Medicago sativa L. (M. sativa) is one of the most important forage legumes for improving
soil composition and providing plentiful forage for animals. Even though alfalfa is a moderately
salt-tolerant species and less sensitive than other legumes [15], its production and growth rate decreases
when soil salt content is between 50 and 200 mM NaCl [16,17]. It is notable that salinity slightly
increases the nutritive value of alfalfa [18]. The need to produce legumes with increased salt tolerance
and high yield is extensively emphasized given that legumes are second in importance to agriculture
and provide 33% of human nitrogen needs [19].

Several studies investigated mainly the physiological and, to a lesser extent, the molecular
mechanisms associated with tolerance of M. sativa to salt stress/shock [20-23]. Medicago arborea L.
(M. arborea), which is considered the oldest in the genus, is known to be a tolerant species to salt
stresses [24-26]. However, there is limited research on the molecular mechanisms related to its salt
tolerance. Hybrids between M. sativa and M. arborea were produced in the United States of America
(USA) and Australia, and are named Alborea, a high-yielding hybrid [27,28]. There is evidence that
the high-yielding hybrids in some cases are more sensitive to stresses compared to their parents [29].
The aim of the present work was to study the seedling responses of M. sativa, M. arborea, and their
hybrid in terms of transcriptional responses of selected genes under both salt stress and salt shock.
The genes were selected based on the aforementioned groups that were proposed by Reference [11].
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In particular, RCI2ZA and NHX1 represent genes encoding ion transporters. Their association with
both salt shock and salt stress was reported for several plant species including Medicago [30-33].
P5CS1 controls the de novo synthesis of proline. Several studies associate proline accumulation with
plant adaptability to salt stress [34,35]. Finally, AP2/EREB, SIMKK, and ZFN were selected from the
group of transcription factors and signal transduction proteins. Their importance in the response of
plants to both salt stress and salt shock was highlighted in several reports [12,36,37]. The following
questions were addressed: (1) Is there any differentiation in the response of M. sativa and M. arborea
under salt stress and salt shock? (2) What is the response of the hybrid compared to the parental
species? (3) Is there any differentiation in the expression of the selected genes under salt stress and salt
shock? The results of the present work can be utilized in future Alborea breeding programs.

2. Materials and Methods

2.1. Plant Material

The M. arborea parents used to develop Alborea were originally collected from Greece.
The M. sativa parent population used in this study was a hybrid of the two M. sativa parents.
Two M. sativa parents were used in crosses of M. sativa x M. arborea to produce 27 initial Alborea
hybrids [27]. The Alborea population used in this study was developed from intercrosses of 20 initial
hybrids using methods described by Reference [28]. Seeds were obtained from E. Bingham, Agronomy
Department, Univ. Wisconsin-Madison, USA.

2.2. Seed Pretreatment

Seeds of M. sativa, M. arborea, and Alborea were scarified with absolute sulfuric acid for 10 min
and then rinsed thoroughly with sterile distilled water. Bleach solution (3%) was added for 1.5-2 min
and then rinsed thoroughly. The scarified seeds were placed on petri dishes containing 0.5% agar at
4 °C overnight, and then transferred to 20 °C (dark) for 34 days.

2.3. Growth Conditions and Salt Stress Treatments

Seedlings with about 1-cm-long radicle were transplanted individually into pots (8.5 cm in
height and 10 cm in diameter) containing a commercial growing medium (Kronos N 50-300 mg/L,
P,05 80-300 mg/L, K,O 80-300 mg/L, pH 5-6.5, salinity <1.75 g/L). The pots were placed in a
growth chamber under a 16/8-h day/night regime, 23 °C, 55-65% relative humidity in a completely
randomized block (block in the treatments). All pots were randomized within each treatment biweekly.
The salt treatments started four days after transfer to pots. The following treatments were implemented:
(1) control, no salt; (2) salt stress, with initial treatment of 50 mM NaCl and gradual step acclimatization
to 50-100 and 50-100-150 mM final NaCl concentrations; and (3) salt shock, with initial treatment of 100
and 150 mM NaCl concentrations. Thus, the experiment consisted of six sample sets, each comprising
control (no salts) and five salt treatments, three of salt stress (50, 50-100 and 50-100-150 mM NaCl), and
two of salt shock (100, 150 mM NaCl). Each set had three independent biological replicate pools of four
plants. The gradual acclimatization started four days post-transplanting, and the salt concentration
was increased in three steps of 10 days from 0 to 50, 100, and 150 mM NaCl or in two steps of 15 days
from 0 to 50 and from 50 to 100 mM. Plants were watered every five days when salt treatments started.
Once per week, Hoagland solution [38] was added to the salt solution. The growth chamber culture
lasted 34 days. Whole shoots, excluding cotyledons and the roots, were transferred in situ into liquid
nitrogen in the middle of the light period. When harvested, all plants were in the vegetative stage, and
roots did not show nodules. The plants of Alborea at initial salt shock of 100 and 150 mM NaCl were
not harvested as they did not survive.
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2.4. Growth Characteristics Measurements

The length of the stems from the base to the tip was measured in each seedling at an interval of
three days through the duration of the salt treatments. Stem elongation rate (SER) was estimated as
SER = (T2 — T1)/t, where T1 and T2 represent the stem length at the beginning and at the end of a time
t, respectively. Additionally, the salinity sensitivity index (IS) based on the stem length was estimated
according to the formula proposed by Reference [39], IS = (Hs — Ht)/Ht x 100, in which Hs and Ht
represent the values of stem length of the salt-stressed and control plants, respectively.

2.5. Determination of Na* and K* Contents

Leaves and roots from the harvested plants were dried at 65 °C for 48 h. Dried material was
ground to powder and the concentrations of Na* and K* were determined using flame photometry
(Corning 410, Sherwood Scientific Ltd., Cambridge, UK). As there was not enough plant material,
particularly for the initial treatments of 100 and 150 mM NaCl concentrations, the three replicates
were bulked into one. Additionally, there was no plant material of Alborea for these two treatments.
The data of Na* and K* determination were not subject to statistical analysis, and therefore, are
considered indicative.

2.6. RNA Isolation and Complementary DNA Synthesis

Total RNA was extracted using the Trizol reagent (Sigma-Aldrich, St. Louis, MO, USA) method
according to the manufacturer’s protocol. Nucleic acid concentration and quality were assessed
using NanoDrop™ ultraviolet (UV) spectrophotometry and by agarose gel electrophoresis. For the
complementary DNA (cDNA) synthesis experiment, first-strand cDNA was synthesized from 0.5 pg
of total RNA using the Superscript II enzyme (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions.

2.7. Real-Time PCR Experiments

Quantitative PCR was performed with a Step One Plus Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) using SYBR Select Master Mix (Applied Biosystems, Foster City, CA, USA).
Primer design was accomplished using the Primer blast NCBI otool (Primer Blast, https://www.
ncbi.nlm.nih.gov/tools/primer-blast/), using expressed sequence tags (ESTs) of M. sativa that were
deposited in National Center for Biotechnology Information (NCBI), except for the AP2/EREB-like
AINTEGUMENTA gene. A phylogenetic analysis of the AP2/EREB-like AINTEGUMENTA protein
from M. truncatula and various AP2/EREB members was performed using the MEGA?7 software,
Pennsylvania State University, State College, PA, USA) [40]. Best primer pairs were selected utilizing
an oligo-analyzer tool. The gene-specific primers which were used are listed in Table 1, and the
synthesized cDNA was adjusted to a final concentration of 1.5 ng/uL for qPCR experiments. Serial
dilutions of cDNA were used to make a standard curve to optimize amplification efficiency for each
primer set. All reactions were performed in triplicate. Melt curves of the reaction products were
generated and fluorescence data were collected at a temperature above the melting temperature of
non-specific products. Relative expression levels of the studied genes (NHX1, RCI2A, P5CS1, SIMKK,
ZFN-containing CCCH domain, and AP2/EREB) were calculated according to the 222t method [41]
(for calculating AACt value, the control sample of each entry was used). Actin-2 was used as an internal
control for normalization.
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Table 1. The real-time PCR primers of Msactin2, MsRCI2A, MsNHX1, MsAP2/EREB, MsSIMKK,
MsZFN, and MsP5CS1.

Sequence Name Genbank Number Primer Sequence Amplicon Size
Ms-actin2-F JQ028730.1 TTCTCACCACACTTCTCGCC 173 bp
Ms-actin2-R CCAGCCTTCACCATTCCAGT

Ms-AP2/EREB-F Not deposited AATGGGTGGGGAAACGGAAC 95 bp

Ms-AP2/EREB-R TTTGGTGGTGGAGTGTGGTT
Ms-NHX1-F AY513732.1 GCCATGAAATTCACCGACCG 118 bp
Ms-NHX1-R CTGCCACCAAAAACAGGACG
Ms-P5CS-F X98421.1 TTTGCGGTCGGAAGGTGTTA 119 bp
Ms-P5CS-R CGATTTCCAAGGTGCAAGCC

Ms-ZFN-F JX131368.1 CCCAAGCTGCAAGTTTGACC 154 bp
Ms-ZFN-R TGAGCCCGACTCAACAAGTC
Ms-SIMKK-F AJ293274.1 ACCAGAAGCTCCAACGACTG 94 bp
Ms-SIMKK-R CCTCGAAGCAGTCCATCTCC
Ms-RCI2-F JQ665271.1 GTTGTCAGGGGCGTCATTCT 169 bp
Ms-RCI2-R TCCAAGCAGGACAAAACGGA

2.8. Statistical Analysis

The repeated-measures ANOVA with the generalized linear model (GLM) was used for detecting
the effect of treatment and species on seedlings height and SER. The within-subject factors were the
dates and the treatments were the between-subject factor for the species. Additionally, a three-way-
ANOVA was performed in order to detect the effect of treatments, species, and organs on gene
expression. Tukey’s test at the 0.05 probability level was used to detect the differences among
means [42]. The IBM SPSS Statistics 23 software (SPSS Inc., Chicago, IL, USA) was used for the statistical
analysis. A heat map was generated using Excel 2016, for a visual summary of gene expression.

3. Results

3.1. Growth Parameters and Salinity Sensitivity Index

Significant differences in plant height, stem elongation rate (SER), and salinity sensitivity indexes
were recorded among salt treatments, parent species and Alborea (hereafter entries), and dates of
treatment (Table 2). However, significant interaction was detected between salt treatments and entries
for all the growth parameters, indicating a differentiated response of the entries to the salt treatments
(Table 2). Overall, the growth parameters, i.e., seedling height and SER, were significantly reduced
under salt treatments, and especially, under salt shock with 100 and 150 mM NaCl initial treatment,
where the lowest values were recorded (Figure 1). The studied population of Alborea had significantly
higher plant height and SER compared to the others under control and 50 mM NaCl initial treatment
(Figure 1). On the other hand, the population of Alborea had the lowest value for all growth parameters
at the 100 and 150 mM NaCl initial treatment, and those of the studied population of M. sativa were
highest for the gradual acclimatizations (Figure 1). Furthermore, the lowest salinity sensitivity index
was recorded for the population of M. sativa at the gradual acclimatization followed by that of M. arborea
at 50 mM initial treatment and at 50-100 mM gradual acclimatization (absolute numbers; Figure 2).
The highest salinity sensitivity index (absolute number) was detected for the population of Alborea
under salt sock at 100 and 150 mM NaCl initial treatments.
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Table 2. Statistical significance of F ratios from the analysis of variance for stem height of seedlings,
stem elongation rate (SER), and sensitivity index.

Source of Variation Height SER Salinity Sensitivity Index

Salt (A) p <0.05 p <0.05 p <0.05

Species (B) p <0.05 p <0.05 p <0.05

Dates (C) p <0.05 p <0.05 p<0.05

A x B (Interaction) p <0.05 p<0.05 p <0.05
A x C (Interaction) p <0.05 ns ns
B x C (Interaction) ns * p <0.05 ns
A x B x C (Interaction) ns ns ns

* ns: not significant at 0.05 level.
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Figure 1. The stem height, and the stem elongation rate (SER) of M. arborea (M. ar), M. sativa (M. sa),
and Alborea (Al) under control, 50 mM, 100 mM, 150 mM, 50-100 mM, and 50-100-150 mM NaCl.
The vertical bars indicate the mean + standard error (SE) of five independent samples. The different
letters refer to the significant differences at p < 0.05 (Tukey’s test).
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of five independent samples. The different letters refer to the significant differences at p < 0.05
(Tukey’s test).

Significant interaction was detected between salt treatments and dates for seedling heights and
between entries and dates for SER (Table 2). Seedling heights gradually increased from the first to
the last date of measurements for all the treatments except for those at 100 and 150 mM NaCl initial
treatments, where they remained almost unchanged (Figure 3). On the other hand, the SER of the
Alborea population remained steady during the experimental period independent of salt treatment,
while, for the populations of M. arborea and M. sativa, it tended to decrease from the first to the final
date of treatments (Figure 3).
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Figure 3. Stem height (H) and stem elongation rate (SER) of M. arborea (M. ar), M. sativa (M. sa), and
Alborea (Al) as affected by control, 50 mM, 100 mM, 150 mM, 50-100 mM, and 50-100-150 mM NaCl
during the experimental period.
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Regarding the Na* and K* concentrations in leaves, the results are only indicative, as there was
not enough tissue from all the treatments, especially for Alborea. According to the results, the Na*
concentration was much lower in leaves of the M. sativa population under salt shock, compared to
those of M. arborea and of Alborea (Table 3). The K* concentration tended to decrease with the increase
in NaCl concentration for the populations of M. arborea and Alborea, while it remained at the same
level for that of M. sativa.

Table 3. Indicative data of sodium and potassium content (mg- gfl dry weight (dw)) of M. arborea,
M. sativa, and Alborea.

K* Na*
(mg-g~1dw) (mg-g~—!dw)

M. arborea Control 38.5 1.1
50 mM 24.4 10.6

50-100 mM 31.8 20.4
50-100-150 mM 13.8 21.7

M. sativa Control 22.8 3.5
50-100 mM 21.5 6.9

50-100-150 mM 25.1 5.1

Alborea Control 51.2 2.3
50 mM 38.1 19.6

50-100 mM 13.4 234

3.2. Gene Expression Levels

The main effects and the interactions between each entry/type of plant organ and different
treatments on the expression levels of the studied genes are presented in Table 4. Interactions were
statistically significant in most cases. On average, NHX1 and AP2/EREB transcripts were the most
highly abundant in all entries (Figure 4). The transcript levels of both genes were highly responsive
during salt gradual acclimatization and salt shock, followed by RCI2A and P5CS1.

In general, the expression levels of all transcripts were higher in the studied population of
M. arborea followed by that of M. sativa. On the other hand, in the studied population of Alborea,
the lowest induction of all genes was detected under salt treatments (Figure 5). The induction of all
genes in most cases was proportional to the NaCl concentration, and the highest induction levels were
detected after 150 mM NaCl or 50-100-150 mM NaCl treatment (Figure 5). The lowest increase in
transcript levels for all genes was detected in plants treated with 50 mM NaCl or with 50-100 mM
NaCl gradual acclimatization (Figure 5).

Table 4. Statistical significance of F ratios from the analysis of variance for gene expression.

Source of Variation RCI2A NHX1 AP2/EREB SIMKK ZFN P5CS_1

Salt (A) p <0.05 p<0.05 p<005 p<005 p<005 p<005
Species (B) p <0.05 p <0.05 p <0.05 p<005 p<005 p<005
Organs (C) p <0.05 p <0.05 p<005 p<005 p<005 p<005

A x B (Interaction) p <0.05 p <0.05 p <0.05 p <0.05 ns p <0.05

A x C (Interaction)  p<0.05 ns * p <0.05 p<0.05 p <0.05 ns

B x C (Interaction)  p <0.05 p <0.05 p <0.05 ns ns p <0.05
AxBxC

< <
(Interaction) p<005  p<005 p<005 p<005 p<005 p=<005

* ns: not significant at 0.05 level.
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Figure 4. RCI2A, NHX1, AP2/EREB, SIMKK, ZFN, and P5CS relative expression levels for M. arborea,
M. sativa, and Alborea under control, 50 mM, 100 mM, 150 mM, 50-100 mM, and 50-100-150 mM NaCl
for leaves (a—c) and roots (d—f). The vertical bars indicate the mean + SE of three independent samples.
The different letters refer to the significant differences at p < 0.05 (Tukey’s test).

All gene transcripts showed the strongest induction in the population of M. arborea, and to the
same extent in both leaves and roots, apart from SIMKK (Figure 4a,d). Moreover, in most cases, gene
induction was proportional to the final concentration of NaCl regardless of the type of treatment
(stress or shock). On the other hand, in leaves of the M. sativa population, AP2/EREB, NHX1, and
P5CS1 had higher induction levels in salt shock treatments compared to salt stress ones (Figure 4b,e).
Inversely, the transcript accumulation of RCI2ZA was dependent on the final concentration of NaCl
regardless of stress or shock treatment. Additionally, the transcript abundance of all genes, except
for AP2/EREB and P5CS1, was higher in leaves of the M. sativa population than in roots (Figure 4b,e).
Finally, regarding the population of Alborea, a low induction of only SIMKK transcripts was detected
in leaves and of AP2/EREB in roots (Figure 4c,f, respectively). A heat map was constructed in order
to visualize possible differences in the relative change of each transcript level among the treatments
and the entries (Figure 5). According to the heat map, the population of Alborea exhibited the lowest
induction of all genes. Moreover, the most abundant gene transcripts were found for NHX1 and
AP2/EREB. The difference in gene induction is evident between leaves and roots in the populations
of M. arborea and M. sativa, as well as the fact that gene induction in the roots of the population of
M. sativa is much lower compared to leaves.
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Figure 5. General expression levels of RCI2A, NHX1, AP2/EREB, SIMKK, ZFN, and P5CS under salt
shock and salt stress for M. arborea, M. sativa, and Alborea. Expression levels are black and white-coded
to depict the fold change as follows: black (high expression level > 20-fold) to white (low < 1 fold).

4. Discussion

4.1. Growth of Seedlings under Salinity

In the present study, salinity tolerance was tested in populations of two Medicago species, M. sativa
and M. arborea, and in their hybrid Alborea. Two salinity regimes were applied: salt stress and salt
shock. Plants differed greatly in their tolerance to salinity, as indicated by seedling growth parameters
and the sensitivity index. However, the effect was much more severe for salt shock at 100 mM and
150 mM NaCl compared to the gradual acclimatization, reducing the seedling growth parameters
and increasing the sensitivity index, on average, by about 70% to 80%, compared to the control.
The suppression of plant growth under salinity is generally attributed to the osmotic effects of the salt
in the soil in combination with ionic effects of the salt concentration in plant tissues. The plants suffer
from a much more intense osmotic stress or plasmolysis under sudden NaCl application than under a
gradual one [9]. In this regard, the concentration of shoot Na* was higher and the growth reduction was
greater in wheat plants under salt shock compared to those under gradual application [43]. Similarly,
Reference [44] reported that 150-200 mM NaCl salt shock had a lethal effect on rice plants, while a
similar effect was not documented for the gradual acclimatization of NaCl to the same level [10].
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In our study, seedling growth parameters decreased as the salt level increased for the studied
populations of M. sativa, M. arborea, and their hybrid. The reduced growth of seedlings or more mature
plants of different M. sativa cultivars under either salt shock [20,45] or salt stress [16,46,47] were broadly
reported. A similar reduction in plant growth under salt stress gradually applied was reported for
M. arborea [24,25,48,49].

Differences in the response of the populations of M. sativa, M. arborea, and their hybrid to salt
shock and salt stress were also observed. The hybrid performed better than its parents under control
and low salinity level (50 mM), while the population of M. sativa performed better under gradual salt
acclimatization. On the other hand, the salt shock of 100 and 150 mM NaCl had a detrimental effect
on the hybrid, causing the death of plants seven days after the salt application, whereas its parents
continued their growth until the end of the experiment. Additionally, the population of M. sativa
presented a consistently lower salinity sensitivity index under all salt treatments compared to that of
M. arborea and the hybrid. According to the results, it seems that the studied population of M. sativa is
more tolerant to salinity compared to that of M. arborea in terms of seedling growth. Other studies
conducted with M. sativa varieties also featured a correlation between tolerance to salt stress and low
salinity sensitivity index, which was also evaluated for stem length [20]. However, the different growth
forms of the species could be a factor, in that M. sativa is a perennial herbaceous species, whereas
M. arborea is woody. The response of plants to stresses at the seedling stage is highly related to their
growth form [50] and, generally, perennial herbaceous species are characterized by higher relative
growth rates in the seedling stage.

4.2. Gene Expression under Salt Treatments

To further explore the response mechanisms of the parent species and their hybrid to salinity, the
relative expression ratios of several salt-induced genes were evaluated. The ion transporters NHX1
and RCI2A control the uptake of cations and/or the efflux of anions, and they function as membrane
stabilizers. In particular, NHX1 is a vacuole transporter [51] and its role in the cell is the transport of
K* or Na* into the vacuole exchanging H* efflux to the cytosol, maintaining a low Na*/K* cytosolic
ratio. Proteins encoded by RCI2A act within plasma membranes and they possibly modulate ion
transporters or stabilize membrane proteins that affect ion transport [52]. Both gene transcripts were
highly accumulated in roots and leaves of the M. arborea population and their relative expression was
influenced only by the final NaCl concentration. On the other hand, NHX1 and RCI2A upregulation
was recorded mainly in leaves of the M. sativa population. Additionally, there was a profound
upregulation of NHX1 relative expression under salt shock compared to gradual acclimatization of
NaCl mainly in the leaves of the M. sativa population. Recent findings by Leidi et al. [31] indicate
that proteins encoded by RCI2A may be involved in the salt tolerance of M. sativa and M. truncatula.
Moreover, research conducted by Sandhu et al. [23] highlighted the importance of NHX1 to the salt
tolerance of M. sativa.

Organic solutes are key players in increasing tolerance of plant tissues to excessive salt
concentrations. P5CS1 controls the de novo synthesis of proline and its accumulation during salt
stress [53]. Several studies associate proline abundance with plant adaptability to drought and salt
stress [54,55]. Results of the present study indicate that relative transcript levels were highly abundant
in leaves and roots of the M. arborea population in both salt shock and stress treatments. However, the
P5CS1 in the studied population of M. sativa (both roots and leaves) under salt shock was upregulated
almost 5.5-fold, while, under salt stress, the induction was lower (0-2-fold).

The AP2/ERF transcription factors comprise a large group of genes, which is divided into
four subfamilies, namely AP2, ERF, DREB, and RAV [56,57]. Moreover, the AP2 subfamily
consists of two subgroups, AP2 and AINTEGUMENTA [58]. Phylogenetic tree analysis revealed
that the M. sativa AINTEGUMENTA-like transcription factor was identical to the M. truncatula
homologous protein and very similar to the Cicer arietium protein, as well as to Arachis ipaensis,
Vigna anqularis, and Phaseolus vulgaris homologous proteins (Supplementary Materials). Interestingly,
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not many studies demonstrated the contribution of AINTEGUMENTA subfamily members to abiotic
tolerance. Meng et al. [59] reported that AINTEGUMENTA genes regulate salt tolerance in Arabidopsis.
The findings of the present study highlight the importance of an AP2/EREB transcription factor
belonging to the AINTEGUMENTA subgroup during the response of the studied populations of
M. sativa and M. arborea to salt treatments. The trend of AINTEGUMENTA upregulation in most cases
was the same as described for the aforementioned genes. It is noteworthy that AINTEGUMENTA gene
was the only gene that was highly expressed in roots of M. sativa’s population under both salt stress
and salt shock.

MAP kinases are represented by multigene families in plants that perceive and transmit various
signals including specific stimuli from abiotic stresses [60]. Specifically, the studied SIMKK gene was
previously found to upregulate the downstream SIMKK gene and induce salt tolerance in alfalfa [61].
Moreover, transcription factors such as zinc finger proteins (ZFPs) regulate gene expression under
many abiotic stresses including salt [62]. The expression level of ZFN was highly induced after salt
treatment in alfalfa tolerant varieties [36,63]. In the present study, there was a fivefold upregulation of
ZFN under salt shock (150 mM NacCl) and salt stress of 50-100-150 gradual acclimatization for the
studied population of M. arborea. However, in that of M. sativa, no profound differences were observed
between control and salt-treated plants. In general, a similar expression pattern was detected for the
SIMKK gene.

Findings in the present study indicate that differences occur between expression ratios of salt
shock (initial salt treatments of 100 and 150 mM) and salt stress (initial salt treatments 50 mM and
gradual 50-100 and 50-100-150 mM) depending on the type of gene, the species, and the plant part.
Among the studied genes, it seems that the ion transporters NHX1 and RCI2A, the transcription factor
of the AINTEGUMENTA subgroup, and the organic solute P5CS1 play critical roles in the response
of studied populations of M. sativa and M. arborea to both salt shock and salt stress. In experiments
conducted in Lotus japonicus [14] using gradual salt stress treatment (up to 150 mM NaCl), it was
reported that the most responsive genes were clearly related to transcription and signaling pathways
and were likely to be involved in ionic changes and not involved in osmoregulation [10]. Moreover,
some studies demonstrated clear differences between the genes that were upregulated between salt
shock and stress in parallel experiments [64,65]. In our case, the same genes are key players to both
salt shock and stress. This is probably attributed to the fact that, in salt-shock-treated plants, the ionic
phase occurs early [10] and, as a result, expression changes of genes related to ionic stress responses
can be detected especially after long exposure to salt shock (about four weeks in our case).

The population of M. arborea constitutively expresses all studied genes even under control
conditions. Moreover, it upregulates all studied genes regardless of the salt regime (salt stress or salt
shock). This strategy of M. arborea appears to have a negative impact on its growth rate probably due to
the large energy cost. For example, as mentioned by many authors, proline synthesis is a metabolically
expensive strategy [66,67]. On the other hand, a clear difference in gene expression levels under the
two salt regimes was detected in the population of M. sativa. It seems that some responses are not
necessary at low salt concentrations and are activated only when a threshold is reached [14]. The key
genes according to the present study were moderately or hardly upregulated under salt stress, and
highly under salt shock, indicating that M. sativa “orchestrates” a fine-tuning of gene induction up to
the point it combines both salinity tolerance and the lowest growth reduction.

According to Sanches et al. [14], sensitive genotypes can compensate under low salt stresses, which
is also the case with Alborea. The hybrid performed better than its parents under low concentrations
of NaCl. This could be due to tolerance to low concentrations. In any case, it cannot efficiently respond
under moderate-to-high salt concentrations.

We can conclude that the hybrid of M. sativa and M. arborea was much more productive compared
to its parents under normal conditions and low salt treatments, but extremely sensitive to salt stress.
On the other hand, the studied populations of M. sativa and M. arborea were relatively tolerant to all
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salt treatments. Furthermore, the population of M. sativa performed better than that of M. arborea under
both salt stress and salt shock at the seedling stage, probably by activating a more cost-efficient strategy.

The two parental species of Alborea appear to regulate different components of the salt tolerance
mechanism. There was no selection for salt tolerance in the development of the Alborea population
used in our experiments; thus, Alborea plants could be genetically deficient for both mechanisms.
Fortunately, the Alborea population was developed from several initial hybrids. Hence, all the genes
for both mechanisms for salt tolerance should be present in the population per se, and potentially
could be pyramided in individual plants by cycles of selection for salt tolerance.

Further investigation of the mechanisms of M. sativa and M. arborea through transcriptomic and
metabolomic analysis, as well as under field conditions, could contribute to a better understanding
of salt stress tolerance. Specific attention should be given to further analyze the function of
AINTEGUMENTA under both salt shock and stress. This could be valuable when breeding salt
tolerance into the highly productive hybrid.
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